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Abstract

Abstract

Air transport sector has evolved rapidly in recent years leading to a significant increase of
interest around the design andptimization of the aircraft engines. More specifically,
GKS tFad RSOl RSHBaZconddtiated dadiorBving the eFideOayzaf the
already existing engines by analyzing their main components. The development of
Computational Fluid Dynansianethods has assistem this direction since the simulation

of the flow within the engine was enabled.

One of the parts of the turbofan engine which has attracted the interest of the scientific
community is the intermediate compressor duct. Thiidwvhich is $haped, guides the
flow from the low to the higkpressure compression system. Due to its curvature, an
adverse radial pressure gradieahd centrifugal forces argenerated causing the flow to
separate. The flow patterns developed within tdact, have been explored in detaythe
researchers, and are significantly influenced by its geometry, the existence etdoadng
struts and the inlet flow. Furthermore, severaltechniques have been proposed to optimize
the performance of the Shaped duct, either by optimizing its shape or by adopting a more
integrated design approacthll these methods aim to improve the efficiency of the duct
and reducets total pressure losses.

In this work, the ducts of seventeen existing turbofan engines Hman examined. The
geometry of the duct for each case was obtained by the digitization of its section view. The
reconstructed ducts were analyzed tieterminethe basic parameters used to accurately
describe its geometry. For the radii and the area along the duct,-dimensional
distributions weregenerated using quadratic and cubic polynomial functions, respectively.
The curvature of the duct walls could terived from the coefficient of the quadratic term
of the shroud radius distributionA , which combined with the nowlimensional
parameterss2¥,fE 7,/2 7, 7N andthe length could be used to parametrize the
RdzOG Q& 3S2YS (i NEndmedPéranetrizatibi® By&éss Fok the second
procedure proposed,Process |l the A h2 12 h2 12 and

- h  should be given

For a l@sector of the digitized and parametrized ducts CFD flow simulation were
conducted, usindANSYS CFX, to obtain the total pressure loss f&c@@®. The base case
examinedcorrespondedo the duct of GE9QO. After carrying out a grid independence study,
arefinedmeshwas used with thed value maintained lower thag. The turbulence model
selected for the simulation was the Shear Stress Transportriodel. At the inlet of the
duct the total pressure and temperature were specified, while for the outlet the total mass
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flow rate was determinedThe total pressure loss factor and the inlet Mach number were
determined with both being within the expected range

The purpose of this work was to develop a model capatfleproviding an accurate
SatGdAYlLGA2y 2F (KS LINBaadaNBE f2aasSa RSLISYRAY:
To acquire the expregmsincluded in the model, a parametric study was conducted.
Analytically, the influence of the nedimensional variables used to parametrize the duct

was examined through CFD simulations. It was observed that the losses were reduced for
increasingA , while their correlation witte27, fFE 7,2 7, was independent of the

radii distribution coefficient. An exponential relation between the losses and the mass flow

rate, as a percentage of the design value for the duct, was also discovered. The exponent
used in this function was varying withK S O dzNIJI G dzZNB 2 F G KS Rdz0G Qa

After developing the model, it was validated by comparing its results for four different cases

with the CFD simulation resultsbtained using theParametrization Process. IThe

dewiations calculated for the fact@ Of0 wereinsignificant, leading to the conclusion that

the model is accurate.FinallEk 61 &SR 2y (GKS Y2 RSrcSddyviad (A Y
conducted resulting in conclusions for the selection of the input geometric valuesin order

to maintain the pressure loss and the overall duct's weight within the desired range.

vi



Table of Contents

Table of Contents

ACKNOWIEAGEIMENTS. .. ..e i e e e e e e e e eans il

Abstract SRR ¥ S

I\ =T g o] F= LB ] = X
LISt Of TADIES. ... e Xii
IS o) o T £ TP Xiii
Chapter 1 INtrodUCHION ........uuiiiiii e 1
1.1 Review of Air iohr.a.n.s.p.o.r.t.s.0...Exv.ol.ut.1
1.2  Thesis Purpose and OULINE. ..........oooviiiiiiiii e 2
Chapter 2 Intermediate CompresSsor DUCE........ccuiiiiiiiiiic e 4
2.1 Modem AIrCraft ENQINES........oiiuiiiiii e 4
2.2 The Intermediate ComprassDUCT............ccooviiiiiiiii e, 7
2.3 Performance Parameters of Intermediate DUCL............coooevviiiiiiiniiiinnnnennn. 7
2.4 Fundamental Factors Affectingl@uct Performance................ccooovviiiniennnnnn. 9
2.4.1  DUCE GEOMEIIY. .. ettt e 9
2.4.2  Wall CUINVAIUIE... ..o e 11
2.4.3 Upstream COmMPreSSOr StATE. ....uuuuiiniiiieiieiieiree e eans 13
S 1 14
2.4.5 Inlet FIow CoNAItiONS.......ccuuiiiiiii e e e e 16

