National Technical University of Athens
SCHOOL OF MECHANICAL ENGINEERING
FLUIDS SECTION
LABORATORY OF THERMAL TURBOMACHINERY

Turbofan Inter-Compressor Duct Pressure
Loss Model Using CFD

Supervisor
Nikolaos Aretakis, Associate Professor

Candidate
Aspasia Anastasiou

Athens, Academic Year 2020 — 2021






Acknowledgements

Acknowledgements

| would first like to thank my supervisor, associate professor Nikolaos Aretakis, who offered
me the opportunity to work on such an interesting topic and guided me throughoutit. | am
grateful for his insightful feedback which encouraged me during this project.

Secondly, | would like to express my appreciation for the PhD. Candidate Konstantinos
Ntonas, who was always available for my questions regarding the setup of the simulations,
and Dr. Alexio Alexiou, for his invaluable advice.

I am gratefulfor the constant support of my parentsand my brotherthroughout my studies.
Finally, | would like to thank my friends for the cherished times we had together along this
journey. A special thanks goes to Antonio for his understanding and encouragement.






Abstract

Abstract

Air transport sector has evolved rapidly in recent years leading to a significant increase of
interest around the design and optimization of the aircraft engines. More specifically, in
the last decades, researchers’ focus has concentrated on improving the efficiency of the
already existing engines by analyzing their main components. The development of
Computational Fluid Dynamics methods has assisted in this direction, since the simulation
of the flow within the engine was enabled.

One of the parts of the turbofan engine which has attracted the interest of the scientific
community is the intermediate compressor duct. This duct, which is S-shaped, guides the
flow from the low to the high-pressure compression system. Due to its curvature, an
adverse radial pressure gradient and centrifugal forces are generated causing the flow to
separate. The flow patterns developed within the duct, have been exploredin detail by the
researchers, and are significantly influenced by its geometry, the existence of load-carrying
struts and the inlet flow. Furthermore, severaltechniques have been proposed to optimize
the performance of the S-shaped duct, either by optimizing its shape or by adopting a more
integrated design approach. All these methods aim to improve the efficiency of the duct
and reduce its total pressure losses.

In this work, the ducts of seventeen existing turbofan engines have been examined. The
geometry of the duct for each case was obtained by the digitization of its section view. The
reconstructed ducts were analyzed to determine the basic parameters used to accurately
describe its geometry. For the radii and the area along the duct, non-dimensional
distributions were generated, using quadratic and cubic polynomial functions, respectively.
The curvature of the duct walls could be derived from the coefficient of the quadratic term
of the shroud radius distribution, a,_ . ., which combined with the non-dimensional
parameters AR/L,h;, /L, Ry, /L,Aqye/Ain and the length L could be used to parametrize the
duct’s geometry. This process is named Parametrization Process |. For the second
procedure proposed, Process Il, the a,_ . (Rhub/Rshroud)ins(Rhub/Rshroud)out and
Min, Moy Should be given.

For a 10°sector of the digitized and parametrized ducts CFD flow simulation were
conducted, using ANSYS CFX, to obtain the total pressure loss factor DP/P. The base case
examined corresponded to the duct of GE90. Aftercarrying out a grid independence study,
a refined mesh was used with the y* value maintained lowerthan 2. The turbulence model
selected for the simulation was the Shear Stress Transport k-w model. At the inlet of the
duct the total pressure and temperature were specified, while forthe outlet the total mass
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flow rate was determined. The total pressure loss factor and the inlet Mach number were
determined with both being within the expectedrange.

The purpose of this work was to develop a model capable of providing an accurate
estimation of the pressure losses depending on the duct’s geometry and operating point.
To acquire the expressions included in the model, a parametric study was conducted.
Analytically, the influence of the non-dimensional variables used to parametrize the duct
was examined through CFD simulations. It was observedthat the losses were reduced for
increasing a,_, . while their correlation with AR/L,h;, /LRy, /Lwas independent of the
radii distribution coefficient. An exponential relation between the losses and the mass flow
rate, as a percentage of the design value for the duct, was also discovered. The exponent
usedin this function was varying with the curvature of the duct’s walls.

Afterdevelopingthe model, it was validated by comparing its results for four different cases
with the CFD simulation results obtained using the Parametrization Process Il. The
deviations calculated for the factor DP /P were insignificant, leading to the conclusion that
the model is accurate. . Finally, based on the model’s estimations a parametric study was
conducted, resulting in conclusions for the selection of the input geometric valuesin order
to maintain the pressure loss and the overall duct's weight within the desired range.

Vi
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ICAO International Civil Aviation Organization
IATA Air Transport Association

ATAG Air Transport Action Group

CFD Computational Fluid Dynamic
HPC High Pressure Compressor

IPC Intermediate Pressure Compressor
LPC Low Pressure Compressor

cc Combustion Chamber

HPT High Pressure Turbine
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ANN Artificial Neural Networks

DOE Design of Experiments

FFD Free Form Deformation

GA GeneticAlgorithm

RSM Response Surface Methodology
TS TABU Search Algorithm

VG Vortex Generator
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SST Shear Stress Transport
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A Area

o Non-dimensional area
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L Length
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r Non-dimensional radius

t Strut thickness
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Chapter 1

Chapter 1  Introduction

1.1 Reviewof Air Transports’ Evolution

Air transport sector is one of the most rapidly growing transport sectors, moving more than
4 billion passengersand 50 million tons of freightage per year. By 2035, it is estimated that
both passengertraffic and freight volume should be doubled, according to the International
Civil Aviation Organization (ICAO), with a growth rate of approximately 6% per year. The
main reasons for this increase in air traffic are the economic and demographic growth
alongside with the rise in global carrying capacity. According to the International Air
Transport Association (IATA), the total value of cargo transported during 2020 was $128.2
billion, while the revenues from passenger flights were estimated around $600 billion in
2019. ltis clear that aviation contributes significantly to international economic prosperity
and to the development of world trade.
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Figure 1.1 Annual growth of global air passengers from 2004 to 2021 [1].
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Figure 1.2 Worldwide air freight traffic from 2004 to 2021 [2].

This growth of air traffic over the last decades, has led to an increase in the environmental
impact of aviation. More specifically, aviation is responsible for 12% of the CO; emissions
from all transport sources, with the goal of reducing the net carbon emissions by 50% until
2050, as mentioned by the Air Transport Action Group (ATAG). The target of the industry
was to improve the aircrafts’ fuel efficiency by 1.5%, until 2020, in order to reach this goal
over $1 trillion were spent to purchase new aircrafts. Nevertheless, the high cost of these
purchases makes this solution unviable, considering the rising demand in the sector. Thus,
to make air transport more sustainable continuous performance improvements of the
already existing aircrafts and engines are needed.

Most of the aircrafts designed over the last 40 years are powered by gas turbine engines,
mostly turbofan or turboprop engines. The efficiency of such engines has been improved
remarkably, especially due to the use of computational methods, such as Computational
Fluid Dynamics (CFD). These methods have made it possible to design turbofan engines of
higher bypass and overall pressure ratio, leading to high efficiencies, higher aircraft
velocities and low noise levels. However, further efficiency improvements are now harder
to achieve for the individual engine components and industry is now focusing on more
integrated design processes, taking into consideration the interactions between
components.

1.2 Thesis Purposeand Outline

In the presentdiploma thesis, a model for the estimation of the pressure losses across the
S-shaped intercompressor duct of turbofan engines is developed, based on the results of
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flow simulations conducted with ANSYS CFX. The purpose of this model is to simplify the
process of loss factors’ approximation, including the influence of the duct’s geometric
parameters and thus providing more accuracy than merely using the empirical values. Such
a model requires as inputs the variables that could be used to effectively describe the
geometry of the S-shaped duct. As a result, an inextricable part of this work is devotedto
the development of the parametrization process forthe ducts of digitized, existing turbofan
engines. A detailed outline of the work presented in the following chapters, is given below.

In Chapter 2, an introduction to the specifications of the modernturbofan enginesand the
role of the intermediate compressor duct is made. The most important factors that
influence the performance of the S-shaped ducts, such as the wall curvature and the inlet
flow, as well as the expected flow phenomena within it, are explained. In addition, the
methods proposed in bibliography for the optimization of its performance are presented.

Chapter 3 is dedicated to the description of the digitization and parametrization processes.
More spedcifically, the data acquired by the digitization of existing turbofan engines are
presented and used to determine the necessary variables for the reconstruction of the
ducts’ geometries. Furthermore, two parameterization procedures, with different inputs,
are proposed.

In Chapter 4, the settings applied in ANSYS CFX to conduct the flow simulations are shown.
The generation of the mesh, as well as, the selection of the turbulence model|, its variables
and the boundary conditions are presented in detail. The parameters used for the post
processing are also demonstrated. In the last Section of the chapter the flow simulation for
the base case duct and the results obtained are analyzed.

In Chapter 5, the process followed for the development of the model is explained. The
influence of the different parameters on the total pressure losses is examined and the
expressions used for the correlations observed are derived. These expressions combined
are implemented for the loss estimation. The modelis validated, and the selection of the
input parametersto minimize the duct’s losses, based on the model’s results, is discussed.

Finally, in Chapter 6 the main conclusions derived from this diploma thesis and some of the
possible future uses of the model are presented.
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Chapter 2  Intermediate Compressor Duct

2.1 Modern Aircraft Engines

Modern high bypass ratio turbofan engines consist of six major aerodynamic components.
The fanis located in the engineinlet and it draws the air flow inside the engine, from which
80-90% is exhaustedthrough the fan nozzle to provide most of the thrust. The rest of the
air is led to the engine’s core and is either mixed with fuel and burned in the combustor or
it is used for cooling. In the front part of the core, the low (LPC), intermediate (IPC) and
high-pressure (HPC) compressors are located and through them the compressed air is
guided to the combustion chamber (CC), where the fuel is injected, and the mixture is
ignited. The energy of the exhaust gases is extracted in the high (HPT), intermediate (IPT)
and low-pressure (LPT) turbines and it is mainly used to generate the mechanical energy
that turns the shafts and drives the compressors. Finally, the core flow exits from a nozzle,
either separately or mixed with the bypass flow. The primary difference between the
turbofan and turbopropis that the latter uses a propeller in free airto produce thrust rather
than the fan in the engine nacelle.

Figure 2.1 Components of Turbofan Engines [3].
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The number of compressors and turbines, as well as the connection betweenthem, depend
on the spool configuration of the engine. In a two-spool or boosted two-spool turbofan
engine, both LPC and the Fan are attached to the low-pressure spool, which is rotated with
lower angular velocity, driven by LPT, while HPT is responsible for the rotation of HPC.
Typical examples of twin spool turbofan engines are GE9O, CF6, JT9D and PW4000. In a
three-spool engine configuration, commonly used by Rolls-Royce, an intermediate pressure
spool is used to connect IPC and IPT. Another variant of the conventional turbofan engine
is the geared turbofan, like TFE731 and PW1000G. In this configuration a reduction gearbox
is installed betweenthe Fan and the LPC to allow the first to turn at a different rotational
speed. The gearbox is designed to optimize the speed of all components resulting in the
need of fewer compressor and turbine stages.

Many of the parts of aircraft engines have beenindividually optimized in order to improve
the overall efficiency of the engine. Overall efficiency refers to the efficiency with which
the engine converts the power in the fuel flow to propulsive power, as it is clearly stated in
[4]. The efficiency is the product of thermodynamic or thermal efficiency and propulsive
efficiency, which correspond to the efficiency of the conversion of fuel flow to shaft power
and the conversion of shaft power to propulsive power, respectively.

A more efficient engine means lower fuel consumption and as a result reduced emissions.
The bypassratio (BPR) is inextricably linked with the concept of efficiency, as the higherthe
ratio the more efficient the engine. This ratio indicates how much air, entering the nacelle,
passes through the combustorand how much is directed to the fan nozzle. Asiit is described
in Figure 2.2 the BPR has risen dramatically over the years, from around 2:1 in the 1960s,
to 12:1 in PW1000G. A similar rise can be observedin the efficiencies, in Figure 2.3.
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Figure 2.2 Historical Growth in engine bypass ratio [5].
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Figure 2.3 Engine Efficiency trendrelated to bypass ratio [4].

Other parameters that affect the efficiency of turbofans are the overall pressure ratio (OPR)
and the turbine inlet temperature (TIT). These are the principal cycle design parametersfor
any gas turbine, and their values have increased significantly through the years, as shown
in Figure 2.4 and Figure 2.5.
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Figure 2.5 Historical Growth of Turbine Inlet

Figure 2.4 Historical Growth of Pressure
Temperature [5].

Ratio [5].

The aerodynamic components and the concepts discussed above have been already
studied and improved to a great extent. However, there has not been as much focus on
optimizing auxiliary and stationary components, such as intermediate ducts, located
between the compressors and the rubines of the engine.
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2.2 ThelIntermediate Compressor Duct

The intermediate compressor duct (ICD) is an annular duct located between the LPC and
the HPC. The purpose of this duct is to guide the flow from the larger exit radius of the low -
pressure system to the smaller inlet radius of the high-pressure system. The shape usually
resembles to an “S”, that is the reason why it is called S-Shaped or Swan Neck Duct.
Stationary blades, called struts, can be integrated inside the duct aiming to provide
structural support as well as oil and cooling services.

- i}i/ Strut
A

Casing

Outlet

Hub

Figure 2.6 Schematic of the Intermediate Compressor Duct [6].

While designingand optimizing an S-shaped ICD there are many different parametersto be
considered. The duct should force the air flow through the radial offset within the shortest
possible axial length, because of the engine’s weight and size penalties. Additionally, in
modern turbofan engines, due to higher bypass ratios, the radial offset of the duct is larger,
which meansthat there is need for more aggressive ICDs. Ideally, as it is mentionedin [7],all
of the radius change should be achieved in the duct while maintaining the upstream
compressor’s radius constant, with the purpose of reducing the loading of the compressor
stages and increasing the overall spool efficiency. In this kind of aggressive ducts, strong
adverse pressure gradients are developed making the flow prone to separation. However,
the flow at the exit of the duct should be as undisturbed as possible to avoid mechanical
vibrations, increased losses and unexpected surge in the downstream compressor.

2.3 Performance Parametersof Intermediate Duct

To quantify the performance of S-shaped ducts a set of non-dimensional parameters is
commonly used. The most widely used ones are the static pressure and the stagnation
pressure loss coefficients. The coefficient of static pressure C, expresses the energy
transformation within the passage and s calculated in (2.1).The total or stagnation pressure
loss coefficient, A, w or Yy, depicts the amount of total pressure lost due to the turbulent
and viscous effectsand is definedin (2.2).
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P—P
Cp= a0 (2.1)
Ptref - Psref
w = Piin = Prou (2.2)
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As the reference pressure it could be used the one at the inlet of the duct. In both
expressions the denominator stands for the dynamic pressure, which in this case cannot be
expressed with the use of the flow velocity. The stagnation and static pressures used, noted
as P, are derived by mass weighting the appropriate values.

ﬁ:lfpmn 2.3)
m

The total pressure losses can also be expressed as a fraction of the total pressure at the
inlet of the duct, as seenin (2.4).

2 _ Ztintour (2.4)

The suggested range of the pressure loss factors is shownin Figure 2.7.
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- AXIAL COMPRESSORS
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Figure 2.7 Empirical Range of Total Pressure Loss Factor and Mach number [8].

In literature the ideal static pressure coefficient Cp; corresponding to the pressure
recovery of an ideal frictionless and uniform duct flow, is calculated based on the area ratio
AR of the duct. The comparison of the ideal and the real static pressure coefficients
indicates the effectiveness of the duct &, shownin (2.6).

1
~ (4R)?2
Ly (2.6)
Cpi

Cpi= 1 (2.5)
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Furthermore, in order to quantify the amount of flow distorted at a specified location due
to the existence of secondary flow the distortion coefficient is used. In (2.7) P, g indicate
the mean values of total pressure and dynamic pressure and @ represents the degrees of
the sector examined.

— ﬁtout - ﬁtout ((b)
q

DC (2.7)

Non-uniformity index is often used to describe the percentage of secondary flow in a region
within the duct. It is calculated based on the non- axial velocities at the location.

_ G+ (2.8)
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Finally, in some cases, as in [9] the swirl angle, defined as the ratio between the tangential

and the axial components of the velocity vector, can be used to describe the flow at the
inlet and the exit plane of the duct.

2.4  Fundamental Factors Affecting S-Duct Performance

The flow physics within the S-shaped duct has been examined by several researchers. As it
is explained in literature, flow within the annular ICD is influenced by wall curvature, the
existence of struts, the wakes produced by the upstream compressor, turbulence, Reynolds
number and inlet flow conditions.

2.41 DuctGeometry

The main geometrical parameters that affect the performance of the intermediate
compressor duct is the radial offset AR, which can also be described by the angle of turn «,
the exit area ratio AR, the inlet duct height h;,, the aspect ratio, defined as length to
diameter ratio, and the axial length of the duct.

Duct Inlet

Plane
™~ f c -

Duct Exit
Plane

Figure 2.8 Main geometrical parameters of S-shaped Duct [7], [10].
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Usually, these parameters are used in a non-dimensional form to express the
aggressiveness of the duct. More specifically, as described by Walker etal. in [11] the radius
change AR/ L reflects the severity of the curvature responsible for the development of the
pressure gradients. The area ratio A.,/A;, shows the expected acceleration of the fluid
through the duct or deceleration when it is referred to a diffuser. The non-dimensional
length L/h;, indicates the axial pressure gradient that is expected to appear in the duct.
Finally, for the description of the geometry of the strut the thickness to chord ratio t/c is
used. The aggressiveness of the duct, and thus the chance of separation, is increasing by
reducing the length, raising the radial offset or using struts with higher thickness to chord
ratio. The typical values for ducts usedin current engines are shown in Table 2.1.

Parameter Typical Value

AR/L 0.30-0.45
hin/L 0.1-0.3
Tin/L 1.5-1.7

t/c 0.14-0.30
Agy/Ain 0.6-0.7

Table 2.1 Typical values of geometric parameters [12].

The effect of length on the performance of S-shaped ducts has been investigated by Duenas
et al. [13].The authors examined three different duct lengths, 100%, 74% and 64%, and
aimed at finding the optimum turning angle to minimize the pressure loss. It was found that
as the duct becomesshorter the loss is more sensitive to the geometric turning angle with
the flow in the duct with 64% of the initial length being always separated. In order to
minimize the loss, for each length, it was proven that the lowest duct turning angle that
maintains fully attached flow should be chosen. Another interesting conclusion of their
study was that the loss associated with the outer wall of the duct was more dependenton
the length, eventhough most of the loss occurred near the inner wall in all the cases.

Sturzebecheret al. in [14] also explored the possibility to shorten the duct and attempted
to optimize its shape in order to maintain the loss in low levels. The lengths examined as
well as the flow patterns developedin every case are shownin Figure 2.10.

10



Chapter2

shroud
separation

shroud
separation

Baseline
©-249% Shorter
)" 35% Shorter

4-429% Shorter hub' hub
—*-Intermediate separation separation
(a) Baseline (b) 24% Shorter
»
‘ % shroud shroud 3
separation | separation
4 R-ps-@a0ad
hub hub
. . . . separation separation
Figure 2.9 Different duct lengths examined in (€)552% Shorter () 42% Shorter
[14]. .
Axial Velocity (U/Uref): o o0z 04 08 08 1 12 14

Figure 2.10 Separation regions for reduced
lengths [14].

2.42 WallCurvature

The inner wall, or hub, of the compressor intermediate duct consists of convex followed by
concave curvature and the outer wall, or shroud, is made of concave followed by convex
curvature, as shown in Figure 2.11. These curvatures influence significantly the flow
developedin the S-shaped duct, as it is underlined by Britchford et al. in [15], because the
fluid is subjected to a radial pressure gradient combined with the centrifugal forces
developed within the duct.

The radial static pressure gradient occurs due to the adjustment of wall pressure
distributions in order to provide the necessary turning forces. Bailey et al in [16] explain
that, as the flow approaches the first bend the pressure close to the outer wall gets higher
than the one adjacent to the hub, directing the flow towards the latter. This situation is
reversed in the second bend of the duct, where the fluid should return to its initial axial
direction. This way both streamwise and radial pressure gradients are produced which are
responsible forthe boundary layer development nearthe walls and the mixing of the wakes
enteringthe duct from the blades of the upstream compressor. Bradshaw in [17] suggested
that, because of the imbalance between the centrifugal acceleration of the fluid and its
surrounding pressure field, increased turbulence mixing is observed over the concave
surface whereas turbulence levels are significantly lower over the convex curvature,
leading to flow separation. The axial variation of static pressure coefficient for various
heights across the duct, as evaluated in [16], is presented in Figure 2.11.

11
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Figure 2.11 Axial Static Pressure Coefficient Distribution [16].

At the same time, the fluid at the central axis of the duct has higher velocity than the one
moving in the near wall region, thus, it is subjected to a larger centrifugal force, as
mentioned by Ng et al. in [18]. As a result, it moves away from the center of the duct
towards the outer wall of the first bend, where, as described above, an adverse pressure
gradient exists, forcing the fluid to slow down. Since this, low energy, fluid cannot
overcome the pressure gradient, it starts moving around the periphery of the duct and
finally towards its center.

Adverse gradient
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Adverse gradient
Figure 2.12 Flow Evolution Within the Duct [19].

The secondary flow and the vortices developed induce a high level of total pressure loss,
which dependson the curvature as well as on the duct shape. Moreover, Taylor et al. [20]
proved that, for S-shaped duct with both square and circular cross sections, the secondary
flow formed is larger for laminar flow. This is attributed to the thicker boundary layer of
the laminar case, which occupies approximately 25% of the passage height, in comparison
with the turbulent layer, which covers 10-20% of the height, depending on the shape of the
duct. In all cases boundary layer separation is more likely to occur in the inner wall of the

12
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first bend, where the large adverse pressure gradient is located. Finally, wall curvature
affects the flow distortion at the exit of the duct, which can be considered as uniform only
if the magnitude of secondary flow is less than 10% of the average velocity [19].

