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Abstract

This thesis investigates the effects of endwall contouring on the aerodynamic per-
formance of NASA Rotor 37, the inlet rotor of a transonic axial compressor, with
emphasis on improving isentropic efficiency. NASA Rotor 37 is a widely recognized
benchmark in the field of turbomachinery, offering both extensive computational and
experimental data, which makes it an ideal candidate for this study. The primary
objective of this research is to explore how variations in the contour of the rotor’s
hub and shroud regions, particularly outside the blade passage, affect the overall flow
dynamics and performance.

Endwall contouring has emerged as a key focus in optimizing turbomachinery through
Computational Fluid Dynamics (CFD), with extensive studies aimed at gaining a
deeper understanding of flow behavior within these systems. The endwall region, in
particular, plays a critical role in the overall performance of turbomachinery, where
the interaction of boundary layers and the formation of secondary flows significantly
affects pressure losses and flow uniformity. These complexities in the endwall region
motivate the need for targeted optimization strategies that can mitigate secondary
flows and enhance overall efficiency.

In this study, axisymmetric arch-shaped endwall contouring is applied to the sections
outside the blade passage. Initially, a parametric study is performed to identify
the most beneficial region for optimization, while exploring the different results of
the regions and their impact on rotor performance. Secondly, the flow behavior is
analyzed in response to the applied changes, enabling the evaluation of how the
optimized geometry affects performance parameters, such as pressure losses and the
velocity field.



The flow solver, PUMA (Parallel Unstructured Multi-row & Adjoint solver), and the
optimization framework, EASY (Evolutional Algorithms SYstem), both of which are
developed by the Parallel CEFD & Optimization Unit (PCOpt) at NTUA, are utilized
in this study. PUMA, a GPU-enabled software tool designed for flow simulations,
ensures efficient and accurate computational analysis. Meanwhile, EASY, a generic
optimization platform based on evolutionary algorithms and assisted by artificial
intelligence, facilitates optimization by exploring and evaluating a wide design space.
For the shape parameterization, Bézier curves are employed to define the endwall
profile in the meridional plane offering flexibility and control over the design while
the interpolation of the produced displacement to the interior is handled using Radial
Basis Function (RBF) interpolation, ensuring smooth transitions across the geometry.
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IMTepiindn
H Simhwpatind] autr diepeuvd tny enidpaon Tng SLoaoppmong WV XEAUVPMY TOU BPO-
uéa oty agpoduvouxt arn6doon tou NASA Rotor 37, pe éugoon otn Beitiwon tng
wevtpomxhc amodoone. O Spopéac (NASA Rotor 37), e yewpetpla youniod Aéyou
emunxoue, oyedidotnxe poli e tn otadepr| ttépuywon (Stator 37), anotehdvrog poll
™V TewT Baduide evoc oxtaBddutou Sunynuixol alovixol cuumecth. O dpouéog etvor
EUPEWS YVWOOTOS GTOV TOUEN TNG UTOAOYLO TIXTG PELC TOOLVAULXNG, Xad(S GUVODBEDETOL
OO EXTEVY) TEWUUATIXG 0L LTOAOYIOTIXG BedoUEVa, To TEMTO and Tar omolo efvan xou

olodéotpo amd v NASA.

H Sioudppwon twv xehupoy tteplynorng €xel avaderyel we Paoixd nedio €peuvac ot
BehtioTonolnon TV G TEOBLAOUNYAVKY UEGK TNG UTOAOYLO TiXY ¢ Peuctoduvauinnic , e e-
ntevelc ueAéTeg va otoyelouy o i fadiTER XATAVONOT TN CUUTERLYPORAS TNG PONG OF
ouTd Tor ovoThAuata. H meptoyy) twv xehupodvy dradpauatilel xoadoploTind pdho 611 Guvo-
A amé000T TV GTEOBLAOUNY VKDY, XAIOS 1 AAANAETEBEUCT) TWV OPLIXDY G TEWUATODY
XL O OYNUATIOUOS BEVTEREVOUCMY POWY ETNEEGCOUY CNUOVTIXG TIC ATWAELES TECTC %ol
™V odotopoppla TNg porg. AuTéC oL TOMOTAOXES POIXEG BOUES OTNV TEQLOYY| TOV XE-
Aoy xahoTolv avaryxaior TNV avamTuEn OTOYEVUEVLDY GTRUTNYIXWY BEATIoToTOMoNC,
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LXAVY VO UETELAOOLY TG DEUTERENOUCES POEG X0 VL EVIGYDCOLY T GUVOALXY| ATOO0GT).

YNV Topovoa PERETT), EQoEUOLETOL AEOVOCUUUETEIXT XUUTUAOELDNC SLUORPLOT| 0T XE-
AOQN EXTOC TOU TERAOUTOC Tou Opopéa. Apyxd, dleddyeTon Wior TOUPUUETELNY| UEAETN
Y10 TOV EVIOTUOUO TNG TEQLOYAC UE TOL TILO EUVOIXE ATOTEAEOUAT WS TEOG TNV ATOO00T)
expealOuevr and Tov LIoevTEoTIXo Bodud anddoong, TeoxeyEvou 1 Sldacio BekTio To-
Toinong va emixevtpwiel oe auTAy, e€eTAloVTAC TUPEAANAC To SLUPORETIXE ATOTENECHOTA
TWY TEPLOY WY XAl TNV ENBEACY| TOUS GTNY AmOBOCT) TOU OPOUEN. XTI CUVEYELYL, OVOALE-
TOL 1) CUUTERLPORE TNG PONC (S ATOXELOY) OTIC EQUEUOLOUEVES UETABOAES, ETITRENOVTOC
Vv o€loAOYNoT ToL TEéTOU UE Tov omolo 1 BeATioTonoinuévn YewpeTpio etneedlel To-
PUUETEOUC UTOBOCTG, OTWS OL ATWAELEG Tieong X To TEDD ToYUTATWY.

H enilvon xou mpocoyoiwon e pofc tpayuatonoteiton pe to hoytouxd PUMA (Paral-
lel Unstructured Multi-row & Adjoint solver), eved 1 Behtiotonoinon mpaypotonoteito
uéow tne mhatpopuac EASY (Evolutional Algorithms SYstem). Kou ta 800 epyodeia,
aventuypéva and T Movdda Ilapdhining Troloyiotinrc Peustoduvauxrc & Behti-
otornoinong tou EMIL, yenowonowolvton oe aut| tn perétn. O PUMA, éva hoylopnd
epyaielo mpocouoiwone poric mou yenotuonoel GPU yio tny extéieor twv uToAoYL-
oUY, dlacgaiilel amodoTixh xou axplfr) utoloyiotixy| avdiuoy. Iapdhhnia, o EASY,
wta yevixr| mhatpopua Bedtiotonoinong Bactopévn otoug e€ehxtinolg alyopiduoug xa
unoo TNEWOPEVT amd PEVOBOUC TEYVNTAC VONUOCUYNG, ETTEETEL Uil 0LOTLOTY) BLodIXaL-
ola PedtioTonoinone, e€epeuvmdvTag xat aZloAOYOVTIC Evay eUpD GYESLICTIXG Ywpo. [
TNV TUPUUETEOTOMON TNE YEWPETElAS, YenoyloroolvTtal xoaunUiec Beézier yio tov opl-
oU6 TOL TEOYIA TOL XEAUPOUS GTOV PeoTUBEVO eTtinedo, TopéyovTag eveME o xon EAEY YO
OTOV OYEDLICUO, EVG 1) TUEEUSOAT| TNG TEOXUTTOUCHS UETUTOTULOTG TROS TO ECMTEPIXO
vhototeiton péow mopeuBorrc ue Radial Basis Function (RBF), e€aogauiilovtog opahés
uetofBdoelg ot YewUeTelo.
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Chapter 1

Introduction

1.1 Fundamentals of Axial-Flow Compressors

1.1.1 Historical Origins of Axial-Flow Compressors

The idea of using a form of reversed turbine as an axial compressor is as old as
the reaction turbine itself. One of the earliest experimental axial-flow compressors
(1884) was obtained by C. A. Parsons by running a multistage reaction type turbine
in reverse [13]. However simply reversing the turbine’s blade rotation resulted in very
low efficiencies. The idea of altering blades geometry along the flow path to enhance
performance first surfaced in the early 1900s. However, significant progress in axial
compressor and gas turbine development didn’t take off until World War II, driven
by the need for advanced propulsion systems in aviation.Around that time, it was
quickly realised that more compression resulted in more engine power without adding
significant weight, making it a crucial factor in improving aircraft performance.

Figure 1.1: Parsons Axial flow Figure 1.2: Westinghouse Yankee J-30,
Steam turbine Opened for inspec- 10-stage Axial flow Compressor (Pres-
tion.(Parsons,1926)[17] sure ratio 3.8:1), Cutaway View.[17]



One of the main distinctions between compressors and turbines lies in the direction
of the velocity gradient. In compressors, the flow is slowed down in order to increase
its pressure, and consequently, according the Bernoulli’s principle, adverse pressure
gradients that can lead to problems like flow separation, stall, or at worst, surge, where
the perturbation occurs in the axial direction ([1]). As a result, compressors require
multiple stages to increase the flow’s pressure, step by step, achieving the desired
pressure rise. Turbines, on the other hand, typically a small number of stages, as the
acceleration of the flow, creates a favorable pressure gradient that reduces the risk of
such instabilities. However, turbines face challenges primarily related to high thermal
loads due to the elevated temperatures in the flow.

1.1.2 Early Simplifications and Modern Advancements in Com-
pressor Flow Analysis

The flow through axial-flow compressors is an extremely complicated three-dimensional
phenomenon, characterized by strong gradients in the axial, radial, and circumferen-

tial directions. Figure 1.3 provides an overview of the complex flow phenomena oc-

curring within the passage, such as flow separations, tip leakage vortices, secondary

flows, and other effects that contribute to the overall aerodynamic behavior. In a

NASA report from 1999[3], four critical flow phenomena were identified as key re-

search challenges in turbomachinery: unsteady flow, transition to turbulence, film

cooling, and three-dimensional flow (including tip leakage effects). These phenomena

continue to play a significant role in the performance and optimization of compressors,

influencing both current and future research.

§ INLET DISTORTION OR

SHOCK SURFACE ENTRY FLOW

CORNER SEFPARATION SECONDARY VORTEX

Figure 1.3: Nature of the Flow in an Axial Flow Compressor Rotor Passage [3]

Engineers in the 1950s began simplifying compressor analysis by employing 2D tech-
niques, such as the blade-element method and axial symmetry. The blade-element



approach assumes that the flow in the circumferential plane can be analyzed by ex-
amining blade profiles formed by the intersection of a flow surface of revolution and
the compressor blades Figure 1.4. The assumption of axial symmetry further simpli-
fies this approach by allowing an average value to represent the air’s state across the
blade-to-blade plane, treating the flow as uniform in the circumferential section. To-
gether, these assumptions form a quasi-3D approach, with radial variations handled
through radial equilibrium, continuity, and energy equations in the meridional plane
(from hub to tip).

Figure 1.4: Flow in circumferential plane .[13]

Advancements in technology and computational power have transformed compressor
design, allowing for detailed 3D flow simulations through CFD. By the early 1980s, full
3D problems began to be solved, highlighting the importance of CFD simulations and
numerical optimization. Figure 1.5 illustrates how these advancements have increased
the efficiency of SNECMA fan performance over more than 30 years. Despite advances
in CFD, previously developed semi-empirical remain integral to modern compressor
design.

Figure 1.5: Impact of CFD on SNECMA fan performance, over a period of 30
years.|20]



1.1.3 Design of Multistage Axial-Flow Compressors

Axial flow compressors handle a large mass flow of air and increase its pressure and
temperature through a series of stages. Each stage consists of a rotating blade (rotor)
followed by a stationary blade (stator). The rotor’s role is to impart kinetic energy to
the fluid by increasing its tangential velocity through the rotation of the blades, while
also converting some of this kinetic energy into static pressure due to the turning of
the flow and the diffusive path between the blades, which decelerates the flow and
increases the pressure. The stator’s role is to further decelerate the flow by redirecting
it to a more axial direction, preparing it for the next stage, if any.

In Figure 1.6, the meridional view of a compressor stage is shown, highlighting stations
1, 2, and 3 that represent the inlet, the region between the rotor and stator, and the
outlet. This provides an overview of the flow path across the stage. In Figure 1.7,
the corresponding velocity triangles are illustrated. These provide insight into how
the flow turns as it passes through the rotor and stator, highlighting changes in both
absolute and relative frame.

Flow Inlet
I~

] Rotor 1 2] Stator 3)

A

Shrowd radius
—— Hub radius Mean radius—

radial direction

yaxial direction Camprossor st

Figure 1.6: Schematic of merid-
ional view of a compressor stage
specifying stations 1, 2, and Figure 1.7: Example of velocity diagrams
3([20]). within a compressor stage([10]).

To achieve a higher pressure ratio, adjustments to the velocity triangles are essential.
This can be achieved by increasing the flow turning, diffusing the flow path, raising
the rotational speed, or by increasing the axial velocity-each with its own limitations.
Increasing the flow turning and diffusing the flow path, and thereby decelerating the
fluid, is restricted by the de Haller rule, established through experiments on linear
cascades in 1953 to limit losses and prevent flow separation. Increasing the rotational
speed of a compressor can indeed raise the pressure ratio, but it is constrained by me-
chanical limits due to the centrifugal forces acting on the blades. Increasing the axial
velocity can lead to shock wave formation, especially near the blade tips where the
relative velocity is highest. The formation of these shock waves, if carefully managed
to minimize losses, may considerably increase static pressure. It is preferable to have

4



early compressor stages operate in the transonic regime to harness these advantages,
while fully supersonic flow conditions remain an area of ongoing research.|19]

In designing a multistage compressor, the initial step is to determine the velocity dia-
grams at the design operating point to achieve the desired increase in total pressure.
The blade-element method remains the foundation of this procedure, allowing for the
specification of velocity diagrams at each radial position. This approach ensures that
the blade profiles are developed based on these velocity diagrams to meet the required
performance criteria. For the third step, the focus shifts to off-design performance,
where stage matching becomes essential to ensure efficient operation across a range
of conditions.