2.5 Enhancement TEChNIQUES ........couuiiiiii e 17
2.5.1 Shape Optimization..........ccooiiiiiiii e 17
2.5.2  Integrated DeSIG.......ocvuiiei e 20
2.5.3  Flow Controlling DEVICES.........ccvuiiiieiieeee e e 22
Chapter 3 Analysis and Parametrization Process of Existing Turbofan Engines 24
3.1 Digitization of Turbofan ENQINES..........c.oviiiiiiiiiiee e 24
3.2 Analysis of Digtized Data............coouiiiiiiiiii e 26
3.2.1 Calculation of Main Geometric Parameters............ccooveeveeiiieeineeinnnens 26
3.2.2  Radius DiStHDULION ......uiiiiiieiiie e 27
3.2.3  Area DiStribBULION........coouiii e 31

3.3  Parameterization PrOCESS......cc.uviiiiiii e 33
Chapter4  Flow Simulation in CEX .......coouiiiii e 35
4.1 MeSh Generation........couuiiiiiiii e 35

Vii



Abstract

4.1.1 MeSh MethOd........couiiiniiii e 36
4.0.2  INFlAtiON ... 37
A.1.3  SIZING: .ttt eaaas 39
4.1.4  Match Control........ccoviinii 39
4.2  Simulation Setup at CRRIE........coviieiii e e 40
4.2.1  PhysSiCal MOAEIS......c.uniiiiieie e 40
4.2.2 Boundary ConditioNS.........cccuuiiiiiiiiiiiineiiiiieeeiin e A2
4.2.3 Solver Control.......cccoviiiiii W A4
4.3 POSE PrOCESSING. ... ittt e 45
4.4  Flow Simulation forthe Base CaSe..........cvivuieiiiieiiiieeieeiieeeieeine e e A7
4.4.1 Mesh Independence StUdy..........ccoeveuieiiieiiieiie e 47
4.4.2 Boundary ConditioNsS.........cccuuvviiiiieiiiinieiiiieeeiieeeeiieeeeineeeen e 49
A4.4.3 RESURS ..o 50
Chapter5 Development and Validation of Model for Estimation of Losses......... 54
5.1  ParametriC StUY......oouuiiiiiiii e e b4
5.1.1 Influence ofH T i "L He e, 54
5.1.2  Influence of ME......ccoomiiiiiiiiie e 57
5.1.3  Influence offi i ME........coiiuiiiiiiiiiiee s 61
5.1.4  INflUenCe Off) T 1 FE ... uiiiiie e e e e 64
5.1.5 Off-Design Mass FIOW Rae............ooiiiiiiiiiiiiiieieee e 67
5.2 Development of Algebraic Model...........coooeiiiiiiiiii e, 70
5.3 Validation of MOdel..........cooiiiii 71
5.3 L A8 L 72
D 3.2 S 2 i e 73
5.3, S Bl 74
5.3 CASE .. 75
54 Parametric study ba.s.ed..o.n..the..modéel 6s
5.4.1 Variation of H "I i "11L L H e 77
5.4.2 Variation of Length...........coooiiiiii 78
5.4.3 Variation of ) i "IFHT T "I T 7L H e 80
5.4.4 Variation of Mach NUMDEIS........cc.oviiiiiiiiieii e 83
Chapter 6 Conclusions and FUture WOork............ooooeuiiiiiiineiiiineieeeie e 87
B.1 OV BIVIBW e ettt e e e e e e aa e 87
A @ o [ [0 ] o] o B P 87
6.3 FULUIE PrOSPECIS ... e 89

Appendi x A: Digitized...Tur.botf.ans.0..Engddnes

r

BIBlOGraphy ... 94
AKoUUUUey3sd YUjyaadyd mo. .axe.lUlased..AL.0980a0d
¢ 318 UsURd.068.0... .02. %08 i as
] 3Yagld aUs BU; UesUU}je cadid Uuwhofan..3.1ap” Uy o Ut
"Uyelteecgaxid Udd ANSYSCFX.UG...a.6.2.9.0.£.9.9./.103
mdessegy oal ze3Uyacg Kalacedldd..). . .xalth 3 Yal
A UsedUgld..z2.6863. 0886 0 e, 109
U} Ue U0y soe zUayUd o9 U..AalUc.0.00U6...6.0.410d | ¥

viii



Abstract

Fge’

(@)

