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Preface

In May 2006 the NEWAC consortium started to tackle ambitious goals,
namely, to reduce CO, emissions by 6% and NO, emissions by 16% and
thus to take a further major step towards ACARE 2020. Now, after some 4
years of intensive collaborative research work, these goals have nearly
been achieved. The results of the comprehensive research work will be
presented during this NEWAC workshop 2010 in more than 40 technical
presentations. In this booklet you will find the abstracts of those
presentations.

)

]

The integrated NEWAC technology project being co-funded by the European Commission
under the Sixth Framework Programme did not only achieve these highly ambitious goals but
the partnership also involved and mobilised 40 organisations in which the major European
engine manufacturers are partnering in the collaborative research effort with small and
medium-sized e, universities and research centres.

Four new, highly innovative core engine configurations were explored, which also included
the integration of intercoolers and heat exchangers. New, lean-combustion concepts for very
low nitrogen oxide (NOx) emissions were developed and tested. The partners in the
programme conducted intensive test runs with compressors and novel, active control
systems to improve stability and efficiency, yielding very promising results. The focus of
another study conducted as part of the program was on the design of efficient and lightweight
compressors. Lessons learnt during the program will be exploited by each partner on the
spot and will of course find its way into the next generation of advanced turbofan engine
designs.

All these accomplishments were only possible by the support and dedicated commitment of
all partners of the NEWAC consortium.

Thank you for this exciting experience.

Stephan Servaty, NEWAC Co-ordinator, MTU Aero Engines
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1. Intercooled Recuperated Core

PRESENTER: S. Donnerhack i MTU Aero Engines GmbH

One potential configuration to achieve ACARE 2020 objectives is the concept of Intercooled
Recuperative Aero-engine IRA. The proposed IRA cycle, established in EEFAE CLEAN, will
use significant benefits from a further increased propulsive and thermal efficiency with a
potential of up to 20% fuel consumption / CO2-emission reduction. The significant lower OPR
of IRA cycle compared to conventional high efficient high OPR cycle approaches will by itself
support ultra low NOx combustor conditions: a high efficient IRA-cycle with OPR < 30 may
enable additional application of ultra low NOx combustor technologies not applicable for high
OPR engines.
The paper surveys the IRA engine concept, the thermodynamic cycle selected for NEWAC
IRA, the engine architecture and design features for both the low spool and core engine.
Then, the rationale, activitiesandobj ecti ves of t he NEWAC SP2 61 RA
1 Study on IRA attachment concept and integration particularities
1 Development of porosity model for improved loss modelling of IRA hot nozzle section
1 Numerical and experimental investigations on optimized geometries of the IRA heat
exchanger arrangement and nozzle contour for improved mass flow balance and
minimized pressure losses
1 Comparative investigation on suitable compressor candidates for IRA core, e.g. radial
compressor, axial compressor and combinations of both
1 Development of an advanced radial compressor with improved efficiency to be
designed by extensive use of advanced 3D CFD and validated by full scale rig test.
This activity is complimented by a study on particular design features for stability
enhancement applied to a small scale radial compressor.
The paper concludes with a remark on applying LPP low NOx combustor technology
(investigated in NEWAC SP6).

IRA concept

12
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2. Intercooled Engine and Integration

PRESENTER: N. Baker i Rolls-Royce plc
CONTRIBUTORS: A. Rolti Rolls-Royce plc, D. Jacobsson i Volvo Aero,
J. Carrotte 1 Loughborough University, D. Gillespie i Oxford University

In a three-shaft intercooled engine, the intermediate pressure (IP) compressor exit air can be
cooled using bypass duct air before it enters the high pressure (HP) compressor, increasing
the overall pressure ratio (OPR) achievable for a given amount of work, and improving
thermal efficiency. Gas turbine aero engines do not yet use intercooling, but as HP
compressor delivery temperatures increase, intercooling becomes increasingly attractive.
Increasing OPR and reducing compressor delivery and turbine cooling air temperatures
helps reduce SFC and NOx emissions, but the full benefits will only be realized if core
component efficiencies can be maintained and intercooler pressure losses minimized without
significantly increasing engine cost and weight, or nacelle drag.

Whole engine design studies have been undertaken in NEWAC SP1 and sub-project SP3
has investigated the technologies needed for the high OPR intercooled compression system
and its integration on the engine. Research in SP3 has been carried out by Rolls-Royce in
the UK and Germany, and by Volvo Aero in Sweden, together with DLR and Scitek
Consultants and the Universities of Loughborough, Cambridge, Oxford, and Sussex.