2.43 Upstream Compressor Stage

The last decades, many researchers tend to adopt an integrated design strategy in order to
extend the limits of the design space and explore the possibility of using more aggressive
ICDs. Therefore, it is now necessary to examine more engine representative inlet
conditions, thus the way the upstream compressor affects the performance of the S-shaped
duct.

Britchford et al. in [15], after conducting experiments with a complete compressor stage
placed at the inlet of the examined duct, observed thatthe adverse pressure gradientalong
the inner wall was significantly lower. Furthermore, the author suggested that the main
factors influencing the wall static pressure distribution, except for the ones already
discussed in the previous paragraph related to flow curvature, are the inlet kinetic energy
flux and the mixing out of the blade wakes. More specifically, the radial pressure gradient
at the inlet drives the wake radially inward. The wake fluid also has a total pressure deficit
which is, however, lower than the one of the inner wall boundary layer, and it reenergizes
it, leading to a reduction in the likelihood of flow separation. This phenomenon suggests
that the duct loading could be increased, thusits length shortened, without making it more
prone to separation. According to Bailey et al. [16], a slight reduction in the shape
parameter, characterizing the boundary layer, along the outer wall can also be noticed due
to the higher velocities. Additionally, due to rotor tip leakage effects, a large amount of
turbulent energyis observed close to the shroud of the duct.

Although the rapid mixing of the compressor outlet guide vanes’ (OGVs) wakes reduces the
occurrence of separation, it is responsible for the additional pressure losses measured for
the duct. The addition of the inlet compressor stage reducesthe losses near the outer wall
while close to the hub the pressure losses rise, as mentioned by Karakasis et al. in [7], and
a finite loss is presentin the center of the duct. Karakasis et al. also investigated the effect
of non-axisymmetric endwall profiling for a strutted duct with a compressor stage located
upstream of it. The results indicated that non-axisymmetric design suppressed the strut-
hub corner separation, which will be analyzed in the next Section, while the pressure loss,
related to the wake mixing, increased only by 28%, compared to 54% for the axisymmetric
duct.

13
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Figure 2.13 Flow Phenomena Due to OGV Wakes [7].

Walker et al. in [21] proposed an approach to integrate OGV into S-shaped duct with the
purpose of saving at least 20% of the system’s length while keeping the upstream rotor
performance unaffected. The OGV row was placed downstream the first bend of the duct,
with the produced wakes found throughout the duct passage and notonly in the first bend,
as it happens whenthe blade row is outside the duct. Even though the available length for
mixing out is reduced it turned out that the level of mixing, the depth of wakes and the
level of non-uniformity are quite similar to the simple design. Finally, the OGV loss was
slightly reduced with the overall loss remaining at the same levels.

2.44 Struts

Many modern compressor transition ducts are occupied with radial struts which have a
load-carrying role, against the forces developed from the surrounding components, and
can function as paths for some essential engine services. These struts create an
aerodynamic blockage to the flow resulting in an additional pressure gradient and to
modification in the flow field of the duct.

Naylor et al. in [22] explain that as the flow approaches the strut, placed near the second
bend, stagnates. Then the flow is accelerated until it reaches the rear side of the strut,
whereit is being decelerated. For the shroud the deceleration occurring at the trailing part
of the strut takes place in the region where the curvature causes an acceleration of the
flow. On the contrast, near the hub wall, in this region curvature causes the flow to slow
down and combined with the effect of the strut a large flow deceleration is generated.
Consequently, the flow is more likely to separate in the hub-strut corner.
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Figure 2.14 Schematic of duct pressure fields around strut [22].

The flow around the strut has been presented with further details by Bu et al. in [10]. Itis
described that a horseshoe vortexis formed ahead of the strut leading edge near the outer
wall, where a stagnant point exists. From this point a separation line emerges and is
extended, diverging, downstream the strut. Anothersimilar separation line is formed near
the trailing edge of the strut with a larger divergence angle. Near the inner duct wall, the
flow pattern is expectedto resemble that of the shroud. The secondary flows near the walls
turn towards the strut surface forming counter-rotating vortices. The vortex pairs
generated develop rapidly along the duct occupying an important percentage of its height,
as it is observedin Figure 2.15.
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As it is mentioned in [16]the influence of a single strut on the overall performance of the
duct is relatively small, causing a rise of approximately 5% to the pressure loss coefficient.
However, usually a cascade of struts is installed within the duct, which creates an
interaction between them. Sharma and Baloni in [19] underline that the suction side of
each strut interacts with the pressure side of the other creating additional vortices which
can lead to premature separation of the flow. This phenomenon causes increased losses,
as proved in [23], and asymmetric distortions which affectthe downstream components.

Walker et al. in [24] examined the integration of lifting, or turning, struts within the duct,
which would behave like the outlet guide vane row of the upstream component. Same
effects on the flow, as the ones for the simple struts, were observed with the overall duct
loading increasing significantly. It should be underlined that the pressure loss rise was not
as high compared to the system with a non-turning strut row, including the OGV.

2.45 Inlet Flow Conditions

In addition to the factor described above, the flow within the S-shaped transition duct is
also sensitive to the inlet conditions, which are determined mostly by the upstream
compressor.

One parameter that affects the performance of the duct is the inlet swirl of the flow, which
is usually attributed to insufficient straightening before entering the S-duct. According to
Bailey and Carotte [25], if swirling flow could pass through the intermediate duct the
system’s length would be reduced and the overall performance improved. They
investigated the effects of inlet swirl by removing the OGV row from the upstream
compressor stage. Asit is explained, due to the swirl, the fluid is subjected to an additional
centripetal acceleration with components both in streamwise and normal direction. It was
observed that the swirl component of the velocity increased through the duct, as the mean
radius is decreased, due to the conservation of tangential momentum. The greatest
increase was located near the hub wall, where the relative change of radius is more
significant. Moreover, the streamwise pressure gradient along the inner wall of the duct is
smaller, indicating that flow separation is less likely to occur. The pressure loss was even
higher than the one obtained with OGV, analyzed in the previous paragraphs, and can be
attributed to the increased levels of turbulence generated by the swirling flow.

In[6], Gao et al. investigated the way the pre-swirl angle influenced the flow near the duct’s
struts. It was observedthat a backflow region was formed in the leeward side of the strut,
as shown in Figure 2.16, which enlarges as the angle is increased. For smaller angles only
one clockwise vortexis formed in the surface of the strut with a second, anti-clockwise one
appearing for higher angles. The presence of pre-swirl leads to static pressure distortion
and thus to non-uniform flow at the exit of the duct. In the same work the effect of inlet
Mach number on the duct flow was explored. As the Mach number rises a decrease in the
total pressure recovery coefficient and exit flow uniformity was noticed. This deterioration
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of the duct’s performance is attributed to the sharp mixing of the strut wake with the wall
boundary layer, resulting in more loss.

_+ Inlet

windward side

Qutler

leeward side

Figure 2.16 Streamline distribution for swirling inlet flow [6].

Another important parameter that has been presentedin literature is the thickness of the
inlet boundary layer (IBL). Sonoda et al. in [26] examined the flow developed within the
duct for thin and thick IBL, occupying 5% and 30% of the passage inlet height, respectively.
In the case of the thick IBL the thickness of the boundary layers formed near the duct’s
walls was increased and a vortex pair was observed near the hub wall, leading to a rise in
loss. Onthe otherhand, forthe thin IBL a single vortex was developed at the same location.
The increase in overall pressure loss, due to the differentIBL, accounted for almost 30%.

Reynolds number (Re) is considered to have a less significant impact on the curved duct’s
performance. More specifically, as mentioned in [13], for a turbulent fully attached
boundary layer the pressure loss varies with Re~1/5 . Consequently, a noticeable decrease
in duct’s pressure recovery for Reynolds numbers higher than 10°.

2.5 Enhancement Techniques

In order to avoid flow separation and enhance the performance of the duct several
technigues have been examined, including shape optimization, integrated design methods
and the use of flow controlling devices.

2.5.1 Shape Optimization

The existing need to continuously increase the efficiency of aircraft engines leads
researchers to explore various CFD- based optimization techniques to achieve the design
of aggressive S-shaped ducts with minimized pressure loss. Curved ducts are usually
parametrized with the non-dimensional parameters mentioned in Section 2.4.1, which
should be varied to achieve the optimal performance.
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A typical optimization process followed by many researchers is illustrated in Figure 2.17.
Experiments are conducted to determine the suitable levels for each of the factors or
responses examined. For most of the cases, the objective in Design of Experiments (DOE)
are the aerodynamic performance parameters, like the pressure loss coefficient and the
flow distortion factor. The Response Surface Methodology (RSM) is used to approximate
the multi-variable objective function of the optimization problem. This method can be
based on a linear function, as in [22], or on a polynomial one, like in [27]. A Genetic
Algorithm (GA) is commonly employed to solve the multi-objective optimization problem.
Some researchers also use TABU search algorithm (TS), [28], [29], for the optimization
process, since it is designed to be implemented in “difficult regions” of the design space
where local minima or infeasible solutions could be located. After the optimization steps a
Pareto optimal front is obtained which describes the trade-offs between the parameters of
the design problem. The optimal aerodynamic performance of the designed duct can also
be predicted by an Artificial Neural Network (ANN), combined with the GA, trained with
the use of experimental and CFD results, as suggestedin [12].
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Figure 2.17 Optimization Flowchart [27].

To optimize the shape, and consequently the performance, of the intermediate compressor
duct, its geometry should be parameterized. The goal of the parameterization is to reduce
the number of variables, and thus to reduce the computational cost of the optimization
process. Free Form Deformation (FFD) method is widely used for this purpose. According
to this approach the entire geometry can be described by the external surface of the duct
and is determined by the position of afew control points. The control points’ displacements
are subjected to certain constraints based on the tangential condition that should be
maintained at the inlet and outlet, as presentedin [30].
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Figure 2.18 Hub wall parameterization [14].  Figure 2.19 Axial shape parameterization [12].

For axisymmetric ducts, Chiereghin et al. [9] predicted that the process could result to a
reduction of approximately 20% of the total pressure loss and 10% of the exit swirl,
depending on which parameter the optimization is aiming for. D’Ambros et al. in [30]
suggested that the decrease in the exit swirl angle of the duct could reach 70%, with the
pressure loss remaining at the same level.

Naylor et al. [22] focused on the design of non-axisymmetric duct to minimize the loss
caused by the presence of struts. The method used, known as “Area Ruling”, is based on
the adjustment of the streamwise area distribution to compensate forthe blockage created
by struts. Inner and outer walls are moved in the region near the strut to cancel the extra
deceleration created, as described in Section 2.4.4. The result was to lower the wall in the
front of the duct and raise it in the rear portion, as shown in Figure 2.20. In the optimized
duct no reverse flow region was formed on the strut’s surface and the loss associated with
strut-hub corner separation was decreased. Overall, the end wall contouring implemented
gave the possibility of designing a duct of 34% higher radial offset with only 11% rise in loss,
16% lower than the one of the axisymmetric case for the same AR/L.

A similar method was followed by Sturzebecheretal. [14] aiming to the axial shortening of
the duct and the decrease in losses, expressed by the entropy rise coefficient. It was
observed that for the optimized duct the separation regions were limited and located
mainly at the trailing edge of the strut and the suction side of the OGVs.
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(a) Hub (b) Shroud

Figure 2.20 Non axisymmetric endwall contouring (Red: uplift, Blue: lowering) [14].

In [7] the endwall profiling was only used for the hub wall. Indeed, as it is demonstrated by
Donghai et al. [12], using this technique for the inner wall has similar results as using it for
both the inner and the outer walls, with lower computational cost.

2.5.2 Integrated Design

In the conventional design method, each module of the aircraft engine is optimized
separately, without taking advantage of the systems’ interactions. This process leads to
limited improvements in the overall efficiency of the engine. However, as Ghisu et al. in
[31] suggest, an integrated approach could eliminate the intermodular constraints and
expandthe limits of the available design space.

In [31] the optimization of the whole core compression system is attempted. More
specifically, the compression system examined consisted of the IPC, the S-shaped
intermediate duct and the HPC with the optimization variables being the surge margin and
the isentropic efficiency of the system. The IPC and the duct were optimized separately,
without imposing any constraints on their exit planes, and compared with the results of the
integrated optimization. It was observed that in the latter case the performance was
improved at the price of a more highly loaded duct. An additional improvementof 0.5% in
the system’s efficiency could be obtained by incorporating the HPC to it.
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Figure 2.21 Pareto Fronts for the integrated systems [31].

Other designs exploredin literature, involve the integration of OGV blades in the transition
duct. This approach was investigated by Walker et al. in [21]. The concept of lifting struts,
which have both a structural role and replace the OGVs of the low-pressure system, has
been proposed in [24]. These ideas are presented in detail in Sections 2.4.3 and 2.4.4,
respectively. In both cases the design of a more aggressive S-shaped duct was possible, with
the level of losses remaining at the desired levels.

Finally, the integration of a splitter blade within the S-duct was suggested by Taylor et al.
in [29]. The circumferential blade could assist to the flow turning, reduce the overall duct
loading, prevent strut and endwall separation, aiming to minimize the duct length. The CFD
experiments conducted showed that such a design could reduce the duct loss by 20% and
lower the distortion coefficient.

| Short length S-duct

Circumferential
splitter blade

Strut corner

separation
reduced >
-
_, HPC
Duct endwall N Inlet
separation
prevented =

Figure 2.22 Duct with splitter blade [29].
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2.5.3 Flow Controlling Devices

The flow separation, which is likely to occur within the duct, near its walls, affects negatively
on its performance. Hence, it is of great significance to control the evolution of such effects
in order to design more aggressive intermediate compressor ducts with larger radial offset.
Therefore, many researchers have focused on the development of flow control devices.
With respectto the technique used the devices are classified as active or passive. The most
common passive devices are using vanes or plates, for example submerged vortex
generators (VGs) and span-wise cylinders. Active methods usually involve synthetic jet
actuators, with the most well-known being vortex generators jet (VGJs) and the injection
of higher energy fluid to reenergize the boundary layer.

Passive vortex generators have already been used to control the separation of the
boundary layer and improve the total pressure recovery, as mentioned in [32]. However,
active methods present many advantages, explainedin [19]. Their actuation is simple, and
they can respond quickly to prevent the appearance of separation. Another important
benefit of such control devices is that their drag penalty is almost negligible.

In addition to the use of specialized devices, the possibility of designing a bleed system to
re-energize the boundary layer has been investigated by Walker et al. in [11]. The idea was
inspired by a similar system developed by the authors for combustor pre-diffusers. The
function of the system is based on two mechanisms. Firstly, the bleed flow is accelerated
through the bleed duct, and it is gaining streamwise momentum. This momentum is
transported through the turbulent shear layer to the mainstream flow re-energizing it and
assisting it to remain attached to the hub wall. The second mechanism s based on the radial
pressure gradient created by the entrance of the bleed flow to the duct flow, which
enhances the transfer of higher momentum to it. Although the determination of the
location and the mass flow of the system required preliminary predictions the results were
promising. The best location was at 35-40% of duct length with a bleed flow rate of 5%. A

length reduction of 30-40% was possible with the flow within the S-duct remaining fully
attached.

Integrated duct
:ym'}BIeed pipe

= Main flow

Figure 2.23 Schematic for the location of bleed pipe [33].

Siggeirsson et al. in [33] compared the impact of different bleed fraction rates to the
performance of the intermediate duct. The bleed pipe was placed upstream of the duct and
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the OGVsas seenin Figure 2.23. It was observed that for the lower bleed fraction, 10%, the
flow was more prone to separation as stronger adverse pressure gradients were developed.
On the contrary fora bleed rate of 30% due to the extraction of larger amount of mass flow
the velocity in the bleed pipe was decreased and the pressure gradient was reduced.
Finally, the authors suggested that the CFD prediction forthe flow developed neartheinner
wall was less accurate for the higher bleed rate and the simulation more unstable.
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Chapter 3 Analysisand Parametrization
Process of Existing Turbofan Engines

In this Chapter the results of the analysis of existing turbofan engines are discussed. Based
on the observations made for the intermediate compressor ducts of the different engines
a parametrization processis proposed. The aim of this is to specify the parameters required
by the user to estimate, as accurately as possible, the pressure losses associated with the
duct design.

3.1 Digitization of Turbofan Engines

To analyze the geometry of the intermediate compressor ducts the digitization of already
existing turbofan engines was required. The configuration coordinates of seventeen
turbofan engines were obtained, from their section images, using Plot Digitizer. In Table 3.1,
some of the main specifications and dimensions available for the engines examined are
presented. The aim was to focus on engines with higher bypass ratios since, as it is
explained in Section 2.2, in these cases more aggressive ducts are used, leading to higher
losses.

Stages Rotor Speed (RPM) Dimensions (m) Performance
Engine LPC/ LPC . Overall
HPC HPC Fan D t BPR OPR
IPC /IPC an Diameter | ength
18000-
PW1000G 3 8 10500 20000 2.05 3.401 12.5 -
PW1000G
(Early Version) 3 > ) i 2.1 3.184 i i
PW8000 3 5 - - 1.93 3.15 10
GE90 3 10 2261.5 9332 3.12 7.29 8.4-9 40
2
TRENT900 8-Jan 6 Sz%%/ 12200 2.95 5.478 8.5-8.7 37-39
GP7275 4 9 - - 2.95 4.5466 8 46
GP7176 2 10 - - 2.794 4.2926 7.8 -
CFM56-5C 4 9 4784 14460 1.84 2.622 6.4-6.5 ?;782_
PW4084 6 11 - - 2.84 4.84 5864 or¥
42.8
CF34-10 3 9 6325 18018 1.3462 2.3 5.4 29
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V2500-A1
JT9D-7

PW4000

V2500-A5

BR715

TFE731-2

TFE731-5

3 10
3 11
5 11
4 10
2 10
4 1
4 1

3650

6096

20688-
21000
20688-
21001

8000

16661

29692-
30540
29692-
30541

1.587
2.34

2.54

1.613

1.47

1.029

3.201
3.934

4.25

3.201

3.738

1.521

1.666

Table 3.1 Characteristics of examined turbofan engines.

5.4
4.9

4.9

4.5-4.9

4.55-
4.68

2.8

2.8

29.8
21.1
32.0-
34.1

26.9-
33.4

29-32

13-15

13-15

Plot Digitizer is a Java program, generally used to digitize scanned plots of functional data.
For the digitization of the images the calibration of X and Y axis based on the known
dimensions of each engine was necessary. The dimensions used were the fan tip diameter
and the length of each engine. The data points digitized in every case were representing
the input or output of a compressor or turbine stage as well as some intermediate points.
The configuration points corresponding to the intermediate compre ssor duct for each case
were extracted and further analyzed. For example, the points chosen for the core path of
GE90 are clearly shown in Figure 3.1. The rest of the engines’ images used for this process
are presentedin Appendix A.

Figure 3.1 Digitized Points along the (a) Hub and (b) Shroud of GE90.
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As it can be observed inFigure 3.2, the points acquired by the digitization can describe
accurately the geometry of both the shroud and the hub. As a result, it is possible to plot

the intermediate compressor duct along with its mean radius line, calculated by equation
(3.1), asin Figure 3.3.

Rm — Rshroud + Rhub (3_1)

2

Figure 3.2 Comparison of digitized and real duct’s geometry for GE90.

S-Duct for GES0

0.8 T T I |
Shroud
0.7 |- - Hub —se—
o Mean Line - - - -

0.6 - -
E o5 -
o

0.4 - -

0.3 + —

0.2 '

0.8 0.9 1 11 1.2 1.3 1.4 1.5 1.6

x(m)

Figure 3.3 S-Duct geometry acquired by digitization for GE90.

3.2 Analysis of Digitized Data

3.2.1 Calculation of Main Geometric Parameters

For each engine’s S-duct the basic geometric parameters, as presented in Section 2.4.1,
should be calculated. The hub and tip radii as well as the duct’s length are known, fromthe
digitization process, soit is possible to calculate the area and the mean radii along the duct,
the inlet height and its radial offset. Another parameter especially used as a design
parameter for the upstream and downstream compressor is the ratio of hub to tip radius
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in the inlet and the outlet of the S-duct, corresponding to the outlet of the LPC and the inlet
of HPC, respectively. All the above-mentioned parameters are included inTable 3.2.

Engine L (m) ( Rt ) ( R ) Aout AR h‘ %
Rshroud in Rshroud out Ain L L L

PW1000G 0.5688 0.8049 0.7617 0.6039 | 0.1995 @ 0.1413 @ 0.6535
(Egr[/l‘;l\fzzgn) 0.2564 0.8510 0.7037 0.9387 | 0.4535 | 0.2141 1.3301
PW8000 0.2935 0.8199 0.6215 1.1348 | 0.3127 0.2019 @ 1.0203
GE90 0.5088 0.7880 0.4906 0.7707 | 0.6581 | 0.3232 @ 1.3629
TRENT900 0.2338 0.8344 0.8290 0.6678 | 0.3184 | 0.2921 1.6174
GP7275 0.3477 0.8085 0.4818 0.8542 | 0.9060 | 0.3903 @ 1.8432
GP7176 0.3595 0.7486 0.4822 0.8444 | 0.6417 | 0.4475 | 1.5564
CFM56-5C 0.3578 0.8189 0.7095 0.8155 | 0.3366 | 0.2170 @ 1.0898
PW4084 0.4568 0.8046 0.6650 0.8143 | 0.3994 | 0.2558 | 1.1814
CF34-10 0.2099 0.8223 0.6904 0.8669 | 0.5234 & 0.3183 @ 1.6321
V2500-A1 0.3956 0.7774 0.5607 0.8184 | 0.3912 | 0.2470 0.9865
JT9D-7 0.2740 0.7689 0.7427 0.8532 | 0.2274 | 0.4536 @ 1.7359
PW4000 0.2396 0.7377 0.6689 0.7721 | 0.4271 | 0.5887 | 1.9504
V2500-A5 0.3948 0.7827 0.5539 0.8595 | 0.3996 @ 0.2460 @ 1.0092
BR715 0.2762 0.7885 0.5582 0.8088 | 0.5689 | 0.3209 & 1.3570
TFE731-2 0.1049 0.8164 0.6698 0.8447 | 0.4892 @ 0.2889 @ 1.4291
TFE731-5 0.1065 0.8229 0.6735 0.8587 | 0.4806 @ 0.2698 @ 1.3886
Average - 0.7998 0.6390 0.8310 | 0.4549 | 0.3068 1.3614
Min. Value - 0.7377 0.4818 0.6039 | 0.1995 | 0.1413 0.6535
Max. Value - 0.8510 0.8290 1.1348 | 0.9060 @ 0.5887 @ 1.9504

Table 3.2 Main geometric parameters of the analyzed engines.