.l

Co

>0 PP 113



Nomenclature

Nomenclature
ICAO International Civil Aviation Organizatior
IATA Air Transport Association
ATAG Air Transport Action Group
CFD Computational Fluid Dynamic
HPC High Pressure Compressor
IPC Intermediate Pressur€ompressor
LPC Low Pressure Compressor
CcC Combustion Chamber
HPT High Pressure Turbine
IPT Intermediate Pressure Turbine
LPT Low Pressure Turbine
ICD IntermediateCompressor Duct
BPR Bypass Ratio
OPR Overall Pressure Ratio
TIT Turbine InlefTemperature
oGV Outlet Guide Vanes
IBL Inlet Boundary Layer
ANN Artificial Neural Networks
DOE Design of Experiments
FFD Free Form Deformation
GA Genetic Algorithm
RSM Response Stace Methodology
TS TABU Search Algorithm
VG VortexGenerator
DNS Direct Numerical Simulation
RANS Reynolds Averaged Navier Stokes
SST Shear Stress Transport
RSM Reynolds Stress Model
LES Large Eddy Simulation
A Area
h Non-dimensional area
C Strut chord
Q Duct inlet height
L Length
R Radius
r Non-dimensional radius
t Strut thickness



Nomenclature

nw

DC

(o]¥)(i]

T UV QX — TO0® O O O *

“g.oc cHX

® ‘5 ~

VA

D

o’

Radial Offset

Static pressure coefficient
Secondary Flow Distortion Coefficient
Total pressure loss coefficient
Nonuniformity index

Duct effectiveness

Totalpressure loss coefficient

Skin friction coefficient

Specific heat under constant pressure
Specific heat under constant volume
Energy

Enthalpy

Turbulence Intensity

Kinetic Energy

Mass Flow Rate

Mach number

Pressure

Universal gas constant

Reynolds Number

Temperature

Velocity

Time-varying component of velocity
Near wall velocity

Non-dimensional wall distance

Gas constant

Boundary layer thickness

Wall distance

Dissipation energy

Thermal conductivity

Dynamic viscosity

Density

Wall shear stress

Dissipation rate
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Chapter1  Introduction

1.1 wS@ASs 2F ! AN EN}IYALRNIEAQ 9@2¢ dzi A

Air transportsector is one of the most rapidly growing transport sectors, moving more than

4 billion passengers and 50 million tons of freightage per year. By 2035, it is estimated that
both passenger traffic and freight volume should be doubled, according to thenktienal

Civil Aviation Organization (ICAO), with a growth rate of approximately 6% per year. The
main reasons for this increase in air traffic are the economic and demographic growth
alongside with the rise in global carrying capacity. According to tkerdational Air
Transport Association (IATA), the total value of cargo transported during 2020 was $128.2
billion, while the revenues from passenger flights were estimated around $600 billion in
20109. Itis clear thatviation contributes significantly tmternational economic prosperity

and to the development of world trade.
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Figurel.1 Annual growth of global air passengers from 2004 to 2021
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Figurel.2Worldwide air freight traffic from 2004 to 2042].

This growth of air traffic over the last decades, has led timarease in the environmental

impact of aviation. More specifically, aviation is responsible for 12% of thee@{@sions

from all transport sources, with the goal of reducing the net carbon emissions by 50% until

2050, as mentioned bthe Air Transport Ation Group (ATAGThe target of the industry

gl a 2 AYLINRGS GKS | ANDNI T indder t6 ozl thisgodl T A OA Sy
over $1 trillion were spent to purchase new aircrafts. Nevertheless, the high cost of these
purchases makes thi®kition unviable, considering the rising demand in the sector. Thus,

to make air transport more sustainable continuous performance improvements of the
already existing aircrafts and engines are needed.

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

1.2 Thesis Purpose and Outline

In the presentdiploma thesis, a model for the estimation of the pressure losses aceoss th
Sshaped intercompressor duct of turbofan engines is developed, based on the results of
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flow simulations conducted with ANSYS CFX. The purpose of this model is to simplify the
LINEOSaa 2F f2aa FlLO0G2NAQ I LILINREAYebeNi@ Yy AY
parameters and thus providing more accuracy than merely using the empirical values. Such

a model requires as inputs the variables that could be used to effectively describe the
geometry of the Shaped duct. As a result, an inextricable partho$twork is devoted to

the development of the parametrization process for the ducts of digitized, existing turbofan
engines. A detailed outline of the work presented in the following chapters, is given below.

In Chapter 2 an introduction to the specifite@ns of the modern turbofan engines and the
role of the intermediate compressor duct is made. The most important factors that
influence the performance of the-§haped ducts, such as the wall curvature and the inlet
flow, as well as the expected flow phemena within it, are explained. In addition, the
methods proposed in bibliography for the optimization of its performance are presented.

Chapter3is dedicated to the description of the digitization and parametrization processes.

More specifically, the dat acquired by the digitization of existing turbofan engines are
presented and used to determine the necessary variables for the reconstruction of the
RdzOGaQ 3IS2YSUNARSEAP CAdzNIKSNN¥2NBZ Go2 LI NI YS
are proposed.

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

In Chapter5, the process followed for the development of the model is explained. The
influence of the different parameters on the total pressure losses is examined and the
expressions used for the correlations observed are derived. These expressions combined

are impemented for the loss estimation. The model is validated, and the selection of the

Ay Lddzi LI NI YSGSNE (2 biskdoRiYKAS Sy rifESis didugsad a f 2 3

Finally, inChapter @he main conclusions derived from this diploma thesis andesof the
possible future uses of the model are presented.
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Chapter2  Intermediate Compressor Duct

2.1 Modern Aircraft Engines

Modern high bypass ratio turbofan enginesnsistof six major aerodynamic components.