This presentation reviews this research and the technologies, which include an effective,
compact, lightweight and low-loss intercooler, low-loss ducting systems for intercooler entry
and exit, stiff engine and intercase structures to support the intercooler modules and
maintain component tip clearances, and new systems and blading designs to maintain
compressor efficiency and operability in engines with increased OPR. These new systems
include tip injection and tip clearance control.

13
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3. Active Core

PRESENTER: W. Sturm 1 MTU Aero Engines GmbH

Active control offers the possibility to adapt the core engine to each operating condition of the
mission (climb, cruise, idle, etc.) and therefore has the potential to optimise component and
cycle behavior. Furthermore, active systems open up additional degrees of freedom in the
design, as the core does not need to be designed on a worst case basis anymore. Finally,
efficiency and safety penalties due to deterioration can be compensated to a certain degree
by adjusting the core to the actual conditions.

Within NEWAC SP4 the most promising active systems for core engine applications, like
active surge control, active clearance control and active cooling air cooling, have been
investigated and compared with passive alternatives. This presentation gives an overview of
the work that has been done during the past four years with special emphasis on the various
rig tests that have been performed and the major results that have been achieved.

14
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4. Flow Controlled Core

PRESENTER: H. Reiss, Snecma, SAFRAN Group
CONTRIBUTORS: EPFL, ECL-LMFA, CENAERO, ONERA, Techspace Aero,
Sulzer Metco AG, ULG, UTBM

In order to face the global air-traffic growth in an environmental context, significant
improvements on aircraft engine efficiencies are required. The NEWAC Integrated Project
contributes to these future low-emissions engines by developing new technologies and new
architecture for high-pressure compressors and combustors.

Several architectures and visions are investigated in the frame of the project. Among these,
the Flow Controlled Core approach focuses on highly loaded high-pressure compressors by
developing and integrating innovative technologies, with high objectives in terms of
performance.

The first part of the presentation describes the different concepts investigated; they are
innovative technologies capable of local control of the compressor flow field, most of them
studied separately. Among these, advanced casing treatment specifically designed for HPC
is considered, as well as other more prospective concepts such as casing aspiration or air
injection. Aspiration has been evaluated both on casing walls and blade profiles where
innovation is a lot higher and can lead to new perspectives. Aero optimization approach is
also applied for blade design adapted to the innovative casing environment and for non
axisymmetric end-wall profiling. Improvements are also expected from stall active control
concepts, as well as from blade/casing rub management, with new coating developments.

In parallel, the technologies are validated through several rig tests, providing also a deep
understanding and fine measurements to validate the numerical simulations. The second
part presents the different test campaigns conducted: aspirated annular cascade tests, hew
coating test, blisk/casing contact test, and high pressure compressor aerodynamic rig test.
The results are analysed in order to consolidate the on-paper simulations.

The targeted application is a modern turbofan engine with CRTF or conventional DDTF
architecture. The last part of the presentation investigates the implementation of the
combination of these innovative concepts and approaches into a real-engine environment,
taking into account thermal constraints and weight penalties; it leads to a significant CO2 and
NOXx reduction due to high performance improvement.

CRTF Contra Rotating TurboFan
DDTF Direct Drive TurboFan

15
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Compressor
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5. Advanced Design HP Compressor Test

PRESENTER: M. Walker i Rolls-Royce plc
CONTRIBUTOR: H. Schrapp - Rolls-Royce Deutschland

Creating a successful three-shaft intercooled aeroengine requires that component weights
and efficiencies are carefully controlled. A significant overall improvement in SFC and NOx
emissions will only be achieved if the performance challenges associated with the
intercooler-specific hardware (additional weight and aerodynamic loss) are combined with
improvements in the weight and efficiency. A further challenge results from the location of the
heat exchange process in a three-shaft engine, where the optimal placement results in a
core work-split requiring more work in the HP compressor than the IP compressor. For the
configuration considered in this work package, the intercooler is located between the exit of
the IP compressor and the inlet of the HP compressor. The core size is reduced as a result
of intercooling and an increased overall pressure ratio, creating challenging flow conditions in
the rear stages of the HP compressor. Significant effort has therefore been invested in
improving HP compressor efficiency whilst retaining sufficient levels of surge margin.