The average value for each of the examined parameters can be compared to the
corresponding typical one, as given in Table 2.1. As it can be observed, most of them are
close to the standard range, howeverthere are some differentiations which can be justified
since the typical values correspond to conservative duct designs. The minimum and
maximum values define the range within which the user can select the value for each
geometric parameter. It should be noted that even though the data acquired by the
digitization can be usedfor the description of the S-duct’s geometrythere is an amount of
uncertainty introduced by the way the points on the plot were chosen, thus deviations
betweenthe real or typical and the calculated values are expected.

3.2.2 RadiusDistribution

In bibliography, various ways are proposed for the parametrization of the S-duct, including
the use of B-splines or Bezier curves or even the use of sinusoidal curves. For the purpose

of this work, a simplest parametrization process was desired, since the user should be able
to determine the duct’s geometry with as few parameters as possible.
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From the digitized data, it was observed that a quadratic polynomial function could
describe the distribution of the hub and tip radii accurately. More specifically, for the
parametrization of the radii distribution the non-dimensional distance is used, as it is
defined in equation (3.2). X,¢q; is the dimensional distance from the axis origin, shown in
Figure 3.1, while x;, and x ., stand for the distance of the inlet and the outlet of the
intercompressor duct, respectively.

X — X;

x=—red T 5 e10,1] (3.2)

Xout — Xin
The function used to connect the non-dimensional distance to the radius is given by
equation (3.3).

R —R;,

r=———=ax*+a;x, rel01] (3.3)
Rout — Rin g !

az + a1 = 1 (34)

Where R is the hub or shroud radius, 7 is the non-dimensional radius, R;;,, and R+ are the
hub and tip radius at the inlet and the outlet of the duct and a,,a; are the function’s
coefficients. The coefficients can determine the curvature of the duct’s walls. Their sum
equals to unity to assure that € [0,1] and their values differ for each engine, as presented
in Table 3.3. The plots of the different ducts suggest that the curvature is increased as a, is

decreased. For high positive values of a, in the shroud walls the curvature can be even
reversed.

Engine azshroud alshroud a hub alhub
PW1000G -0.630 1.630 -0.470 1.470
(Early Version)
PW1000G -0.600 1.600 -1.088 = 2.088
PW4084 -0.586 1.586 -0.670 @ 1.670
PW8000 -0.530 1.530 -0.935 1.935
GP7275 -0.530 1.530 -0.678 1.678
TFE731-2 -0.400 1.400 -0.790 1.790
GP7176 -0.400 1.400 -0.780 1.780
PW4000 -0.377 1.377 -0.890 1.890
CF34-10 -0.370 1.370 -0.720 1.720
GE90 -0.200 1.200 -0.860 @ 1.860
CFM56-5C -0.100 1.100 -0.630 1.630
JT9D-7 0.090 0.910 -1.050 | 2.050
V2500-A1 0.230 0.770 -0.510 1.510
V2500-A5 0.250 0.750 -0.600 = 1.600
TRENT900 0.250 0.750 -0.040 1.040
BR715 0.500 0.500 -0.590 1.590
TFE731-5 0.670 0.330 -0.510 @ 1.510

Table 3.3 Coefficients of the radius distribution.
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In order to reduce the parameters needed to describe the geometry of the duct’s walls the
existence of a correlation between the shroud and hub coefficients was examined. After
excluding the outliers, a linear correlation could be found between the coefficients a, of
the quadratic terms, shown in Figure 3.6 and described by equation (3.5). As a result, only

a 2shroud

Qg = 02417, . — 0.6706

is required to determine the curvature of the intermediate compressor duct for
each engine.

(3.5)
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Figure 3.6 Linear correlation betweenshroud and hub’s coefficients.
The estimated duct geometry obtained by the proposed process does not differentiate

significantly from the geometry acquired by digitization, as shown for GE90 in Figure 3.7.

Estimated and Real Duct Geometry
0.8 , |

Real
0.7 b Estimation B

R(m)
T
|

Figure 3.7 Comparison of Estimated and real duct’s geometry.

Although, through the observations made this mathematical correlation is valid, in
bibliography a similar connection between the geometry of the hub and shroud walls is not
mentioned. For this work the use of the equation (3.5) is justifiable since constraints
considered by the designers, such as the presence of struts and instrumentations, are not
taken into account.
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3.2.3 Area Distribution

A similar process was followed for the parametrization of the area distribution along the S-
duct. In this case, the digitized data suggested that a cubic function could be employed for

the connection of the non-dimensional area along the duct with the non-dimensional
distance, given by equation (3.2)(3.6).

_ A—Am _ 3 2
a=————=>b3x>+bx*+ byx, a € [0,1] (3.6)
Aout - Ain

In equation (3.6), 4, Ain, Aout stand for the area corresponding to the position x, the inlet
and the outlet of the duct, respectively. The coefficients of the function b3, b,, b, are real
numbers, whose sum equals unity, and they vary, as can be observedinTable 3.4.

Engine b3 b, b,
TFE731-5 -22.4190 | 49.8880 @ -26.4690
TFE731-2 -16.6910 @ 27.0600 &= -9.3690

(E:"/l‘;l‘fgiiin) -11.9730 | 23.2680 @ -10.2950

CF34-10 -9.4490 @ 16.9890 @ -6.5400

GE90 -8.7993 17.1760 | -7.3767
V2500-A5 -5.2431 | 16.1350 | -9.8919
PW8000 -4.1313 0.0410 5.0903

JT9D-7 -2.9586 7.2873 -3.3287
V2500-A1 -2.4458 9.1929 -5.7471

GP7275 -1.4038 5.1416 -2.7378

GP7176 -0.9470 4.3926 -2.4456
PW1000G 0.0409 0.4490 0.5123
PW4084 0.3758 -0.2373 0.8615
CFM56-5C 2.1672 1.4223 -2.5895
PW4000 3.1628 -3.6261 1.4633

BR715 4.7877 1.4524 -5.2401
Average -4.6544 | 10.6798 @ -5.0254

Table 3.4 Coefficients of the area distribution.
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Figure 3.8 Non dimensional area distribution along the duct.
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However, for the area distribution the search of a correlation between its coefficients and
the coefficients related to the radii distributions was not necessary since the area at each
position can be directly computed knowing the hub and tip radii from equation (3.8).

A= T[(Rghroud - Rflub)

(3.8)

As it is shown in Figure 3.9, the predicted area distribution along the S-duct is describing
almost accurately the one derived from the digitization process.
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Figure 3.9 Comparison of estimated and real duct’s area distribution.
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3.3 Parameterization Process

The parameterization of the geometry is critical to choose the minimum number of
variables which should be given by the user for the estimation of the duct’s losses. Based
onthe observations, the analysis and the correlations found in the previous paragraphs two
different “design” processes can be proposed. In both the processes the flow conditions in
theinlet of the duct, meaningthe total pressure P, the total temperature T¢, the mass flow
m and the properties of the fluid vy, Cp, R, are considered known. Their main difference is
that in the first one the inputs required are only geometrical parameters, whereas in the
second one the Mach number, in both the inlet and the outlet of the duct, should be
specified by the user.

In the first case, referred to as Parameterization Process I, the user should define all the
non-dimensional geometric parameters discussed in Section 3.2.1, as well as the overall
length of the S-duct and the a,_, . . coefficient. More specifically, all the main geometric

parameters of the duct, at its inlet and outlet, can be calculated knowing
AR hj, Rmy, A .
—, -2 ﬂ,"—i“t,Lby equations (3.9)-(3.14).

) )

L L L Ain
hin
Rhub n = Rmin - T (39)
Rshroudin = Rhup int hin (3.10)
— 2 2

Aip = T[(Rshroudin — Rhup in (3.11)
Rmout = Rmin — AR (3.12)
R —R Aout (3.13)

shroudoyr — Dmouwe T 1 p

. . 47TRmout
Rhubout = ZRmout - RShT‘Oudout (3.14)

For the distributions of hub and shroud radii along the duct the correlation between the
coefficients of the quadratic functions, given by equation (3.5), can be used.

RShmudx = Rshroudin + (Rshroudout - Rshroudin)(azshmudxz + alshmudx) (3.15)
Rhubx = Rhubin + (Rhubout - RhUbin) (azhubxz + alhubx) (3.16)

Finally, the acquired radii distributions are used for the calculation of the dimensionless
area distribution, by equations (3.6),(3.8), and the graphical acquisition of the coefficients
of the cubic function. Through this process it is possible to obtain the full geometry of the
S-Duct which can be directly used for the detailed calculation of pressure losses in ANSYS
CFX, as it is explained in detail in Chapter 4.

For the Parameterization Process Il the main non dimensional geometric parameters
mentioned above are not given by the user, but they are derived. The inputs required for
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the calculations are the main parameters usually available to designers: the ratio of hub to

tip radius, both at the inlet and the outlet of the duct, ( Riub ) ( Riub ) , the Mach
mn

)
shroud’ i Rshroud out

numbers at these positions M;,,, M, as well as the length of the duct L. The relation (3.17)
is used for the calculation of the inlet and outlet duct area based on the corresponding flow
properties.

m
A=
P zM(HV—_lMZ)—zJ—ln .17
JrARM

To estimate the outlet area, knowing that the total temperature is constant along the duct,
it is assumed that total pressure remains unchanged. This hypothesis is justifiable since the
pressure loss is not expected to be significant. The shroud radius, at both the inlet and
outlet, and consequently the hub radius, can be calculated by (3.18).

A
R 2) (3.18)
1 —(=—u2
& < (Rshroud)

Like in Parameterization Process I, the user should again define the coefficient a,, . in

order to be provided with the geometry of the S-Duct. This method is applied to validate
the model for different design mass flows, as it is demonstratedin Section 5.3.

Rsnroua =
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Chapter4  FlowSimulationin CFX

In this Chapter the solving process and the settings used for the flow simulation in ANSYS
CFX are explained. In addition, the boundary conditions applied at the inlet and outlet of
the intercompressor duct are presented. Finally, the simulation’s results for the base case
S-Duct are discussed.

It is worth mentioning that, since the flow inside the S-duct is characterized by
circumferential periodicity, only a 10° sector is necessary to be solved. This approach
reduces the computational cost of the simulation and allows the generation of finermeshes
leading to higher accuracy. Another useful observation related to the geometry of the S-
duct analyzed is that two straight parts have beenadded to the inlet and the outlet of the
duct to assure that the flow is fully developed, as it is commonly done in the bibliography.

Figure 4.13D model of the duct’s 10° sector.

4.1 Mesh Generation

The meshing process is essential for the discretization of the governing equations. More
specifically, obtaining an analytical solution for the Navier-Stokes equations is possible only
for simple flows and ideal conditions. For real flows, a numerical solution can be found by
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replacing the equations with algebraic approximations. ANSYS, which is the program used
for the CFD simulation, adopts an element-based finite volume method which involvesthe
discretization of the flow domain using a three-dimensional mesh. Within these volumes,
flow quantities, such as mass, momentum and energy, are preserved. All solution variables
and fluid properties are stored at the mesh nodes, or mesh vertices, with a control volume
constructed around them. To obtain the numerical solution, the Navier-Stokes differential
equations are integrated over each control volume and the produced integrals are
discretized within each element. The solution field and its gradients can be approximated
between the mesh nodes, at integration points, using finite-element shape functions.
These functions depend on the elementtype chosen for the mesh generation. [44]

411 MeshMethod

A hexahedralmesh was chosen forthe section of the S-Duct, which is considered to provide
speed and accuracy in cases like the one examined. Since there is only one body to be
meshed, there is the possibility to control the mesh method applied for the successful
generation of the mesh. For the needs of this simulation the MultiZone method is used.
This meshing technique provides automatic decomposition of the body geometry into
mapped and free regions. In the first ones, a hexahedral mesh is used, while in the latter,
unstructured regions, where the creation of hexahedral elements is not possible, a free
mesh is generated. Asit is shownin Figure 4.3, for the free mesh type is not allowed, forcing
the program to create a pure hexahedral mesh. [45]

T Project

= (@ Model (A3)

@ Geometry
#-- 2 Coordinate Systems

SRV ] vies'g
Insert » g
,,@ n . Method
¥ B#] Update I@ Sizing
Y $§  Generate Mesh M Contact Sizing
Preview » A\ Refinement
Show » @ Face Meshing
£  Create Pinch Controls @ Mesh Copy
5 Group All Similar Children @ Match Control
& Clear Generated Data ® Pinch
Inflation
Details of “Mesh" © -  Rename F2 =
= Di f Contact Match Grou
Display Start Recording e v
Display Style e y v~ @ Contact Match
- Default
b i Node Merge Group
Physics Preference CFD
Solver Preference CFX §: Node Merge
Element Order Linear ©® Node Move

Figure 4.2 Menu of mesh controls.
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Details of "Automatic Method" - Method vi10OXx
- Scope

Scoping Method | Geometry Selection

Geometry ‘ 1 Body
- Definition

Suppressed No

od Automatic :]
Element Order |Automatic
Tetrahedrons

Hex Dominant
Swee

Cartesian
Layered Tetrahedrons

Method MultiZone
Hexa

Mapped Mesh Type
Surface Mesh Method
Free Mesh Type

Hexa/Prism
Prism

Not Allowed
Not Allowed

Free Mesh Type
Element Order

Src/Trg Selection
Source Scoping Method

Hexa Dominant
Hexa Core

Source

Figure 4.3 Selection of Mesh method.

4.12 Inflation

The mesh generation is followed by its refinementin certain areas. The mesh adaption
locations are where the solution variables are expectedto change rapidly. The refinement
of mesh s of great importance for the boundary layer resolution. The specifics of the mesh
in the area near the duct walls can be defined in the Inflation Tab. Firstly, the faces near
which the inflation should be applied are selected. For the S-duct case these are the shroud
and the hub walls, as seenin Figure 4.4.

Figure 4.4 Selection of boundary surfaces.

The next step is to determine the Inflation Option suitable for each case. The available
options are: Smooth Transition, which is the default choice and assures a smooth rate of
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volume change across the boundary layer height, Total Thickness, for which the total
thickness of the inflation layers should be selected and First Layer Thickness, in which the
first element height should be given as an input. In order to confirm that the non-
dimensional distance y™* is maintained within the desired limits the First Layer Thickness
inflation method is preferred, with the correct adjustment of the First Layer Height.

Avalue of y* = 1is required in most of the cases toresolve accurately the viscous sublayer.
In this case, the Low-Reynolds Number Method is implemented by CFX in the region with
the finermesh. The adjustment of y* is achieved by the selection of the First Layer Height,
calculated by the following equations.

y+ = pAyu, (4.1)
u
1
Up = (T—W)Z (4.2)
p
1 2 4.3
Tw = E CprO ( . )
C; = 0.079Re 025 (4.4)

Ay is the distance of the first element from the wall, u; is the friction velocity, t,, is the
wall shear stress and Cf is the skin friction coefficient, which is determined, for internal
flows by (4.4).

The Maximum Layers value controls the number of inflation layers generated, while the
Growth Rate determines their relative thickness. These values should be chosen carefully
for CFX to resolve the boundary layer as accurately as possible. In Figure 4.5 the settings
applied at the Inflation Tab are shown.

Details of "Inflation" - Inflation v OX
- Scope

Scoping Method Geometry Selection

Geometry 1 Body
- Definition

Suppressed No

Boundary Scoping Method | Geometry Selection

Boundary 2 Faces

Inflation Option First Layer Thickness LI

First Layer Height Total Thickness
DR et Smooth Transition

First Layer Height 3.e-006 m

Maximum Layers 25

Growth Rate 1.3
Inflation Algorithm Pre

Figure 4.5 Defining the inflation options.
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4.1.3 Sizing

As it is suggested by its name, the examined duct is S-shaped and thus the mesh should be
correctly adapted to the wall curvature. ANSYS meshing offers this possibility by activating
the Capture Curvature and Proximity options. The curvature size function used by the
program examines the curved edges and faces and computes the element size required
locally such that the maximum size or the curvature angle, automatically computed, are
not violated. The proximity function is employed to compute the elementlayers created in

“gaps” of the model, which can be either internal volumetric regions between two faces or
areas betweentwo opposing boundary edges of a face, as mentionedin [45].

Details of "Mesh'’ * 10O
- Sizing
Use Adaptive Sizing No
Growth Rate Default (1.2)
Max Size Default (4.e-002 m]
Mesh Defeaturing Yes
Defeature Size Default (1.e-004 m)
Capture Curvature Yes
Curvature Min Size Default (2.e-004 m)
Curvature Normal Angle Default (18.07)
Capture Proximity Yes
Proximity Min Size Default (2.e-004 m)
Num Cells Across Gap Default (3)
Proximity Size Function Sources Faces and Edges
Bounding Box Diagonal 1.4162 m
Average Surface Area 0.14221 m*
Minimum Edge Lenagth 4.1197e-002 m

Figure 4.6 Mesh sizing options.

Anothersignificant parameter determined is the Element Size, which is the size used for all
the edge, face and body meshing. This variable directly affects the accuracy of the
simulation, and as it is shown in Section 4.4.1, is determined by conducting a grid
independence study.

4.14 MatchControl

Asit is elucidated above, the flow in only a sector of the annular duct needs to be simulated.
However, it is significant to ensure that the grid generated at the sides of the periodic
domain is identical. For this purpose, Cyclic Match Control is used, which involves the
copying of the first selected face mesh to the second one. To apply this control, it is
necessary to define a new cylindrical coordinate system to which the axis of rotation
belongs.
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Details of "Match Control” - Match Control *" 0 OX
- Scope
Scoping Method Geometry Selection

High Geometry Selection | 1 Face
Low Geometry Selection |1 Face

-I| Definition
Suppressed No
Transformation Cycdlic
Axis of Rotation Coordinate System
Control Messages No

Figure 4.7 Match control options.

Figure 4.8 Definition of cylindrical coordinate system.

4.2  Simulation Setup at CFX-Pre

4.21 Physical Models

The simulations conducted for the purpose of this work are steady. This means that the
flow characteristics are notexpectedto change with time since steady flow conditions have
beenreached aftera relatively long-time interval. An example of a steady-state flow is after
the startup of a rotating machine, which is like the case examined here. The fluid is
considered to be continuous, air ideal gas, as shown in Figure 4.9, and the reference
pressure is set to 0 atm,to make easier the understanding of the results. The set of
governing equations solved by ANSYS CFX, are the Navier-Stokes equations which consist
of the continuity, momentum and energy equations.
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Fluid 1
Option Material Library -
Material Air Ideal Gas ~
Marphology
Option Continuous Fluid -

[] Minimum Volume Fraction

Domain Models
Pressure

Reference Pressure | 0 [atm]

Figure 4.9 Definition of fluid properties.

A heat transfer model is used to predict the flow temperature along the duct. All possible
types of heat transfer, like conduction, convection turbulent mixing and viscous work, can
be modelled. The options available in CFX cover various models, however, the most suitable
forthe case analyzedis the Total Energy model. This model is used to consider the transport
of enthalpy while taking into account the kinetic energy effects. As it is underlined in [44],
it is commonly used for gas flows where the Mach number is larger than 0.3. The equation
describing the mathematical model used is (4.5).

d(ph d
(Pattot)_ 6_2Z+ V- (PUhtot) =V-AV)+V-(U - -71) + U-Sy+Sg (4.5)

1 4.6
htot=h+§UZ ( )

Where h;, is the total enthalpy, U is the velocity vector, A stands for the thermal
conductivity, T is the static temperature, T is the shear stress and Sy,Sg are the
momentum and energy sources, respectively. The term V - (U - 7) represents the work due
to viscous stresses which is usually negligible but is activated for the heattransfer model.

Heat Transfer =]

Option Total Energy A
Incl. Viscous Work T) Isothermal

Thermal Energy

Total Energy

Option Shear Stress Transport ©

Turbulence

Wall Function Automatic -

Figure 4.10 Selection of the heat transfer model.

From the RANS based turbulence models available in CFX, the Shear Stress Transport (SST)
k-w model was selected. This model is extensively used for CFD analysis in turbomachinery
as it is expected to provide accurate calculations for the boundary layer, simulating both
the viscous sublayerand the log-law layer, as well as valid predictions of the amount of flow
separation under adverse pressure gradients, like the one existing within the
intercompressor duct. If higher accuracy was desired, with no concern for the simulations’
computational cost the Reynolds Stress Model (RSM) or the Large Eddy Simulation (LES)
approach could have been used.
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Turbulence B
Optian Shear Stress Transport =
Wall Function Mone .(Laminar]
k-Epsilon
(] High Speed (compre shear Stress Transport
[] Turbulent Flux Cla{ BSL Reynolds Stress
[] Transitional Turbu| SSG Reynolds Stress

Figure 4.11 Selection of the turbulence model.

4.2.2 Boundary Conditions

For the hub and shroud walls the No Slip condition is used and the walls are, ideally,
considered to be smooth. The periodic interfaces of the domain are “connected” via a
rotational periodicity condition, as seenin Figure 4.13.

Mass And Momentum

Option No Slip Wall A
[ wall velocity

Wall Roughness

Option Smooth Wall -

Heat Transfer

Option Adiabatic A

Figure 4.12 Boundary conditions for duct walls.

Interface Type Fluid Fluid -
Interface Side 1

Domain (Filter) Default Domain ~
Region List F17.16 ~

Interface Side 2

Domain (Filter) Default Domain w

Region List F19.16 ™

Interface Models

Option Rotational Periodicity -
Axis Definition

Option Coordinate Axis -
Rotation Axis Global X -

Figure 4.13 Conditions at the periodic interface.