Stage matching problem

Every machine has to start, and the same applies to compressors. During startup or
at lower power settings, it is essential for a multistage compressor to operate under
stable conditions, maintaining smooth airflow through the stages. Especially in high-
pressure compressors, it is a vital and highly sensitive task to match the stages in such
a way that they operate in stable conditions under varying operational demands. At
lower rotational speeds, the front stages are particularly vulnerable to approaching
the surge line due to reduced mass flow while the rear stages face the problem of
choking. A well-designed flow passage through the compressor aims to maintain a
constant axial velocity. To achieve this, as the density of the flow increases, the
cross-sectional area of the flow path is decreased accordingly. This is why the rear
stages can face choking: the pressure isn’t high enough to sufficiently increase the
density, causing the mass flow to rise beyond the stage’s capacity, leading to choked
flow conditions.(]2])

One approach to address the issue of front stages nearing the surge line is to use
variable stator vanes. By adjusting the stator angle, the compressor can maintain
optimal flow angles under reduced mass flow conditions, helping to keep the stages
within stable operating limits. This method allows these stages to operate closer to
stall conditions during off-design points but comes at the cost of added mechanical
complexity and control requirements. Variable stator vanes are particularly beneficial
in managing surge risk across a wide range of operating speeds, especially where
flexibility in response to fluctuating conditions is critical. To prevent choking at the
rear stages, a common approach is to bleed air from intermediate stages.

CFD Role in the process - Performance Map

After the preliminary design phase, CFD plays a crucial role in optimizing compressor
performance. It provides insights into the behavior of the compressor under various



operating conditions, contributing to the development of a detailed performance map
that illustrates efficiency and flow characteristics across different scenarios.

VAANARRRLANRD
efficiency une

Iso-speed line

Iso-efficiency line

120% Nn

Pressure ratio

>

Mass flow rate

Figure 1.8: Typical compressor performance map (|3].

Figure 1.8 shows an example of a compressor map, illustrating the performance char-
acteristics of a multistage compressor under varying operating conditions. The map
presents key parameters, such as mass flow rate and pressure ratio, offering insight
into the compressor’s behavior across different speeds and operating regimes. The
map also displays the contours of iso-isentropic efficiency, providing insight into effi-
ciency variations across different operating conditions. The maximum efficiency line
illustrates the typical path of operation.

In turbomachinery, CFD serves as an indispensable tool for refining designs and en-
suring optimal performance across a wide range of operating conditions. Although
capturing the full complexity of the flow inside turbomachinery remains a challenge
due to phenomena like turbulence and unsteady flow interactions, CFD excels in iden-
tifying meaningful trends and differences. These insights often translate directly into
practical improvements in real-world applications. Beyond performance mapping,
CFD enables detailed analysis of flow phenomena, such as boundary layer behavior,
flow separation, and secondary flows. Such analyses guide the implementation of ad-
vanced optimization techniques, including endwall contouring, which aims to reduce
losses and improve efficiency by mitigating secondary flow structures and enhancing
flow uniformity. By simulating various design modifications and analyzing their im-
pact on performance metrics like total pressure loss and efficiency, CFD accelerates
the iterative design process and fosters innovations in compressor design.



1.2 About Endwall Contouring

Endwall contouring has emerged as a critical optimization technique in turbomachin-
ery design, addressing the persistent challenge of secondary flow losses that occur
in the blade-endwall regions. These losses, driven by the interaction of boundary
layers and secondary flow structures, can significantly reduce the overall efficiency of
compressors and turbines. By reshaping the endwall surfaces to guide the flow more
effectively, endwall contouring aims to mitigate these losses, leading to improvements
in efficiency and operational stability.

Secondary flows ([10]) account for a substantial total pressure loss in the overall losses
inside a rotor passage. Their existence is inherently a 3D phenomenon, and they form
as the flow enters the blade passage with a non-uniform radial distribution of velocity
and turns due to the blade. The non-uniformity of the velocity at the blade inlet is
primarily caused by the influence of the viscous region of the endwall boundary layers.
However, the free-stream region can also enter with velocity variations, for example,
due to a wake formed by an upstream blade ([25]). Figure 1.9, shows how streamlines
follow a certain curvature along the normal flow path and how the interplay between
low-momentum fluid from the endwall boundary layers and the pressure gradient in
the peripheral direction alters this path, resulting in a reduced curvature.
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Figure 1.9: Formation of secondary flows inside blade passage ([10]).

Additionally, by solving the continuity equation, we see that velocity components ap-
pear in both directions perpendicular to the main flow direction. In other words, any



non-uniformity in the radial velocity distribution at the blade inlet can be consid-
ered a primary vortex, which then leads to the formation of secondary vortices that
account for what we call secondary flows.

Several complex flow phenomena are at play in the blade-endwall region, each con-
tributing to the overall loss mechanisms. Boundary layer interactions between the
blade surface and the endwall create regions of high shear and separation, promoting
the formation of secondary flows such as passage vortices and corner vortices. These
vortices increase aerodynamic losses and disrupt flow uniformity downstream. Ad-
ditionally, in transonic flows, shock wave interactions with the boundary layer can
further complicate the flow field, causing local separation and intensifying mixing.
This mixing, which is often localized in regions of flow turning or high-pressure gra-
dients, exacerbates secondary flow effects and amplifies total pressure losses.

The cumulative effect of these phenomenaboundary layer interactions, secondary
flows, shock-boundary layer interactions, and mixingis most pronounced in areas
where flow paths converge or diverge, such as near the blade leading and trailing
edges. Endwall contouring seeks to address these challenges holistically by carefully
tailoring the geometry to reduce local gradients and guide the flow more effectively.
Through shape optimization methods, designers can make changes to the hub or
shroud geometry that balance all contributing factors to minimize losses and improve
performance.

There are numerous papers ([11] , [18] , [15])applying endwall contouring to opti-
mize turbomachinery performance, demonstrating its ability to alter flow structures
and reduce losses. Endwall contouring induces changes in the vortices within the
flow, such as passage and corner vortices. Common approaches include axisymmetric
and non-axisymmetric contouring (Figure 1.10). Axisymmetric designs maintain a
uniform geometry along the circumferential direction, typically focusing on reducing
total pressure loss by smoothing the flow. In contrast, non-axisymmetric contouring
introduces localized variations in geometry.
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Figure 1.10: Ilustration of non-axisymmetric endwall contouring. Adapted from [21].

Several studies have explored various applications of endwall contouring, each high-
lighting unique aspects of its impact on turbomachinery performance. A study ([24])
optimizing the hub endwall passage by introducing a hill-and-valley geometry suc-
cessfully reduced total losses by up to 16%. This improvement was achieved by
minimizing corner stall, thereby reducing the associated secondary flow losses in the
region. Additionally, enhanced the uniformity of the flow, for beneficial effects on a
hypothetical next stage or the combustion chamber. Another study ([33]), focused
on axisymmetric arc-shaped casing contouring in a 2-stage turbine, which increased
efficiency. The arc-shaped casing led to smoother loading distribution in the tip re-
gion, reducing peak values and enlarging the low-velocity zone. As a result of this
sequence, the axisymmetric casing contouring prevents more flow on the tip pressure
side from leaking to the suction side and, thus, losses are reduced.

1.3 Case Study: NASA Rotor 37

This study focuses on the NASA Rotor 37 as the test case. The NASA Rotor 37
test case is well known in the field of CFD for turbomachinery applications, hav-
ing been extensively utilized for code validation purposes and cross-referencing with
experimental data.

Originally designed and tested by Reid and Moore in 1978 [23] as a part of four
highly loaded, high-speed inlet stages for an advanced high-pressure-ratio core com-
pressor. The primary design differences among these stages were total pressure ratio
(1.82,2.05) and blade row aspect ratio. Notably, the low aspect ratio stages demon-
strated significantly better performance, with the high-pressure-ratio stage being more
efficient across varying speeds.

Rotor 37, part of Stage 37, represents the low aspect ratio configuration with the



high-pressure ratio, with the following geometric properties:

Rotor inlet hub-to-tip diameter ratio 0.7.

Rotor blade aspect ratio 1.19.

Rotor tip relative inlet Mach number 1.48.

Rotor hub relative inlet Mach number 1.13.

Rotor tip solidity 1.29.
e Blade airfoil sections Multiple-Circular-Arc (MCA).

The design operating values for the rotor and other data, are presented in Table 1.1,

PARAMETER DESIGN VALUE
Rotor total pressure ratio 2.106
Rotor total temperature ratio 1.270
Rotor isentropic efficiency 0.877
Mass flow 20.188 (%2)
Rotational speed 17188.7 (RPM)
Number of rotor blades 36

Table 1.1: Rotor 37 - Design parameters

Experimental investigations of the flow field of Rotor 37 were conducted by Kenneth
L. Suder in 1996(|29],[30]). The first experiment aimed to investigate the effects of
tip clearance on the flow by comparing the relative Mach numbers along streamlines
at 90% and 95% spanwise positions. The second experiment focused on examining
the flow mechanisms responsible for the development of blockage at various operating
conditions and locations along the blade, particularly about shock formation.

Rotor 37 was tested in isolation to eliminate interaction effects from an upstream
inlet guide vane or downstream stator blade row. The tests were conducted with
atmospheric inlet and exit conditions, using a downstream throttle valve to control
back pressure on the rotor.
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Figure 1.11: Meridional plane of the rotor, highlighting the various stations where

measurements are taken.

Stations 1 and 4 were positioned at a distance from the main flow to minimize in-
teractions, allowing for measurements of total pressure, total temperature, and flow
angle at 18 distinct radial positions using Cobra probes. These available measure-

ments serve as a reference for comparison and analysis of the results obtained in this

study.

Figure 1.12: Photographs of NASA Rotor 37. Left: In-channel view looking down-
stream. Right: In-channel view looking upstream(|29]).
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Chapter 2

Analysis of Rotor 37 using PUMA

For the computational process, this diploma thesis utilized PUMA, a GPU-enabled
flow solver developed by the PCOpt/NTUA. Originally a CPU-based solver, PUMA
has been adapted to GPUs, with programming and development performed in CUDA

C/C++.

The GPU architecture, with its shared memory and parallel thread execution, in-
troduces challenges in terms of discretization and numerical algorithms. Specific at-
tention is needed for handling memory latency and avoiding thread race conditions,
particularly in scatter-add algorithms used for numerical flux computations. These
techniques, applied during the runs, derived from the PhD work of X. Trompoukis
([31]), have significantly enhanced the solver’s performance, achieving speed-ups up
to 45 times faster than the CPU version, depending on the hardware used.

PUMA also facilitates detailed flow analysis for turbomachinery applications by en-
abling the extraction of flow results across predefined radial zones at specific z-
locations chosen for printing. These zones, 21 in total, are distributed along the
radial direction using a hyperbolic tangent function, which concentrates more zones
near the edges for higher resolution in critical regions. Within these zones, PUMA
computes area- or mass-flow-averaged quantities, allowing the radial distribution of
selected flow variables to be evaluated on each slice. This approach provides precise
insights into the flow behavior, especially near the boundaries, where data accurancy
is crucial for performance analysis.

12



2.1 Flow Model

2.1.1 Governing Equations

The 3D Reynolds-Averaged Navier-Stokes (RANS) equations for compressible, tur-
bulent flow are solved. The hyperbolic nature of these equations makes them suitable
for a time-marching technique, by including pseudo-time derivatives in the equations.
In its iteration through pseudo-time, the solver updates the field properties until
convergence is achieved.

To solve the system of RANS equations, an additional equation computes the turbu-
lent viscosity (u¢). For this, the Spalart-Allmaras turbulence model [25] is employed.

A vertex-centered Finite Volume Method (FVM) is used for spatial discretization,
making it appropriate for unstructured meshes.

All the details regarding the system of equations solved by PUMA, along with their
discretization, are thoroughly explained by Konstantinos T. Tsiakas in his PhD thesis
([32]). For a more comprehensive understanding of the equations and their discretiza-
tion, the reader is referred to his work.

2.1.2 Boundary conditions
Inlet boundary conditions

Along the inlet boundaries, five quantities must be specified, while one is extrapolated
from the flow domain. In this case, the radial distribution of total temperature, total
pressure, and two flow angles that define the inlet velocity direction are specified.
The Mach number is the extrapolated variable from the interior of the flow domain.
Concerning the turbulence model, the fifth inlet boundary condition specified is the
viscosity ratio (%);,.

Outlet boundary conditions

In this case, where the outlet condition of the flow is subsonic, one quantity must
be specified. Here, the mean static pressure at a radius of 0.216m is specified and
since the value of an integral quantity over the entire outlet boundary is specified,
the pressure at the outlet is iteratively computed by uniformly correcting the ones
extrapolated from the flow domain. This is accomplished by solving a simplified radial
equilibrium equation accounting for pressure gradient and centrifugal forces.

dp o (VU)2

o

(where V, is the absolute peripheral velocity).
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For the turbulence model, a zero Neumann boundary condition is applied. The re-
maining four quantities are extrapolated from the flow domain(Total temperature,
Mach number, and flow angles.)

As specified, the outlet boundary condition is defined by static pressure. Therefore,
the operating point, while often described in terms of mass flow (7i2) or total pressure,
is not straightforward to define without explicitly specifying the static pressure.

Periodic boundary conditions

Peripheral periodicity is enforced on the sides of the flow domain, where two points
are periodically linked if their projections onto the meridional plane coincide and
their circumferential positions differ by the peripheral pitch. Paired points exhibit
identical scalar values, while vector and tensor quantities, such as velocity or spatial
derivatives, undergo rotation by the row pitch between these paired points.

Wall boundary conditions

At all solid walls, the no-slip condition is enforced as:

Wwall =0
where the superscript R denotes the velocity in the relative frame. This ensures that
the velocity relative to the wall is zero. For thermal boundary conditions, an adiabatic
wall condition is specified:

orT
%—O

This condition means there is no heat flux across the wall, which is common for
adiabatic surfaces.

Additionally, to accurately model the near-wall flow, a low-Reynolds approach is
applied, where the grid is fine enough to resolve the flow in the boundary layer. This
is achieved by ensuring that the dimensionless wall distance y* is kept below 1:

pULY
Y=
1

<1

Here, p represents the fluid density, u, is the friction velocity (calculated as u, =
\/Tw/p, where 7, is the wall shear stress), y is the physical distance from the wall,
and g is the dynamic viscosity. A y* value of less than 1 ensures that the first grid
point is very close to the wall, allowing for accurate resolution of the near-wall flow
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and capturing critical details of the boundary layer dynamics. In our cases, the y™
values typically range from 0.0016 to 1.42.

To ensure consistency with the original experimental setup, the inlet boundary con-
ditions used in this study are based on the Station 1 experimental data from the
NASA test campaign, which is publicly available online. These conditions define
the flow characteristics upstream of the rotor and serve as a reference for numerical
simulations. The inlet experimental data are presented in Table 2.1 .