Core compressor design studies have been undertaken in order to optimise the compressor
annulus and blading, with extensive iterative utilisation of 3D CFD. This work package
culminated in a high speed aerodynamic rig test which ran in 2009 at the AneCom AeroTest
facility in Berlin. The rig was heavily instrumented, providing quantification of the overall
compressor performance and interstage behaviour.

The results of the test will be discussed and compared with both the design specification and
CFD prediction.

17
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6. High Pressure Compressor Design and Testing

PRESENTER: H. Reiss, Snecma, SAFRAN GROUP
CONTRIBUTORS: CENAERO, ONERA

In order to face the global air-traffic growth in an environmental context, significant
improvements on aircraft engine efficiencies are required. The NEWAC Integrated Project,
funded by the EC and launched on May 2006, contributes to these future low-emissions
engines by developing new technologies and new architecture for high-pressure
compressors and combustors.

One of the topics among the Flow Controlled Core theme focuses on designing and testing a
high pressure compressor integrating innovative concepts at casing and new design of
blades and vanes.

The first part of the presentation will describe the design process based on optimized
aerodynamics adapted to the innovative casing environment. The Tip Flow Control concepts
- Casing aspiration at rotor tip, Advanced Casing Treatments 1 have been evaluated in terms
of stability improvement and impact on efficiency. Besides, the aerodynamic improvement of
highly loaded HP compressor does not only rely on the isolated introduction of new concepts;
a strong efficiency benefit is also expected when the blades and vanes design is suited to the
innovative architecture. In parallel, the use of 3D advanced multistage computation enables a
better modeling of the matching between stages and its optimization for a higher efficiency.

In the second part, the test rig results will be analyzed and compared to the expected
improvements concerning the stability, the efficiency. Indeed, the designed HPC was tested
and enabled the exploration of the compressor mapping at different speeds, and the study of
different influences, such as impact of clearance opening at nominal speed, and VSV effects.
The validation of the concepts and the design approach, the comparison with prediction and
some specific flow features are discussed.

Code Name glsA (RANS) I

Grid Size 10 Mo

Kind of Gnid siructurad
Tutb. Model

k-gps

Relative Mach N
Number 0
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7. Innovative Centrifugal Compressor Design

PRESENTER: L. Tarnowski - TURBOMECA groupe SAFRAN

Within the European project ANEWACO, Tur bomeca

i | R@ntercooled Recuperative Aero-engine). It is one of the advanced engine concepts

studied in A NEWACO . These engines ¢ onc e prtribute toatiee b e en
ambitious 2020 targets of NOx and CO2 emissions reductions set by the Advisory Council of

Aeronautical Research (ACARE).

The Al RA0O engine concept is based upon an opt i mi

the maximisation of the heat pick up capacity. To do so, the engine core integrates an
intercooler in front of the HP compressor and a heat exchanger at the engine exhaust.

One of the essenti al p ar the HP® domprebser wiich Ras beerc or e e n

acknowledged as an enabler in this project.

To reach the @Al RA0O goal, t he HP ¢ ompistendasdo r
definitions. The objective of the project is to increase the state of the art efficiency by 0.8 pts
without degrading the stability of the compressor.

Turbomeca main task was to develop an advanced radial compressor with a high hub to tip
radius ratio. To reach this challenging target, a full 3D geometrical definition of the centrifugal
wheel 6s bl ades has been adopted. St a rblades g
geometrical deformations were added to the blades to increase the initial performances of
the centrifugal stage. The efficiency and the stability were predicted by the intensive use of
3D CFD code named elsA developed by ONERA.

Next, in accordance with the Turbomeca testing standards, a fully instrumented test rig was
designed and manufactured to measure the performances and the stability of the newly
designed compressor. The experimental results show that the advanced 3D design of the
wheel has improved the efficiency of the centrifugal stage by +0.9pt at nominal speed without
any stability deterioration.

19
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8. Proof of Concept of a Mechanical Active Clearance Control
System

PRESENTER: M. Kerni MTU Aero Engines GmbH

The concept of a Mechanical Active Clearance Control (M-ACC) system has been explored

and implemented by MTU Aero Engines within the scope of the SP4 A Active Cor ec
A N E WA(@ew Aero Engine Core Concepts) European Technology Project. The study was

undertaken with a focus on the proof-of-concept, as well as an assessment of the potential

application in an engine.