The subsonic inlet flow is set to be normal to the boundary, in terms of cartesian
components. This choice is valid since an extended straight part has beenaddedtotheinlet
of the duct which allows the flow to be directed correctly towards the S-duct. The total
pressure and total temperature are specified at the inlet of the duct and their values are
calculated for the simulated engine as explained in Section 4.4.2.

The turbulence intensity should also be specified in this tab. The intensity is defined as in
(4.7), where u is the fluctuating velocity component due to turbulence and U is the velocity
magnitude.
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[ =— (4.7)

The intensity is set to Medium or 5%, which is common value for HPC and is suggested to
be used when there is not enough available information for the inlet turbulence. [44]

Flow Regime

Option

Mass And Momentum

Option

Relative Pressure
Flow Direction
Option
Turbulence
Option

Heat Transfer
Option

Total Temperature

Subsonic v
Total Pressure (stable) -
Ptin

Mormal to Boundary Condition -
Medium (Intensity = 5%) -
Low (Intensity = 1%) A

Medium (Intensity = 5%)

High (Intensity = 10%)

Intensity and Length Scale

Intensity and Eddy Viscosity Ratio

k and Epsilon

k and Omega

k and Eddy Viscosity Ratio

k and Length Scale

Default Intensity and Autocompute Length Scale v

Figure 4.14 Inlet boundary conditions.

For the subsonic outlet the total mass flow rate is specified. Since only a slice of the annular
duct is simulated the respective mass flow should be given. However, by setting the Mass
Flow Rate Area to “Total for All Sectors”, as observed in Figure 4.15, the rotational
periodicity is considered and the total mass flow rate for the duct can be used as input.

Flow Regime =]
Option Subsonic -
Mass And Momentum =
Option Mass Flow Rate -
Mass Flow Rate
Mass Flow Rate Area | Total for All Sectors -

I:‘ Mass Flow Outlet Constraint

Figure 4.15 Outlet boundary conditions.

Afterapplying all the boundary conditions the fluid domain is shown in Figure 4.16.
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Figure 4.16 Fluid domain with the boundary conditions visible.

4.2.3 Solver Control

In the solver control tab of CFX-Pre the first option that need to be definedis the Advection
Scheme used. More specifically, at the solving numerical process the variables’ values at
the integration points are approximated in terms of nodal values. A general description of
all the advection schemesavailable is given by equation (4.8).[37]

Pip = Pup t+ BVpAr (4.8)

Where @ representsa general scalar variable, ip and up denote the integration point and
upwind node with 7 being the vector from the latter to the first one. The selection of the
blend parameter  determinesthe scheme used.

When = 0 the first order Upwind Scheme is applied. This approach is very robust but
introduces significant discretization errors and thus is not the one selected for the
simulation. For the Specified Blend Factor scheme the value of 8 is chosen to be between
0 and 1. The choice f = 1yields a second order scheme which is accompanied by a higher
computational cost. In the High-Resolution Scheme, which is selected for the simulation in
this work, B value is selected by the program based on the local solution field. In regions
where the variable gradients are low the blend factor is set close to 1, to reach the desired
accuracy, while in areas of sharp gradient changes, f is set closer to 0, to maintain
robustness. The High-Resolution scheme is selected for the turbulence advection scheme,
as well. The choice of this schemeis also discussed in the following Section 4.4.1.
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Advection Scheme

Option High Resolution "I
Turbulence Numerics | UP¥ind B
High Resolution
Option Specified Blend Factor
Turbulence Numerics =
Option ‘High Resolution v
Convergence Control First Order

{High Resolution
Min. Iterations I‘l

Figure 4.17 Selection of advection scheme.

Additionally, at this tab the convergence criteria of the simulation are specified with the
residual type set to RMS.

Convergence Criteria

Residual Type RMS -

Residual Target [0.00001

Figure 4.18 Selection of residual type and target.

Finally, CFX-Pre gives the possibility to monitor the values of interest during the numerical
simulation, by creating a corresponding expression. In the case of the S-duct the value of
interest is the total pressure difference at the inlet and outlet of the duct as a fraction of
the total inlet pressure, as defined by equation (2.4).

4.3 PostProcessing

ANSYS CFX offers many different post processing tools for obtaining contours, streamlines,
particle tracks as well as variables’ charts. To be able to take advantage of the program’s
possibilities the simulation results are loaded in CFX-Post where two new planes along the
S-duct are created. These planes are placed at the inlet and outlet of the duct, after and
before the straight extensions, correspondingly. The first plane is referred to as InPlane
while the outlet one is called OutPlane.
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Figure 4.19 Definition of additional planes.

These additional planes are used to acquire the values for the flow variables as well as to
calculate the flow losses factors. The variables of interest are defined as expressions and
are calculated using the integrated functions, as seenin Figure 4.20.

& Psinduct massFlowAve(Pressure)@InFlane

& Ptinduct massFlowAve(Total Pressure)@InFlane
[/ Ptoutduct massFlowAve(Total Pressure)@0utFlane
Min massFlowAve(Mach Number)@Inlet

/& Mout massFlowAve(Mach Number)@Outlet
wduct (Ptinduct-Ptoutduct)/(Ptinduct-Psinduct)
& dpPqpP (Ptinduct-Ptoutduct)/Ptinduct

ypmax maxVal(Yplus)@Default Domain Default
'@ Cpstatic (Pressure-Ptinduct)/(Ptinduct-Psinduct)

Figure 4.20 Definition of expressions.

The function mostly used for the computation is massFlowAve() which calculates the mass
flow-weighted average of the variable specified within the parenthesis. The variables
By, iueer Prinauers Ptoutauce COTrEspondto the static and total pressure atInPlane and the total

pressure OutPlane, respectively. M;,, M, are the Mach numberat the inlet and outlet of
the duct which are considered design parameters, as explained in Section 3.2.

The variables associated with the pressure lossesare w 4,,¢¢, Which is the total pressure loss
coefficient and dPqP = DP /P thatis the total pressure loss as a fraction of the total inlet

pressure. C,_ .. is the coefficient of static pressure which can be calculated along the
streamlines inside the duct.

The expression for ypmax = v}, is defined via the function maxVal() which returns the
maximum value of the specified variable. The maximum value of y™* in the near wall region

is important since by its monitoring it can be assured that the limits set are respected, and
the boundary layer is accurately resolved.
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4.4 Flow Simulation for the Base Case

The flow in the digitized duct of the GE90 turbofan engine was the first one simulated.
Through the digitization and the parametrization process it is possible to acquire the full
geometry of the S-Duct, meaning the hub and shroud radii in different axial positions, which
are given, in the suitable format, as inputs to ANSYS DesignModeler. This way a three-
dimensional model of the intercompressor duct is generated. The basic dimensions of the
GE9Q’s S-Duct, derived as described in Chapter 3, are given in Table 4.1 and Figure 4.21.

L (m) 0.5088
Rhuhin (m) 0.6112
Rshroudin (m) 0.7757
A, (m?) | 0.7166
Rhllbout (m) 0.3586
Rshroudout (m) 0.4812
Age(m?)  0.2360

Table 4.1 Basic Dimensions of GE90’s duct.

Middle Plavie

fhriPlane

=]
oF

0.5 10044 1254 1.8

K {m)

Figure 4.21 Sketch of the modelled duct and its dimensions.

4.41 MeshIndependenceStudy

In order to ensure the convergence of the CFD simulation certain criteria need to be
satisfied. Analytically, the residual RMS Error should have an acceptable value, typically
10~* or 1075, and the values of interest should have reached a steady solution. However,
even if the simulation is converged, the solution should be independent of the mesh
resolution. As a result, a mesh or grid independence study should always be carried out.

For the examined S-Duct mesh element size was used as an input parameter in ANSYS
Workbench. By simulating the flow for gradually reduced elementsize and calculating the
value of DP /P ,foreach case, a solution was reached that remained unchanged as the mesh
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was refined. As the element size is reduced the number of mesh nodes is significantly
increased leading to a higher computational cost. Thus, a compromise is made between
cost and accuracy by choosing the coarser mesh possible.

The grid independence study was carried out using both the Upwind and the High-
Resolution advection scheme, as presentedin Table 4.2 and Figure 4.22. It is evidentthat for
the High-Resolution scheme the meshindependence is achieved for approximately 70000
nodes, whereas forthe Upwind scheme the pressure losses continue toreduce asthe mesh
is refined. This is in accordance with the observations made by Yurko et al. in [46] and
justifies the choice of the High-Resolution convection scheme.

Mesh Statistics Upwind Scheme | High Resolution Scheme
Element Size (m) | Nodes DP/P w DP/P w
0.050 20088 @ 0.02861 0.23340 | 0.01854 0.14219
0.030 30876 @ 0.02863 @ 0.23405 | 0.01903 0.14711
0.015 71020 @ 0.02713 | 0.21805 @ 0.01811 0.13668
0.005 795760 0.02507 ' 0.19625  0.01814 0.13686

Table 4.2 Grid Independence Study.

0.035

0.025 Ty

High Resolution —=
Upwind ——

DP/P

0.015 : : : -

0 100k 200k 300k 400k 500k 600k 700k 800k

Nodes

Figure 4.22 Grid Independence Study.

In all the above cases a value of y* < 2 was maintained, for the viscous sublayer to be fully
resolved. However, for the chosen element size the pressure losses were also calculated
for higher values of y*.

y*t Nodes = DP/P w

1 71020 | 0.01811 | 0.13668
20 61480 | 0.01816 | 0.13721
100 60420 | 0.01722 | 0.12696

Table 4.3 Pressure Losses for different y *.
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From Table 4.3, is clear that for higher y* the loss factor is underestimated since the
boundary layer is not fully resolved. Although the change for y* = 20 is not significant, a
value approximately equal to unity was chosento provide a more accurate estimation.

The mesh generated for the S-duct and its refinement near the wall can be observed in
Figure 4.23 and Figure 4.24.

Figure 4.23 Generated Mesh.

Figure 4.24 Mesh inflation near the wall.

4.42 Boundary Conditions

In order to define the necessary boundary conditions a MATLAB script was used. The script
provided the values of the main parameters, such as total pressure, total temperature,
mass flow rate, enthalpy and entropy, at every position along the turbofan engine using
the basic thermodynamic equations. The data used to define the operating conditions, the
fuel consumption, the pressure ratios and the efficiency of the engine’s components were
foundin bibliography. The pressure lossesin the different parts of the engine, that are not
compressors or turbines with available pressure ratios, were estimated as described in
[8].The values calculated for the boundary conditions at the inlet and the outlet of the duct
are included in Table 4.4.

P, (bar)  1.6565
T, (K) 329.5315
m (kg/s) 149.8941
Table 4.4 Calculated Boundary Conditions.
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To facilitate the simulation the boundary conditions were convertedto correspond to the
standard temperature and pressure, Pr.oy = 1.01325bar, Ty = 288.15K, using equation

(4.9). The final boundary conditions as defined in the setup of the flow simulation are shown
in Figure 4.25.

Ptin
ref

o

Tieq = M (4.9)
Ttin

ref

hﬂ

Vv @] Expressions

o Ptin 1.01325 [bar]
yo Ttin 288.15 [K]
B m 100 [kg s*-1]

Figure 4.25 Applied Boundary Conditions.

4.43 Results

After the convergence and the completion of the simulation the results are available for
post processing, as described in Section 4.3. The main parameters of interest calculated by

the program are presented in Table 4.5. These values are within the suggested, empirical,
limits given in [8], shown in Figure 2.7.

Parameter CFX Result

M;, 0.36187
M, 0.59663
w 0.13668
DpP/P 1.811%

Table 4.5 Results for Mach and losses.

In addition to the calculation of the flow variable CFX-Post also offers the possibility to
visualize the flow within the duct through contours and streamlines, as well as to create

graphs for the basic parameters. In these graphical representations the values on the X axis
are the ones obtained by the digitization of the engine, seen in Figure 4.21.

A better understanding of the developed flow in the S-duct is obtained by observing the
velocity streamlines and the velocity contour along it. As it is seen in Figure 4.26, a vast
separation region can be identified near the hub wall after the first bend. The position
where the phenomenon occurs is expected since there the fluid is subjected to a large

adverse pressure gradient. In Figure 4.27 the distributions of Total Pressure and Static
Pressure along the duct are shown.
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Velocity (a)
2.811e+02

2.108e+02

1.405e+02

7.027e+01

1.601e-03
[m s*-1]

Velocity (b)
2.811e+02

8.876e+01
7.397e+01
5.917e+01
4.438e+01
2.959e+01
1.479e+01
0.000e+00

[m s”-1]

Figure 4.26 Velocity (a)Streamlines and (b)Contour.

Total Pressure ()

1.006e+05
9.723e+04
9.388e+04
9.053e+04
8.718e+04
8.383e+04
8.048e+04
7.713e+04
7.378e+04
7.043e+04
6.708e+04
6.372e+04
6.037e+04
5.702e+04
5.367e+04
[Pa]

Pressure

9.949e+04
9.622e+04
9.295e+04
8.968e+04
8.640e+04
8.313e+04
7.986e+04
7.658e+04
7.331e+04
7.004e+04
6.676e+04
6.34%e+04
6.022e+04
5.695e+04
5.367e+04
[Pa]

Figure 4.27 (a)Total Pressure and (b)Static Pressure Distribution.
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The existence of the adverse pressure gradient at the first bend of the duct is confirmed by
the chart of the axial variation of static pressure coefficient along the duct, seen in Figure
4.28. A less severe reversed adverse pressure gradient can be also noticed at the second
bend, downstream where another, smaller, separation area is located, near the shroud
wall.

Pressure Coefficient Distribution

— Hub — Shroud

Figure 4.28 Static Pressure Coefficient Distribution.

In Figure 4.29, the outlet and middle axial velocity profile is shown. As it was expected, near
the shroud and hub wall the velocity is significantly lower than in the middle of the duct’s
cross section due to the appearance of separation phenomena.

Middle Velocity Profile

Outlet Velocity Profile

0.65 ; 053 ;
06 _ . .u---éﬁ} 0.45 _: o ——

0.55 I 0.4
T .1 - ¥ :
Eos ; Eoss 1
" 0asd = 1 |

0.45 7 /_,.-— : 033

0.35 3 / . |

f T T T T 1 T T —T T T ™
0 ) 30 100 150 200 0 50 100 150 200 250

Velocityu[ ms~-1]

Velocityu[ ms~-11]

Figure 4.29 Velocity Profiles.

Finally, the y* values along the hub and shroud wall can be plotted to confirm that the
value is not larger than the desired and that the viscous sublayer of the boundary layer is
fully resolved.

52



Chapter5

Yplus

— Hub = Shroud

Figure 4.30Y* distribution.
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Chapter 5 Developmentand Validation of
Model for Estimation of Losses

In this Chapter the algebraic model created forthe estimation of pressure losses within the
duct is analyzed. The variation of losses with the variables used for the parametrization of
the S-duct’s geometry is examined and the curves fitting betterto the results are presented.
Finally, a validation of the produced modelis presented.

5.1 ParametricStudy

The main parameters used for the description of the intercompressor duct’s geometry are

introduced in Chapter 3. From them, the ones whose influence on the losses is analyzed

are: azshmud,%,hLﬂ and RmT"". For the parameter A"—f“ it was observed that the losses are
n

not significantly affected and a clear correlation could not be found. The new geometries

arising from the variation of the parameters were obtained using the processes described

in Section 3.3. In addition to the above-mentioned variables, the correlation of the losses

with the mass flow rate, for a fixed duct geometry, is studied.

In most of the cases examined, the parameters and the pressure loss factor are expressed
as a fraction of their reference values. The reference values correspond to the ones
calculated during the parametrization process for the S-duct of GE90, which was selected
as the base case in this work. The values of the parameters are contained in Table 5.1.

Parameter Reference Values
Aput/Ain 0.7707
AR/L 0.6581
hin/L 0.3232
Ry, /L 1.3629

Table 5.1 Reference Values.

511 Influenceofa,

As it is presentedin Section 3.2.2, a,, . is used to express the curvature of the duct and
from it all the parameters used to describe the radii and area distributions can be derived.
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Some of the different geometries generated with the variation of a,_, . .versusthe non-
dimensional distance x are shownin Figure 5.1.

0.8
0.7
0.6 a2=-0.63 ——
a2z=-04 ——
’E a2=-0.2
E" 0.5 a2z=-0.1
a2=0.25 ——
0.4 a2=0.5 ——
0.3
0.2 | | | |
0 0.2 0.4 0.6 0.8 1

X
Figure 5.1 Duct’s shapes for different a, , .

The pressure loss factor for each duct was obtained from the CFD simulation for boundary
conditions corresponding to the design point, given in Section 4.4.2. From the results, in
Table 5.2, it is suggested that for higher values of a,, . the pressure losses are
decreased. This conclusion is justifiable since, as a,, . . is rising, the curvature of the
shroud wall is almost reversed and the duct tends to lose its S shape, which is mainly
responsible for the appearance of separation phenomena and increased losses. The flow
within the differentducts is visible in Figure 5.2.

A2 shroud bp/P
-0.63 2.923%
-0.4 2.144%
-0.2 1.811%
-0.1 1.774%
0.25 1.562%
0.5 1.519%

Table 5.2 Losses Factor for different a, , .

55



Chapter6

Velocity
3.01%e+02

2.264e+02
1.510e+02
7.54%e+01
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2.183e+02
1.455e+02
7.276e+01
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[m s*-1]

2.776e+02
2.082e+02 |
1388402
6.941e+01

3.203e-03
[m s*-1]

2891402 (d)

7.231e+01

3.600e-02
[ms?1]

Figure 5.2 Streamlines for a,_, . (a)-0.63,(b)-0.4,(c)-0.1,(d)0.5.

The second order polynomial curve given by equation (5.1) could be used to describe the
correlation between a,, . and the pressure loss factor, calculated for the reference

values of the design parameters. For the curve fitting a non-linear squares (NLLS)
Marquardt-Levenber algorithm was implemented.

(DP /P),ef = 0.01691a3,  —0.00922ay,, .. +0.01607 (5.1)
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0.03 | | | | | T
0 f(x)=0.01691x2-0.00922+0.01607, R2=0.98 —
0.028 - .

0.026
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(DP/P)ef

0.02 -
0.018

0.016 |-

0.014 | | | | | |
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

dzshroud

Figure 5.3 Correlationof DP/Panda,_, ..

5.1.2 Influenceof AR/L

The parameter AR/ L is of great significance as it is a measure of the aggressiveness of the
duct. More specifically, an increase to AR /L corresponds eitherto larger radial offsetor to
a shortening of the duct. In both cases the pressure losses are expected to rise, since the
separation is expanded, based on findings analyzed in the bibliography.

These assumptions are confirmed by the flow simulation conducted for intercompressor
ducts of differenta,, . ..In Figure 5.4, the streamlines within the S-duct with a5, .~ =
—0.2 are shown for four different lengths, as percentages of the reference length of the
duct. Itis observedthat as the total length is increased the separation area is compressed
until the length is doubled, where the separation is almost non-existent.
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Velocity (a)
6.217e+02

4.663e+02
3.109e+02
1.554e+02

4.259%-03
[m s*1]

2.750e+02
2.063e+02
1.375e+02
6.876e+01

7.230e-03
[ms™1]

2.292e+02

1.719e+02

1.146e+02

5.731e+01

3.592e-03
[ms*1]

2013402

1.509e+02

1.006e+02

5.032e+01

7.899e-03
[m s*-1]

Figure 5.4 Streamlines for (a)80%, (b)100%, (c)150%, (d)200% of duct’s reference length.

Similar observations can be made from Figure 5.5, where the streamlines for three different
radial offsets are shown. As the radial offset is decreased the duct is considered less
aggressive and the separation is constrained.
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Velocity
3.272e+02

2.454e+02

1.636e+02

8.181e+01

4.207e-03
[m s*1]

2.750e+02

2.063e+02

1.375e+02

6.876e+01

7.230e-03
[m s*-1)

2.029e+02

1.522e+02

1.014e+02

5.073e+01

1.399¢-02
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Figure 5.5 Streamlines for (a)120%, (b)100%, (c)50% of reference radial offset.

(DP/P)rer " L(AR/L)yes

The exact non-dimensional loss factors calculated while varying the parameter AR /L are
shownin Table 5.3. For every geometryit is possible to describe the variation of losses with
an exponential curve like (5.2), derived by least squares curve fitting.

(5.2)
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(DP/P)/ (DP/P);cf

AR/L DP
“roa | (AR/L)ye; P w by b,
111% 4.125% @ 0.2555
100% 2.923% | 0.1858
063 67% 0.877% 0.0684 ! 29854
50% 0.459% @ 0.0405
120% 3.271% | 0.2162
111% 2.630% @ 0.1666
-0.4 100% 2.144% | 0.1489 0.9851 2.3371
67% 0.827% | 0.0688
50% 0.415% @ 0.0381
120% 3.155% | 0.2326
111% 2.459% @ 0.1821
-0.2 100% 1.811% | 0.1367 1.1156 2.1655
67% 1.031% @ 0.0946
50% 0.447% @ 0.0570
120% 2.198% @ 0.1591
111% 1.978% @ 0.1444
-0.1 100% 1.774% 0.1411 0.9182 1.8354
67% 0.735% | 0.0657
50% 0.393% | 0.0381
111% 1.472% | 0.1222
100% 1.562% @ 0.1418
0.25 7% 0.763%  0.0747 0.8815 | 1.4907
50% 0.412% @ 0.0420
Table 5.3 Variation of loss factor with AR/L.
1.8 | T T T T |
a2=-063 ——
a2=-0.4 ——
a2=-0.2
a2=-0.1
a2=0.25 ——

0.5 0.6 0.7

0.8 0.9

(DR/L)/(DR/L) ref

1.1 1.2

Figure 5.6 Correlation of DP/P and AR/L for differenta,_ .
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It can be noticed that there is no clear correlation of the function’s coefficientsand a,_,. . .,

as a result an equation could be used to describe the influence of AR/L on the losses
withoutany dependenceona,, . By excluding some outliers, which are the values not
fitting to the pattern found, and are usually corresponding to extreme duct geometries, it
is possible to use the exponential function (5.3) to describe the connection shown in Figure
5.7.