‘ Radius(m) Total Pressure (&) Total Temperature (K) Viscosity Ratio ‘

0.179222 99947.0 288.265 5.83
0.18349 101740.0 287.862 5.83
0.187452 101872.0 287.775 5.83
0.191414 101872.0 287.804 5.83
0.195682 101872.0 287.804 5.83
0.199644 101872.0 287.804 5.83
0.205435 101872.0 287.862 5.83
0.210922 101872.0 287.977 5.83
0.216713 101811.0 288.035 5.83
0.222504 101740.0 288.265 5.83
0.22799 101670.0 288.381 5.83
0.232258 101740.0 288.323 5.83
0.23622 101811.0 288.208 5.83
0.240182 101740.0 288.15 5.83
0.24445 101528.0 288.208 5.83
0.248412 100910.0 288.265 5.83
0.251765 98913.5 288.265 5.83
0.254203 95600.1 288.381 5.83

Table 2.1: Inlet boundary conditions [6].

2.2 PUMA Results Against Measurements

In this section, CFD results by the PUMA flow solver are compared with experimental
measurements.

The primary parameters for comparison include the total pressure ratio (PR), total
temperature ratio (T'R), isentropic efficiency (7;5) across a range of mass flow condi-
tions, ranging from stall to choke, as well as the total pressure radial distribution at
the exit (Station 4). The results are shown in Figure 2.1,Figure 2.2 and Figure 2.3.
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In the following sections of this diploma, when referring to "near peak efficiency", it
corresponds to the operating point with a mass flow of 20.5%9, an isentropic efficiency
of 0.85273 and a total pressure ratio of 2.06445.

The total pressure prediction reasonably matches the experimental data, demonstrat-
ing good agreement in capturing the aerodynamic performance of the rotor. However,
the total temperature is overpredicted in the simulation, resulting in an underpredic-
tion of the isentropic efficiency and an overestimation of energy losses within the
rotor.

Figure 2.4 and Figure 2.5 show the prediction of the radial distribution of total pres-
sure ratio and isentropic efficiency at the exit, near peak efficiency, follows a similar
trend. The total pressure ratio is generally well predicted; however, in the hub region,
there are indications of hub leakage(]|27]), leading to an overprediction of total pres-
sure, as the simulation fails to capture its detailed effects. Isentropic efficiency shows
a deficit of around 3% in the middle spanwise region, with the deficit increasing near
the tip-wall region.

The prediction of the radial distribution of total pressure ratio and isentropic efficiency
at the exit, near peak efficiency, follows a similar trend. The total pressure ratio is
generally well predicted; however, in the hub region, there are indications of hub
leakage, which refers to the inability of many codes to accurately predict the flow
deficit at the hub([12]). As a result, they often consider a small hub leakage, leading
to an overprediction of total pressure, as the simulation fails to capture the detailed
effects of the leakage. Isentropic efficiency shows a deficit of around 3% in the middle
spanwise region, with the deficit increasing near the tip-wall region.

Near peak Efficiency
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Figure 2.4: Radial distribution of Isentropic Efficiency calculated separately at each
spanwise location using inlet and outlet, mass-averaged, total pressure and total tem-
perature values. Comparison with experimental data.

17



Near peak Efficiency

100 — Mumerical-PLMA

. @ Experimental-NASA

B0

&0

a0

Exit-Span %

20

150 195 2.00 2.05 210 2.i5 220 225
Total Pressure Ratlo (PR)

Figure 2.5: Comparison of the radial distribution of Total Pressure Ratio with exper-
imental data.

Overall, PUMA predicts total pressure reasonably well, particularly in the region from
near peak efficiency to choke. In addition, the radial distribution of total pressure at
the exit reveals a deficit in the hub region, which is consistent with the experimental
data showing hub leakage flow ([27]). Many simulations using turbulence transport
models show an underprediction of isentropic efficiency by approximately 3%, ranging
from 10% to 80% of the blade span at exit(|0]). Figure 2.6 presents a comparison of
various CFD codes, highlighting this common tendency to underestimate isentropic
efficiency.
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Figure 2.6: Comparison of Isentropic Efficiency from different simulation codes Using
Turbulence Transport Models ([0]).

This section examines the effects of tip clearance vortices within the rotor by ana-
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lyzing the relative Mach number spanwise distribution. The results from PUMA are
compared against experimental data of [29], with a focus on the 90% and 95% span-
wise locations(Figure 2.7). The experimental data were digitized to extract values
directly from the figures.

The analysis highlights how tip clearance vortices cause a significant drop in relative
Mach number near the blade tip, which is evident in the experimental data. These
vortices are generated due to the pressure difference across the blade tip, resulting in
leakage flow that impacts the overall aerodynamic performance. For consistency with
[30], the chord length referenced in this analysis is normalized using the hub’s chord
length.
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Figure 2.7: Radial zones along the meridional plane of Rotor 37.

To gain a first understanding of the tip clearance vortices, visualization is performed
using slices at constant z-axis values, highlighting the magnitude of the vorticity
field. Figure 2.8 and Figure 2.9 illustrate the magnitude of vortices generated from
the tip clearance at 20% and 60% chord length positions, respectively, as viewed from
upstream to downstream. In particular, the vorticity generated due to the tip leakage
flow moving from the pressure side to the suction side and then, penetrating into the
flow field can be identified. At 20% chord length, the outer color (white) of the tip
clearance vortices is around 98.5% of the span.
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Figure 2.8: Visualization of the vorticity field at 20% chord length. The left figure
shows the extent of the tip clearance vortices, while the right shows a zoomed-in view.

Figure 2.9: Visualization of the vorticity field magnitude, highlighting the extent and

structure of tip clearance vortices from two different views at 60% length.

Figure 2.10 compares the results of PUMA with experimental data from NASA at
90% and 95% span along the axial direction, focusing on relative Mach number dis-
tributions. At the 90% spanwise location, PUMA and experimental data show good
agreement, with only minor deviations, particularly noticeable after the blade, where
mixing effects are likely more pronounced in the experimental setup. While the 95%
span shows a slight increase in Mach number over the 90% span in the blade passage,
after the trailing edge, the 90% span results show a higher Mach number compared
to the 95% span. It is possible that after the trailing edge, the interaction between
tip leakage vortices and the trailing edge wake enhances mixing and momentum loss,
leading to a more pronounced reduction in relative Mach number. This effect could
explain why the Mach number drop appears more significant in the 95% span region,
where the influence of the tip leakage vortex might be more pronounced.
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Figure 2.10: Comparison of relative Mach number between PUMA results and exper-
imental data at 90% and 95% spanwise locations.
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Figure 2.11: Chordwise distributions of Mach Number near the Shroud.

To further investigate this phenomenon, Figure 2.11 isolates the numerical results,
focusing on identifying near-shroud regions where tip clearance vortices are expected

to manifest along the z-axis and highlighting the associated changes in the relative
Mach number.

By observing the relative Mach number distributions near 99% span location, we see
that at 20% chord length, the only difference in relative Mach number appears at
98.5% span and above, as expected. After 50% chord length, we observe an increased
deficit between 98.5% span and above, which, Figure 2.9, is due to the interaction
between boundary layer vortices from the pressure side and the tip clearance vortices.
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To further assess the accuracy of the numerical model by predicting the shock wave,
we examine the relative Mach number distribution at 70% span and compare it with
available experimental data([29]). Shock waves are expected to form when the relative
Mach number drops from supersonic (M, > 1) to subsonic (M, < 1). This typically
occurs first on the pressure side near the leading edge, where the flow decelerates
abruptly, creating a strong gradient in relative Mach number along with other flow
variables such as pressure and density. On the suction side, where the flow accelerates
to higher speeds, the shock wave tends to form further downstream, usually around
mid-passage. However, the exact location and strength of the shock vary depending
on the spanwise position, as 3D effects like tip leakage and secondary flows influence
the shock structure across different blade heights.

By comparing Figure 2.12 and Figure 2.13, which show the relative Mach number
contours at 70% span, we observe good agreement with measurements, particularly
near the leading edge. The contour lines in our simulation match closely with the ex-
perimental ones, although there are small differences. Some contour lines are slightly
above or below the measurements by approximately 0.1, especially in the upstream
regions. In the middle section of the passage, the experimental data shows relative
Mach values between 1 and 0.9, whereas PUMA results exhibit slightly lower values.
Despite these minor discrepancies, the overall trend and behavior of the relative Mach

number contours remain consistent.

Figure 2.12: PUMA for the Relative Mach at 70% span, at near peak efficiency.
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B-B is experimental mid-pitch line

Figure 2.13: Experimental data presenting relative Mach at 70% span ([1]),at near
peak efficiency.

The shock wave occurs at the leading edge, where it forms at nearly the same axial
position as seen in the experiment. This is characterized by a rapid decrease in
the relative Mach number contours, confirming the presence of shock waves at the
leading edge. The operating point corresponding to peak efficiency typically occurs
when the shock wave is located close to the blade leading edge (|5]). This relationship
is crucial, as the presence and positioning of the shock wave strongly influence the
flow characteristics within the blade passage. The shock wave, initiated at the leading
edge, continues downstream and is observed on the suction side at about mid-chord.
In this region, although the drop in the relative Mach number is less abrupt than at
the leading edge, it remains significant indicating that the shock persists along the
blade. The position and characteristics of this drop align well with the experimental
data, thereby further validating the accuracy of the simulation.

In conclusion, this chapter presented a detailed comparison between PUMA’s nu-
merical data and measurements, with a particular focus on the investigation of tip
clearance vortices. PUMA demonstrated good agreement with the experimental data
in terms of total pressure rise but showed discrepancies in capturing the isentropic
efficiency.

23



Chapter 3

Endwall Contouring -
Parameterization and Mesh
Displacement

The computational domain for this study is discretized using an unstructured hex-
ahedral mesh consisting of approximately 3,200,000 nodes, with higher resolution in
critical regions such as the endwall and blade passage. This mesh ensures accurate
representation of the Rotor 37 flow field, capturing key aerodynamic features and
gradients.
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Figure 3.1: Target areas for endwall contouring on the meridional plane.

Endwall contouring is applied to all four regions outside the blade passage, covering
both the hub and shroud. As shown in Figure 3.1, modifications are either inward or
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outward, depending on whether the surface is displaced toward or away from the flow.
These contouring strategies aim to assess their influence on secondary flow structures
and overall aerodynamic performance.

For the parameterization of the endwall profile in the meridional plane, Bézier curves
are utilized to define smooth and controllable surface modifications. To transfer
the displacement to the interior mesh nodes, the Radial Basis Function (RBF) (|7])
method is employed, ensuring a smooth and consistent deformation throughout the
domain.

3.1 Parameterization - Endwall Profile

As a baseline, parametric Bézier curves are used to contour the endwall geometry
of Rotor 37. Simplicity as well as smoothness and continuity due to the polynomial
nature of the equations makes Bézier curves a suitable choice. Also, the axisymmetric
features of the geometry render it well-suited for contouring the endwall profiles in a
meridional plane (z,r).

The parametric equations for a Bézier curve, which effectively translate the typical
(x,y) coordinates of the Bézier equations, to the meridional plane (z,r) with param-
eter (1), are given by:

A =S B = (3.1)

r(t) = Z BM(t) -1 (3.2)

where n is the degree of the curve, (z; and 7;) are the control points, and B}'(t) are
the Bernstein basis polynomials defined as:

n

B'(t) = ( )ti(l — )" (3.3)

]

The first derivatives of z(¢) and r(t) with respect to ¢ are:

dz ~d,_,
&~ 2 (Br0) = 34
dr “d o,
% B i=0 E (Bi (t)) T (3'5>
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To compute the derivatives of the Bernstein basis polynomials, we use the following
formula:

4 (Brw) =n (B0 - B 0) 3.6
By selecting control points with normalized z-values ranging from 0 to 1, a parametric
curve is defined, that essentially maps the axial position of each node to a radial
displacement Ar = r(t). In particular, by setting the limits on the z-axis case we
need to solve the inverse problem of Eq. (3.1) by calculating the parameter t for the
given axial position (z) of a node inside these bounds.

Figure 3.2-Figure 3.5 show a parametric Bézier curve which defines the modified
endwall profiles for all four regions outside the passage. Each set consists of two
views: one in the meridional plane illustrating the imposed parameterization and
one in 3D highlighting the deformed surface. At this point, the direction of the
imposed modification is chosen arbitrarily for demonstration purposes, including all
the different regions.
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Figure 3.2: Parameterization of the endwall in the hub upstream region. On the

meridional plane (left) and a 3D view (right).
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Figure 3.3: Parameterization of the endwall in the hub downstream region. On the

meridional plane (left) and a 3D view (right).
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Figure 3.4: Parameterization of the endwall in the shroud upstream region. On the
meridional plane (left) and a 3D view (right).

Figure 3.5: Parameterization of the endwall in the shroud downstream region. On
the meridional plane (left) and a 3D view (right).

Note: The displacement calculated primarily affects the r — axis but will also have
minor adjustments along the z — axis based on the unit normal vector of each mesh
node.

3.2 Mesh Deformation via Interpolation Techniques

For the interpolation of the boundary displacement (Ar) to the internal nodes, RBF
(Radial Basis Function) will be used (|7]). The RBF method is appropriate for the
reason of producing smooth and continuous interpolation and handles efficiently un-
structured data meshes. The high computational cost is mitigated by localizing RBF
to smaller regions.

Radial basis functions are real-valued functions ¢ : R — R depending only on the
distances of a point € R from the so-called RBF interpolation sources z,, € R?, n €
[1, N].The RBF deformation function d : R® — R takes the form :

d(x) = chcb(llfv — nl|)
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where || - || is the Euclidean distance, and the coefficients ¢, € R? are computed so
as to correctly reproduce the imposed displacements d(z,,) = §,, € R®,Vn € [1, N] at
the source nodes; this requires the numerical solution of an N x N linear system.

In simple terms, RBF works by making the displacement of interior nodes depend
on their distance from the boundary nodes. The known displacement at the bound-
ary nodes is used to determine the weights of the interpolation, ensuring that the
deformation spreads smoothly across the entire domain.

3.3 Mesh quality

To assess the mesh quality after any mesh displacement, three metrics are compared
with those the original mesh:

1. Non-orthogonality, representing the deviation angle between the normal vector
of a shared face and the vector connecting the centroids of two neighboring cells.
It is expressed as:

Non-orthogonality = cos™ ( 71 ‘ )
7] |

where:
e 7 is the normal vector of the shared face between the two neighboring cells,
e ( is the vector connecting the centroids of the two cells.

2. Equiangle Skewness(|Ansys2011]|), which measures the angular deviation from
ideal geometry. For hexahedral cells, skewness reflects the deviation from a
perfect cube, and is expressed:

ema:c —90 90 — gmm
90 90

Equiangle Skewness = max(

)

where :
e 0. is the maximum internal angle between adjacent cell faces,
e Oy is the minimum internal angle between adjacent cell faces.