The fanis located in thengineinlet and it draws the air flow gidethe engine, from which
80-90% is exhausted through the fan nozzle to provide most of the thiim.rest of the
FANI A&da SR (2 GKS Sy3aiaySQa O2NB IyR Aa SAGK
it is used for cooling. In the front part of the core low (LPC), intermediate (IPC) and
high-pressure (HPC) compressors are located and throilngm the compressed air is
guided to the combustion chamber (CC), where the fudtjscted, and the mixture is
ignited. The energy of the exhaust gases is extracted in the high (HPT), intermediate (IPT)
and lowpressure (LPT) turbines and it is mainly used to generate the mechanical energy
that turns the shafts and drives the compressors. Rmndfle core flow exits from a nozzle,
either separately or mixed with the bypass flow. The primary difference between the
turbofan and turboprop is that the latter uses a propeller in free air to produce thrust rather
than the fan in the engine nacelle.

Figure2.1 Components of Turbofan Engings.
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The number of compressors and turbinas,well as the connection between them, depend

on the spool configuration of the engine. In a t@pool or boosted twespool turbofan
engine, both LPC and the Fan are attached to thepogssure spool, which is rotated with
lower angular velocity, driveby LPT, while HPT is responsible for the rotation of HPC.
Typical examples of twin spool turbofan engines are GE90, CF6, JT9D and PW4000. In a
three-spool engine configuration, commonly used by RBIig/ce, an intermediate pressure
spool is used to connétPC and IPT. Another variant of the conventional turbofan engine

is the geared turbofan, like TFE731 and PW1000G. In this configuration a reduction gearbox
is installed between the Fan and the LPC to allow the first to turn at a different rotational
spedal. The gearbox is designed aptimize the speed of all components resulting in the
need of fewer compressor and turbine stages.

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

A more efficient engine means lower fuel consumption and as a resailicedemissions.

The bypass ratio (BPR) is inextricably linked with theegoinaf efficiency, as the higher the

ratio the more efficientthe engine. This ratio indicates how mucheateringthe nacelle,
passes through the combustor and how much is directed to the fan nozzle. As it is described
in Figure2.2 the BPR has risen dramatically over the years, from around 2:1 in the 1960s,
to 12:1 in PW1000G. A similar rise can be observed in the efficienciaguire2.3.
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Figure2.2Historical Growtlin engine bypass rati®].
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Figure2.3Engine Efficiency trend related to bypass rédio

Other parameters that affect the efficiency of turbofans are the overall pressure ratio (OPR)
and the turbine inlet temperature (TIT). These are the principal cycle design parameters for
any gas turbine, and their values have increased f&gnily through the years, as shown

in Figure2.4 and Figure2.5.

Figure2.4 Historical Growth of Pressure

Ratio[5].
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Figure2.5Historical Growth of Turbine Inlet
Temperaturg5].

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

The intermediate compressor duct (ICD) is an annular duct located between @hand

the HPC. The purpose of this duct is to guide the flow from the larger exit radius of the low
pressure system to the smaller inlet radius of the hpgkssure system. The shape usually
NEaSyvyoftSa (2 |y a{¢3x KL $hapetor SWEnSNedkBlict 2y & |
Stationary blades, called struts, can be integrated inside the duct aiming to provide
structural support as well as oil and cooling services.

/ Strut

Casing

Inlet Outlet

N

Hub

g
.
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>

Figure2.6 Schematic of the Intermediate Compressor 06t

While designing andptimizingan Sshaped ICD there are many different parameters to be
consdered. The duct should force the air flow through the radial offset within the shortest
Ll2aaAiotsS FEAIE fSy3adiK: 06S8S0lFdzasS 2F GKS Sy3aa
modern turbofan engines, due to higher bypass ratios, the radial offséeoduct is larger,

which means that there is need for more aggressive ICDs. Ideally, as it is mentiprieadlin

of the radius change should be achieved in the duct while maintaining the upstream
O 2 Y LINB & a 2 NXsat, with tiepuizgose Of2educiiig the loading of the compressor
stages and increasing the overall spool efficiency. In this kind of aggressive ducts, strong
adverse pressure gradients are developed making the flow prone to separation. However,
the flow atthe exit of the duct should be as undisturbed as possible to avoid mechanical
vibrations, increased losses and unexpected surge in the downstream compressor.