DP/P
(DP/P)ref

AR/L

(AR/L)ref

2.2462
l (5.3)

= 1.0245 l

1.6 ! ! ! ! T T

(OP/P)/ (DP/P )ret

f(x)=1.0245x2-2462
0 I I I I I I
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

(DR/L)/(DR/L) ref

Figure 5.7 Correlation of DP/Pand AR/L.

5.1.3 Influenceof h;,/L

The parameter h;;, /L, which, reversed, is also referred to as non-dimensional length,
dictates the size of any axial pressure gradient developed. The influence of this parameter
on the losses for different duct geometries was examined. It should be mentioned that
since h;, is the height at the inlet of the duct, as the parameter was reduced or increased
theinlet area was also changed. As a result, to examine the flow within the duct forseveral
values of the parameter, without increasing the Mach numbers, the mass flow rate should
also be differentiated.

The values assigned to h;, /L are within the range found from the parametrization of the
enginesin Section 3.2.1. In Figure 5.8 the streamlines developed within the duct for certain
non-dimensional lengths along with the corresponding static pressure coefficient
distributions, are displayed. These correspond to the flow simulation for the duct with

A2gnroua = —0-2, while similar results were produced for all the examined geometries.
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Figure 5.8 Streamlines and C,, distribution for (a)62%, (b)100%, (c)124%, (d)139% of (hin/L) s

The pressure loss factors corresponding to each case are shownin Figure 5.9 and Table 5.4.
By implementing a non-linear least squares method it is possible to find an algebraic
expression that describes the correlation between the examined parameter and the losses
for the differenta,, . ., given by (5.4).
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(DP/P)/ (DP/P)yret

DP /P l hin/L r
(DP/P)ref (hm/L)ref
a hin/L DP
Zshroud | ( h;, /L)ref P w Cq Cy
62% 3.271% | 0.2162
100% 2.630% 0.1666
04 124% 2.144% 01489 09084 05631
139% 0.827% = 0.0688
31% 3.155% @ 0.2326
62% 2.459% | 0.1821
-0.2 100% 1.811% 0.1367  1.0773 = -0.7323
124% 1.031% = 0.0946
139% 0.447% = 0.0570
62% 2.198% | 0.1591
100% 1.978% = 0.1444
0.1 124% 1.774% = 0.1411 1.0785 | -0.7681
139% 0.735%  0.0657
62% 0.393% 0.0381
100% 1.472% = 0.1222
0.25 124% 1.562% = 0.1418 0.9822 | -0.6306
139% 0.763% = 0.0747
Table 5.4 Variation of loss factor with h;,, /L.
2.8 T T T T T
2.6 - -
2.4 - -
22k -

2 a2=-0.4 ——
18} a2=-0.2
1.6 - az=-0.1
1al a2=0.25 —
1.2+

l -

08 |
EI.E: 1 [ 1 1 1
0.2 0.4 0.6 0.8 1 1.2 14
(hin/L)/(hin/L)ref

Figure 5.9 Correlation of DP/P and h;, /L for differenta,_, .

(5.4)
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In orderto eliminate the dependanceona,, .., similarly to the previous parameter, one
exponential expression can be used to calculate the loss factor based on h;, /L for every
geometry, described by equation (5.5) and shownin Figure 5.10.

—0.7655
DP/P h;, /L
_DP/P o135 lLl (5.5)
(DP/P)ref (hin/L)ref
2.6 ' ' _ -0.76540
bal f(x)=1.0135x 076349 |
2.2 R
T 2L :
o
S 18f .
2 16f N -
E 1.4 - -
[=8 w
£ 12t i
1k H-______i_ i
0.8
ﬂ_ﬁ 1 1 1 1 1 \_q
0.2 0.4 0.6 0.8 1 1.2 1.4
(hinfL)/(hin/L)ref

Figure 5.10 Correlationof DP /P and h;, /L.

514 Influenceof Ry, /L

An analogous procedure was followed to determine the way that the change of
Ry, /L affects the S-duct’s pressure losses. More specifically, as in the case of h;,/L, for
the different values of the parameter the inlet area of the duct is influenced. To maintain
the Mach numberat the inlet unchanged the mass flow rate should be adjusted. For higher
values the mass flow is also increased, assuming that the density at the inlet is remaining
the same. The flow developed inside the intercompressor duct for a,, .= —0.2 and
varying R, /L is demonstratedin Figure 5.11.
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Velocity
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Figure 5.11 Streamlines for ducts with (a)88%, (b)100%, (c)125% of (Rmin/L)

ref’

The pressure loss factors estimated by the simulation for the different geometries and
values of the parameter under examination are included in Table 5.5. In most of the cases
the increase in R, /L leads to a small rise of the losses. However, this pattern is not clear
as the changes are not considered significant. The influence of this design parameter can
be represented by a second order polynomial function given by (5.6). The accuracy of this
description is satisfactory as proved by the least squares fitting algorithm.

65



Chapter6

_DP/p | Rmw/l | R/ (5.6)
— U2 1 0 ’
OP/P)rer— * | (R /L), (Rmip/L)..,,
Ry, /L
a o 7\ DP/P
2shroud (Rmin/L)ref / w dZ dl d()
88% 2.059% | 0.1492
1009 9 0.1489
0.4 4 2.144% 21231 5.0691 -1.8773
110% 2.556% @ 0.1748
125% 2.416% | 0.1611
81% 1.759% @ 0.1469
88% 1.636% @ 0.1256
-0.2 100% 1.811% @ 0.1367 @ 2.0982 @ -3.8479 2.6990
110% 1.758% | 0.1283
125% 2.127% | 0.1563
88% 1.913% @ 0.1617
100% 1.774% @ 0.1411
-0.1 3.4048 @ -7.4235 @ 4.9847
110% 1.610% @ 0.1222
125% 1.832% | 0.1371
88% 1.501% & 0.1395
100% 1.562% | 0.1418
0.25 -2.8908 | 6.4076 | -2.4571
110% 1.792% @ 0.1606
125% 1.597% | 0.1387

Table 5.5 Variation of loss factor with R, /L.

The function (5.7), with the suitable coefficients d,,d;,d, , is also found to describe
accurately the correlation of DP/P and R, /L, independently of a,_ .. The least
squares curve fitting process indicated that the equation can be used for this purpose.

2
min/ Min

(R /L),

DP/P
= 1.0442

(DP/P) yes (R, /L)Tef

+ 1.8874 + 1.8099 (5.7)

In Figure 5.12 the fitted curvesfor each geometry are shown while in Figure 5.13 the single
curve describing all of them is presented. A single curve could be used also here since the
connection of dy,d;,dg to a,, . .is not evident.
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Figure 5.12 Correlationof DP/Pand R, /L for differenta,_ .
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Figure 5.13 Correlationof DP/Pand R,; /L.

5.15 Off-Design Mass Flow Rate

For the mathematical modelling of the intercompressor S-duct another crucial parameter
is the inlet mass flow rate. The correlations found and the results presented in the above
paragraphs correspond to the design point of the ducts. However, it is expected that for
the off-design operating points, for which the mass flow rate is lower, the pressure losses
will be affected. More specifically, as the mass flow rate is decreasing the pressure loss
coefficient is also reduced, as shown in Table 5.6.

As it is suggested in [47], an exponential function like (5.8) could be used to describe the
connection between the two values, with the exponent equal to 2, which corresponds to
the case of a cylindrical duct.
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DP /P m eXpOnent

: (5.8)
(DP /P) des Myes

From the CFD simulation, conducted for the different ducts, it is observed that the
exponentis closely related to the geometry of the duct, thusto a,, . .. Foreverycase the

non-linear least squares algorithm is used to determine the exponent.

A2 hroua | M/Mlges DP/P M
100.0% | 2.923% 0.1858
75.0% 1.013% 0.1212
0.63 50.0% 0.386% 0.1085
37.5% 0.213% | 0.1081
25.0% 0.098% 0.1127
10.0% 0.019% | 0.1423
100.0% | 2.144% 0.1489
75.0% 0.867% 0.1134
0.4 50.0% 0.340% | 0.1042
37.5% 0.189% 0.1046
25.0% 0.086% | 0.1086
10.0% 0.016% 0.1294
100.0% 1.811% 0.1367
75.0% 0.794% 0.1123
0.2 50.0% 0.321% 0.1061
' 37.5% 0.179% 0.1070
25.0% 0.082% | 0.1113
10.0% 0.015% 0.1310
100.0% 1.774% 0.1411
75.0% 0.799% | 0.1189
01 50.0% 0.324% 0.1124
37.5% 0.183% | 0.1147
25.0% 0.086% 0.1231
10.0% 0.015% 0.1368
100.0% 1.562% 0.1418
75.0% 0.790% 0.1344
0.25 50.0% 0.317% 0.1250
37.5% 0.181% | 0.1283
25.0% 0.082% 0.1313
10.0% 0.014% 0.1370
100.0% 1.519% | 0.1452
75.0% 0.675% 0.1201
0.5 50.0% 0.272% | 0.1127

37.5% 0.153%  0.1141
25.0% 0.069% 0.1170
10.0% 0.012% 0.1281

Table 5.6 Variation of loss factor with mass flow rate.
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Figure 5.14 Correlationof DP /P and m for differenta,_, .

In Figure 5.15 the curve generated by the calculated exponentis compared to the one
derived when the exponentis setto 2, for a,, .. = —0.2, with the maximum difference
betweenthembeing 10% for m /m4,,=0.65. As it is visible the first curve fits better to the
CFD results. Similar comparisons can be made for all the geometries.

1.1 T T I I
1L -
0.9 —
8 0.8 - .
% 0.7 .
e 0.6‘ — -
= 05} —
‘9:-. O 4 - —
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02 L CFD Results
) Estimated Exponent=2.626
0.1 Exponent=2 n
0 1 1 | | | 1 | 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
M/ Mges
Figure 5.15 Comparison of generated curve to the commonly usedone fora,_, = —0.2.

In Figure 5.16, both the exponents calculated for the geometries examined and the best
fitting curve are presented. The equation (5.9) describes the existent correlation between
the exponentof (5.8) and the a,_, . ., with satisfactory accuracy.

exponent = 1.4822a§shroud — 0.5068a;,,, .., + 24212 (5.9)
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Figure 5.16 Variation of Exponent witha, , .

5.2 Development of Algebraic Model

For the estimation of the pressure loss factor DP /P for a certain duct geometry all the
analyzed parameters should be considered. The correlations found between the variables
used for the parametrization and the losses can be used to develop an algebraic model,
which is schematically presentedin Figure 5.17.

Firstly, based onthe a,_, . ofthe S-duct the factor corresponding to the reference values
of the parameters can be calculated via equation (5.1). The next step is to determine the
parameters needed as a fraction of the reference ones, which for this work are given in
Table 5.1. The expressions producedin Section 5.1 are now implemented to connect DP /P
to each one of the user’s inputs. More specifically, equations (5.3), (5.5), (5.7) are used for
the calculation of the loss factor based on the values of AR/L, h;,/L and Ry, /L,
respectively. These can be eithergiven directly by the user, from Parameterization Process
I, or derived from Ry /R shrouq @and the Mach number, atthe inlet and the outlet, if Process
Il is implemented. Through this procedure the design point pressure losses for the
generated duct geometry are computed.

In addition, the design mass flow rate as well as its value at the examined operating point
should be given as inputs, for both the available Parameterization Processes. Based on the
A2roua the exponent of the function relating the loss factor with the mass flow can be
found, by equation (5.8). Finally, (5.9) yields the value of DP /P for the intercompressor

duct examined at the specified operating point.
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Figure 5.17 Schematic representation of the developed model.

5.3 Validation of Model

"7 @ Design Point

In order to assure that the estimations provided by the model developed are accurate, a
validation process is required. Four cases of ducts were examined, with different geometry
and mass flow rates at the design point. The geometry for each one was generated by the
Parametrization Process I, presentedin Section 3.3. This procedure was selected because
it ensures that the Mach numbers are maintained at the desired, typical values given in
Figure 2.7, even when the mass flow rate is varied. The parameters defined for each case
are shown in Table 5.7, while the boundary conditions are the ones discussed in Section
4.4.2. The values chosenfor Ryyup /Rshroua attheinlet and outlet of the duct are the mean
values found from the digitization process, while the length is equal to the length of the

base case duct.
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Case az, . (%)_ (%) L (m) T g, (kTg> Mach;, | Mach,,
1 -0.4 0.8 " 0.64 " 0.50882 100 0.3618 0.5039
2 0.1 0.8 0.64 0.50882 100 0.3618 0.5039
3 -0.2 0.8 0.64 0.50882 50 0.3618 0.5039
4 -0.2 0.8 0.64 0.50882 25 0.3618 0.5039

Table 5.7 Cases examined for the validation of the model.

Firstly, the losses for each duct were calculated by conducting a CFX simulation for the
design and some off-design operating points. The second step was the computation of the
pressure loss factor using the model described for the same conditions. Finally, the values
calculated as wellas the exponent, used forthe derivation of losses at the off-design points,
were compared.

531 Casel

For the first case, the process is explained analytically. In Table 5.8 the values of the
parameters affecting the losses as well as the ratio of them to their reference values, are
shown.

Parameter Case l Ratio
AR/L 0.5280 @ 0.8023
hin/L 0.3126 @ 0.9670

Ry, /L~ 14066 @ 1.0321
Table 5.8 Input Parameters for Case 1.

The pressure loss factor for the reference values and the exponent used to estimate the
losses for varying mass flow rates, are presentedin Table 5.9 . Both values were calculated
directly form a,, . via the equations discussed in the previous paragraphs.

(DP/P)ref 2.246%
exponent 2.86107
Table 5.9 Reference Pressure losses and exponent of Case 1.

The DP /P at the design point, for the examined duct, can be easily calculated by the value
corresponding to the reference parameters and the model’s equations found to connect it
to the ratios of Table. Its value for the design mass flow rate is also derived from the results
of the CFD simulation. The difference between the two factors, shown in Table 5.10, does
not exceed 2%. This small deviation confirms the model’s accuracy.

Estimated Value CFD Value Deviation (%)
(DP/P) ges 1.421% 1.398% 1.69%
Table 5.10 Comparison of DP /P at design point for Case 1.

In order to ensure that the method used to estimate the losses for the lower mass flow
rates, CFD simulations were conducted, with the results contained in Table 5.11.
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Mass Flow (%) @ Estimated Value CFD Value

80% 0.751% 0.692%
60% 0.330% 0.330%
40% 0.103% 0.143%
20% 0.014% 0.041%
10% 0.002% 0.013%

Table 5.11 Comparison of DP /P at off-design points for Case 1.

It is evident that the modelis more accurate forthe mass flow rates closer to the design
point, where the losses are also more important. The exponentused for the estimation of
the off-design pressure losses factor and the one calculated, by the same procedure, from
the CFD results, are compared in Table 5.12. As it is seen the difference it is not significant.

Estimated Value CFD Value Deviation (%)
exponent 2.8611 2.9471 2.92%
Table 5.12 Comparison of exponent for Case 1.

. . DP . .
Overall, for the first case the model estimates accurately s at all the operating points of

the ductfora; . g = —04 .
Comparison for Case 1
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Figure 5.18 Comparison of curves generated by the model and the CFD results for Case 1.

5.32 Case?2

The same procedure was followed for the second case studied. The new duct geometry is
characterized by a;,..,q = 0-1 with the mass flow rate at the design point set to
100 kg /s. Table 5.13 contains the pressure loss factor and the exponent calculated by the
model and the simulation, while in Table 5.14 the results for lower mass flow rates are
shown.
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Estimated Value CFD Value Deviation (%)
(DP/P) ges 0.969% 1.043% 7.05%
exponent 2.3853 2.4240 1.59%
Table 5.13 Comparisonof DP /P at design point and exponent for Case 2.

Mass Flow (%) = Estimated Value CFD Value

80% 0.569% 0.591%
60% 0.287% 0.305%
40% 0.109% 0.133%
20% 0.021% 0.035%
10% 0.004% 0.009%

Table 5.14 Comparison of DP /P at off-design points for Case 2.

Similar observations are made concerning the accuracy of the estimations. However, the
deviation of the factor at the design point is increased, which suggests that probably the
model’s performance may be affected by a; ,.....4-

Comparison for Case 2

I I I I I I
1 CFD Results  +
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M/ Mdes

Figure 5.19 Comparison of curves generated by the model and the CFD result for Case 2.

5.33 Case3

Anotherdependence thatshould be exploredis whetherthe model is affected by the mass
flow rate specified for the design point by the user. For this purpose, for the third case its
value is setto 50 kg /s and the a; ..., is equal to -0.2. The Mach numbers at the inlet
and the outlet of the duct are kept constant, since theyare close to the expected onesfor
the proper function of the upstream and downstream compressors. As in the previous
cases the values of the parameters influencing the pressure losses are calculated and
through them the factor DP /P is found for the design point. In Table 5.15 the losses and
the exponentestimated from the model are demonstrated.
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Estimated Value CFD Value Deviation (%)
(DP/P) ges 0.714% 0.703% 1.61%
exponent 2.5818 2.5114 2.81%
Table 5.15 Comparison of DP /P at design point and exponent for Case 3.

The CFD simulation was conducted for different operating points, thus different mass flow
rates, seenin Table 5.16.

Mass Flow (%) @ Estimated Value CFD Value

75% 0.340% 0.325%
50% 0.119% 0.135%
25% 0.020% 0.035%

Table 5.16 Comparison of DP /P at off-design points for Case 3.

From the deviations of the results, it can be assumed that the model is suitable for
approximating the pressure losses within the S-Duct.

Comparison for Case 3
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Figure 5.20 Comparison of curves generated by the model and the CFD result for Case 3.

5.34 Case4

A lower mass flow rate, for the design point of the duct, was examined in order to check
that the model is able to function even with “extreme” inputs. In the fourth case the mass
flow is 25 kg/s while all the other parametersare the same as in Case 3.

Estimated Value CFD Value Deviation (%)
(DP/P) ges 0.482% 0.497% 3.00%
exponent 2.5818 2.3496 9.88%
Table 5.17 Comparisonof DP /P at design point and exponent for Case 4.
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Mass Flow (%) @ Estimated Value CFD Value

75% 0.229% 0.246%
50% 0.080% 0.107%
25% 0.013% 0.028%

Table 5.18 Comparison of DP /P at off-design points for Case 4.

Although the deviation for the loss factor is maintained low, the difference between the
exponents foundis almost 10%, which is higher than the other cases, but it does not result
in a significant lack in the accuracy of the model.

Comparison for Case 4
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Figure 5.21 Comparison of curves generated by the model and the CFD result for Case 4.

5.4 Parametricstudybased on the model’s results

After the model’s validation it is important to examine how the estimated loss factor is
influenced by the inputs of Parametrization Process Il. As it was mentioned in Chapter 2,
one of the constraints that is imposed to the designer of the intermediate compressor duct,
is its weight. Each one of the variables selected as inputs result to a different S-duct and
thus, to different weightand losses. Inthe paragraphs below the connection between these

values is discussed and the existence of “optimal” input values is examined.

For the calculation of the weight, it is assumed that the duct’s material is Steel, p =
8000 kg/m3, and that the thickness of the walls is t = 2mm. It should be mentioned that
even though the material chosen serves the purpose of this study since the duct is not
subjectedto high stresses, aluminum, titanium and composites can also be used. For every
set of values for A2 hroud’ L, (Rhub/Rshroud)in' (Rhub/Rshroud)out' Min, Moye, M, the geometry
is derived from Process Il, described in Section 3.3, and the weight is estimated by
numerical integration, as shown in (5.10).
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N+1
W= pt Z thUbL— + Rhubl n (Rshroudl 1 + Rshroud )

> (i1 + x;) (5.10)

54.1 Variationofa,

For differentvaluesof a,_, . thegeometry generated is also varying and thus the weight
calculated is changed. By using the model developed the loss factor DP /P is estimated. In
Figure 5.22, by plotting the lossesversus the weight, a frontier is created, which can also be
referredto as Pareto Front. The Pareto Front representsthe compromise that needsto be
made while designing the intercompressor ducts for turbofan engines. In order to achieve
the minimum weight the losses are increased. As it is seen this frontier is moving to lower
values of losses and weight as the design point mass flow rate is reduced.

60| T T T

55 - —

50 -

45

m=25kg/s —+—
m=>50kg/s
m=100kg/s —w—

40 |

Weight (kg)

35 —

30 —
25T:‘-HI—‘_‘ | | | | |

0.4% 0.6% 0.8% 1.0% 1.2% 14% 1.6%
np/p

Figure 5.22 Diagram for variation of a, ., .. . and different m.

If the axes are non-dimensionalthe Pareto front coincides forthe different mass flow rates,
as in Figure 5.23.For the x axis the total pressure loss factor is expressed as the percentage
of its minimum values, calculated for the examined range of a,_,_ . ., while for the y axis
the weight is divided by the weight corresponding to the (DP /P) i Thus, the point (1,1)
corresponds to the optimal a,_, . . whichis equal to 0.25.
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Figure 5.23 Non-Dimensional diagram for variationof a, _, . ..

Another observation made from Figure 5.23 is that for a duct 4% lighter than the optimal
the loss factor is increased by 87%. Nonetheless, by recognizing on the Pareto front the
points corresponding to some of the digitized, high bypass ratio engines, itis suggested that
it is preferredto design lighter ducts.

The conclusions reached for the selection of a,_, . are notnecessarily corresponding to
the real design compromises made, since for the definition of the optimal geometry other
parameters, such as the presence of struts and the constraints imposed by the upstream
and downstream components, should be considered. In order to find the real optimal
geometry, all the above should be taken into account developing a more integrated
approach.

5.4.2 Variation of Length

As it was demonstratedin Section 5.1.2, the length of the dust is significantly affecting the
flow patterns developedand the total pressure losses. As the duct is elongated the losses
are reduced but the overall weight is increased as shown in Figure 5.24. Thus, a Pareto front
is created to describe the “trade-off” between the two parameters. It is suggested that
after a certain length the weight is expectedto rise without any significant benefit on the
loss factor.
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Figure 5.24 Diagram for variation of length and m = 100kg/s.