3. The determinant of the Jacobian matrix, det(.J), ensuring det(J) > 0 for all
cells to avoid negative values that indicate cell inversion.
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Figure 3.6: Equiangle Skewness. Figure 3.7: Non-orthogonality.

The comparison of these values with the original mesh will focus on a region influenced
by the interpolation, containing approximately 53000 hexahedral elements, and is
presented below :

Height(AR) Non-Orthogonality ‘ Equiangle Skewness | det J

Absolute (m) ‘ Relative % Average | Max + |-
AR= 0 48.40 | 65.28 0.536 | 0.730 n
AR=0.002 | 1.5% 48.49 | 65.12 0.534 | 0.730 +
AR=0.005 | 5 % 49.06 | 65.05 0.523 | 0.730 +
AR=0.01 | 10 % 52.03 | 67.24 0.488 | 0.728 +
AR=0.02 | 20 % 56.33 | 89.989 0.543 | 0.996 -

Table 3.1: Mesh quality metrics for various height modifications (AR) applied to the
geometry.

For a hub modification height of approximately 10% of the rotor’s overall height,
the quantitative results show that the interpolation performs smoothly, with minimal
degradation in these metrics and even slight improvements in some cases. However,
visual inspection reveals areas where the mesh does not appear well-formed, indicat-
ing potential local issues. To address this, a maximum modification height of around
10% is selected as the standard for this study. This ensures reliable interpolation
and maintains acceptable mesh quality. Achieving greater effectiveness in the inter-
polation, particularly for smooth transitions and diminishing displacements within
the nodes, would require a significantly higher number of nodes to capture the finer
details of deformation and improve the overall smoothness of the displacement field.
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Chapter 4

Parametric Study of NASA Rotor 37
Endwall Regions

The goal of this thesis is first to study the influence of modifying the hub and shroud
geometry outside the blade passage on Rotor 37’s performance by applying arc-shaped
contouring.

In this study, by contouring the endwalls outside the blade passage, relatively small
differences in aerodynamic performance are expected. Given the significant cost and
time associated with each computational run, it is essential to carefully select param-
eters and isolate individual regions. One key reason for this study, beyond further
optimization, is to assess how each region responds to the height variations, un-
derstanding how the contouring modifications interact with the flow. Additionally,
through optimization, the aim is to explore how adjustments to the curvature’s slope
(i.e., the angle of the Bézier curve) influence aerodynamic performance, offering a
more detailed understanding of the curve’s impact on the overall rotor performance.

4.1 Parametric Study: Set up - Results

To investigate the effects of endwall contouring, the parametric study will begin by
isolating individual regions of the hub and shroud-both upstream and downstream-and
applying modifications independently. This systematic approach allows for a focused
evaluation of the aerodynamic impact of contouring in each region, with the simula-
tions conducted near the peak efficiency operating point of the rotor to identify how
the contouring modifications affect aerodynamic performance under typical, high-
efficiency operating conditions.

The aerodynamic performance of the rotor with contouring modifications is evaluated
based on isentropic efficiency and total pressure. These parameters offer insight into
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the efficiency of the flow process and the rotor’s ability to maintain pressure across the
modified endwall regions. By analyzing these results, the impact of the contouring

on overall performance can be assessed and a foundation for further investigation be
established.

Three curvature heights are tested for each region of the hub and shroud, encompass-
ing both upstream and downstream sections. The curvature heights are defined as
percentages of the respective cross-sectional height, and the orientation of the cur-
vature alternates between positive and negative, with positive curvatures directed
outward from the rotor and negative curvatures directed inward. These modifica-
tions are applied using a symmetrical Bézier curve as the parameterization, ensuring
smooth transitions in the geometry for all three curvature heights in each region.

e Upstream region: Curvature heights are based on the inlet span of the rotor.
e Downstream region: These correspond to the outlet span of the rotor.

The specific maximum heights of the contoured geometry, located at the midpoint of
the Beézier curve, correspond to:

e 2% of the corresponding span.
e 4% of the corresponding span.

e 6% of the corresponding span.

2% Height - Endwall Contouring

In this section, we explore the impact of applying a span of 2% height to the end-
wall geometry. This value represents a relatively modest modification to the original
surface, serving as a starting point to observe the effects of contouring on flow charac-
teristics. By comparing it to larger curvatures (4% and 6%), how increasing curvature
height influences flow behavior and aerodynamic performance.
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Figure 4.1 shows all the 2%-height modifications applied across all regions at once,
providing a comparison of the impact of this height relative to the entire geometry.

2% Height

0.26 1

0.24 1

0.22 1

Radial Distance (m)

0.18 1

-0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
Axial Distance (m)

Figure 4.1: All 2% height curvature modifications applied across the different regions
of the endwall, shown in the meridional plane.

The results for the first tested curvature height are presented below, focusing on the
hub upstream and downstream regions. For both regions, the inward and outward
orientations demonstrated performance levels similar to the baseline, with only minor
drops observed in isentropic efficiency or total pressure. Figure 4.2 and Figure 4.3
are provided for reference.
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Figure 4.2: Impact of 2% Height Modifications in the Upstream Hub Region.
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Figure 4.3: Impact of 2% Height Modifications in the Downstream Hub Region.

For the shroud, an improvement over the baseline was observed in both isentropic
efficiency and total pressure for the upstream outward orientation. Conversely, the
downstream upstream orientation exhibited notable negative results in both metrics.
The shroud downstream region, however, showed performance levels consistent with
the baseline, with the inward orientation increasing only slightly isentropic efficiency.
Figure 4.4 and Figure 4.5 illustrate these trends.
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Figure 4.4: Impact of 2% Height Modifications in the Upstream Shroud Region.
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4% Height - Endwall Contouring
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in the Downstream Shroud Region.

In this section, we examine the effects of applying a 4% height contouring modification

to the endwall geometry. This increased curvature is expected to amplify the flow

redistribution observed in the previous section, offering deeper insights into how larger

adjustments influence aerodynamic performance.

4% Height
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Figure 4.6: All 4% height curvature modifications applied across the different regions

of the endwall, shown in the meridional plane.

For the 4% height modifications applied to the hub, both upstream and downstream,

we observed a decline in isentropic efficiency as the height increased. Despite the

rotor performing the same amount of work, the flow exhibited higher losses, likely

due to the increased height of the contoured geometry.
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Figure 4.8: Impact of 4% Height Modifications in the Downstream Hub Region.

For the shroud modifications downstream, similar to the hub adjustments, the results
showed a decline in isentropic efficiency despite the total pressure work remaining
constant. Conversely, the upstream shroud modifications exhibited contrasting be-
havior: the outward-oriented contour yielded slightly improved results with increased
height, while the inward-oriented contour suffered significantly. Given the poor per-
formance observed, it is assumed that severe loss mechanisms are at play, potentially
including reverse flow, increased vorticity, or other inefficiencies.

35




0.856 4

x  Outward =
m Inward
0.8547 _g- paseline Py
= 0
£ 0.852 4 T T r o
z /”
T -
2 0,850 -1
E L
w e
4 0.848 ~
o #
g e
E 0.846 1 ’I(I
o«
0.844 4 ,;'
L
0.842 4 — 1
= 3 L[ |
20.2 204 20.6

Mass Flow (m) [ka/s]

208

Total Pressure Ratio (PR)

o
=]
@

23
=)
(=]

bt
(=]
I

i
=3
i

i
o
R=]

B
It}
=

£,
wn
=3

---0-u___ ®  Outward
~——-_
i m Inward
- x
~e -8- Baseline
\‘\\
~
. .
-.\‘\ !
.
A
\
A
A
b
N
X
\
\
)
A
A
\
L]
- =T " ™ -
20.2 20.4 20.6 20.8

Mass Flow (m) [ka/s]

Figure 4.9: Impact of 4% Height Modifications in the Upstream Shroud Region.
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Figure 4.10: Impact of 4% Height Modifications in the Downstream Shroud Region.

6% Height - Endwall Contouring

The investigation into the 6% height modifications provided further insights into
the influence of pronounced geometric alterations on the flow dynamics and overall
performance. By increasing the height of the hub and shroud contours, the study
aimed to understand the extent to which these changes impact isentropic efficiency

and total pressure ratio.
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Figure 4.11: All 6% height curvature modifications applied across the different regions
of the endwall, shown in the meridional plane.

Below, we observe the results of the 6% height contour modifications applied to the
hub, both upstream and downstream. In both cases, the increased height appears to
worsen the performance, with a decline in isentropic efficiency. This degradation is
likely tied to increased secondary flow effects and boundary layer interaction, which
intensify as the contour height increases.
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Figure 4.12: Impact of 6% Height Modifications in the Upstream Hub Region.
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Figure 4.13: Impact of 6% Height Modifications in the Downstream Hub Region.

For the shroud downstream, we observe a similar pattern of increased losses, reflected
in reduced isentropic efficiency, while the total pressure remains unchanged. On the
other hand, the outward-oriented shroud modifications show slight improvement in
performance with increased height.

flow and associated losses.

However, the inward-oriented shroud contour
suffers significant performance degradation, likely due to the occurrence of reverse
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Figure 4.14: Impact of 6% Height Modifications in the Upstream Shroud Region.
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Figure 4.15: Impact of 6% Height Modifications in the Downstream Shroud Region.

4.2 Overall Summary of Parametric Stuies on Con-

tour Heights

General Trend Across All Heights:

In all regions except shroud upstream and across all tested contour heights,
the trend of increased losses in isentropic efficiency was observed, with most
regions maintaining similar total pressure levels. The aerodynamic performance,
in terms of total pressure, generally remained stable despite increased losses,
indicating that while the height of the contour impacted efficiency, the overall
work output remained largely unaffected.

Hub Regions (Upstream and Downstream):

As the height of the contour increased in either the inward or outward direction,
both upstream and downstream regions of the hub showed worsened isentropic
efficiency. The higher contour height likely induced stronger flow separation and
led to increased secondary flows, thereby increasing losses while maintaining a
constant total pressure. This suggests that contour heights in these regions

might need to be limited for optimization.

Shroud Downstream:

Similar to the hub regions, the downstream shroud experienced worsened isen-
tropic efficiency with increased height, although total pressure remained un-
changed. This further supports the idea that while higher contours may not
necessarily affect total pressure, they result in greater flow losses and reduced
performance in some areas.

Shroud Upstream (Outward Orientation):
The most notable positive result was seen in the outward-oriented shroud up-
stream region. At all heights, there was a slight improvement in isentropic
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efficiency, with performance increasing as the contour height increased. This

suggests that optimization in this region could be a promising direction, with

the increased height leading to enhanced flow behavior.

e Shroud Upstream (Inward Orientation):

The inward-oriented contour in the upstream shroud region showed dramati-

cally worse performance. Not only did the efficiency decrease significantly, but

signs of reverse flow were also observed, indicating severe flow disruption. This
suggests that inward-oriented contours should be avoided for optimization, as
they cause significant performance degradation.

Parametric Study Summary
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Figure 4.16: Heatmap of Isentropic Efficiency differences from baseline values for
different regions and directions. The values on the heatmap represent the deviation
in performance, highlighting regions where efficiency differs from the baseline at the

varying heights (2%, 4%, 6%).

Conclusion:

The results of this parametric study suggest that optimization efforts should focus on
the shroud upstream region, particularly with an outward orientation, where the
increased contour height showed positive results. In contrast, both the hub regions

and the inward-oriented upstream shroud exhibited increased losses, making these

areas less suitable for height modifications.
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Chapter 5

Optimization of Upstream Shroud
Endwall Geometry

In this study, optimization of the rotor geometry is performed using a derivative-free
approach, specifically, Evolutionary Algorithm Optimization, implemented through
EASY, a generic optimization platform developed by PCOpt/NTUA([9]). EASY is a
powerful and versatile tool designed for solving both single and multi-objective opti-
mization problems, including those with constraints. It employs a (u, ) EA approach,
with p parents and A offspring, and supports advanced features such as distributed,
asynchronous, and hierarchical evolutionary strategies to enhance optimization per-
formance (not used in the performed optimization runs).

Additionally, EASY is distinguished by its unique use of on-line trained personalized
metamodels to reduce the computational cost of repeated evaluations, leading to
the concept of Metamodel-Assisted Evolutionary Algorithm (MAEA)(|!4]). In this
framework, built-in Radial Basis Function (RBF) networks are utilized as surrogate
models to replace many calls to the computationally expensive evaluation tool.

The optimization aims to maximize isentropic efficiency near the operating point of
peak performance while ensuring the total pressure remains within acceptable lim-
its. Furthermore, the objective of this optimization is twofold. First, to assess the
performance of the contoured shroud upstream geometry (outward) and determine
whether it offers improvements or drawbacks in terms of rotor efficiency and flow char-
acteristics. Second, to analyze the convergence of design variables, providing insights
into their influence and allowing a comparison with the symmetric configuration at a
similar height.
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5.1 The Optimization Set-up

5.1.1 Design Variables

The design variables are derived from the Bézier curves used for parameterizing the
rotor geometry. The total number of design variables is seven. Two of these variables
correspond to the starting and ending limits along the z-axis, while one variable is used
to define the height along the r-axis. The remaining four variables are dimensionless,
falling within the specific limits, and are used to adjust the intermediate points along
the Bézier curve. These variables collectively control the shape of the rotor’s endwall,
enabling optimization of the rotor’s performance.

The starting and ending variables are controlled within the upstream region of the
shroud, which is divided into four segments. The first quarter of the region defines the
starting variable, while the last quarter defines the ending variable. This approach
is designed to prevent the curve from becoming too steep, as overly steep curves
could lead to undesirable results in the interpolation process, potentially causing
inaccuracies or instability in the design.

5.1.2 Optimization Settings

The optimization algorithm incorporates elitism to retain the best-performing solu-
tions and employs tournament. The algorithm’s setup parameters are summarized
in the tables Table 5.1,Table 5.2. In this optimization process, a MAEA is utilized,
with an RBF-based metamodel to predict solutions. The metamodel uses a database
with a minimum of 120 entries to ensure sufficient accuracy in the predictions.

Parameter Value
Elites to Keep (Max Archive Size) 5

Elite Individuals to Force as New Offspring | 1
Probability to Select an Elite 0.2
Tournament Size 5)
Tournament Probability 0.90
Selection Mechanism Tournament

Table 5.1: Key parameters related to the selection mechanism for the EA.
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Parameter Value

Parents Population Size (1) | 20
Offspring Population Size (A) | 40

Recombination Factor (p) 3
Mutation Probability 0.03
Crossover Probability 0.85

Table 5.2: Population parameters for the EA.