A study was conducted using an in-service commercial engine to explore the potential of the
MACC system. The study showed that an active clearance controlled HPC enables a
significant reduction in fuel consumption. By including the M-ACC in the HPC aerodynamic
design, the efficiency can be further optimized without subsequent aerodynamic stability
losses. Additional improvement potential exists by lowering the combustion chamber exit
temperature. The high pressure turbine durability can be improved whereby the time-on-wing
would increase.

Based on the potential improvements shown by the study, the M-ACC system has been
developed on an exploratory level, restricted to a proof-of-concept system. One of the test
objectives was to validate the implementation of the concept to meet the test vehicle
requirements defined by the performance group, such as the ability to maintain a very tight
tip clearance level at all flight conditions. The original study was then updated based on the
learning achieved during testing.

The presentation deals with the implementation of the M-ACC technology. The
instrumentation and control of the system is discussed in detail, addressing in particular the
test objectives and procedure. The test results and the updated engine application potential
will be shown. In closing, the following steps to achieve technological maturity of the M-ACC
system are presented.

Clearance )]
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9. Passive Tip Clearance Control

PRESENTER: N. Atkins i University of Sussex (now University of Cambridge)
CONTRIBUTORS: J. Provins - Rolls-Royce UK, Tim Scanlon - Rolls-Royce UK

A reduction in the running clearance of compressor blades, both at steady state and during
transient pinch points is desirable for both compressor efficiency and stability. Exploitation of
the benefits of intercooling between the Intermediate Pressure (IP) and High Pressure (HP)
stages of a gas turbine compressor will lead to reductions in annulus area and so HP blade
height. Without improvements in tip clearance control, the shorter blades mean the clearance
gap is a larger proportion of the annulus height. This proportionally bigger clearance will lead
to greater aerodynamic loss and a potential reduction in stability.

The clearance is a function of the relative movement of the compressor drum and casing.
Their different time constants, or thermal response, lead to a complex closure characteristic.
The Cold Build Clearance (CBC) must be set to accommodate the pinch points which occur
after engine transients such as the acceleration and deceleration between idle and maximum
power. In general, the casing has a lower thermal mass and is subjected to higher heat
transfer coefficients than the drum. The drum has a greater thermal mass, grows due to both
centripetal acceleration and thermal expansion, and has very low heat transfer coefficients
due to the almost natural convection within the inter-disc cavities.

A two-dimensional axis-symmetric model of a complete HP compressor stage has been used
to show the potential to reduce the magnitude of these transient pinch points by increasing
the thermal response of the drum. This allows the CBC to be set at a lower value.

The thermal response of the drum can be improved by augmenting the heat transfer
coefficient in the inter-disc cavities. A practical concept which uses a small radial bleed of HP
compressor air fed into an inter-disc cavity was shown to increase the average heat transfer
coefficient by an order of magnitude. The concept is to be verified in an experimental facility
which replicates the idle to maximum power transients at engine scale non-dimensional
conditions.
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10. Active Surge Control by Tip Injection

PRESENTER: SJ Hiller - MTU Aero Engines
CONTRIBUTORS: R. Matzgeller, W. Horn and M. Kern - MTU Aero Engines

An actively controlled tip injection system can be used to re-circulate air bled off at rear
stages to the front stage(s) of a compressor and improve the surge line at part speed
considerably. At the beginning of the NEWAC (New Aero Engine Core Concepts) European
Technology Project project, a study was conducted using an in-service commercial engine to
explore the performance improvement potential of an Active Surge Control (ASC) system in
a high pressure compressor. Tip injection to the rotor shifts the surge line of a compressor to
higher pressure ratios. The additional compressor stability may be used to optimize the
thermodynamic cycle and the component design. For a given surge margin requirement,
different options provide a significant potential of fuel burn reduction. These optimization
strategies include an increase of the operating line, a reduction of stage number or rotor
blades, an optimization of the variable guide vanes and the optimization of the engine idle
speed.

In accordance with the NEWAC sub-pr oj ect 4 iActi ve Coreo MT U
redesigned an eight stage high pressure compressor to investigate the effects of tip injection

on the compressor operating range in detail. Various tests were run to identify the key
parameters for evaluating tip injection effects and establish an understanding of compressor
rematching as a result. In addition to compressor stage stacking, the overall HPC
performance has been evaluated. Steady and unsteady CFD-calculations were performed to

assess experimental results and to gain deeper insight into the flow physics of tip injection.