For different mass flow rates, plotted in non-dimensional axes, the frontier presents aslight
change. The lower the mass flow rate at the design point, the lower the total pressure loss
factor for the same weight. This observation is justified since the duct’s geometries
produced by the Parametrization Process Il are directly affected by the mass flow rate, as
in Figure 5.26.
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Figure 5.25 Diagram for variation of length, different m and a, ;,..,.., = 0.3.
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Figure 5.26 Duct’s Shapes for 100%L,.; and different mass flow rates.

5.43 Variation of Ry /Rshroud

Both in the inlet and the outlet of the duct the ratio Rjyp/Rshrouq is constrained by the
design of the HPC and LPC, respectively. The range within the variation of the parameteris
maintained is the one provided by the analysis of the digitized engines, given in Table 3.2.

At the inlet of the duct the values assigned to (Rpyp/Rshroud)in are within 0.72 — 0.88.
For these geometries the processes, explained in the paragraphs above, are followed for
the estimation of the weight and the total pressure loss factor. As the value of
(Rpub/R shroud)in is changed the geometric parameters are affected, and the geometry is
varied as in Figure 5.27. More specifically arise in (Rpyup/R shroud)in results to a significant
increase in AR/L, Ry, /L and a decrease in h;,/L, and thus to a sharp increase in the

pressure loss factor.

0.5

I T
(Rhub/Rshroud)in=0.72
(Rhub/Rehroud)in=0.8 ———
(Rhubx"Rshroud)inzﬂ-BB —

0.45

0.4

0.35

R (m)

0.3

0.25

0.2

0.15 | | | | |
X (m)

Figure 5.27 Different geometries produced for varying (Rjup/Rshroud) in-
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In Figure 5.28, it is evident that the minimum weight and losses can be achieved for the
lower values of the parameter, forevery a,_, .. The curves generatedfor different mass
flow ratedand a,_, .= 0.3 are shown in Figure 5.29.
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Figure 5.28 Diagram for variation (R}, /Rshroud)inand m = 100kg/s.
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Figure 5.29 Diagram for variation (Rpyp/Rsnroud)in differentmand a, . . . = 0.3

At the outlet, (Rpyup/Rshroud)out is Varying between 0.48 — 0.77. As the parameter is
increased AR /L is reduced, as seenin Figure 5.30. In this case, the heavier duct corresponds
to the minimum losses, and to the upper limit of the range. As seen in Figure 5.31, the
weight is increased for higher values of a,_, .. For different mass flow rates and a
constant a,, . .the curves produced coincide, as in Figure 5.32.
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Figure 5.30 Different geometries produced for varying (Rpup /R shroud) out-
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It should be noted that it is not possible to choose the values of Rp,,/Rshroua that result
in the more efficient duct, for both the inlet and outlet, since theyresult in a negative value
of radial offset. Thus, apart from the constraints imposed by the existence of the
compressors, the choice of the parameters should lead to a feasible duct geometry.

5.4.4 Variation of Mach Numbers

In Parametrization Process Il the Mach numbers, defined at the inlet and outlet, combined
with the mass flow rate, are used for the computation of the duct area at the same
positions. Thus, their influence on the weight and the losses should be analyzed.

At the inlet of the intercompressor duct, the Mach number is expectedto be in the range
0.30 — 0.45. The different geometries generated forvarying inlet Mach numberare shown
in Figure 5.33. From these, both weight and losses are low for M;,, = 0.45, for every
A2roua: WheN the mass flow rate is decreased, as in Figure 5.35, it is observed that the
rise of the loss factor with the increase of weight is lower.

0.9 T
0.85 E Min=0.30 i
Min=0.36 ———

0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
04
0.35

R (m)

X (m)

Figure 5.33 Different geometries produced for varying M;,,.
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Figure 5.35 Diagram for variation M;,, different mand a, ., ... . = 0.3.

For M, the typical limits, due to the existence of the HPC, are 0.45 — 0.55. An increase
to its value results to arise in AR /L, and thus higher pressure losses are expected. The best
duct performance, in terms of pressure loss, corresponds to M,,,; = 0.45, as seenin Figure
5.37. The change of the mass flow rate does not lead to any displacement of the curve, in
the non-dimensional plot of Figure 5.38.
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Figure 5.36 Different geometries produced for varying M,,,,;.
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Figure 5.37 Dlagram for variation M,,,; and m = 100kg/s.
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Similar to the previous parameters examined, it is not possible to set both the Mach
numbers at their “optimal” values, since this would result in a non-feasible duct geometry.
Thus, the values that offera satisfactory compromise betweenthe pressure losses and the
weight, could be defined by investigating the results for combinations of the two
parameters.
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Chapter6  Conclusions and Future Work

6.1 Overview

In the present thesis, the development of a model for the estimation of the total pressure
loss factor within the intermediate compressor duct based on its geometry is presented.
The main parameters describing the shape of this duct were derived for seventeen digitized
turbofan engines. In order to define the minimum numbers of variables needed for the
accurate description of the duct’s geometry, the correlation betweenthem were examined.
This way, two different parametrization processes were demonstrated, with their inputs
being the basic geometric and design parameters.

The functions connecting the geometry with the pressure losses were determined by
analyzing the results of CFD flow simulation, conducted for different geometries and mass
flows. The accuracy of these correlations was tested by comparing the results of the model
with the results of the CFD calculations, usingthe second available parametrization process.
As aresult, the model developed provides an accurate estimation of the total pressure loss
factor and it is expected to be more reliable than using an empirical value, with no
connection to the actual engine’s geometry. However, it is demonstrated that there is a
lack of accuracy for the off-design, lower, mass flow rates. The deviations obtained were
acceptable, since forlow mass flow rates, the pressure losses are significantly reduced, and
the absolute difference is not so important.

Finally, a parametric study was conducted, using the estimations of the model, to identify
the compromises required to be made between the weight and the performance of the
duct during the design process. The values of the inputs a,,  .,L (Rpyp/
Renroud)ine (Ruub/Rshroud) out» Min,Moye that separately could result in the lower loss
factor are discussed. Nonetheless, asit is underlined, the selection of the optimal geometry
is challenging, since there are more constraints imposed by the cooperation of the different
engine components, which should be considered.

6.2 Conclusions

The simulations and the parametric studies conducted for the purpose of this diploma
thesis have led to the following conclusions.
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From the analysis of the digitized turbofan engines, it is possible to identify the differences
between the wall curvatures for their intercompressor ducts. More specifically, the
curvature, which in this thesis is described by the parameter a,, is not varying significantly
for the hub wall, with a,, , values being all negative and higher than -1. However, for the
shroud wall, the a,, .. fluctuates from -0.63 to 0.67, with the curvature being reversed
forthe higher, positive values. In addition, a correlation between the parameters describing
the hub and shroud curvatures is found. Such a connection is crucial since only one of the
two parameters is necessary to recreate the shape of the duct’s walls.

The parametric study conducted to derive the functions used in the model revealed the
influence of the geometric parameters on the total pressure loss factor. The wall curvature
parameter, a,, ., significantly affectsthe losses with the minimum value corresponding
to az.,00a =~ 0-25. Furthermore, an increase in AR/L results to an increase in the loss
factor, while a rise in h;, /L leads to lower losses. For the parameter Ry, /L a slight
influence on the loss factor is observed and for Ayt/Aj, the dependance is negligible.

In order to complete the model, the pressure loss factor for the off-design mass flows is
estimated. In the existing zero-dimensional models the calculation of the factor, based on
the losses at the engine’s design point, is through an exponential function, with the
exponent set to 2. This function provides an accurate estimation for simple, cylindrical
ducts. For the annular, S-shaped ducts examined in this diploma thesis, a correlation
between the exponent and the wall curvature parameter is derived, with the exponent
varying within the range 2.3-3.3. The comparison of the bibliography and the derived
exponential functions showed that the latter’s results agree with the simulations.

Following the generation of the pressure loss estimation model, the influence of the
parameters, commonly available to the designers, on the weight and the pressure losses is
determined. This parametric study was conducted separately for each one of the
parameters az, .. L, (Rhub/Rshroud)ins (Rhub/Rshroud)out:Min, Moyt. For A2ehroua=0-25
the minimum pressure loss factor is achieved while the lighter geometry corresponds to
the most negative values of the curvature parameter. This conclusion is reached for all the
different design mass flow rates examined. The elongation of the duct leads to an increase
in its weight but a significant reduce in the losses, as expected. However, after a certain
increase in the length the weight is rising rapidly with the pressure loss factor maintained
almost constant. As a result, the need for a compromise between the two arises. With a
decrease in the design mass flow rate a decrease in the pressure loss factor is noted since
the radial offset of the duct is reduced. The value of Ry, /Rsnroud, for both the inlet and
the outlet, significantly affects the radial offset of the duct and thus the total losses. For an
increase in (Rpup/R shroud)in Of approximately 0.15 the losses are grown by 30 times, while
the reverse behavior is shown for (Ry,,p /Rshroud)out- Finally, the influence of the Mach
numbers on the duct’s factor is less important. At the inlet, the Mach number should be
set to the higher of the values examined to achieve the lower losses and at the outlet to
the lower limit of its range.
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6.3

Future Prospects

Based on the model developed in this work, the following future steps are proposed:

1.

In order to increase the accuracy of the model, a higher number of the existing
engines could be analyzed, different curve fitting methods could be used and a
greater number of validating cases should be examined.

A component corresponding to the intermediate compressor S-duct, could be
created in PROOSIS, to provide a more accurate estimation of the pressure losses
than justassigning an empirical value to the factor. This would require from the user
to insert as inputs the ones for either the Parametrization Process | or Il and thus,
to have basic knowledge of the duct’s geometry.

Using the component created in PROOSIS, an optimization study for the duct’s
shape could be conducted.

The model should be enriched with the constraints introduced by the existence of
the upstream and downstream compressors, for which surge should be avoided,
the existence of struts and bleed ducts. This integrated approach could provide
more accurate estimations for the performance of the S-duct.

The model could be used to conduct a mission analysis for a turbofan engine to
recognize the influence of the duct’s total pressure loss estimation provided to the
performance and the fuelconsumption.
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Appendix A: Digitized Turbofans’ Engines
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Figure A. 3 Digitized Geometry for PW8000.

90



Appendix A

% T o 1. Hub
/ \ P P —
| J] / ~—COMPRESSOR _ TURBINE Shioud
/ \ / | (BSTAGES) (1STAGE) TuREme
/ ‘ / / | lﬁ( ) -
/ / -
{ / R Ny = ... P il 117
, | A ’\_J COMPRESSOR  TURBINE ./ \
‘ | ‘ Ta . | (GSTAGES)  (1STAGE) [ LT
Lp \ | N [0 2
COMPRESSOR |\ 7/ g = A )
DISK P, - i I S

Hub
Shroud =

“Ttie Power

OF FuGht

Figure A. 7 Digitized Geometry for CFM56-5C.

e}

| Shroud
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Figure A. 12 Digitized Geometry for PW4000.
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Extetapévn NeplAnyn Authwpatikng Epyaciag

Ta teleutaio xpovia o TOUEAC TNG aepormoplag €xel yvwplosl paydaio avarmtuén
oSnywvtag otnv avénon tou eviladEPOVTOC TWV EPELVNTWV VLA TOV OXESLOOUO KAl TNV
BeAtioTomolNoN TWV OEPOTIOPLKWVY KLVNTAPWV. MO CUYKEKPLUEVA, OTOXOC TIAEOV €lval N
avénon ¢ anodoong Twv XPNOLUOTIOLOUUEVWY KIVNTAPWY, KUPLwg Tturou Turbofan, mou
umopet va eruteuxBel pEow tng BeATIoTONOINONG TNGAELTOUPYLOG TWY ETMUUEPOUG TUNUATWY
TOUG. 2€ AUTA TNV MPOOTIABELA CNUAVTLIKN €lvaln cuvelodopd TwV HEBOS WV UTIOAOYLOTLKAG
pevotounxavikng (Computational Fluid Dynamics, CFD), oL omoieg mapéxouv Ttnv
Sduvatdtnta poviedonoinong tng pong eVviog Tou Kvnthipa.

‘Eva amo ta TUAMATO TWV AEPOTIOPLKWY KLVNTHPWV TIOU €XEL IPOCEAKUOEL OLPKETOUG ATIO
TOUG EPEVVNTEC Elval O aywyog mou Bploketal evdldpeoca Twv cupmieotwyv. O poAog Tou
elvatn owotn kaBodnynon tng pong amo tov cuprnteotr XapunAng (LPC)  péong (IPC) mpog
Tov ouprnieoty uPnAng nieong (HPC). To oxua TOU POCOUOLATETOL UE TO YPAUUA TNG
ayyAwngaAdapntou “S”, katyla autd cuxva KaAsitatkal aywyog Tumou S.

IKOTOG QUTAG TNG epyaciag eivat n dnpoupyio VoG LOVIEAOU EKTIUNONG TWV ATIWAELWV
TileoNnC EVTOGTOU CUYKEKPLUEVOU aywyoU, Baol{OUEVO OTA OLTTOTEAECLATO TIPOCOUOLWOEWV
CFD. Eva T€TOLO POVTEAO MPOUTOBETEL TNV YVWON TwV GOLVOUEVWY TIOU AVATTTUCOOVTOL
EVTOG TOU aywyol KaBwe Kol Twv TOPAUETPWY IOV Ta eMNPedlouv. Katd cuvémela, n
ovarntuén piacdladikaoiagmapapeTponoinongTou aywyou KoL CUCXETLONG TWV OTIWAELWY
HE TIC BAOLKEG TNG HETAPANTEC ATIOTEAEL AVATIOOTIALOTO KOUUATL TNG EPYAOLOG.

H pon evtog tou aywyou

Itnv BBAoypadia, o aywyog TUmou S, MEPLYPAPETAL OO OPLOPEVEG YEWUETPLKEC
TIALPAUETPOUG. Mo CUYKEKPLUEVQ, ATtO TNV aKTWIKA Stadopd eloodou kate€ddou AR, to
Oog otnyv eicodo h;y, tnv péon aktiva otnv eicodo Ry, , TaepPfadd ewcddou kat e€660u
Ain, Aoyt Kal to pAkog L, ol AdyolL Twv omoiwv amoteAouv TIG BOOLKEG AdLAOTATEC
TP AUETPOUG OXeSlaONG TOU.
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Duct Inlet

Plane Parameter Typical Value
RS VAN AR/L 0.30-0.45
, I, _ hiy/L 0.10.3
N rin/L 1.51.7
- NN t/c 0.14-0.30
I A, /A, 0.60.7

’ Duct Exit
Plane Mivakag 1 Baowkég Napapetpol.

Ixnuoa 1l Frewpetpia Aywyou.

AS1A0TOTOL CUVTEAECTEG XPNOLUOTIOLOUVTAL WG METPA TNG ATOSOTIKAG AELTOUPYLAG TOU
aywyou. Ot cuvteAeotégw, DP /P ekdpalouv tnv amwAeLa OAKAG TIEONG KATA UAKOG TOU
oywyoU WG MOCOOTO TNC SUVAMLKAC TleoNnC Kal TNG OALKNAG Tieong otnv €i0odo tou,
avtiotowa. Evagakoun xproog ouvteAeotng eivatto €, Mou OXETIZETAL LE TNV KATAVOUN
TNG OTATIKNG TiieoNg.

_ Ptin - Ptout (1)
%in - Iisin
ﬁ _ Ptin B Ptout (2)
P Ptin
Cp _ Ps_Psl‘ef (3)

Ptref - Psref
Onwg daivetatoto Ixnua 1, to tolywua tng MARUvng (Hub), anoteAeital and pia kuptn
TiepLOXn Tou akoAouBeital amd pia Kolln evw yla to kéAudog (Shroud) n oepa eivat
OVEOTPAMMEVN. AOYW QLUTAG TNG KAUMUASTNTOC, EVTOG TOu dnuloupyeitaldltadpopad nieong,
QVAUECA OTNV TANUVN KoL TO KEAUPOGC, TTIOU O GUVOUACUO HE TIG PUYOKEVTPES SUVAUELS
TIOU QLOKOUVTOLOTNV por 08nyelotnv epdavion piag neploxng anokoAAnonc.

Otav o0 aywyog tonobetnBel otnv £€€060 R
Tou oupmieotrh, Adyw tng Umap§ng TNG - D satonar wakes
televtaiog Babuidag tou LPC, Ttwv S~ _]/,\\ %;W'_‘;
odnywv mrepuyiwv (OGVs), n meploxn -/ ) g _.
AOKOAANGONC TEVEL VO GUPPKVWOEL MG i,

nopatneeital avénon Twv ATWAELWV .
niieong. Mia akopn TMOPAUETPOC TIOU ,f" __
EMNPEATEL ONUAVTIKA TNV POr €VTOG TOU 53;;@'“35"0”-...
aywyou givatl n uTapén UMOCTUAWUATWY, /_
miou ovopalovtal Struts, kat Snuioupyouv sresse vortes
Hia Teploxn €vtovng emiBpaduvong mou
obnyel oe avfénon tnNg mBavoTnTOg
eudaviong dalvouéEvwy anokOAAnonG.

A \
Inlet boundary layar
pumped into free stream

wth of new boundary

layer between wake avenues

Zxnpa 2 Qawvoueva viog Tou aywyou.

OL ouvBnkeg elcodou tng pong, Snhadn n umapén n oxL otpoPfrotntag (swirl), o aplOUOG
Mach Kal To TaxoG ToU 0pLAKOU CTPWHATOC UIMOPOUV VA EMNPEACOUV TNV AVATITUCCOUEVN
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pon. Mg tnv Umapén ywviag otpofAdTnTaG 0TNV (0060 TOU AyWYOU N PO EMITAXUVETAL,
AOYW TNG LELOUMEVNC AKTIVAC, LELWVOVTAC TNV TLBAVOTNTA AMOoKOAANGNG aAAG 0dNnNywvTag
og aLENON TWV ATIWAELWY TiieonG. To TAXOC TOU ELOEPXOUEVOU OPLAKOU OTPWHATOC 0dnyel
og Snuoupyia evog leuyoug SIVvwV TIOU CUVELCODEPEL OTIG ATIWAELEG KOVTA OTO TOLXWHATWV.

MNa tnv BeAtiwon Tngamodoong Tou VLA ECOU aywyoU TUTou S, £xouv MPoTaBEei OLKIAEG
HuéBodoL. MoAhoi epeuvnTEg, aflomolouv dN UTIAPXOUCEG TEXVIKEG BeATLOTOMOINONG, OTWG
n Response Surface Methodology, oe cuvéuaoud pe tig CFD MPoooUOWWOELS yla TNV
ekmaidevon Texvntwv NeUpwWVIKWY ALKTUWYV, WOTE va avayvwpioouv tnv BEAToTn
YEWUETPLO TOU aywyoU, CUUHETPLKA N ALCUUUETPN. Mia akoun péBodog mou aflomoleitat
yla tnv PeAtiwon Ttou ouvVOAlKoU oxeSlaopoU Kal tng andédoong TwV AEPOTOPLK WV
Kwwntnpwv Baoiletal oe pia o oAokKANpwTIKN poogyylon (Integrated Design). ZUpdwva
LE QUTNV, O AYWYOC MPETEL VA OVAAUETAL WG VA EVLIALO CUCTNUA LE TOUG CUUTTLECTEC £TOL
wote va unv e€aodaliletal povo n BéAtiotn Asttoupyla yla KaBs pPEPOG TNG MNXAVAG
gexwplotd, aAld kol Ootav autd ocuvepyalovtal, KaBwg TOTE €L0AYOVTOL TIEPALTEPW
nieploplopol. TEAoG, n eykatdaotacn cuokeuwv eA€yxou tngponc ( Flow Controlling Devices)
KoL n aflomoinon tou aywyoU QAMOUAOcTEUONG AEPA, YO TNV ETUTAXUVON TOU OpLaKoU
OTPWHATOC KAl TNV amnoduyrn NG AmoKOAANONG, AMOTEAOUV UEPLIKEG ATO TIG AUCELG TIOU
e€etalovtaland ToUG KOTAOKEUQOTEG.

AvaAuvon kal M opoLETPOTOoinon AywywV UTIAPKTWVY KLVNTH pwV TUTIOU
Turbofan

Ita mAaiola autig TG epyaciag, oL aywyol TUmou S SekaedTA AEPOTIOPIKWV KLVNTHPWV
UndlomowiBnkav pe xprion tou mpoypappatog Plot Digitizer. Mo cuykekpLluéva, yla KA Be
unxowvn onuela tonoBetROnKav KATA UAKOG TOU KEAUGOUG KAl TNG MARUVNG OTO TN TOU
KUPLOU PEVUATOC (core), MPOKELWEVOU va UTTOAOYLOTOUV oL aKtiveg os kaBe onuelo. Etol
ATav Suvath N AVOKATOOKEUN TNGYEWUETPLOGTOU aywyoU, OTIwE GALVETAL XA P AKTNPLOTIKA
yla tov GE9O oto Zxrjua 3.

S-Duct for GESO
08 T T T T T T

ShroudI

0.7 - Hub —e— _|
~ . Mean Line - - - -
0.6

R(m)

0.5

0.4

0.3 -

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

x(m)

2xApa 3 O Yndromotnpévog aywyog tou GESO.
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ITOX0C AUTAG TNG StadkaoiagnTav n e€aywyn Twv KUPLWV YEWUETPLKWY TIAPAUETPWY TTOU
neplypadouv kabe aywyo, onwg daivovratotov Mivakag 2.