5.2 Optimization Results

PUMA provides us with the capability to initialize the computational field from
previous simulations, streamlining the convergence process. Using results from the
baseline mesh as the initial condition, the simulations converged to a criterion of
10~* in isentropic efficiency, requiring approximately 1 hour and 10 minutes per case,
leveraging the power of the NVIDIA Tesla P100 GPU.

The optimal design achieved an isentropic efficiency of 85.7% with a total pressure
ratio of 2.07, demonstrating the improvement achieved through the optimization pro-
cess. Compared to the baseline configuration, this represents an increase of 0.37%
in isentropic efficiency. To provide a comprehensive understanding of the optimiza-
tion process, the following figures illustrate the convergence and highlight the design
variables for all evaluations throughout the optimization process.

Figure 5.1 provides an overview of the optimization process with its outcomes. The
scatter plot presents the isentropic efficiency of all tested designs relative to the base-
line. It is evident that every optimized design achieved an efficiency above the baseline
value, underscoring the effectiveness of endwall contouring of the shroud geometry
upstream of the rotor. Even the less optimal designs outperformed the initial config-
uration, reinforcing the overall benefit of the optimization approach.

Also, from the very first evaluation, we already see about one-third of the total
improvement achieved by the best-performing design. While most designs resulted
in only moderate gains, the overall trend confirms that upstream geometry modifi-
cations positively impact rotor performance. Notably, very few designs performed
worse than the baseline, indicating that the optimization process consistently led to
improvements, even if the degree of enhancement is small.
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Figure 5.1: Scatter plot of all evaluations compared to the baseline.

Interestingly, by inspecting Figure 5.2, which depicts the starting and ending points
of the parametric curve along the z-axis, we observe that both values converge toward
their respective minimum and maximum limits. This convergence suggests that the
optimization process effectively stretches the curve along the z-axis while ensuring a
smoother overall shape. Notably, the convergence of the ending point indicates that
the optimization is fully utilizing the available design space. This implies that further
improvements could be achieved if the design constraints were relaxed, allowing the
optimization to push the geometry closer to the blade, where flow interactions become
more pronounced and influential.
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Figure 5.2: Left: Convergence of Starting point design variable with limits
(—0.0392, —0.03). Right: Convergence of Ending point design variable with limits
(—0.01, —0.002).

Figure 5.3 illustrates the convergence of the height, which is one design variable
applied to the two middle Beézier points to create a smooth contoured curve. The
height is described in terms of the percentage of the inlet rotor height.
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Figure 5.3: Convergence of the Height Design Variable in Terms of Percentage of
Rotor’s Inlet Height

Figure 5.3 reveals that the inlet height initially increases toward the maximum per-
centage, indicating a trend to maximize the height within the design space. However,
as the optimization progresses, the height converges slightly below the maximum,
suggesting that while a larger height provides certain aerodynamic advantages, the
optimization ultimately balances this with other constraints and objectives. This in-
dicates that further exploration of the effects of height beyond this range could reveal
additional nuances in the relationship between geometry and performance.

The figures below expand on this analysis by focusing on the intermediate Bézier
points, which are normalized design variables defined by the start and end design
variables that set the boundaries along the z-axis. Figure 5.4 illustrates the conver-
gence behavior of the first two intermediate points (ranging from 0 to 0.5), while
Figure 5.6 presents the convergence of the remaining two design variables (ranging
from 0.5 to 1).

Moving the first intermediate design variable near 0, results in the curve becoming
steeper at the starting point of the contoured curve, which helps introduce more
aggressive flow turning. While the rest of the first half of the contoured curve gets
more outward "ballooned" creating a more gradual and smooth transition in the flow.
For the next intermediate point, we see it move slightly nearer to 0.5, shifting the
curve’s symmetry slightly to the right.
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Figure 5.4: Convergence of the first two normalized intermediate design variables,
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Figure 5.5, on the left, the effect of adjusting the first design variable, and on the
right, the change resulting from the second design variable.
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Figure 5.5: Effect of the intermediate design variables on the Bézier curve and flow
characteristics. The first variable steepens the curve at the start, increasing flow
turning, while the second shifts the curve slightly right, modifying the shape and

transition behavior.

Figure 5.6, analyzes the effect of the 3rd and 4th intermediate design variables on the
Beézier curve, particularly focusing on how these variables influence the curve’s shape
on the right side. As the 3rd design variable reaches a value of 0.7, it introduces a
further tilt to the right, shifting the symmetry of the curve toward the right side.

The 4th design variable, approaching its maximum value of 0.95, counteracts the
tilt caused by the 1st design variable on the left while also making the curve more
"ballooned" at both ends.
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Figure 5.6: Convergence of the first two normalized intermediate design variables,
positioned to the left of the symmetry axis with corresponding limits of (0.45,0.7)
and (0.7,0.95).

Figure 5.7 demonstrates the overall reshaping of the curve, showcasing the cumulative
effects of these intermediate design variables and their influence on the curve’s final
form. This is also illustrated in the figures of the Rotor 37 in the meridional plane,
where the changes in shape are visualized on the rotor’s endwall, highlighting how

the curve adapts across the rotor geometry.
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Figure 5.7: Comparison of the Bézier curve optimization (left) and the impact on the
shroud meridional profile (right) in the upstream region of the shroud.

This overall reshaping indicates that the flow is directed more smoothly along the
contoured surface, minimizing abrupt directional changes. The altered curvature
further suggests an increase in radial velocity relative to axial velocity at the exit,
potentially redistributing the flow to favor the middle sections of the passage. This
could alleviate the high-loss regions near the top sections by reducing the adverse
effects of secondary flows and improving overall flow uniformity.
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Figure 5.8: 3D representation of optimized shroud geometry.

Summary of Optimization Findings

The optimization process yielded consistent positive results across all runs, as sug-
gested by the parametric study. Although the improvements were small, they collec-
tively contributed to measurable performance gains, including a 0.37% increase in
isentropic efficiency.

A closer analysis of the design variables revealed several key trends:

e Intermediate Design Variables: The optimized distribution of intermediate
design variables resulted in a smoother curvature of the shroud. This reshap-
ing directed the fluid toward a more radial path, aligning with the intended
aerodynamic characteristics.

e Start and End Design Variables: Both the start and end design variables
converged at their respective maximum values, starting earlier near the inlet
and extending later near the outlet. This suggests that the optimization favored
shaping the curve more prominently at the beginning and end, enhancing flow
control at these critical regions.

e Height Design Variable: Interestingly, the height design variable did not
converge to its anticipated value, warranting further investigation. This raises
questions about whether the new direction introduced by the reshaped geometry
might be leading to excessive losses, or if the losses originate earlier in the flow.

Overall, the optimization reshaped the shroud to create a smoother transition for
the flow, minimizing abrupt directional changes and promoting smoother flow paths.
This also indicates a potential redistribution of the flow, possibly directing more mass
through the midsection rather than the top region where losses are typically higher.
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5.3 Further Analysis of Optimized Geometry

After completing the parametric study and optimization process, the next step is to
analyze the operating line of the optimized rotor geometry and compare it to the
baseline configuration. The operating line represents the relationship between mass
flow and the pressure ratio (or total pressure), showing how the system performs
across different operating points. This comparison provides insight into how the
optimized geometry affects the system’s behavior, particularly in terms of isentropic
efficiency, total pressure, and mass flow distribution.

5.3.1 Comparison of Flow Variables

The operating points for both the baseline and optimized geometries are determined
based on the outlet boundary condition, specifically the radial distribution of static
pressure at the exit. This boundary condition ensures that the comparison of oper-
ating lines reflects the actual behavior of the rotor at various mass flow rates and
pressure ratios.
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Figure 5.9: Comparison of isentropic efficiency across operating points for the baseline
and optimized geometries.

According to Figure 5.9, a clear improvement in efficiency for the optimized geometry
compared to the baseline is observed. However, it is also evident that the optimized
rotor approaches the choke point more quickly. This behavior highlights the trade-off
between improved flow handling and the proximity to the system’s performance limits
under higher mass flow rates.

From Figure 5.10, we observe that the total pressure follows a similar trend for both
the baseline and optimized geometries, with the optimized geometry showing slightly
higher total pressure values at each operating point. While the improvement may
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appear modest when comparing the vertical height of the operating points, it be-

comes more significant when accounting for the additional mass flow handled by the

optimized geometry.
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Figure 5.10: Comparison of total pressure ratio across operating points for the baseline

and optimized geometries.

In Figure 5.11, an analysis reveals that the optimized geometry results in a slightly
higher total temperature ratio compared to the baseline. This outcome is expected,

as an increase in total pressure inherently leads to a rise in total temperature due

to thermodynamic principles. However, the key aspect to evaluate is how effectively

this pressure increase translates into useful work, which is captured by the isentropic

efficiency. The previously discussed improvement in isentropic efficiency highlights

that the optimized geometry achieves this conversion more effectively, ensuring that

the rise in total temperature corresponds to a meaningful performance gain rather

than merely an energy loss.
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Figure 5.11: Comparison of total temperature ratio across operating points for the

baseline and optimized geometries.
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5.3.2 Comparison of Radial Distributions of Flow Variables
at the Exit

In this section, comparison is made between the radial distributions at the exit such
as total temperature, total pressure, and isentropic efficiency between the baseline
and optimized geometries. By examining these distributions at the exit, particularly
at the near-peak isentropic efficiency operating point, we aim to identify the spanwise
regions where the most notable differences occur and assess their contribution to the
overall performance improvements.

Radial Distribution of Total Pressure

To set the stage for this analysis, the first figure below illustrates the radial distri-
bution of total pressure at the exit, directly comparing the baseline and optimized
geometries.

From Figure 5.12, it can be seen that the optimized geometry achieves higher total
pressure values starting at approximately 80% span and continuing down to around
40% span. This improvement is particularly pronounced in the middle-to-upper sec-
tions of the span, as should be expected, where the flow benefits most from the
optimized design. This small increment in total pressure reflects the enhanced per-
formance of the optimized geometry in these critical regions, where the flow turning
and aerodynamic loading is most effective.
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Figure 5.12: Comparison of Radial Distribution of Total Pressure at Exit Plane Be-
tween Baseline and Optimized Geometry Near Peak Efficiency Operating Point.

Radial Distribution of Total Temperature

Figure 5.13 depicts the radial distribution of total temperature at the exit, comparing
the baseline and optimized geometries. Interestingly, in the span range of approxi-
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mately 60% to 80%, the total temperature in the optimized geometry is slightly lower
than the baseline. However, beyond the 80% span, we observe a noticeable increase
in the optimized case.
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Figure 5.13: Comparison of Radial Distribution of Total Temperature at Exit Plane
Between Baseline and Optimized Geometry Near Peak Efficiency Operating Point.

This trend aligns with the theory that while the middle section of the span benefits
significantly from the optimized design, achieving a boost in performance, the upper
section experiences increased losses. Despite this, the lower mass flow passing through
the top section of the span results in overall positive performance improvements,
consistent with the enhanced isentropic efficiency and total pressure observed earlier.

Radial Distribution of Axial Velocity

In the axial velocity distribution (Figure 5.14), the optimized geometry shows a no-
ticeable boost in the mid-to-top span (50% to 80%). This region typically experiences
significant losses due to tip leakage and generally has lower axial velocity compared
to other sections. By increasing the axial velocity in this region, the optimized design
not only enhances mass flow through the mid-to-top span but also contributes to a
more uniform axial velocity profile across the exit. This improvement in uniformity is
a positive outcome, as it can help stabilize flow and improve downstream performance.
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Figure 5.14: Comparison of Radial Distribution of Axial Velocity at Exit Plane Be-
tween Baseline and Optimized Geometry Near Peak Efficiency Operating Point.

Radial Distribution of the Spalart-Allmaras Turbulent Variable (7)

To better understand the behavior of turbulence in the optimized geometry compared
to the baseline, we examine the radial distribution of the Spalart-Allmaras turbulent
variable () at the exit. This parameter provides insight into the modeled eddy
viscosity and its distribution across different spanwise sections of the flow.

By analyzing the distribution of & (Figure 5.15), we can identify how the optimization
influences the generation and dissipation of turbulence across the span, particularly in
regions prone to losses, such as the mid-to-top span where tip leakage effects dominate.
This comparison also helps assess how well the optimization balances turbulence levels
across the exit plane, ultimately contributing to overall performance improvements.
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Figure 5.15: Comparison of Radial Distribution of the Spalart-Allmaras Variable
(7) at Exit Plane Between Baseline and Optimized Geometry Near Peak Efficiency
Operating Point.

Interestingly, the optimized geometry shows lower turbulence levels from approxi-
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mately 90% to 40% span, with the most significant difference observed in the 60-80%
span range. This suggests that in the optimized case, there is less turbulence in the
lower radial regions compared to the baseline, potentially indicating smoother flow
behavior in these sections. Near the blade’s trailing edge, the fluid likely experiences
fewer losses, as the high-pressure side mixes with the suction side in this critical re-
gion. This could result in more efficient flow with less energy dissipation, as seen in
the exit distribution of the Spalart-Allmaras Variable (7).

Summary of Operating Line and Exit Distributions for Optimized Geom-
etry

In this analysis, we compared the performance of the optimized rotor geometry
with the baseline geometry by examining the operating line and key exit distribu-
tions (total pressure, total temperature, axial velocity, and turbulent eddy viscosity):

e The optimized geometry shows a shift in the operating line towards higher mass
flow rates, achieving better isentropic efficiency and total pressure. However, it
reaches the choking point faster than the baseline case. This suggests that the
optimized design can handle higher mass flows but operates closer to its limits,
particularly in higher flow conditions.

e The optimized geometry exhibits improved total pressure in the mid-to-high
span regions, with a significant boost observed around the 80% span. However,
the total temperature distribution shows a slight deficit in the optimized ge-
ometry beyond the 80% span, consistent with the theory that while the middle
section is enhanced, the top experiences more losses.

e The optimized geometry shows a more uniform axial velocity distribution, with
an increase in axial velocity from 50% to 80% span, particularly benefiting the
middle section. This adjustment results in more balanced flow characteristics
and reduced losses, especially near the blade’s trailing edge, where less mixing
occurs between the high-pressure and suction sides of the flow.

e The Spalart-Allmaras Variable (7) distribution in the optimized geometry shows
reduced turbulence from 90% to 40% span, with the most significant differ-
ence observed between the 60% to 80% span. This aligns with expectations
of smoother flow behavior and fewer losses, particularly near the trailing edge
where the high-pressure and suction sides interact.
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5.3.3 Comparison of Internal Flow Characteristics: Optimized
vs. Baseline Geometry

In this section, we examine the internal flow characteristics of the baseline and op-
timized rotor geometry to understand the differences in their flow behavior. The
analysis will focus on comparing key flow variables such as velocity components, tur-
bulence, and pressure distributions, providing insights into the impact of geometry
optimization on the overall flow performance.