2.3 Performance Parameters of Intermediate Duct

To quantify the performance of-§haped ducts a setfcmon-dimensional parameters is
commonly used. The most widely used ones are the static pressure and the stagnation
pressure loss coefficients. The coefficient of static pressurexpresses the energy
transformation within the passage andaalculatedin (2.1). The total or stagnation pressure

loss coefficient_h £ i, depicts the amount of total pressure lost due to the turbulent
and viscous effects and is definedarp).
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As the reference pressure it could be used the one at the inlet of the duct. In both
expressions the denominator stands for the dynamic pressure, which in this case cannot be
expressed with the use of the flow velocifihe stagnation and static pressures used, noted
as0, are derived by mass weighting the appropriate values

0 — 0Qa (2.3)

The total pressure losses can also be expressed as a fraction of the total pressure at the
inlet of the duct, as seen if2.4).

C

—~ 7 ’L?‘)
&’ — (2.4)
U V)

The suggested range of the pressure loss factors is shorigure2.7.

INTER-COMPRESSCR DUCT
- AXIAL COMPRESSORS

LAMBDA =0.15 TO 0.2
INLET MACH NUMBER =03 TO 0.4
DPIP= 1% TO 2%

Figure2.7 Empirical Range of Total Pressure Loss Factor and Mach nihber

In literature the ideal static pressure coefficiedt , corresponding to the pressure
recovery of an ideal frictionless and uniform duct flow, is calculated based on the area ratio
0 'Yof the duct. The comparison of the ideal and the real static pressure coefficients
indicates the effectiveness of the dugtshown in(2.6).

Y (2.5

(2.6)
6_
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Furthermore, in order to quantify the amount of flow distorted at a specified location due
to the existence of secondary flow the distortion coefficient is udeq.7) 0frj indicate

the mean values of total pressure and dynamic pressum@” represents the degresof

the sector examined.

08 ° @7

Non-uniformity index is often used to desie the percentage of secondary flow in a region
within the duct. It is calculated based on the n@xial velocities at the location.

B o

= (2.8)
£Y

oy

Finally, in some cases, aq @) the swirl angle, defined as the ratio between the tangential

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

2.4 FundamentaFactors Affecting-BuctPerformance

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

2.4.1 Duct Geometry

The main geometrical parameters that affect the performance of the intermediate
compressor duct is the radial offset’ Ywhich @n also be described by the angle of turn

the exit area ratio0 'Y the inlet duct heightQ , the aspect ratio, defined as length to
diameter ratio, and the axial length of the duct.

Duct Inlet
Plane

W — | m
4 —
'hm ] ™, k—-— —_-'_:_:i_"_'! wi
L]

Duct Exit
Plane

Figure2.8 Main geometrical parameters ofshaped Ducf7], [10]
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Usually, these parameters are used in a sbmensional form to express the
aggressiveness of the duct. More specifically, as described by Walker ¢14].tne radius
changew "YU reflects the severity of the curvature responsible for the development of the
pressure gradients. The arearaiio 70 shows the expected acceleration of the fluid
through the duct or deceleration when it is referred to a diffuser. The +dlimensional
length 07"Q indicates the axial pressure gradient that is expected to appear in the duct.
Finally, for the description of the geometry of the strut the thickness to chotid t®is
used. The aggressiveness of the duct, and thus the chance of separation, isingogas
reducing the length, raising the radial offset or using struts with higher thickness to chord
ratio. The typical values for ducts used in current engaresshown inTable2.1.

Parameter Typical Value

> 97 0.300.45
T 0.1-0.3
> M 1.51.7

> E1 0.140.30
= 0.60.7

Table2.1 Typical values of geometric paramet§t2].

The effect of length on the performance e68aped ducts has been investigated by Duenas
et d. [13].The authors examined three different duct lengths, 100%, 74% and 64%, and
aimedat finding the optimum turning angle to minimize the presss loss. It was found that

as the duct becomes shorter the loss is more sensitive to the geometric turning angle with
the flow in the duct with 64% of the initial length being always separated. In order to
minimize the loss, for each length, it was provaat the lowest duct turning angle that
maintains fully attached flovehouldbe chosen. Another interesting conclusion of their
study was that the loss associated with the outer wall of the duct was more dependent on
the length, even though most of theds occurred near the inner wall in all the cases.

Sturzebecheret al. ifiL4] also explored the possibility to shorten the duct and attempted
to optimize its shape in order to maintaimme loss in low levels. The lengths examined as
well as the flow patterns developed in every case are shoviignore2.10.

10
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2.4.2 Wall Curvature

The inner wall, or hub, of the compressor intermediate duct consists of convex followed by
concave curvature and the outer wall, or shroud, is made of contatl@ved by convex
curvature, as shown irFigure 2.11. These curvatures influence significantly the flow
developedin the Shaped duct, as it is underlined by Britctdeet al. in[15], because the

fluid is subjected to a radial pressure gradient combined with the centrifugal forces
developed within the duct.