Engine L (m) ( R ) ( Rinub ) M A_R h M
Rshroud in Rshroud out Ain L L L
PW1000G 0.5688 0.8049 0.7617 0.6039 @ 0.1995 | 0.1413 @ 0.6535
PWlOOO.G 0.2564 0.8510 0.7037 0.9387 | 0.4535  0.2141 | 1.3301
(Early Version)

PW8000 0.2935 0.8199 0.6215 1.1348 | 0.3127 @ 0.2019 @ 1.0203
GE90 0.5088 0.7880 0.4906 0.7707 @ 0.6581 | 0.3232  1.3629
TRENT900 0.2338 0.8344 0.8290 0.6678 @ 0.3184 | 0.2921 1.6174
GP7275 0.3477 0.8085 0.4818 0.8542 @ 0.9060 | 0.3903 @ 1.8432
GP7176 0.3595 0.7486 0.4822 0.8444  0.6417 | 0.4475 @ 1.5564
CFM56-5C 0.3578 0.8189 0.7095 0.8155 @ 0.3366 | 0.2170 @ 1.0898
PW4084 0.4568 0.8046 0.6650 0.8143  0.3994 | 0.2558 1.1814
CF34-10 0.2099 0.8223 0.6904 0.8669 @ 0.5234 | 0.3183 @ 1.6321
V2500-A1 0.3956 0.7774 0.5607 0.8184 @ 0.3912 | 0.2470 @ 0.9865
JT9D-7 0.2740 0.7689 0.7427 0.8532 @ 0.2274 | 0.4536 @ 1.7359
PW4000 0.2396 0.7377 0.6689 0.7721 @ 0.4271 | 0.5887 @ 1.9504
V2500-A5 0.3948 0.7827 0.5539 0.8595 @ 0.3996 | 0.2460 @ 1.0092
BR715 0.2762 0.7885 0.5582 0.8088 @ 0.5689 | 0.3209 @ 1.3570
TFE731-2 0.1049 0.8164 0.6698 0.8447 @ 0.4892 | 0.2889 @ 1.4291
TFE731-5 0.1065 0.8229 0.6735 0.8587 @ 0.4806 | 0.2698 @ 1.3886
Average - 0.7998 0.6390 0.8310 @ 0.4549 | 0.3068 1.3614
Min. Value - 0.7377 0.4818 0.6039 @ 0.1995 | 0.1413 @ 0.6535
Max. Value - 0.8510 0.8290 1.1348 | 0.9060 @ 0.5887 @ 1.9504

Mivakog 2 NEWUETPLKEG TTAPAUETPOL YLO TOUG aywyoL twv Turbofan pnyovwv.

MapatnpnBOnke OTL N KATAVOWN TNG AKTIVOG, TOCO TNG TANUVNG 000 Kal Tou KeAUdOoUG,
TIEPLYPAPETOL HE KOVOTIONTIKNA oKpifela amd €va moAuvwvupo OSeutépou Babuou.
AvVaAUTIKOTEPQ, YIO TNV Sladlkaoia TapapeTpomoinong ATaV onUAVTIKA N e€aywyn Twv
a81A0TATWY KATAVOUWY TWV AKTIVWVY I, WG cuvaptnon tng adldotatngandéotaongX.

x = Xreal — Xin ) x €[0,1] (4)
R Rxout — Xin
_ —fNin 2 (5)
r=——————=a,x“+ ax, r € [0,1]
Rout - Rin 2 !
a,+a; =1 (6)

OL OUVTEAEDTEG @y, a4 Elval EKEVOLTIOU TIEPLYPAPOUV TNV KOUTIUAOTNTA TWV TOLXWHATWV.
Qot000, OKOMOC TNG MAPAMETpOmoinong €ival n Slatnpnon HOVO Twv amapoitntwy
HeTaBANTWY yla TNV akpBn meplypadn tng yewUETpiag. ETol, oL CUVTEAEOTEG QY LEOW TNG
(6) TPOKUTTOLV ATIO TOUG AVTIOTOXOUG Ay, - EVW O Ay, . WTTOPEL VA CUCKETIOTEL E TOV
A2groua MEOW TNG OXeong (7). Auth n pabnuatikr eédptnon mpogkupe amod Ta
amnoteAéopata tng Pndlomoinong koL eV AVTLOTOLXEL O€ KATIOLA OLTTO TLG TIPOCEYYIOELG TIOU
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e€etalovtatLotnv BiBAloypadia. Qotdoo, n xprion tng, dev ennpedletl tnv akpifela Twv
amoTteAECHATWY, adoU oL TEPLOPLOKOL TTIOU OXeTI{oVTaL HE TNV UTIOPEN UTTOCTUAWUATWY,
HETPNTIKWV 0pyavVwv N A wv apayoviwy, ev cuvumnoAoyilovtal otnv napouoa epyacia.

— 7
ayp, = 02417, —0.6706 (7)

-0.4 T T T

-0.5 |- -

-0.6 |- |

0.7 - -

Ahib

-0.8 -

09 | |

4 I I I 1 1 1
0.6 0.4 -0.2 0 0.2 0.4 0.6 0.8

Q2shroud

2Xripa 4 ZUOXETLON OUVTEAECTWVY p , - KAL Ay, ..

Mia avtiotown Stadikaocio akoAouBnBnke yla TNV eVPECN TNE ASLAOTATNGKATAVOUCTOU
eUBadol NG SlaToUAG Tou aywyou, n onoia meplypadeTal anod Eéva MOAVWVUPO Tpitou
BaBuoL pe ouvteAeotég by, by, bs. OL cuVTEAEOTEG QUTOL UIopoUV va TipokUouv dpeca
OUTTO TIG KATAVOUEGTWV OKTIVWV.
A —A;
a=———=bx3+b,x2+bx, a€[0,1] (8)
Aout - Ain
b3+b2+b1=1 (9)

ITNV oUVEXeLD, avartuxBnkav Vo SLadLkaoieg MOPAUETPOTOLINCNC TOU aywyou TUTou S.
Kat otig Suo dadikaoieg, o xpnotng odeilel va elodyel wg dedopéva tnv mapoxn Halag
PEVOTOU TIOU SLEPXETOL ATIO TOV AYWYO, TIG TWMEG TwV Pp, Ty, kaBwg Kat TG dLOTNTEG TOU
uéoou y,R. Na tnv mpwtn Swdwkaocia, Process I, wg dedopéva Aappdavovial ta
AR/L,hin /LRy, /L, Aoyt /Ain, N TWA TOU Ay, KABWG Kal TO HAKOG TOu aywyoL L. Me
XProN TWV YEWUETPLKWY OXECEWV TIOU CUOXETI{OUV Ta HEYEDN TOu aywyou eivat Suvatog
0 UTIOAOYLOMOG TwV OKTivwv MARUVNG Kol kKEAUDOUG, TNG HEONG aKTvag TOU Kal TNG
KOTOVOUNG TOU UBadol Twv SLOTOHWY KATA Urkog tou. Ma tnv devtepn dtadikaoia, Ta
6edopéva eival 0 AOyoC TwV OKTIVWYV TWV TOWWUATWY otnv €icodo kol tTnv €odo
(Rhub/Rshroud)in' (Rhub/Rshroud)outr 10 W'lKOQ tou OleVOl'J, 0 GUVIE}\SGTH]Q A2snroud K(le(bq
KoL oL aplBpol Mach tng eloepxouevng kal e€epxopevng pong. O Adyog mou eTUAEYETAL N
XPNon Tou AGyou aKTivwy givat otL anoteAel pia Baoikn MOpAUETPO OV aflomoleitaland
TOUC OXeSLAOTEG YLO TOUC CUMTTLEOTEC. Ol aplBuotl Mach xpnowuomolovvtal yla tnv eVpecn
Twv epPadwv otnv eicodo kaLtnv €060 Tou aywyou, ue Baon tnv oxéon (10).

m

P, y y—1
\/—%\/%M(1+TM

A=

2)_2%;—115 1o
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Mpooopoiwaon tng pong oto Aoylopiko ANSYS CFX

H vewpetplat Twv aywywv TIOU TIPOKUMTEL amd thv Sladlkaolo TapapeTponoinong
€L0AYETAL OTO AOYLOMIKO ANSYS, OTIOU TIPOCOMOLWVETOL N EOWTEPLKA pon Touc. H pon
xopoktnpiletal amnd neplodikdTnTa Kal KATA CUVETELA SV lvalL avaykn va yivel emiAuon
OAou Tou aywyoU aAAd apKeLn emiAucn TNG PONG yla éva TUpa tou 10°.

To mpwto Brua eivatn dnpoupyia Tou MAEYUATOG YLa TO €€€TA{OUEVO TUAUO TOU aywyou.
Mo tnv mAeypatomnoinon xpnolponotndnkav e€aedpikd otolxeia oe OAn TNV eripaveLla Tou
aywyol, Twv oroiwv Tto MPEyeBog kaboplotnke amd tnv HeEAETN avelaptnoilag tou
TAEYLLOTOC, TIOU €YLVE yla TNV MEPIMTWON Tou aywyou tou GEID (Base Case). Amd autnv
npoékue TAEypa pe TARBoC¢ KOpPwv mepimou 70000, TOU MPOOCPEPEL LKAVOTIOLNTLKA
okpifela otnv mpooopoiwon, onwg daivetal oto IxAua 6. EkTo¢ tou mARBoug twv
OTOLXELWV ONUAVTIKOG elval Kol 0 KABOPLOPOG TWV XAPAKTNPLOTIKWY TOU TAEYLOTOC OTNV
TIEPLOXN KOVTA OTO TOLXWHATO. € AUTEGTIG OE0ELG YIVETOLEKAETITUVON TOU TIAEYLOTOG WOTE
va e€aodaAloteln mAnpng emilucn Tou opLakoU oTPWHATOC. Mo Tov Adyo auTto eTUAEXONKE
10 UY oG Tou Mpwtou ototxeiou Ay (First element height) kaBwg kat o Babuodg avamtuéng
Tou¢ (Growth Rate), wote to adtdotato UPogva StatnpnBeikovtd otnv povada, y* ~ 1.

v _ PAYY (11)

y

u

IxAua 5 MAgypa mou SnpoupynOnke evtdg tou ANSYS.

ITNV OUVEXELD EYLVE N eTUAOYN TWV GUCLIKWY HOVTEAWV TIOU XpNnoLlomnolouvtal amnd to CFX
yla tnv emiAucn ¢ pong eVIog Tou aywyou. To péco BewpnBnke 1&eato (Air Ideal Gas),
EVW Yyla TNV Tpooopoiwon oavtlotolxel oe otaBepéc ouvOnkeg (Steady State). To
XPNOLUOTIOLOUEVO HOVTEAO TUPPNG elvatTumou k-w katovopdletatShear Stress Transport
Model. Autd TO HOVTEAO EMAEYETOL EUPEWG YLlA TIG TIPOCOMOLWOEL; PONG €VTOG
otpoBlounxavwy, KabBwe mpoodEpeL Evav LKAVOTOINTIKO cUUPLBacuo petall akpifelag
KOLL UTTOAOYLOTLKOU KOOTOUG.

OLoplakécg ouvOnkeg yia tnVv elcodo kat tnv €060 Tou Topca AndOnkav amno ta dedopéva
™¢ BLBAoypadiog yia tov GE9O edpappdlovrtag Tig OepuodUVAULIKEG OXETELG TTOU LOXUOUV
yla kwntipeg tumou Turbofan kat avxbnoav otig TumikéG ouvbnkeg mieong Kat
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Bepuokpaciac. H tpaxltnTa TwV TOXWHATWY TNE MARVNG Kat Tou keAUdoug Sev AndOnke
(0} (eJUTIVA

P, (bar) 1.01325
T, (K) = 288.15
1 (kg/s) 100
Mivakoc 3 OpLakEg cUVONKEC.

TéAog, oxnua emiAuong mou emAéxBnke ntav 1o High-Resolution Advection Scheme mou
ouvbualel To oxAUa TTPWTNG Kol SeUTEPNG TAENG, LUE AUTOMATN ETAOYH AVAAOYQ UE TIG
OVAYKEC TNE MPOoOMOlwaonG. Autr n emAoyr €YLVE EMELTA MO CUYKPLON Twv dlaBEéaiuwy
neBOdwv omwe daivetatoto IxHua 6.

0.035 T T T T T T

0.025 - —

High Resolution —=
Upwind ——

DP/P

0.015 |- B

0 100k 200k 300k 400k 500k 600k 700k 800k

Nodes
IXNuo 6 Mehétn avefaptnolog mAEYHATOG.

MEeTA TO TEPOLG TNC MPOCOMOIWoNG Ta amoteAéopata ival Sltabgopa mpog enefepyaoio
oto CFX-Post, 6rmou untoAoyilovtatkat ol cUVTEAEOTEG TIieoNC Tou Mivakac4. Mo Tov aywyo
ToUu GE90 oL poikéG ypappEG KOBWGE KAl N KATOVOUH TNG OTATIKN Tieong ¢aivovtol oto
IxAua 7. Eivatl opatn n meploxr anmokOAANonG KOVTA 0TO TOlXwHA TNG TARUVNG.

Parameter CFX Result

M, 0.36187
Moy 0.59663
W 0.13668
DP/P 1.811%

Mivakag 4 AnoteA€opata mpooopoiwong yro GE9O.
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Velocity & S a7 =
2.811e+02 Pressure Coefficient Distribution

-0.54

[ 2.108e+02 3

-1.54

"v‘;—ﬁg 2

-2.54

1.405e+02

Y
7.027e+01 | ¢
X
3.5

1.601e-03 43
(ms™1] E : - : e e
04 06 08 1 12 14 16 18

X[m]

= Hud = Shroud

-34

Velocity (b)

Ixnuoa 7 AnoteAéopata mpooopoiwong yla GE9O.

Anpoupyla Movtélou Ektipnong AnwAswy Migong

Ma tnv ouvBeon tou HoviéAou ektipnong tou ouvteAeotn anwAewv DP/P Atav
ONUAVTIKN N €UPECN TWV MOBNUATIKWY OXECEWV TIOU TEPLYPAGOUV TNV EMPPON TWV
a8LACTATWY YEWUETPLKWY TIOLPAUETPWY, TIOU XPNOLUOTIOLOUVTAL Yl TNV TIEpLypadr Tou
oywyou, OTLG AMWAELEG OALKNC TilEoNG eVTOG Tov. Na Tov Adyo auTo, pe xprion tou ANSYS
CFX, umoloyiotnkav ol amwAeleg ylo HeTaPaAAOpeveG TIWEG KABe mapapétpou. O
TMapAUETPOL autol gudavilovial ot oXECELG TTIOU 0KOAOUBOUV WG MOCOOTA TWV TLUWV
avadopdg Toug, Tou ota Aol AUTAG TNG EPYACLAC AVTLOTOLXOUV oToV Kvntipa GE9Q,
Kol ¢aivovtalotov Mivakag 5. Ta gUpn €VTOC TwV OMolwv EMAEXONKAV OL TIHEG yLd TIG
TIPOCOUOLWOELG AVTLOTOLYOUV O€ QUTA TToU Bp£Bnkav amo tnv Yndlomoinon Twv pnxavwv.

Parameter Reference Values
Aoui/Ain 0.7707
AR/L 0.6581
hin/L 0.3232
Ry, /L 1.3629

Mivakag 5 Tiuég avadopds adlaoTatwy MAPOUETPWV.

APXIKQA, LEOW TNG LETABOARGTOU CUVTEAEDTA Ay, - TIPOEKUWE N OXECN UTIOAOYLOMOU TwV
ATWAELWV YO TG TIHEG avadopdg, (12). ‘Ocoto ay, . AUEAVETALOLATIWAELEG TElVOLV va
HEWWBOULV, aidol 0 AywyOCXAVELTO S OXNUA TOU KoL N TIEPLOXN amoKOAAnongmeplopileTal.

(DP /P)yes = 0.01691a3,  —0.00922a,, ..+ 0.01607 (12)
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0.03 T T T \ T \
g f(x)=0.01691x2-0.00922+0.01607, R2=0.98 ———

0.028 - =
0.026 -
0.024 -

0.022 |-

(DP/P)er

0.02 -
0.018
0.016

0.014
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

@2shroud

2Xrj1a 8 ZUoYETLON OUVTENEDTH AMWAEWWVHE Ay, .

H petaBoAn tng napapétpouv AR/L €xel onuavtiki emppor) otnv Stapopdwon tng pong
KOLL TWV OTIWAELWV EVTOG TOU aywyoU. Mo CUYKEKPLUEVA, HELWON QLUTAG TN TIALPAUETPOU,
SnAadn avénon tou unkoug n pelwon NG aktwikng Stadopagelcodou-e£66ou, 0bnyeioe
Helwon twv anwAswwv. MNapatnpndnke OtTL yla UMOSUTAACLAOUO TNG TIAPAUETPOU N
TIEPLOXN ATIOKOAANONG CUPPLKVWVETAL Kal oXedov e§adaviletal. ATO TG TPOCOUOLWOELS
mou ekteAéotnkav yia AR/L: (50% — 120%) (AR /L) ref, kKaryia Siddopaa, , ., §7x6n
TO CUUTEPACMO OTL N CUCXETLON TouC Sivetat amd ekBeTIKAR ouvaptnon tng popdng (13).

(13)

DP/P AR/L rz
(DP/P)yer ' |(AR/L)yes

Qot600, 6ev BPEBNKE CUOXETION VLA TLG TUUEG TWV OUVTEAESTWVY by, by katto a,, .. EToy,
umoAoyioTnKkav oL TIHEG TOUC TTOU UItopoUV va XpnoLpomnotnBouv yia Tov UTIOAOYLoUO TOU
DP /P ave&aptitwgtou ouvieheoth az, ..

2.2462
_DPIP 1 0245 ﬂl (14
(DP/P)ref (AR/L)ref
1.6 T T T T T T

1.4
1.2

1
0.8

0.6

(DP/P)/(DP/P)af

0.4

02

f(x)=1.0245x2-2862
! ! !

0 I I 1
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

(DR/LY/(DR/L) ref

ZxNua 9 Zuoyetion ocuvteheot anwAswwy pe AR /L.

Mapouola dwadkacio akoloubribnke kat ya TG napauetpous hjy /L, Ry, /L. Ztnv
MepUMTWON TNE MPWTING MOPAKETPOU, TO EVPOG SLAKULAVONG VLA TIG TIPOCOUOLWOELS NTAV
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(62% — 139%) (h;p, /L) ef KON ETUPPON| TNG OTOV CUVTEAEDTH AMWAELWV SiveTaLKat TaAL
ano tnv ekBetikr ouvdptnon. Na tnv analowdr tng €§dptnong anod T a,, . ..€ival

Sduvartr Kal TaAL n xprnon plog, eviaiagoyxéonc (15).

DP/P
(DP/P)ref

26 ' ' ' f(x)=1.0135x 076549
94 (x)=1.0135x —_— ]

22+ .

7L 4
18 -
1.6 - . i
14 |- .
1.2 |- .
1t ~— -
08 R

0.6 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4

(hin/L)/(hin/L)ref

~0.7655
l (15)

hin/L
=1.0135 |[—+—F+—
l(hin/l‘)ref

(DP/P)/ (DP/P et

Zxripa 10 Zuoxetion ouvteheotr) anwAewwv ue h;, /L.

Mo TG Tpég Tou Adyou Ry, /L:(88% — 125%)(Rrnin /L)ref N €MPPON OTLG ATMWAELEG
oAwkn¢ mieong Sivetal amd éva moAuvwvupo Oeutépou PBabuol. OL ouvteAeoTéC Tou
HeTaBAANovTaL apeANTEQ KAl XWPIG OUYKEKPLUEVN TAON ME TNV TN Tou Ay, .. Katd
OUVETElQ, N efaptnon auth eival duvatd va amodpeuvxbel XpNOLOTIOLWVTAC TOUC
OUVTEAEOTEG TOU, ME PBdaon tov aAyoplbuo elaxiotwv TETPOyWVWY, UMOPOUV va
TEPLYPAPOUV TNV CUCKETION TWV MeyeBwy yladhata az,, .

2
DP/P / R,,. /L
o ; — 1.0442 Tin +1.8874 | ——" |+ 1.8099 (16)
(DP/ )Tef (Rmm/ )ref (Rmin/L)ref
1.4 T T T T
1.2 - i
1k . *___-——'—___—__d_____—

(DP/P)/ (DP/P)yes
=
(==}
T

0.6 |- |
04} -
0.2 i
| | | 1(x)=1.0442-1.8874+1.8099 ——
00.3 085 09 095 1 105 11 115 12 125

(Rmin/L)/(Rmin/L)yef
2xrjna 11 zuoxetion ouvieleot anwAewwv e Ry, /L.
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exponent = 1.4822a5, ~ —0.5068a,, ., +2.4212 (18)
1 T T T T T T T T 34 f f ] ‘ ‘ !
e(a2)=1.4822a27-0.5068a2+2.4212 ——
0.9 .
321 .
08| .

g o7r 7 a2=-0.63 —— 3r ]

& 06 4 =04 — =

o a2=-0.2 g

a) L 4 28+ .

= a2=-0.1 g

T 04 4 a=025 —

& o3l * 1 a2=05 — 26 - 1
0.2 . 2al |
01} - .

0 1 1 1 1 1 1 22 | | | | | |
0L 02 03 04 05 06 07 08 09 1 08 06 04 02 0 0.2 0.4
m/mdes a2

IxApa 12 ZuoxETon CUVTEAEDTH AMWAELWY UE 1. : 4 : .

XK oxeton n K Ixnua 13 E§aptnon exben anoa, , .
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Ma tnv mopAapetpo Agyt/Ajp mopatnpnOdnke apeAnteéa enibpoon ot anNwAELEG Kal Sev
ntav duvatn n eUPeon AECNG CUOXETIONG UE Tov ouvteheot DP /P.

O ouvbuaouog twv eflowoewv (14),(15),(16) aflomoleital yia TOV UTOAOYLOHO TOU
ouvteleoTh anwAewwV oAKAG Tiieong oto onueio oxedlaopou (Design Point), (DP/P) 4es,
Tou avtiotolel oto 100% NG mapoxng HAlag agpa yla tnv omola €xel oxedlaotel o
KLvnTApac. MNa TS anwAELEG EKTOC OLUTOU TOU onueiou, ylo XapnAOTEPA TTOCOOTA TNG
TILPOXNG, AVAHEVETALOL ATIWAELEC va peTaBallovtal. Xtnv BBAloypadia, n e€aptnon Twv
OTMWAELWVY ATIO TNV APOXH CUXVA MepLlypadeTal HEow TG (17), e Tov eKBETN (oo pe 2.