The results from PUMA can be utilized in two distinct yet complementary ways,
offering different perspectives on the analysis. The first option is to print the radial
distribution of the selected flow quantities at a specific axial location (z), providing a
snapshot of how the variable varies along the radius at that slice. Alternatively, the
results can be printed for a specific radial position (r) along the axial direction (z), al-
lowing the observation of how the variable evolves axially at that fixed radial location.
This approach provides insight into the flow’s development along the rotor’s length at
a chosen radial slice. These two methodsexamining the radial distribution at specific
z-slices and observing the evolution at specific radial positions-offer complementary
perspectives on the flow behavior.

Figure 4.1 shows the lines along the z-axis, highlighting the hyperbolic tangent dis-
tribution, which results in a denser concentration of radial zones near the endwall of
the rotor, allowing for finer resolution in these critical regions. This figure illustrates
the meridian profile, providing a clear visualization of how the radial zones are dis-
tributed along the rotor and how the flow characteristics will be analyzed across these
zones. The specific positions such as -80% chord length, -40% chord length, and -10%
chord length are points along the optimized curve, representing its start, the middle
section, and a location near its end, respectively.
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Figure 5.16: Radial zones along the meridional plane of Rotor 37.
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Radial Distributions of Velocity Components

The analysis begins, with the components of velocity across various z-locations to
evaluate whether the expected changes occur. Specifically, since the optimization is
focused on the shroud, modifications in the velocity profile, particularly an increase
in the magnitude of radial velocity relative to axial velocity due to the implemented
curve in the shroud are anticipated, while generally reducing the overall velocity

magnitude.
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Figure 5.17: Radial distribution of Radial Velocity at different z-locations.

Figure 5.17 presents the radial velocity distribution at different z-locations, revealing
key trends. Initially, an outward radial displacement corresponding to the first part
of the curve in the shroud is observed. Following this, a negative radial movement ap-
pears for the second part of the curve, as expected. Interestingly, this negative radial
movement stretches down to approximately 30% of the hub, where the magnitude of
positive radial movement is comparatively smaller. This difference in radial veloc-
ity stabilizes with the baseline geometry at approximately 60% of the chord length,
beginning around the 20% chord length mark

Figure 5.18 examines the axial velocity distribution, highlighting differences between
the baseline and optimized geometries. Up to 0% chord length, a deficit in axial
velocity is observed in the optimized case, which is expected due to the flow turn-
ing more radially as a result of the contoured shape. The region from 0% to 20%
chord length appears to act as a transition zone, where the axial velocity begins to
recover. Beyond 20% chord length, the optimized geometry shows an advantage over
the baseline, particularly in the 60°80% spanwise region, where the radial velocity
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difference stabilizes. From this point onward, the optimized geometry achieves a more
favorable axial flow in the span of 60°80%. However, in the upper region above 90%
span, a very slight deficit in axial velocity is observed from 50% chord length onward,
suggesting a localized area of increased losses or weaker flow acceleration.
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Figure 5.18: Radial distribution of Axial Velocity at different z-locations.

These results demonstrate that the shroud curve impacts the flow by enhancing ra-
dial redirection in the first part of the passage and slowing it down in the second,
as evidenced by the radial velocity trends. Simultaneously, the optimized geometry
shows an initial deficit in axial velocity but gains an advantage in the mid-span region
as the flow progresses, indicating a more balanced redistribution of momentum. This
combined behavior of radial and axial velocity suggests that the optimization con-
tributes to smoother flow dynamics, especially in the middle region, and potentially
improved performance across the rotor.

Radial Distributions of Fluid Properties

By inspecting static pressure distributions(Figure 5.19), starting at the midsection of
the contoured shroud curve, a noticeable increase in static pressure is observed across
the entire span. This increase is expected due to the deceleration of the fluid as it
interacts with the optimized shroud geometry. Moving to the 0% chord location, the
static pressure stabilizes at the lower span, with a notable change occurring between
the 0-20% span. Here, the static pressure transitions from an advantage to a deficit
in the upper span. This shift suggests that, in this region, the radial movement of
the flow starts to mix with axial movement, leading to the flow accelerating and
behaving more similarly to the baseline geometry. At 20% chord, a static pressure
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advantage over the baseline that starts from the hub span is observed. As we move
towards the 50% span, the static pressure deficit in the upper span begins to stabilize.
From this point onward, the static pressure increases, with the advantage remaining
predominantly in the 50-80% spanwise region. This suggests that the optimized
geometry continues to provide a performance boost in the middle span, while the
flow becomes more uniform across the rotor.
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Figure 5.19: Radial distribution of Static Pressure at different z-locations.

Following the static pressure distribution, the total pressure distribution (Figure
5.20)is examined to highlight its behavior across the blade passage. At the 0% axial
chord length position, the total pressure shows an advantage over the baseline, while
at 20%, it begins to be so close to the baseline. This suggests that, despite the drop
in static pressure, the increase in velocity within the optimized geometry contributes
to the rise in total pressure. After the 20% chord region, the total pressure starts
to gain a slight advantage again. Interestingly, this advantage first emerges around
the 30% span, but it becomes more stabilized between the 60-80% spanwise region,
where it consistently outperforms the baseline.

Additionally, for the level of turbulence, we examine the Spalart-Allmaras viscosity-
like variable(7), which provides insight into the turbulence model’s behavior and
complements the analysis of flow properties across the rotor (Figure 5.21).
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Figure 5.20: Radial distribution of Total Pressure at different z-locations.
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Figure 5.21: Radial distribution of Spalart-Allmaras viscosity-like variable(7) at dif-
ferent z-locations.

Through the inspection of the radial distribution of the Spalart-Allmaras turbulence
variable (7), we observe that the optimized geometry exhibits lower turbulence levels
in the 60-90% spanwise region, with this reduction becoming evident from the axial
position at 50% chord length and continuing through the downstream area of the
blade. Then, its spanwise distributions are examined; these more clearly highlight
the 90% span region where the optimized geometry transitions from a deficit to an
advantage compared to the baseline.
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Figure 5.22: Spanwise distribution of Spalart-Allmaras viscosity-like variable(7) at
different blade spans.

It should be noted that the optimized geometry exhibits reduced turbulence increase
at the trailing edge, where mixing effects occur. This suggests that the 50-80%
spanwise region is handled more effectively in the optimized case, contributing to a
smoother flow transition and potentially lower losses.

Key Findings

First, by the examination of the velocity components, it becomes evident that the
optimized geometry directs more fluid toward the middle section while decelerating it,
roughly in the 60-80% spanwise region. This redistribution of flow results in a boost
in pressure at the 0% axial chord position, in particular the middle span, where the
fluid interaction with the blade leads to favorable conditions. From the (0-20)% axial
chord region, static pressure is converted into axial velocity, which marks the phase
where the radial velocity approaches to baseline conditions. This mixing area around
the 60-80% span exhibits the transition. As a result, starting from the 20% chord
length onward, the 60-80% spanwise section begins to show a slight improvement in
total pressure. By 80%, static pressure is regained, and beyond this point, the 60-80%
span remains slightly better overall.

Turbulence in this section is reduced, as "more fluid" passes through the middle
region where losses are inherently lower. However, at the 90% span region, additional
losses become evident. At this span, we observe a transition phase where the flow
moves from a deficit state toward the shroud, leading to higher turbulence levels.
This could arise from the interaction of the less dense fluid near the shroud tip or
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from interactions with the boosted layer of flow created below. This transition adds
complexity to the flow behavior in this region, highlighting the interplay between local
fluid dynamics and the influence of geometry. The optimized geometry demonstrated
improved capability in handling the trailing edge region at the upper span (50-90%),
exhibiting lower turbulence levels. However, above 90% span, it showed slightly
increased losses in the trailing edge region.

Reverse Contour Analysis: Inward Geometry

At this point, the inward contour (reverse) configuration in the same region as the
optimized case (shroud-upstream) will also be plotted to explore its behavior and
understand why it performs significantly worse compared to the other cases. The
decision to examine this particular scenario comes from first, the outcome of the
parametric study, where this configuration was distinctly worse, showing up to a 10%
reduction in isentropic efficiency, which suggests the possibility of an inverse flow or
significant disruption in the fluid behavior. Second, because its a part of the best
region outcome which is shroud’s upstream region and there should be some relation.
Through the analysis of the flow characteristics, The goal is to identify the reasons
behind the pronounced degradation in performance for this case while comparing it
with the optimized geometry.

The analysis begins with the effects on radial velocity induced by the reversed ge-
ometry (Figure 5.23). Initially, we observe that the change in radial velocity follows
a similar trend to the optimized configuration, converting axial velocity to radial.
However, this conversion is significantly more pronounced in the reversed case, accel-
erating up to the 80% span. From 80% to 90% span, a distinct layer forms where
velocity gradients emerge, where above 90% span, the radial velocity decreases in
magnitude, transitioning from high negative values to small positive values very close
to the shroud.

Figure 5.24 shows the static pressure distribution at different axial positions. At -40%
chord length, we observe a pressure buildup, indicating axial velocity deceleration.
During the transition phase from 0% to 20% of the chord length, the pressure does not
remain uniform across the z-slice. Instead, it is significantly higher near the shroud
and gradually decreases toward lower spans.
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Figure 5.23: Radial distribution of Radial Velocity at different z-locations.
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Figure 5.24: Radial distribution of Static Pressure at different z-locations.

Following this, it is observed that the axial velocity (Figure 5.25), which indicates
inverse flow near the high shroud regions, where the radial velocity shows a complete
reversal. This strongly degenerated flow structure likely arises from adverse pressure
gradients and boundary layer effects. Notably, these issues develop very early, as the
contrast between the high-pressure region (90% span and above) and the low-pressure
region (below 90%) becomes evident even before the blade.
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Figure 5.25: Radial distribution of Axial Velocity at different z-locations.

Comparing these results with the optimized configuration, a common pattern where
significant changes occur around the 90% span is observed. Additionally, the 60-80%

span region emerges as the most affected area in both cases. Also, while the reversed

geometry still induced radial velocity relative to axial velocity, its magnitude was

greater than in the optimized case. As a result, at the 90% span, the fluid appears to

split. Above this point, the flow experiences reverse movement, leading to pressure

buildup and ultimately disrupting the overall flow organization.
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Chapter 6

Conclusions

This thesis presents the optimization of rotor hub and shroud geometries in an axial
compressor, focusing on computational approaches to enhance performance. Specifi-
cally, the study examines NASA’s Rotor 37, a well-known transonic axial compressor
rotor extensively used as a benchmark for CFD and optimization studies. Using
PUMA, a GPU-enabled flow solver, a parametric study was conducted to investi-
gate the effects of implementing arc-shaped contours on the hub and shroud regions,
outside the blade passage, on the rotor’s aerodynamic performance. Following this,
optimization was conducted using evolutionary algorithms, starting with the best
candidate from the parametric study, to achieve improved isentropic efficiency and
overall aerodynamic performance. The study also included comparison with experi-
mental data to assess the accuracy and reliability of the computational results.

6.1 Main Outcomes

From the parametric study, it was observed that most of the evaluated cases exhib-
ited reduced performance compared to the baseline. However, the shroud geometry
upstream, featuring an outward orientation of the arc-shaped contour, stood out as
the only configuration delivering positive results. In contrast, the inward-oriented
arc-shaped contour in the shroud’s upstream region produced the worst performance
among all cases.

Building on these findings, the optimization process yielded a 0.37% improvement in
isentropic efficiency. While this result may appear modest, the positive impact was
consistently observed across all cases evaluated through the optimization process.
The optimized curve, defined by the selected design variables, adjusted in a manner
that increased the radial velocity relative to the axial velocity, while also smoothing
the geometry to ensure a more coherent and efficient flow pattern.
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The third aspect of this study focused on investigating the flow behavior and un-
derstanding the mechanisms behind the observed results. By examining the flow
patterns, it became evident that the optimized geometry, which directed the flow
inwards from axial to negative radial movement, coupled with deceleration, played
a significant role. At 0% chord, a region of increased pressure developed predomi-
nantly around the 60-80% span, while at 90% span, interactions between the denser
fluid below and the less dense fluid above became prominent. This interaction con-
tributed to the pressurized region, which yielded slightly positive results in terms of
flow performance. However, the top section above 90% span experienced degraded
performance due to the interaction with the denser fluid below or the less dense fluid
experiencing increased losses from tip leakage and its interaction with the shroud’s
boundary layer.

On the positive side, the region of higher pressure in the middle span (60-80%) al-
lowed for a denser flow to pass through, enhancing the ability to effectively convert
rotational speed into pressure. Additionally, this region experienced slightly higher
axial velocity, which resulted in a more uniform axial velocity profile at the outlet,
contributing to improved overall flow stability. These findings highlight the criti-
cal role of mid-span flow dynamics in influencing the compressor’s performance and
underscore the importance of addressing adverse effects near the shroud.

Finally, we investigated the flow with the inward orientation in the same region. In
this case, the flow accelerated downward, creating a pressured region above 90% and a
lower-pressure area below. At the 90% span, the flow exhibited inverse behavior, with
significant changes in direction. This inverse flow was characterized by strong negative
radial velocities, indicating a reversal of the flow near the shroud. One common trend
observed was that the 60-80% span region was the most affected afterward.

6.1.1 Broader Implications

The findings of this study provide insights into rotor design optimization, in com-
pressors. The optimized configurations presented in this work resulted in a slight
improvement in isentropic efficiency and total pressure recovery, particularly in a
region susceptible to high-viscosity effects and boundary layer separation.

Finally, the flow with the inward orientation in the same region was also investigated.
In this case, the flow accelerated downward, creating a pressured region above 90%
and a lower-pressure area below. At the 90% span, the flow exhibited inverse be-
havior, with significant changes in direction. This inverse flow was characterized by
strong negative radial velocities, indicating a reversal of the flow near the shroud.
One common trend observed was that the 60-80% span region was the most affected
afterward.

65



Future Work

Future work could explore various possibilities, such as placing the contour at differ-
ent axial positions, particularly where the blades begin, or investigating the impact of
varying the height. In this study, the results seemed to converge towards a value that
was less than the maximum possible, yet a slightly altered and more controlled con-
tour shape could yield significant performance improvements. Furthermore, excluding
practical space limitations, increasing the height of the contour could potentially lead
to even more pronounced effects. By adjusting these parameters and exploring new
geometries, one could unlock additional performance gains and improve the overall
efficiency of the rotor.