This presentation gives an overview of the activities undertaken to study active surge control

by tip injection.

The compressor design, injection concepts used, as well as the instrumentation are
presented. Subsequently, test results are discussed in detail. In closing, an outlook for the
upcoming investigations and necessary steps to achieve technological maturity of the ASC
system are presented.

realized link at the rig

- -
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11. Tip Blowing for Stability Enhancement
PRESENTER: H. Schrapp 1 Rolls-Royce Deutschland

The presentation will deal with experimental and numerical investigations concerning the
extension of the operating range of a fixed geometry high speed compressor. The goal of the
investigation was to design and test a tip injection system that is capable of suppressing the
onset of rotating stall and subsequently surge and that works without an external pressure
supply. Such a system is potentially needed to address the operability challenge posed by a
high OPR intercooled engine concept.

Based on | iterature and the companybés previous ex
speed rigs a system was designed that bleeds air from downstream stator 2 and 3 and

returns it to a position upstream of rotor 1 and 2, respectively. The air was then introduced

into the annulus in the tip region of the front rotors through a number of discrete nozzles.

Prior to the test extensive steady and unsteady CFD calculations have been performed in
order to model the fluid mechanics of the system and to assess the effect of a high velocity
jet interacting periodically with the tip clearance flow.

The designed system was integrated into the compressor designed in work package 3.4. The

results showed that the system behaved as expected. The recirculation worked from very low

speeds on, |l eading to a significant extension of
speeds (where the treated front stages are the surge trigger). Additionally an increase in

compressor efficiency could be seen at these conditions.
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12. Multistage Casing Treatment

PRESENTER: T. Krockel - Aachen University of Technology
CONTRIBUTORS: P. Jeschke - Aachen University of Technology,
SJ. Hiller i MTU Aero Engines

Casing Treatments are an attractive method to stabilize compressors aerodynamically by
delaying the compressor surge cycle, but in the past casing treatments have only been
applied in low aspect ratio front stages.

The aim of the investigation presented was the evaluation and assessment of casing
treatment at high aspect ratio rear stages in terms of operability and performance impact.

Therefore, a 2.5-stage axial compressor, whose design meets the typical configuration and
flow characteristics of HPC rear stages, was equipped with casing treatments above both
rotors. Since numerical studies performed in advance showed a benefit in terms of stability at
design speed without any significant degradation of efficiency, additional benefit is expected
from the application of casing treatments in adjacent compressor stages.

The rig was designed to provide the capability of replacing the standard smooth liner
segments by segments with casing treatments. Hence, a pure back-to-back comparison was
ensured. Beside the standard instrumentation for performance predictions, a traverse probe
instrumentation was installed to unveil flow details. Radial and circumferential flow traverses
enabled a detailed comparison of the flow field downstream of both rotors with and without
casing treatment. All these tests were performed not only at a given working line but also
close to the compressor surge line.

Additional unsteady measurement techniques were used to investigate the unsteady
interaction between both casing treatments above the rotors. The unsteady data were
recorded at a high sampling rate in order to show the pressure fluctuations close to surge
and during the surge cycle.

Location of casing
|| treatment

1
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13. Design of an Alternative Stability Enhancement System

PRESENTER: S. Weichert i University of Cambridge
CONTRIBUTORS: I. Day, University of Cambridge, H. Schrapp - Rolls-Royce
Deutschland, N. Baker - Rolls-Royce UK

Flow instability in an aero-engine compressor leads to rotating stall or surge, characterized
by drastic pressure loss and violent oscillation of flow. The result is fatigue, breakage, and
overheating of engine components and is carefully avoided by operating a safe distance from
unstable conditions. Adding casing treatment to the outside surface the compressor annulus
over the rotor blade tip is a useful method of improving the margin for stable operation. There
is a drawback, however, in the sense that by entraining or re-circulating worked flow, casing
treatments reduce the efficiency of the machine. The aim of the current project is to devise
an advanced form of casing treatment which selectively functions to extend the operating
range of the compressor, yet becomes inactive when operating at design conditions. This
reduces the negative impact on the flow rate and efficiency of the machine. A new local
extraction/reinjection casing treatment design demonstrating this selective functioning is
discussed.