The radial static pressure gradient occurs due to the adjustment of wall pressure
distributions in @der to provide the necessary turning forces. Bailey et dlL6] explain

that, as the flow approaches the first bend the pressure close to the outer wall gets higher
than the one adjacent to the hub, directing the flow towards the latter. This situation is
reversed in the second bend of the duct, where the fluid shaatdrn to its initial axial
direction. This way both streamwise and radial pressure gradients are produced which are
responsible forthe boundary layer development near the walls and the mixing of the wakes
entering the duct from the blades of the upstrearompressor. Bradshaw ji7] suggested

that, because of the imbalance between the centrifugal acceleration of the fluid and its
surrounding pressure field, increased turbulence nuxis observed over the concave
surface whereas turbulence levels are significantly lower over the convex curvature,
leading to flow separation. The axial variation of static pressure coefficient for various
heights across the duct, as evaluated18], is presented ifrigure2.11

11
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Figure2.11Axial Static Pressure Coefficient Distribu{bsi.

At the same time, the fluid at the central axis of the duct has higher velocity than the one
moving in the near wall region, thus, it is subjected to a larger centrifugal force, as
mentioned by Ng et al. ifil8]. As a result, it moves away from the center of the duct
towards the outer walbf the first bend, where, as described above, an adverse pressure
gradient exists, forcing the fluid to slow down. Since this, low energy, fluid cannot
overcome the pressure gradient, it starts moving around the periphery of the duct and
finally towards is center.

Adverse gradient

Al

b
! - C— oAl
P

| Inside

Secondary flows

(a) N (b)

Adverse gradient
Figure2.12Flow Evolution Within the Du¢19].

The secondary flow and the vortices developed induce a high level of total pressure loss,
which depends on the curvature as well as on the duct shape. Moreover, Taylof2]al.
proved that, for Sshgped duct with both square and circular cross sections, the secondary
flow formed is larger for laminar flow. This is attributed to the thicker boundary layer of
the laminar case, which occupies approximately 25% of the passage height, in comparison
with the turbulent layer, which covers 4% of the height, depending on the shape of the
duct. In all cases boundary layer separation is more likely to occur in the inner wall of the

12
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first bend, where the large adverse pressure gradient is located. Finally,cwsaature
affects the flow distortion at the exit of the duct, which can be considered as uniform only
if the magnitude of secondary flow is less than 10% of the average veb@jty

2.4.3 Upstream Compressor Stage

The last decades, many researchers tend to adopt an integrated design strategy in order to
extend the limits othe design space and explore the possibility of using more aggressive

ICDs. Therefore, it is now necessary to examine more engine representative inlet
conditions, thus the way the upstream compressor affects the performance ofafed

duct.

Britchford et al. in[15], after conducting experiments with a complete compressor stage
placed at the inlet of the examined duct, observed that the adverse pressure gradient along
the inner wall was significantly lower. Furthermore, the author suggeshat the main
factors influencing the wall static pressure distribution, except for the ones already
discussed in the previoysaragraphrelated to flow curvature, are the inlet kinetic energy
flux and the mixing out of the blade wakes. More specificdlie radial pressure gradient

at the inlet drives the wake radially inward. The wake fluid also has a total pressure deficit
which is, however, lower than the one of the inner wall boundary layer, and it reenergizes
it, leading to a reduction in the lilkkood of flow separation. This phenomenon suggests
that the duct loading could be increased, thus its length shortened, without making it more
prone to separation. According to Bailey et H6], a slight reduction in the shoe
parameter, characterizing the boundary layer, along the outer wall can also be noticed due
to the higher velocities. Additionally, due to rotor tip leakage effects, a large amount of
turbulent energy is observed close to the shroud of the duct.

Althouch the rapid mixing of the compressdrdzii f S I dzA RS OJledu&sti® 6 h D + :
occurrence of separation, it is responsible for the additional pressure losses measured for

the duct. The addition of the inlet compressor stage reduces the losses neautaeveall

while close to the hub the pressure losses rise, as mentioned by Karakasis ¢7jland

a finite loss is presentin the center of the duct. Karakasis et al. also investigated the effect

of nonraxisymmetrieendwall profiling for a strutted duct with a compressor stage located
upstream of it. The results indicated that n@xisymmetric design suppressed the strut

hub corner separation, which will be analyzed in the next Section, while the pressure loss,
relatedto the wake mixing, increased only by 28%, compared to 54% for the axisymmetric

duct.

13
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Figure2.13Flow Phenomena Due to OGV Wakés

Walker et al. if21] proposed an approach to integrate OGV intgl&ped duct with the

LJdzN1J2 &S 2F al @Ay 3 G f Svhia Keepingethe upstrean itd & @ a i
performance unaffected. The OGV row was placed downstream the first bend of the duct,

with the produced wakes found throughout the duct passage and not only in the first bend,

as it happens when the blade row is outside thect. Even though the available length for

mixing out is reduced it turned out that the level of mixing, the depth of wakes and the

level of nonuniformity are quite similar to the simple design. Finally, the OGV loss was
slightly reduced with the overdlbss remaining at the same levels.