In conclusion, this study demonstrates the potential of optimizing rotor geometries
to enhance turbomachinery performance, with promising avenues for future research
and application in practical designs.
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Extevig llepiindn ota EAANvIxa

Eiocaywyr

H Simhopotind epyoacio emxeVTpOVETUL 0TNY avdALoT xou BEATIOTOTOlNGT TNE amddooNng
e xwvnthc nreplywons NASA Rotor 37.Auth, pali ye v otadept| tteplywon (Sta-
tor 37), oyedidotnxay Ue yewpeTpla younhol Adyou emuixous, we 1 meodTn Badulda
oxtaf3ddutou dunynTiod cuumieo T pe Aoyo micong 20:1. Xtodyoc eivon 1) aloAdynon na-
PUUETEWY OIS O LoeVTEOTUIXOG Bardudg amddoong xal 0 AdYOS TUECTC, BLUHOPPMYVOVTIC
0&OVOGUUUETEIX T1) YEWUETEIN TV el T0BOC Xt xe@okric xeAupnv. H xvnth nteplywon
o TY| Efvar EVPEWS BLABEDOUEVY] GTO YWPEO TWV VEQPUIXMY GTEOBLAOUTYOV®Y, dladETovTag
TARUOC TELRAUUATIXGDY BEBOUEVKY TOU TNV XoG TOOY ONUAVTIXG EPYOUAEID GTNV UELOAOYT-
oM %At GUYXELOY LTOROYIO TIXOV TTpocouotdoewy g poYc (CFD).

O emA0TNnC Tou TEdLOY poric mou Yenotpomo|inxe otn uerétn outh eivar o PUMA (Par-
allel Unstructured Multi-row Adjoint) o onolog avantdydnxe oto Epyactrpio Oep-
uuxov Xtpofulounyavey tou EMIL T'a ) Behtiotonolnor nou npaypatomoinxe ye
eZeMuTO ahyopripo xon €YEL g OTOYO0 TN UEYLOTOTOINOY Tou LoeEVTPoTIXOoL Borduol
anédoane e porc, yenoyonotiinxe to hoyouxd EASY (Evolutionary Algorithms
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SYstem). Ta v emPefaivon twv anoteleoudtwy tou PUMA, npoypotonotiinxe
oUYXELOT TOUG UE Tal DtordE€auUor TELPOUATIXG BEDOUEVAL.

L1 OIMAUATIXT oUTY| EpYsid, 1) SLUORPMOT TN YEWUETEING TWV ETLPAVELDY TOU XE-
AO(OUC TRUYUATOTOLEITAL O TEPLOYES AVAVTL o XATAVTL Tou TTepuyiny. (l¢ mpHTo
Brua, OleldryeTon TUPOUETELXT) MEAETY) YIoL TOV EVIOTIOUO TNG XUAUTERNEC TEQLOYTC 60OV
apopd Tov toevTeoTixd Badud anddoong, TpoxeyEvou va oxohovdnoel BeATic Tonolno).
To deltepo Brjua agopd tn BeAtiotomolnon e yewueTplag, xadde xan T Yehétn Tng
AmOXELONG TWV UETOBANTOV oyedlaonol Tou TN Spoppnvouy. To tehxd otddlo Tng
OLmhwpaTinhc gpyaotag elvon 1 UEAETN xou c0YXpELoT Tou Tedlou poric Tng BEATIOTNG Ye
TNV apyt| YEWUETEIN, PE OXOTO TNV EUPECT] TWV PUOLXLY KUTIWY TOU TEOXIAECAY TIC
VYetinéc yetaBoréc oTny anddooT Tng PotC.

Avopodppwon I'evpetploag KeAdgoug

To unohoyloTixd TAEYUA TOU YENoHIOTOWUNXE YLol TN BlaxElToTolnoT Tou TEBLOY POT|C
e vt tteplywong NASA Rotor 37, etvon un dounuévo, ue e€dedpa ototyelar xou
amoteheiton mepinou amd 3.200.000 x6uPouc. To mhéyua etvan W6Ladtepa TUXVO OTIC XploL-
UES TEQLOYES OTLG 1) AXUT) Ttpooq)uyﬁg/npooﬁo)\ﬁg TOU TTEELYIOL 1) GTA TOLYWUATOL TOV
HEAUPOV.

LNV Topo0co UEAETY EPURUOCTNAE XUUTUAOELDY|C SLUORPKGT) AEOVOCUUUETELXOL TUTIOU,
olvovtac TN BUVITOTNTA TUPUUETEOTOMONE TOU TEOMIA TV XEAUP®Y GTO PECTUBEVO
eninedo. I'a Ty TapopeTEoTONCT TNG YEWHETEING TV XEALVPWY 0TO UeoTUPBEVé eTtinedo
Yenoulomotunxay oL TopaueTeixég xaunuAeg Bezier, ol omoleg emAEyInxay duoTL elvon
e0YENOTES Xl TAUEAYOUY OUUAEC XOUTOAEG AOY® TNG TOALWVLULXAS QUONG TOug. XTO
Yymuo 1 gaiveton mog pe 6 onuelor eréyyou umdpyet enidpaot oto x€Augog entl T0dAC,
avavTL TNG POY|G, XUVMOG XAl TO ATOTEAEGUN TNG OTNY ETUPAVELL TOU XENDPOUC

0.185

o Enpele EALyxou

=
=
3

0175

- -

0.170

ArTrnen Metatonon (m)

0,165

—-0.04 -0.03 -0.02 -0.01 0.00
AEovikr MeTatamon (m}

Yo 1: Hoapopetponoinon xehigoug eni modo¢, avdvtt pofic. AploTepd, OTTIXY OTO
ueonuPewvo eminedo, 6e€id, 3D omtix.

To tehnd o1ddLo elvan var TopeuBANIel 1 HETATOTIOT TWV 0PLIXWY XOUBWY TOU TEOXARUT-
AE OO TNV TUPUUETPOTOINOT), GTO ECMHTEPIXO TOU TAEYUUTOS, XAl AUTO ETUTUY YAVETOL UE



™ Yenon tne uevodou RBF(Radial Basis Function. H pédodoc RBF eivon xatdhinin
AOY® TNG OVOTNTAC TNG VoL TORAYEL OUOAT| Xl GUVEYT| TUEEUBOAT xou var yelplleTon o-
TOTEAEOUATXG U1 dounuéva TAyuata. Me tnv uédodo autr, xdie eowtepindc xouBog
eCopTdTal amd THY AmOG TUOY) TOU OO TOUS 0pLox00S XOUBOUC, EVE 1) Y VWO T UETATOTLON
TWV 0PLAXMY XOUPOVY YENOWOTOLELTAL YLoL TOV UTOAOYIOHO TwV avTioTolywy Papny TNng

TopeUBoATC.

Y 0yxewon tou PUMA pe nelpapatind 0sdoueEvaL.

Y€ aUTO TO XEPIAUO TPUYUATOTOLE(TAL GUYXELOT TwV amoTeAeoUdTeY Tou PUMA pe ta
metpopotixd dedouéva Tng NASA. Tho cuyxexpiéva, yiveton olyxpetorn Tou loevipomxod
Borduol amédoong xou Tou AOYoU OAXHC TEONS XS XAl 1) AXTIVIXES TOUG XUTUVOUES
otnv €€000 yia onuelo Aertoupyiag xOVTd 6T YEYIOTY ambB00T).

O PUMA emiler tic e€iowoeic RANS. To povtého tne topfng mou yenotuonotiinxe e-
tvou To povtého Spalart-Allmaras, mou ewodyet pa emmhéov e€lowon mou unohoyilel TNy
TLEPRWON cuvexTXOTNTA. EmimAéov, yio Ty axplr) Tpocouolnworn Tng pofc XovVTd GTO To-
bywua, epopudletar Tpocéyyior younhaov apruny Reynolds, 6mou yivetow ohoxifpwon
UEYEL TOAD %x0oVTd oToV TolYO0.

Mo g opraxéc cuvinxeg eloddou Tou Tediou porig emBdhhovton 4 uetoBAnTég xon plo yio
T0 povTtélo Tng TUEPRnNc. Eo divovtar 1 olwnr| Teor), ol Yepuoxpacio xar 500 ywvieg
ewo6dov. O oprdudc Mach eldyetoan and 1o medlo porjc. o o povtéro tne Toelne
dlveTon 0 AdYOC TUPPBMONG PO TN LOPLIXY| CUVEXTIXOTNTAL.

Adyw ) vmonymTAc ponc oTtny €€080, To GUCTNUA TV EEIOWMOEWY Yo Vol eTALYEL
YeEWlETon Ulal YVWOo T LETOBANTY xon Wiot Yo To Jovtéro topPng. Ed®, diveton 1 péon
otaTh Teomn oTo axTvind péco g €€600u, 1) omolo EMAVWYTIC TNV EEIGMOT AXTVIXAC
LOOPEOTIAC UETATEETETOL OE o TVIXY| XaTtavour| Tieong otny €é€odo. o To povtého top-
Bre emPBdrreTan 1 undevint| cuvifinn Neumann. H ohur Yeppoxpacio, o aprduog Mach,
xau 2 yovieg poric otny €€odo, e€dyovton and 1o Tedlo porc.

[N tic TAevpée oploxée ouVITXES, EQPUPUOCETOL TEQLPEQELUXNT] TEQLOOXOTNTA, 1) OTO-
for amontel Tor onueior TOU WATEYOUY XUTA TO TEPLPERELAXS BUa TNG TTEPUYWONG XL 1
TeoPoAt| Toug 6T0 dfova TERIG TEOPNG Va €YoV (oeg BadunmTéC TOCOTNTES, EVE OL BlotVU-
OUOTIXEG TOCOTNTEG LloTavTaL TERIOTEOYN XxuTtd To B Tng tteplywong. Télog, yia
TIc oploxég cuvirixeg tolyou, emPBdiieton cuvixn un oAiodnong, tou VEreL TN oyETI-
x| Ty 0TI Tve oTo Tolyo lon pe undév. Téhog, we mpog TNy petddoor VepudtnTog
€y 0upE oBLBATIXEC GUVINUES GTOL TOLYOUOTAL.
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Lyor 2 K0YpLom YueaxTneloTixmy LoevTpomixol Boduold anddong xat AGyou oAxig
TeoNng OTIC OVOUACTINEG OTRPOYEC.
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Lo 3: X0OYRLoT axTVIXGDY XAUTAVOUKOY 0Ty €000 Tou LoevTpoTixoL Baduol anddoong
xaL AOYou oA TeoTNg, XOVTA O UEYLOTY AmdOOoaT).

Amé to Uyfua 2 BAérouye 6Tt 0 Adyog Tieong, 600 mhnotdlel mpog Ta onuela Aettoupylog
UEYIOTNG ToEoYNE, TANCIALEL TEQIOOOTERD TO TELRUUATIXG OEBOUEVA, EVE) YEVIXA O LOE-
vTpomxog Podude mapouctdlel pla Sopopd xot” 6ho To VPOC TapoY®Y. AT To Ly fua
3 PAénoupe 6TL 0 1oevTpomINGS Pordudg, amd T HEoT xot xATw, TANCIALEL Tol TELRAUUOTIXG
Oedopéva, evey omd T péomn xon mhve upioToton pa Slupopd e tEewe tou 3%. H
xatavour|) Tou AGYoU THEGNG GTO PEPOS TOLU XEAVPOUG GTO TOBL TUEOUGLALEL Uiar adENoT
OE OYEOT) UE TA TELRUUOTLXS BEBOUEVA, YTl ToL Bixonoloyelton and tn BiAoypaupia.

[Toapapetpinry Meiétn Ileproydy npog Alapodppn-
on.

Yxomog NG MUpAUETEIX G UEAETNG elvon var eéeTdoel Tig Lo TEELOYES TOoU XENDPOUG
EXTOC TOU TEPACHATOS TOU BPOUEN, EQUOUOLOVTUS CUUUETEIXES XAUUTUAES Yia T1) Slaop-
PwOT1 TOL xEAUPOUG 0TO UeoTUPEVO Teogik. ‘Omwe gulvetar 6to Lyrua 4, oL TEployEg

4



etvon 4, xou ol pe ™) Qopd NS xomvNg eontepxd (inwards) 1 ewtepd (outwards,
€)OUUE 8 UTOTEQITTWOELS, oL oTtoleg doxiudlovtal ot 3 SLapopeTd UPn TapPaUETEIXNS Xar-
uroAne. Ta Odn expedlovion 6 1060016 and 10 AvTioToLyo axTViXG Uihog TNE Blatourc
10600V 1) E£600L OVIAOY XL AV ULAGUE YLl TEPLOY Y| AVAVTL 1) XATAVTL TG POTC avTloTolya.
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Yyfuo 4: Trodny meployéc mpog SLopoepnon).
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6% "Thog mapouetponoinong.

Lo 5: Ontixonolnon twv vpov Tapoueteonoinone avahoynd e 6Ao To Tedlo NG
xvNTAS TTEPLYWONG 6T0 UEonUPBewvd eninedo.



Y10 Yyfua 5 gatvovtar Tor 3 SopopeTind Ohn mou Yo e€etacPolv uéoa oTo medio porig
yioo e omTid avahoy ety oy xplon. Télog, oto My rua 6 gaivovrtal To anoTeEAEoHATA TNG
TORUUETEIXNC LEAETNE, OOV GLYXplveTal 1) Blopoped Tou LoevTeoTxoL Boduol anddoong
e xoeplog TEQIMTWONG UE AUTOV TNG AEYIXY| YEWUETELOG.

AnotsAéopata MNapapeTplkAGg MeAETNG
Shroud Upstream (Out) 0.003 |0.002

2
Shroud Upstream (In) - -0.0038 -0.011 g_
-0.001 ¢
Shroud Downstream (Out) - -0.00026 -0.00073 -0.0015 g
- ~0.000 £
w, Shroud Downstream (In) - 0.00011 -0.00015 -0.00092 =
3 : 3
3 Hub Upstream (Out) - -0.00033 -0.00093 0.0024 -—0.001 E
c =
k. -0. -0.0082 ]
S
Hub Downstream (Out) - -0.00011 -0.0022 -0.0018 =]
-0.003 <

Hub Downstream (In) - -0.00018 -0.00097

'f\o “?\a

IXETIKO Yyog

Yyfuo 6: Anoteréopota Hoapopetonhc yerétng.