In the new design, flow is extracted from over the rotor tip and re-injected just upstream of
the same blade row. The current project made a detailed study of the best location from
which to extract flow such that any loss of compressor efficiency is minimized. The primary
advantage that this carefully chosen offtake position affords is to extract more flow as surge
is approached and less flow at design operating conditions. This re-injection casing treatment
design thus passively controls itself to operate most when needed, and to have a minimal
effect on the efficiency of the machine at design conditions. Compressor tests have been
used successfully to demonstrate the concept of the casing treatment.
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14. Investigations on axial compressor cascades with aspiration on
blades and hub

PRSENTER: E. Colombo - Ecole Polytechnique Fédérale de Lausanne (EPFL)
CONTIBUTORS: P. Ott - Ecole Polytechnique Fédérale de Lausanne (EPFL),
F. Bario - Ecole Centrale de Lyon (ECL), L. Castillon - ONERA ,

T. Obrecht, M. Dumas, Snecma Villaroche, SAFRAN Group

This document presents an overview of the investigations performed within the project
NEWAC on the application of active flow control by aspiration to axial compressors. It is
based on the measurements performed on different annular cascades, tested in the non
rotating annular wind tunnel of EPFL in cooperation with the project partner ECL. In parallel
to these measurements, both predictive and a-posteriori CFD simulations were performed by
the project partners at SNECMA and ONERA.

Several configurations were investigated in the annular wind tunnel with and without
aspiration, on the hub or/and on the blades. For each cascade configuration, different inlet
flow conditions were applied for several aspiration ratios. This yielded a large database of
results that allows detailed analysis of the various influences by cross comparison of different
cases. The applied measurement techniques included five-hole-probe measurements, Laser
Doppler Velocimetry as well as pressure tap measurements on hub, casing and blades.

The investigations gave an insight into the fluid mechanisms involved with the application of
aspiration on blades and hub of an axial compressor rotor geometry. Since the flow structure
resulting from simulations and experiments appreciably agree, the simulations significantly
support the understanding of the flow mechanisms involved with the application of aspiration
to the cascades.

A selection of results, comparisons and conclusions is presented.
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15. Non Axisymmetric Hub Design Optimization for a High
Pressure Compressor Rotor Blade

PRESENTER: V. lliopoulou- Cenaero

Mono- and multi-point 3D hub profiling optimizations have been performed for a high
pressure compressor rotor blade. These optimizations have been carried out based on a
flexible 16 design parameters CATIA v5 parameterization. Both mono- and two-point
optimizations have been conducted with the aim to maximize isentropic efficiency at an
operating point close to peak efficiency. Total-to-total pressure ratio, mass flow and
manufacturing constraints were imposed. First the computational chain setup and surrogate-
based optimization environment will be described. The design histories and detailed flow
features will then be analyzed and compared. Interestingly, two different families of promising
designs arose, illustrating the ability of evolutionary strategies to globally search the
conception space. The investigation of the flow features showed that, for all the 3D promising
designs identified, the non axisymmetric hub influenced the shock mechanism close to the
wall rather than the secondary flows. The loss reduction was also achieved without
significantly altering the exit flow angle allowing for preservation of the gain in a
stage/compressor environment. The modifications of the endwalls being quite local, their
impact should be assessed in presence of real geometry effects e.g. such as fillets. Both
truncated and complete fillet modelling have been performed so as to assess the
aerodynamic impact of the fillet, showing that in the present case, the gain resulting from the
3D profiling appears preserved when accounting for the fillet. These optimization and
assessment results will be presented and some perspectives drawn to conclude.
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16. Comparative Studies of Alternative HPC Configurations for
the NEWAC IRA Engine

PRESENTER: W J. Calvert - PCA Engineers
CONTRIBUTORS: C. Robinson, E. Swain, M. Dempsey - PCA Engineers,
U. Schmidt Eisenlohr - MTU Consultant

One of the core configurations being considered under the EU NEWAC (NEW Aero-engine
Core concepts) programme is for an intercooled recuperative aero-engine (IRA). The IRA
concept exploits the heat of the engine exhaust gas and maximises the heat pick up capacity
of the combustor inlet air by intercooling in front of the high pressure compressor. The datum
configuration adopted for the HPC is a single stage radial compressor, but comparative
design studies into alternative configurations have also been carried out.