2.4.4 Struts

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

Naylor et al. if22] explain that as the flow approaches the strut, placed near the second
bend, stagnates. Then the flow is accelerated until it reaches the rearo$idee strut,
whereit is being decelerated. For the shroud the deceleration occurring at the trailing part
of the strut takes place in the region where the curvature causes an acceleration of the
flow. On the contrast, near the hub wall, in this regiamature causes the flow to slow
down and combined with the effect of the strut a large flow deceleration is generated.
Consequently, the flow is more likely to separate in the dstrioit corner.

14
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Figure2.14Schematic of duct pressure fields around s{Aa].

The flow around the strutds been presented with further details by Bu et al[1i)]. It is
described that a horseshoe vortex is formed ahead of the strut leading edge near the outer
wall, where a stagnant point exists. From this point a sepamatine emerges and is
extended, diverging, downstream the strut. Another similar separation line is formed near
the trailing edge of the strut with a larger divergence angle. Near the inner duct wall, the
flow pattern is expected teesemblethat of theshroud. The secondary flows near the walls
turn towards the strut surface forming counteotating vortices. The vortex pairs
generated develop rapidly along the duct occupying an important percentage of its height,
as it is observed ifigure2.15.
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As it is mentioned if16]the influence of a single strut on the overall performance of the
duct is relativelysmall, causing a rise of approximately 5% to the pressure loss coefficient.
However, usually a cascade of struts is installed within the duct, which creates an
interaction between them. Sharma and Baloni[1®] underline that the suction side of
each strut interacts with the pressure side of the other creating additiondices which

can lead to premature separation of the flow. This phenomenon causes increased losses
as proved in23], and asymmetric distortions which affectthe downstream components.

Walker et al. if24] examined the integration of lifting, raurning, struts within the duct,
which would behave like the outlet guide vane row of the upstream component. Same
effects on the flow, as the ones for the simple struts, were observed with the overall duct
loading increasing significantly. It should toederlined that the pressure loss rise was not
as high compadto the system with a no#turning strut row, including the OGV.

2.45 Inlet Flow Conditions

In addition to the factor described above, the flow within thesi&ped transition duct is
also sensitive d the inlet conditions, which are determined mostly by the upstream
compressao.

Oneparameter that affects the performance of the duct is théet swirl of the flow, which
is usually attributed to insufficient straightening before entering thel&t. According to
Bailey and Carottd25], if swirling flow could pass through the intermediate tulce

aeaiasSvyqQa fSy3auK g2dz R 06S NBRdAzZOSR FyR GKS

investigated the effects of inlet swirl by removing the OGV row from the upstream
compressor stage. As it is explained, due to the swirl, the fluid is subjected to an adHitio
centripetal acceleration with components both in streamwise and normal direction. It was
observed that the swirl component of the velocity increased through the duct, as the mean
radius is decreased, due to the conservation of tangential momentum. grbatest
increase was located near the hub wall, where the relative change of radius is more
significant. Moreover, the streamwise pressure gradient along the inner wall of the duct is
smaller, indicating that flow separation is less likely to occur. Tlessure loss was even
higher than the one obtained with OG&halyzedn the previous paragraphs, and can be
attributed to the increased levels of turbulence generated by the swirling flow.

In[6], Gao et al. investigatedtheway thepieg ANI ' y3fS Ay ¥t dzSyOSR
struts. It was observed that a backflow region was formed in the leeward side of the strut,
as shown inFigure2.16, which enlarges as the angle is increased. For smaller angles only
one clockwise vortex is formed in the surface of the strut with a secondclodkwise one
appeaing for higher angles. The presence of {swirl leads to static pressure distortion

and thus to noruniform flow at the exit of the duct. In the same work the effectrdét

Mach numberon the duct flow was explored. As the Mach number rises a decreabe i

total pressure recovery coefficient and exit flow uniformity was noticed. This deterioration

16
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Figure2.16Streamline distribution for swirling inlet floya].

Another important parameter that has been presented in literature istthiekness of the

inlet boundary layer(IBL). Sonoda et al. [26] examined the flow developed within the

duct for thin and thick IBL, occupying 5% and 30% of the pasdagéeight, respectively.

Ly GKS OFrasS 2F G4KS (KAO]l L.[ G4KS G4KAOlySaa
walls was increased and a vortex pair was observed near the hub wall, leading to a rise in
loss. Onthe other hand, forthe thin IBL aginvortex was developed at the same location.

The increase in overall pressure loss, due to the different IBL, accounted for almost 30%.

Reynoldnumber(Re)Ada O2yAaARSNBR (2 KIFI@S | fSaa airday
performance. More specifidggl as mentioned in[13], for a turbulent fully attached
boundary layer the pressure loss varies Wit 7 . Consequently, a noticeable decsea
Ay RdzO0Qa LINFAa&adzZNBE NBO2gSNMBE8 F2NJ wSey2ft Ra yd

2.5 Enhancement Techniques

In order to avoid flow separation and enhance the performance of the duct several
techniques have been examined, including shape optimization, integrated desidrodset
and the useof flow controlling devices.