Ané 1o Eynuo 6, Brénouye 6T 1 mepintwon tou xeAbgoug tne xeporfc (Shroud), o-
VAVTL TNG POMC UE Qopd eog Tor €€, elvon 1 WoVN e VeTnd amotehéouato xaL oo 3
OLapopeTind Vot TapapeTpoTonone. Eve, ol dAeg TepnThoELC Topouctdlouy apvnTIXd
amoteAéopato auEavouevta Ue To Uhog. §lg anoTéheopa TG TUPAUUETEWAG MEAETNG, BEA-
TioTomoLe{Ton 1) yewpeTpla TNE TEPLOY NS TOL XEAVPOLG KEPAAAG AVAVTL TNG PONG
ue eEwtepwxy Qopd (Outwards).

BeAtiotonolnon yewpuetplag xeAbpoug xEQUANG o-
VAVTL TNS PONG

H Beitiotonoinomn vhonotettan ye pro tAnduoutond uédodo e€elxtinol akyoplipou, ue
yenion tou hoyiouxol EASY. TTo cuyxexpwéva, o e€elxtindg ahyopriuog etvar thmou
(4, ), 6mou W eivor ot yovelg xou A to tandLd. Méoa amd Sadoyixéc yeviée xat EQUPUO-
Y1 TEREGTOY, oK Btac Tadpwor (crossover) xat petdhholn (mutation), emtuyydveton
n BérTiotn Moo v Ty avixelevxr) ouvdetnon. O EASY mopéyel tn duvatodtnta
EQOPUOYNC METOUOVTELOU, TO oTofo UeTd amd €va Tpoxadoplouévo apriud allohoyroe-
©V UTOAOY(CEL TPOCEYYIOTIXG TNV OVTIXEWEVIXT) GUVHETNOT X0t ETULTOY UVEL T1) Bladxacia
BeTIo TOTOMNONE UEWGVOVTIC TO UTOAOYIO TIXO XOOTOG TWV EMITAEOY AElONOYHOEWY. LTNV
epyaoio auth, yenowonoteitar uetopoviého RBEF cuvaptioswy.

6



H avtixeevind cuvdptnom €yel »g oTdYo 11 UEYIoTOTOMoT Tou 1oevTpomxol Poduod
am6d001g. Ot GUVTETAYUEVES TV ONUElWY EAEYYOU TN TUPUUETEOTOMONG ATOTEAOVY
xon Tig YetaBAntég oyedaouov. 1o cuyxexpwéva, to TeoBAinue tne BeAtiotonoinong
yepiletan 7 petoBAntéc oyediaopou, €€l amd Tic omoleg xodopilouv Ta onueio eréyyou
Bezier mdve otov dlova z, xan o PETUBANTH oyedloouol va xadopilel To Uog.

IMagdpetpog Twn
Méyiotog apriude emAEXTOY avd yeLd )

Aprude emiéxtov mou eledyovion w¢ véol andyovol | 1
MWavotnrta emhoyic emAEXTWY 0.2

Méyedog toupvoud 5
ITWavétnra emtuylag 6To TOUEVOL 0.90
Mrnyovioude emhoyric Aoy wviopog

Hivoxac 1: Boaoixéc napduetpol Tou unyoviopo) emhoyhc yio Tov eEEAxTnd alydpriyo.

IMagdpetpog Twn

Méyedoc manduouod yovéwv (i) | 20

Méyedoc manduouod tadidv (A) | 40

MbavéTnta petdrraing 0.03

[Mavotnta dlactadpwong 0.85

Hivoxac 2: Hoapduetpor mAnduouol yio Tov e€ehixtind alyoprdyo.

Anotelécuata BeAtioTonoinong

Y10 Lyrfua 7 topouotdleton 1 oUyxAoT) Tou LoevTpomixol Baduol anddoorng 6To GUVOAO
TV o&loAoYHoEnY Tou Tpaypoatonotdnxay and tov EASY. H Behtiotonolnon odvynoe
oe abZnon tou eviponixol Boduol anddoone xatd 0.37%, PTAVOVTOC GUVOANXE GTO

85.7%.
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Lo 70 Amotehéopato OAwY TwV alloAoYNoEWY XxaTd TNV BeATioTomolnon

Hopoxdtey oto Myfua 7 @aiveton 1 YEWPETPlA TN PEATIOTNG TUPUUETEXAC XAUTUANG
CUYXELTIXG YE TN CUUUETELXY TIOU YENOUOTOLAUNXE GTNY TUPUUETEXTY UEAETY), UE OXO-
TO TNV AVEBEIEN TwV Slapop®y Tou 0dYynoay GTnv av&norn Tou evipomixol Baduo.
BAénoupe 6t 1 xoumOAn €yel Ty Tdon vo otpidel mpog T 6e€Ld, xotevdivoviag TN
pot| o€ Wi To oxTivixy) dtiebduvorn otny €00, oe cUyxplon Ue TNV aovixr. Anhadi,
oVaEVOUUE 0 afpag vor eEENIEL e peyolbTep aTvixy) Toy 0Tt 0Ty €€000.

10 i Distance fm)

Eyfuo 70 Béhtiotn xoumOAn Bézier cuyxpti-  Eyfua 8:  Ilopopetponomuévo mpopih xe-
XA UE TNV CUPPETELXY XOUTOAN TNG TOEaUeTEl-  AD@QOUC ETtl XEQUANG, aVEVTL TNE PONC, OTO Ue-
NS UERETNG. onuPewvd eninedo.

Y 0yxewon Béltiotne-Apyinng I'ewuetplog

Ye auTO To xEPAAoLO cUYXEIVETOL 1) BEATIOTN YEWUETPIN TOU XEAVPOUC PE QUTHY TOU
0Py X0V TAEYUATOC, UE OXOTO TNV OLEEEUVNOT] TWV VETIXWY EMORACENY amd TIC OANXYES
otn yewuetplo. H obyxpion Yo yivel o 3 dapopetind otddia

o LUYXEIOT YORUXTNELOTIXWDY AOYOU OMXTHE TEOTC Xo LIGEVTPOTIXOU.



o LUYXPLOT OXTIVIXOY XATAVOUMY 0AxN G THEONS xou ohxh¢ Veppoxpaciag otny é€o-
00, XOVId GTN YEYLO TN AmOBOOT).

o LUYXQION XIVNUATIXOY Xt VEQUOBUVOLXDY PEYEDDY GTO E0MWTEPIXO TOU TEdIOU
poric.

To Tp®TO GTABLO, £YEL OXOTO VUL EQEUVATEL TIG DLUPORES TTOU TTROXUTITOLY GE BLAPORETIXS
onueta hertoupyiog T xvnTAC TTEPLYWONS YETABdAWYTOC TNV otatxy| Ttieon e£6dou.
Y10 Lyfua 9 xou Lyrua 10, mopotneolue 6Tt ot BérTion yewueTplor uTdpyel adinon
T600 OTOV 1oeVTEOTIXO Bodud amddooNg 0G0 XL 6Tov AGYo OAxN Tieong, o Oha Ta
onueta Aertovpylag.  Iopddinia, yio Tnv Bl otatn| wieon oty €€odo, N BérTioT
yewuetpla droryeiptletan ueyohitepn por| pdlag, YEYOVOS Tou 00NYEl GTO QPUUVOUEVO TOU
nyntxol otporyyahiopol (choking) mo yeryopa.
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Yyfuo 9: Xoyxpton yapoxtnplotixhc I- Yyfuor 10: X0yxpion yopoxTneloTinic

oevtpomol Baduol anddoorg. Adbyou ohuxrg mleong.

1o My 11 xou XyAua 12 gatvovton oL SLapopes TV TORUUETEMY OMXAC Teong xau
ol Vepuoxpaciog xatd tnv axtiva otny €€odo. Il cuyxexpyéva, Sonpiveton yio
uxen odAG ooy Bedtiwon tng ohxne nieone oto 50-80% tou Uoug, xadide xon Wio
Ayotepo évtovn Bedtinon tne ok Vepuoxpaciog ot uio pxer| teptoy ) Yopw oTo 80%
Tou Udoug. (g amotéleoya, N VEo YewpeTeio 00Y)yNoe ot wa wxet| adinom Tou €pyou
TIOU TR YAYE O DPOUENS, UE UELWUEVES OMMAELES, CUUPWYOL UE TNV XUTAVOUN TNG OMXTG
Veppoxpaciog.



| — opimises
— limsiine

Awrive (m)
Awrive (m)

na s

190000 133000 00000 05000 210000 215900 Zzo00n Zzs000 ko a6z i am w2 e
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Yyfua 11: X0yxplon oxtivinic xatavounc Tng Ly 12: X0yxplon oxTiviniic xatavounc Tne
Ohinrg Tlieong, otnv €€660. Ol BOepuoxpaciog, otny e€6do.

TEhog, ¢ TPOC T YAUPAXTNELOTIXG TNG EOWTEQIXNG PONG, amd TO oyYjuo Ly o 13 xou
Yyfo 14 mopatneolue 6Tl 0 a€pog AmoXTA plal o TIVIXY xaTeLIUVOT GTY TEPLOYT| TNG
TopopeTeoTOMNUEVNS YewUeTelag. H aovixr Toydtnta Tou agpa napouctdlel emiPBpdouvon
OTNV TEPLOYY| AUTH.

-80% Mrikoug Xopdng -40% Mrikoug Xop&rig -10% Mrikoug Xop&rg
0.264 i T 0,26 4 7 [
E . 0.24 1
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B
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3
2 0.20 4 20 1
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s o0 5 10 15 20 10 -5 o0 5 10 60 -40 -20 0 20
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~
»
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<L
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—-40 -20 a 20 40 —-40 20 1] 20 40 -20 a 20
AT TaylTnTa (m/fs) AkTok TayoTnTta (m/fs) AkTiokn TayoTnTta (m/s)

Yyfuo 131 Axtvin xatavour| Tng oxtivixrg taryUTnTog o€ OLdpopeg alovinég VEoelg Tng
porc.
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e oTatig Teong oe Sudpopeg afovixég VEoelc TNng

Ané 1o Myfua 15, w¢ anotéheoyo Tou VEou TEdloL ToyUTNTOC AVAVTL TG PONC, TOEAUTY
polue oty a&ovixn Véam, 0% eni tng yopdrc, vor Snuovpyeiton wa teptoyh and 60-80%
xod” Oog, ue augnuévn otatiny TEoN, EVK TEVW ond AUTAY TNV TEPLOYY|, TOPUTNEEITAL
uelwpévn otatxy| meon oe oyéon Ye v opyy yewuetpio. And to 0-20%, mopo-
Tneeeiton war yetaBatiny meptoy Y|, 6Tou To TEdlo TNG axTViXHC Ty OTNTAC TNE BEATIOTNG

yewuetplog TANCLELEL auTd TNC oy XTC, TapaTneelton eniong, avdxtnon TNe a&ovixic To-

Y0TNTaC 610 60-80% xord’ Ohog Tng Blatourc Ue avTioTolyn TTHON TNg oTaTXY TEomg,

6moL TANGLELOLY QUTH TNG UEYWAC YEWUETEIOG. XTN CUVEYELN, XUTA TNV A&OVIXT) XOTE-
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Oduvor, ot Blapopég UETALY TN BEATIOTNG %o TNG aEyAC YEWUETPlAS Var Tapouatdlouy
e Toh0 uxen) Bedtiwon oty meployr) 60-80% xod” Oihoc.
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Yo 160 Axtviny) xoatavour) tng peTaBANTAC ¥ Tou dovtéhou Spalart-Allmaras oe
OLdpopeg afovinég VEoelg TNE POTC.

Téhoc, mopatne®dvTag To Tedio Tne YetaBAnTrc 7 Tou povtélou TUpPRnc Spalart-Allmaras
(Eyfuo 16), napoatneolue 6t and to 50% enl Tou pixoug yopdlc xou UETd, UTdpyEt
ocUNTA pelwon autig, pe Wiadtepa uetwpéva eniteda TOpPNg TEty xou UETd TN YeTdBaon
o710 onueio expuyic otny teptoyh 60-80% xad” vioc.

IN'evix& Zuw'cepo'ccuoc‘coc

Yx0mo¢ NG BIMAOUATIXAC €lvan vau Stooppmoet o xehlgrn tou NASA Rotor 37, mpoo-
0idwVTOC TOUC WLt aEOVOCUUUETEIY XOUTUAGTNTA ElTe eowTepd elte e€wTtepnd Tou
nedlov porig.

Ao v mopopeTE| UEAETY YIVETOL YVWOTO OTL UOVO 1) BLopOp(®OT TOU (EAUPOUS
NG XEQUATG aVAVTL TNG PONG TaEOLGaoE VeTIXd ATOTEAECUATA, XL TLO CUYXEXQUIEVA 1)
OLoUOEPWoT UE xateduvor Teog Ta M TEPXE TNE porc. §)¢ ex ToVTOU, TPAYHATOTOLE(TON
BehtioTomoinon g yYewpeTplag 0TV TEPLOY Y| AUTH.

H Bektiotonoinon métuye ma ad&non tou woevipomixol Baduod anddoons xotd 0.37%
oe ayéon Ye TNV apyixr Yewueteio, @tdvevtag to 85.7%. Erlong, oe oyéon ue tn ou-
UETEW XOUTOAN ¢ PETEO GUYXEIONG, 1) BEATIOTOTOMNUEVT YEWUETEO TUPOUGLACEL ia
HOUTOAN UE Ywvia e£660U Tou Tpowdel T0 PEVGTO GE OAO XU TEQIGGOTERO AN TIVIXT| TOQE-
for, eved TauTdyEova EEOUANDVEL ENAPEME TO ECKTERIXG TNG XUUTUANG, "pouoxdvovTag"
™v.
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Me 11 c0yxplon TwV YopoXTNELGTIXWY TNG KPS Xt NS PEATIOTNG YewpETplag, TTo-
catneeiton pio wixpr) Pehtiwon tng anddoong oe Ao To onueia Aertoupyiog TNg xvnThg
TTEPUYWONG, xS yia 0edopévn otatxt| tieor e€ddou, duayeiptleton Alyo ueyahitepn
ooy Y| udlac. ‘Ocov agopd To ecwTepd Tedlo poric Tne BEATIoTNE YewueTplog, Topo-
peitan tepinou oto 60-80% tou xad’ Uhog pa ixpt| adénom TV THpaUETEWY TN PONS,
omwe 1 afovix| TayvTNTa xou 1) otatr| tieorn. Ernlong, oto (Bo turua tou xod” Uoc,
ToEATNEOUVTOL UxpdTERH eTtimeda TORPRNG.

Ev xoataxheldr, pe tn BéEATIOT yewpeTpla mopatnpeeiton wa wixer| Bedtiwon tne poric oTo
turue 60-80% tou %ol Uhog, 1 omolo TEOEEYETAL OO TNV AVAXATAVOUT| TWV TOYUTHTCOV
TIOU TPOGEDWOE 1) VEU YEWUETELA.
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