The ducting arrangements for the HPC in the IRA engine are more complicated than in a
conventional turbofan engine, with the inlet flow coming from the intercooler via a C-shaped
duct and the outlet flow going to the heat exchangers in the exhaust stream via 8 pipes on
the outside of the engine core. A radial compressor fits quite neatly into this configuration,
but the size required for a 70,000 Ibf thrust engine is significantly larger than for existing
designs. In addition, the use of intercooling reduces the flow coefficient below the optimum
value. By contrast, an axial compressor is likely to achieve higher efficiency, but it will be
longer and have considerably more aerofoils. Therefore, preliminary designs for axial, radial
and ax-CF configurations have been set up and analysed using CFD and finite element
methods to assess their aerodynamic performance and to investigate their mechanical
requirements. Each configuration has some advantages and disadvantages, and the results
from the current studies quantify these for current levels of compressor technology.
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17. Design optimization and test of advanced small scale
compressor

PRESENTER: P. Zdenek-Pr vn2 brnhDnsk8 stroj2rna Vel k8 B2t ed

In the frame of the European project NEWAC, task 2.2.5 lead by Turbomeca (TM) was an
activity focused on the design optimization of a radial compressor suitable for the integration
into an IRA engine. The compressor stage was designed and validated by rig test performed
at TM. That work is closely linked to the other IRA related tasks by integration studies placed
in task 2.2.4.

PBS activities were focused on design of particular features which can be beneficial in
compressor performance enhancement beyomds todayd@d
mainly rotor and stator interaction optimization using 3D leading edge of the radial diffuser

vane and stability enhancement by means of an Internal Re-Circulation, thereinafter IRC.

This paper shows details of both design features. Basic principles as well as results of final

validation by tests performed at PBS testing facility are presented and discussed here.
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18. NEWAC Overall Specification, Assessment and Concept
Optimization

PRESENTER: A. Rolt i Rolls-Royce plc
CONTRIBUTORS: S. Donnerhack i MTU Aero Engines, P. Coati Snecma

NEWAC is investigating new core concepts and technologies that can give step changes in
thermal efficiency and reduced emissions. In various sub-projects these technologies have
been raised from low technology readiness levels to points where their potential can be
realistically assessed. Such assessments are the main objective of NEWAC sub-project SP1

AWhohgi Be I ntegrationodo which is the subject

To put the new technologies in context, the assessments apply to study engines
incorporating packages of technologies. Initially four new engine concepts were defined: the
intercooled and recuperated aero engine (IRA), the high OPR intercooled turbofan, the active
core engine and the flow controlled core engine. More recently, three more concept engines
have been defined with further VITAL and NEWAC technology combinations to see how
close they come to meeting ACARE targets, with engine weight, cost, maintenance cost,
nacelle drag and noise all taken into account.

The engine concepts were developed into designs for 30,000 and 70,000 Ibf thrust class
turbofans to generate performance and dimensional targets for the individual technologies.
When these technologies are characterised by analysis and testing, each engine design is
reassessed to see how close it comes to meeting the original fuel burn and emissions
targets.

Part of the assessment uses TERA2020, the software tool a team of European Universities
has developed for VITAL, NEWAC and DREAM. It models engine/aircraft combinations,
enabling exchange rate, parametric and optimisation studies, and assessment of the
environmental and economic impact of the new technologies. The TERA2020 study results
are integrated with the OEM assessments to predict costs and benefits for the new
technologies.
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19. Future innovative core configurations
PRESENTER: A. Lundbladh i Volvo Aero

The European-level project NEWAC (new aero engine core concepts) was set up to improve
fuel efficiency while reducing nitrogen oxide emissions. The main thrust in the project is to
look at advanced flow management in compressors and at advanced lean combustors, as
well as air-air heat exchangers to allow higher pressures and temperatures.

To scout for even more advanced technologies and looking beyond the 2020 time frame, an
agreement was made between Chalmers University, Technical University Graz, MTU and

Volvo Aerotocooper at e within the NEWAC frame on fHGfuture

It was further decided to treat four technology areas: the variable core cycle, the contra-
rotating core, innovative combustion and unconventional heat management. The overall
target is to provide an additional gain of 5% for fuel efficiency, while not increasing engine
weight.

The variable core is a way to avoid limitations of a core pressure ratio coupled to the power
level, to yield the optimal cruise power cycle allowed by the material constraints. The work
here will concentrate on finding a plausible configuration and to evaluate the potential
efficiency gain.

The innovative combustion task has investigated the integration of a pulse detonation
combustor in the core of a high bypass ratio turbofan.