DP /P m eXpOnent
(DP/P)des - mdes

EKTEAWVTAG TLG IPOCOUOLWOELG yia HETABANTEG TLUEG TOU Agy, . KAL TNG TAPOXAG M,

(17)

npoéku e apeon e€aptnon tou eKOETN Ao To oXUA TOU aywyou, ou Silvetal and tnv
(18). AvaAutikotepa, oto ZxAua 12 daivovtal oL KAUmMUAEG TTou MPoEkuyav yla Ta
Sadopetikaa,, ., EVWOTO ZxAHa 13 mapatnpeitain e§dptnon tou ekBETN amo Ty TN
TOU OUVTEAEOTN.

To povtédo mou Ttedka Snuioupyndnke daivetal oto Zxnua 14. Ta dedopéva mou
anattouvIal yla Toug UTIOAOYLOMOUG ElvaL Ta dy , o, 71 KL OL A6LAOTATEG IO PAMETPOL
AR/L,hjp /L, Ry, /L, mou eite bivovtal ameubeiag wg amapaitnteg ya v mpwin
Sdwadikaciog mapapetponoinong 1 mpokumtouv and Tt (Ryub/Rshroud)ins (Rhub/
Rshroud) out Min, Mgyt TIOU amattouvtaLkata tnv Seutepn npotelvopevng Stadikaoiag.
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2shroud

l

Calculation of DF/F for reference values
(DP/P)or=0.01698 3¢ proud2-0.00928 3 proug +0.0161

Y

AR 1. (DRPY(DPE) o=1.0245[[ARLARIL) o5 J2 2462
hin'L w2 (DPPM(DPIP)o=1.0135[(h, /L)y L) o T 0TS
Rm /L 3. (DPPV(DPIP)raf=T.0442[( RiMtin/ L(RMinyL) refl2+1.68 T AL (R LV Ry L)regi+1.8099

h 4
Calculation of DF/F at design point

(DP/P)ar. = (DP/P). l [ DP/P > (DP{PJdes_
TP Vees /Evet | | (DP;P),my @ Design Point
i

Y
Calculation of exponent
eXPONent=1.4822az,nrouq-0.50688 55k 00y +2.4212

Y

h 4
Calculation of DF/P at desired point
Mass Flow Rate —————» (DPPIADPIP) goc=IMim 4o JPPOTENE

l

DP/P
@ Operaiing Point

Sxnuo 14 Nepypodr LOVIEAOU EKTINONG ATTWAELWVY.

EnaAnBeuon Movtélou

MNna tnv emPefaiwon ™ng akpiBelog TWV EKTIMWHEVWY HECW TOU HOVTEAOU OTWAELWV
e€etao0OnNKaV TECOEPLC HLODOPETIKEG IEPUTTWOELS. Tat Sedopéva mou avTioToLyoUV o KABe
Uia amo autég paivovratotov MNivakagé.

R R k
Case a,, . (R b ) (R fuib ) L(m) 1y, (_g) Mach;, Mach,,
shroud’ jn shroud’ gut S

1 -0.4 0.8 0.64 0.50882 100 0.3618 0.5039
2 0.1 0.8 0.64 0.50882 100 0.3618 0.5039
3 -0.2 0.8 0.64 0.50882 50 0.3618 0.5039
4 -0.2 0.8 0.64 0.50882 25 0.3618 0.5039

Mivakag 6 AsSopéva TTEPLITTWOEWV TTOU EEETACTN KAV YLO TNV eMaABguon Tou pHoviélou .

Mo kaBe mepimTwon O OUVTEAEOTAC OMWAELWV UTIOAOYIOBNKE HECW TOU HOVTEAOU
TIPOKELUEVOU VOl CUYKPLOEL e TNV TN Tou Tou €€AXON amo Tig mpooopolwoels oto CFX.
ErmutAéov, éva péyeBog mou BpEBnke kal cuykpiBnke elval o ekBETNG MOU XpnoLUomoLE(TaL
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yla TNV EUPECN TWV ATIWAELWV OTAV N UNXavr AELTOUPYEL EKTOC TOU onpeiov oxed laopou.
Itov Nivakag 7 ¢aivovtal Ta OMOTEAECUATA TWV CUYKPLoEwWY, UE TIC SladopomoLoeLg
HETAEY TWV TIHWV va pnv emepvolv To 10%. AKOMN Kol OTAV N ATOKALON METOEY TWV
EKTILWHUEVWY ATMWAELWV KOL TWV amoteAeopdatwyv tou CFD eival 7%, Oomwg yla tnv 20
neplmtwon, oL TIHEG Toug dev améxouv onuavtikd. Méow autng tng Sladkoaoia
eMaAnBeuong cuumepaiveTal OTL TO HOVTIEAO TIPOODEPEL LKAVOTIOLNTLKEG EKTLUNOELG YL
Touc StadopetikoUgouvduaopoUs deSopévwy, ue HEco opAaApa epimou oo pe 2.5%

Estimated Value = CFD Value | Deviation (%)

Case 1 (DP/P) ges 1.42% 1.40% 1.69%
exponent 2.8611 2.9471 2.92%
Case 2 (DP/P) ges 0.97% 1.04% 7.05%
exponent 2.3853 2.424 1.59%
Case 3 (DP/P) ges 0.71% 0.70% 1.61%
exponent 2.5818 2.5114 2.81%
Case 4 (DP/P) ges 0.48% 0.50% 3.00%
exponent 2.5818 2.3496 9.88%

Mivakag 7 AmoteA£oaTo CUYKPLOEWVY.

Napapetpikr) MeAétn yia EAoxiotomnoinon AnwAgwy

Me Bdon ta anoteAéopata Tou povteAou eival duvatdv va die§ayxBel pia mapapeTpki
avaAuon, mpokelpévou va dlarmotwOel n emppon twv dedopévwy tng Parametrization
Process Il 0Tov CUVTEAEOTI) ATIWAELWY KOL VO YIVOUV EKTIUNOEL OXETIKA UE TIG BEATLOTEG
TIUEG YLa KAOE €va amd auTd.

Katd tov oxeblaopno evog aywyol 0EPOTIOPLKOU KLVNTAPA EVAG ONUAVTIKOG TIEPLOPLOKOG
elval to Bapog, kabwg otoxog eivat n oxediaon tou eAadpUTEPOU EEAPTAUATOC UE TNV
kaAutepn Suvat amddoon. Me tnv aAllayl Twv TOpapETPWV ap, L, (Ryy/
Rehroud)ins (Rhub/Rshroud)outr Min» Mout, M N YEWUETPLA, KOLL KOTA CUVETELX KOLLTO BAPOG,
huetafaAlovtal. Ita mAaiola autig Tng epyaociag, to PApog Tou aywyou TUMou S
umoAoyiletal péow aplOunTikng oAokAnpwong, Bewpwvtag OTL lval KATAOKEUOOUEVOG
anod xdAuBa p = 8000 kg/m3 pe mdyxog toywpdtwy t = 2mm. Na k&6 petaBAnth mou
€EETAOTNKE TAPOUCLAOTNKE N KOUMUAN HeTaPfoAng tou PBApoug CuvopPTHOEL TOU
ouvteAeoTn anwAELwY, TO omoio cuxva kaAeital Pareto Front, koL xpnoluomnoleital ya tnv
Katavonon Twv avaykaiwv ocUpBBacpwY HETAEY TwWV OXESLOOTIKWY TIEPLOPLOHUWV.
Mpokelpévou va eival ta anoteAéopata mo ekabapa ol afoveg Twv SlaypoppUATWV
adlaotatono)Bnkayv wg mPog To LEYEDN TTOU AVTLOTOLXOUV OTLG EAAXLOTEG ATIWAELEC.

Me tnv petaPBoAn tou a,, .. Snuovpyndnkav oto Zxfua 15 kat Zxfua 16. Onwg
dailvetal, ylo LUKPOTEPECTIAPOXES LALAGTOCO TO BAPOGOCO KALOL ATIWAELEG LETAKLVOUVTOL
TPOG XOMNAOTEPEC TIMEG, evw av Ta PEVEON adlaoctatomoinBbolv ol kapmuAeg Ba
ouprtintouv. TonoBetwvtag emi tng KAUMUANG KATIOLOUG KWVNTHPEG, avAaAoya petoa,,, -
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Tiou mpoEkuP e and tnv Ynolomoinon toug, mapatnpeitalotL av Kat to BéATioTo paivetal
va avtotoel o a, = 0.25, apketol £xouv oxeblaotel Pe oKOMO TNV peiwon Tou
Bapoug, e1¢ Bapog tng amodoong. H BEATIOTN TLUN TIOU TIPOKUTITEL SEV QVTLOTOLXEL OTNV
TiPAYHOTIKN, S10TLSev Exouv BewpnOel ol meploplopoiAdyw tTNG UMAPENC TWV CUUTILECTWV.

60\ T T T T T

1.02 - [22=025 -
55 - - E TREN
S 101p .
7]
50 . R 8
2
45 - - m=25kg/s —+— 2 99 7
m=50kg/s g
40 L —- m=100kg/s —»— £ 098 =06
5
35 | E 0.97 P“100067
=
20, i 0.9 |- -
s 0.05 I I ! ! I
25 | | | | | | |
0.4% 0.6% 08% 1.0% 1.2% 14% 1.6% 0.8 1 12 14 16 18
DP/P (DP/P)/(DP/P)min

Ixnua 15 Tuoy£tion Bapouc, aMwAELWY yLa
netaBarlopevoa, , - KaLm.

Me tnv avénon tou pnkoug L, onwg €xel nén €€nynOei, oL amwAeleg pewwvovtal. QoTooo,
TO BApog Tou aywyol avapevetalva auEnbel onuavtikd. Amo to Ixnua 18, daivetalott
yla KATIOLOL AVWTALTN TLU TOU MKOUG OL AMWAELEG EAQXLOTOTIOLOUVTALKAL TIEPAV QLUTAG TO
Bapog avEavetal xwpig va uTtapxeL BeATiwon oTLG eSO0ELG TOU aywyou. Na HKPOTEPEG
TWMEG TNG TapoxNg Malag oto onueio oxeblaopou, Ixnua 17, to idlo Bapog aywyou
OVTLOTOLXEL O€ UKPOTEPEG ATIWAELEG, KABwWG peELwveTaL N adtdotatn mapapetpog AR/L.

160
N L]
£ 140
)
L)
= 120
g m=25kg/s —— 2 100 agi—g.g —_—
: s 2
E | m=100kg/s —— 3 80 a2=0.3 —a—
o} 60
§
= 40
20 1 1 1 1 1 1 " 1 1 1
0 | 1 | | 0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
5 10 15 20 DpP/P
(DP/P)/(DP/P)yiy IxNua 18 Tuoy£tion BApouc, aMWAELWVY yLa
Ixnua 17 Zuoxétion BApoug, anmwAeLwy yla petaPardopevol kata, , - 100kg/s.

petaBariopevol, m.

Ma toug Adyou< Ryyup /Rshroud, T000 0TNV €l6060 600 KaL otnv €§080 TOU AywYyoU, UTIAPXEL
TIEPLOPLOKOG OTLG TUOAVEG TILEC TOUG, AOYW TNG AUECNG OXEONG TOUG UE TLG OKTIVEG TWV
oupmeotwy. Etol, oL TeEPLOXEC METABOARG TOUG, ONMWG TPOKUMTOUV Qo  TIG
bndonownpeves unxaveg, eivat (Ryyp /Rehroud)in:0-72 — 0.88kat (Ryup /Rshroud) out :0-48 —
0.77. H B€Atiotn T tou Adyou €lc0dovu, yla eniteuén tou eAdyxiotou Bapougkat DP /P,
Me Tov Aoyoge§odou otabepd, yiakdbea, , ., AVIIOTOLXELOTO KATW OPLO TOU EVPOUGTOU
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S10tL pe tnv avénon tou auvfavetatn napdpetpog AR/L kat pewwvetain b, /L odnywvtag
oe av€non twv anwAewwv. Avtibeta, o BEATIOTOC AOYOG AKTIVWY yla TV eAaxlotonoinon
TWV anwWAeLWY otnv £€€060 £lvall TO AVw OPLO TOU EUPOUG Kol Ol ASLACTATEG KAUTUAEG yLa
TIC S1aPOPETIKEC TTAPOXEG OXESLAGUOU CUUTIITTOUV, Onwe oto XxNua 20. Qotooo, dev eival
duvartn n tavtoxpovn emhoyn BEATIOTWY TIHWY, KaBwg TéTe N aktwvikg dStadopd petal
€10060U Kal €060V MPOKUTITEL apvNTIKY. Kat' eméktacn yla tTnv eUpech Tou BEATIOTOU
ouvluaopoU MPEMEL VA YIVEL SOKLUA OAWV TWV TIOAVWV YEWUETPLWV.

1.35 T T T T 1 T T T T T T
) % 0.96 PWIL000G
1.25 - — ° L
vl
12 - m=25kg/s E 0921 Rhub/Rshroud jout~0.71
m=>50kg/s 0 0.9 - (Rhub/Rshroud)out~0.49
115 - — m=100kg/s —»— é 0.88 L GESD
11 _ E 0.86 -
/ S 084+
105 - 082 -
1 o 1 1 | i | 08 | 1 | 1 1 1
0 5 10 15 20 25 30 1 2 3 4 5 6 7
(DP/P)/(DP/P)min (DP/P)/(DP/P)in
IXAua 19 Tuoyétion BAPOUC, AMWAELWV yLa 2xrjna 20 Zuoxetion BApou, anwAelwvyla
netaBaropeva (Ruyp /Rshroud) in M- petaBoAropeva (Rpupy /Rsnroua) out-

TéNog, pe TNV petafoAn twv apBuwv Mach tng pong otnv €icodo kal otnv ££o0bo
HetaBaAlovtal Kal Ta avtiotowa eUBadd Twv SLUTOUWY, UE OTTOTEAECHUA TNV METAPBOAN
TWV aSlA0TOTWY YEWHUETPKWY TIAPAMETPWY, SNAAS TNG CUVOALKAG YEWUETPLAC TOU
aywyou. Ouola pe Toug AGyoug aktivwy, To mbavo elpog Twv Tipwv Mach neplopiletat
AOyw TNG TOmMoBETNONG TOU OywyoUu €VOLAUECO OTOUG CUMTILECTEG. ETol, otnv €icodo
Mj,:0.30 — 0.45, pe BeAtiotn T TNV Mj, = 0.45, ywa kdBe a,, ., kaL otnv £€odo
Mgyyi: 0.45 — 0.55 pe eAaxioteg anwAeleg, aAAA péyloto Bapog, yia My, = 0.45. Qotooo, n
enibpaon tng petafoAns twv aplBuwv Mach oto cuvtedeoth anwAelwv dev ivat T6co
Spaotikn. Opola e TG TPONYOUUEVEG TTOPAUETPOUG, YLO TNV EVPEC TWV BEATIOTWVY TLHWV
dedopévwy, Bampenel va e€etacOolv oL mBavoi cuvduacpot.
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1 T T
o 0995 .
)
()
2 099F .
m=25kg/s —— @
m=50kg/s 2 0085+ 7
m=100kg/s —#— é
5 098 .
§
2 0975+ .
0.98 . . . . . . . 0.97 | | ! I \ \
12 14 16 18 2 22 24 26 1 105 11 115 12 125 13
(DP/P)/(DP/Ppin (DP/RY/(OP/B) i
IXAHMa 21 ZUoXETLoN BAPOUG, ATTWAELWV YLaL IXAMa 22 ZuoxETLoN BAPOUC, AMWAELWVY YL
petaBaArlopeva M;,, m. petaBaAropeva M, , m.
Ju unepaocpata

To povtélo Tou avamtuxBnke ota mAaiola autng tng epyaciog, kat Baoiletal ota
OTIOTEAECUATO TIPOCOUOLWOEWV HE gpyaAeia uPnAnG akpiBelac, MapEXEL LKAVOTIOLNTLKAG
okpiBelagmpoPAEPELCYLO TIC ATIWAELEC OALKNC TILEONG EVTOCTOU aywyoU Tou TomoBeteitat
evélapeoa tTwv oupmeotwv. Méow twv avaAlUoEwv, TWV TPOCOUOLWOEWV KAl TWV
TIOPOUETPIKWY HEAETWY TIOU €ylvav ota mAaiola autng Tng gpyaciag eivatl duvatod va
e€axbolv Ta MAPAKATW CUUIEPACHATA:

1.

MNa Toug aywyoug Twv Pndlomotnuévwy Turbofan kwvntripwv mapatnpndnke 6tLn
KUPTOTNTA 1 KAUMUAOTNTA TWV TOWXWUATWY TEPLYPAPETAL HE TNV XPNON Twv
OUVTEAECTWV A5, YLOL TNV TARVA KoL TO KEAUGDOG. Mo CUYKEKPLUEVA, YLOL TO TOLXWHAL
NG TMANMVNG OL KOUTUAOTNTEG Twv Sekaedtd aywywv dev Sladopomnololvtal
ONUOVTIKA EVW YLa TO KEAUPOC 0 OUVTEAEDTNG KupaiveTat and -0.63-0.67 pe to S
oxnuo oxeSov va avtlotpédetaLyla TG UPNAEC OETIKEC TUEC.

OL OCUVTEAEOTEG KOUTIUAOTNTOG TWV TOLXWHATWY UTOpoUV va CUCXETLO00UV peTa gy
TOUG JE TNV XPNON ULOG TPOOEYYLOTIKACYPAUULKIG oUVAPTNONG. KaTA CUVENELQ, Yo
va KaBopLloTeln KUPTOTNTA TOU aywyoU ATIALTETOL LOVO Hia TOPAUETPOC.

OL anwAeleg¢ mieong emnpealovial CNUOVIIKA OO TNV KOMMUAOTNTA TWV
TOXWHATWY TOU aywyou. Me tnv avénon Tou az, . O CUVIEAECTAG AMWAELWY
MEWWVETAL EVW N EAAXLOTN TN Bpebnke ywa mepimova,, . = 0.25.

OL 061A0TOTEG YEWUETPLKEC TTAPAUETPOL CUVEEOVTOL AUECA LE TOV OUVIEAEOTH
AnwAELWV OALKAG TiieonG. O Adyog tngakTwikng Stadopagnpogto punkog AR/ L éxet
TNV TLO ONUOVTLKA EMGP OO OTNV AVATTTUGOOUEVN por Katouéavopevogodnyeios
TIO ATIOTOUEC YEWUETPLEC KOl AUENUEVEC ATIWAELEC. ATIO TNV AAAN, HE TNV avénon
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tou hj, /L oL anwleleg pewwvovtat. H enibpacn tng mapapétpou Ry, /L otov
OUVTEAEOTN AMWAELWY ELVOLTIOAU HULKPT.

5. T mopoxeg palacg, EKTOC TOU ONnUeiou OXeESLOOHOU, O CUVTEAEOTNC QAMWAELWV
uetaBaAletal péow plag eKOETIKAC ouvApTNONG. 2TA UTIAPXOVTO HOVTEAQ, O
€KBETNG TNG ouvaptnong tibetal (0oG PUe 2, TOU QVILOTOLKEL OTNV avaywyn Twv
OTMWAELWY OTO CNUEela EKTOC oxeSLOOMOU yla KUALVSPLKOUC aywyouc. 2ta mAaiola
oUTAG TNG SUTAWMOTIKNAG epyaociac PBpeOnke ouoxEtion Tou €KBETN pe TNV
KOUTUAOTNTO TWV TOLXWHATWY TOU aywyou TUTou S twv YPndlomolnuévwy
HNXAVWV.

6. H eAdxLoTn TIUA TOU OUVTEAEOTH AMWAELWWV TlEONG, OMWG UToOAoyileTal amod to
HovTEAo, avTioToei oe az, . . = 0.25. Qotd0o0, yia tnv dnuoupyia aywywv pe
ghaxwoto BApogTo ay, . . TPEMELVA AAPELTIC XAUNAOTEPEG SUVATEG TIHEG,

7.  Me tnv avénon Tou HRAKOUC TOU oywyou To HOVTEAD TPoPBAENEL TNV av€non Tou
Bdpoug Kal TNV pelwon Twv anmwAelwy, OMw¢ eival avapevopevo. Enelta anod
avgnon Tou UAKOUG Katd mepimou 20%, amod tnv T avadopdc, oL AMWAELES
niieong oxedov otabepomnololvtal eVw To BApog cuveXilel va LEYOAWVEL.

8. 0O A6vos (Ryyb/Rehroud), OTNV €l0od0o kaltnv £€€060 0dnyel oe avgnon kol peiwon
g napapetpou AR /L, avtiotoya. Etol, pe adEnon tng TG L0060V KaTA MElmou
0.15 o ouvteAeoTnG anMWAELWY auEavetaloxedov Tplavia Gopeg, evw n avtiotpodn
ouuneplpopd mapaTNPELTALYLA TIG TIUEG OTNV £€060 TOU aywyou.

9. TéMAog, n petafolnl twv apBuwv Mach Tng eloepXOUEVNG KOl EEEPXOUEVNC PONG
€XOUV ALYyOTEPO CNUAVTLKI ETLPPON) OTIC EKTIUWUEVEC ATIWAELEG TtiEONC, MECW TNG
HETABOANC TWV YEWUETPLKWV TtapapeéTpwy. H avénon tou Mach glc6dou emidEpetl
HElwoN TWV AMWAELWVY EVW TO avtiBeto cupBaivel ytatny T tou otnv €€odo.

MeA\OVTIKA, TO HOVTEAO TIOU SnuioupynOnke Ba pmopouvoe va xpnotpomnotnBel ywa tnv
Slepelivnon tTNG EMPPONG TNC VEWUETPLOC TOU aywyol OTIC OUVOAIKEG €MIOOCELC TOU
Kwwntipa. TEAOC, yla tnv avénon tng akpiBELag Twy EKTLUNOEWY TOU POVTEAOU Ba mpémel
OUTO VO EUTMAOUTLOTEL E TOUG MEPLOPLOMOUG TIOU ELOAYOVTAL KOTA TOV OXeSLAOUO TOU
oywyoU AOyw TNG OUVEPyaolag TOU HE TOUC OUMMLEOTEG, NG Umapénc PBaABidwv
QTMOMACTEUONG ALEPA KOLL TWV UTIOAOITIWV KOTALOKEVUOLOTIKWY XOLPOKTNPLOTLKWV TOU.
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