2.5.1 Shape Optimization

The existing need to continuousiyncrease the efficiency of aircraft engines leads
researchers to explore various CHased optimization techniques to achieve the design
of aggressive -Shaped ducts with minimized pressure loss. Curved ducts are usually
parametrized with the nordimensonal parameters mentioned in Sectidh4.1, which
should be variedo achieve the optimal performance.
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A typical optimization process followed by many researcheifustrated inFigure2.17.
Experiments are conducted to determine the suitable levels for each of the factors or
responses examined. For most of the casks objecive in Design of Experiments (DOE)
are the aerodynamic performance parameters, like the pressure loss coefficient and the
flow distortion factor. The Response Surface Methodology (RSM) is used to approximate
the multivariable objective function of the ophization problem. This method can be
based on a linear function, as [22], or on a polynomial one, like if27]. A Genetic
Algorithm (GA) is commonly employed to solve the roftfjective optimization problem.
Some researchers also use TABU search algorithm [£BR)[29], for the optimization
proOSaas aAyOS AU A& RSaAaAdaySR (2 06S AYLI SYSy
where local minima or infeasible solutions could be locatitier the optimization steps a
Pareto optimal front is obtained which describes the traofés between thgparameters of

the design problem. The optimal aerodynamic performance of the designed duct can also
be predicted by an Artificial Neural Network (ANN), combined with the GA, trained with
the use of experimental and CFD results, as suggesf{éd]in

S-Shaped transition duct

s 4

Experimental design setup

Experimental factors and responses

o

Experimental scheme - UD table
. 4
Numerical experiment ‘ CFD
. 4
Mathematical model « RSM
. 4
Optimization design . Genetic Algorithm

Figure2.17Optimization Flowcharf27].

Tooptimize the shape, and consequently the performance, of the intermediate compressor

duct, its geometry should be parameterized. The goal of the parameterization is to reduce

the number of variables, and thus to reduce the computational cost of the opditioin

process. Free Form Deformation (FFD) method is widely used for this purpose. According

to this approach the entire geometry can be described by the external surface of the duct

and is determined by the position affewcontrol points. The controldA Yy 14 Q RA & LI | O
are subjected to certain constraints based on the tangential condition that should be
maintained at the inlet and outlet, as presented 80].
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Figure2.18Hub wall parameterizatiofi4]. ~ Figure2.19Axial shape parameterizati¢h2].

For axisymmetric ducts, Chiereghin et[8] predicted that the process could result to a
reduction of approximately 20% of the total pressure loss and 10% of the exit swirl,
depending on which parameter the optimizatiaa aiming for.5 Ambros et al. iN30]
suggested that the decrease in the exit swirl angle of the duct could reach 70%, with the
pressure loss remainingt the same level.

Naylor et al.[22] focused on the design of neaxisymmetric dct to minimize the loss

caused by the presence of struts. The methoduyde¢ 2 6y | & @, lis N&dd orw dzf A y 3
the adjustment of the streamwise area distribution to compensate for the blockage created

by struts. Inner and outer walls are moved in the cgghear the strut to cancel the extra
deceleration created, as described in Sec@@oh4 The result was to lower the wall in the

front of the duct and raise it inhie rear portion, as shown iRigure2.20. In the optimized

RdzOlG y2 NBOSNERS Ft2¢ NBIAZ2Y gla FT2N¥SR 2y
strut-hub corner sparation was decreased. Overall, the emdll contouring implemented

gave the possibility of designing a duct of 34% higher radial offsetwith only 11% rise in loss,

16% lower than the one of the axisymmetric case for the sani.

A similar method watollowed by Sturzebecher et 4l14] aiming to the axial shortening of
the duct and the decreasm losses, expressed by the entropy rise coefficient. It was
observed that for the opihized duct the separation regions were limited and located
mainly at the trailing edge of the strut and the suction side of the OGVs.
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Figure2.20Non axisymmetric endwall contourir{ged: uplift, Blue: lowering}4].

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

2.5.2 Integrated Design

In the conventional design method, each module of the aircraft engine is optimized
ASLI NFGStfes gAGK2dzO GF1Ay3 | ROl gedsllea® to2 ¥ G K
limited improvements in the overall efficiency of the engine. However, as Ghisu et al. in

[31] suggest, an integrated approach could eliminate theermodular constraints and

expand the limits of the available design space.

In [31] the optimization of the whole core compression system is attemptieidre
specifically, the compression system examined consisted of the IPC, -#hap8d
intermediate duct and the HPC with the optimization variables being the surge margin and
the isentropic efficiency of the system. The IPC and the duct were optimizedaselya

without imposing any constraints on their exit planes, and compared with the results of the
integrated optimization. It was observed that in the latter case the performance was
improved at the price of a more highly loaded duct. An additional imemoent of 0.5% in
theaedaidSyQa STFTAOASyOe O2dZ R 060S 200FAYySR o8
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