A core with two contra-rotating shafts driving a compressor where each successive blade
row runs in the opposite direction to the previous offers several advantages. The compressor
will be shorter and lighter, while capable of delivering the very high pressure ratios required
of future engines. The increased design freedom may also yield increased efficiency. The
counter rotating turbine has a smaller blade area for the same power, and may thus reduce
weight and cooling need.

Unconventional heat management will look at alternative ways to cool high temperature parts
in the engine. In particular the potential of using fuel to cool hot components was
investigated.

The presentation will describe the studied technologies, as well as explain the results on fuel
efficiency and other performance parameters.
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20. Assessments for Variable Core Cycle Technologies

PRESENTER: X. Lei - Chalmers University of Technology
CONTRIBUTORS: F. Giuliani, T. Leitgeb - Graz University of Technology,
T. Gronstedt - Chalmers University of Technology

The thrust requirement of a passenger aircraft is typically lower in the cruise phase than
during take-off and climb. Thus, the engines have to be throttled back to meet this
requirement leading to a reduction in both the mass flow and pressure ratio. As a
consequence, the thermal efficiency of the engine reduces, since it is directly related to the
pressure ratio. In a variable flow core engine, however, the corrected mass flow going
through the engine can be adjusted according to the flight conditions. This makes it possible
to operate the compressor with a high pressure ratio and thus a high thermal efficiency of the
engine at part load.

A number of technologies that promise to realize the potential of a variable flow core are
evaluated as part of this work. First an engine with a variable High Pressure Turbine (HPT)
stator is studied. In such an engine the stator blades of the HPT can be turned and the
effective throat area of the engine can be controlled. When the cruise phase starts, the
stators are closed and the throat area will be reduced. As a result, the corrected mass flow
going through the engine will be reduced and a high pressure ratio and thermal efficiency in
the cruise phase can be achieved. As a second possibility an innovative core configuration
with a stator-less turbine is studied. In modern gas turbine design practice the stator of the
high pressure turbine is always choked. Consequently, the corrected mass flow at the turbine
inlet becomes independent of rotational speed of the turbine and the function of pressure
ratio only. In contrast, if the stator is removed, the corrected mass flow and pressure ratio
can be directly influenced by the rotational speed. This controllability makes it possible to
improve the low thermal efficiency of the turbofan engines during the cruise phase. The third
configuration studied is a Counter-Rotating Variable Cycle Engine. In this configuration, the
conventional High Pressure Compressor (HPC) and HPT are replaced with a counter-
rotating HPC and a counter-rotating, stator-less turbine. The above mentioned technologies
are evaluated in terms of fuel consumption, engine weight and emissions by carrying out a
mission study of a long range aircraft model. To enable a comparison, a conventional engine
applying the same technology level is established. To assess the feasibility of the above
concepts in terms of combustor variable flow capability, efforts have also been devoted to
combustor variable geometry analysis.

Variable inlet guide vane Stator-less counter-rotating HPT
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21. Concept Study on an Advanced Cooling Air Cooling System

PRESENTER: E. Ebert - MTU Aero Engines GmbH
CONTRIBUTORS: H. Klingels, P. Storm - MTU Aero Engines GmbH

An advanced active cooling air cooling system (ACAC) offers a very high improvement
potential with respect to reduction in SFC. For state-of-the-art core engines about 20 to 30%
of the air delivered by the HPC is used for cooling the HPT, thus contributing only partly to
the overall cycle. In current commercial engines in service and under development the
cooling air flow path is fixed and the cooling air is un-cooled compressor discharge air.
Cooling air cooling has been identified in US technology studies (IHPTET, VAATE) to enable
high pressure cycles with high turbine entry temperatures. But also for medium OPR cycles
the potential is significant, as the necessary amount of cooling air can be decreased.

In the known studies cooled cooling air is supplied only to the turbine blades, and the amount
and temperature of the cooled air is given. These systems promise only a moderate SFC
reduction. In the performed study a new, highly advanced cooling air system will be
investigated. First, not only the rotor blades, but also the stator vanes, the rotor disk and the
liner may be optionally supplied with cooled cooling air. Second, the cooling air temperature
is actively controlled depending on the mission point. By this, it is possible to reduce the
necessary amount of cooling to a minimum and, if properly designed, to improve part life. In
the presented study the development and evaluation of a general arrangement configuration
incorporating an active cooling air cooling system, including the identification of design space
for the cooler and control systems, an exemplary ducting solution and an appropriate
secondary air system have been investigated.

The study was performed using a modern civil jet engine dataset for the performance
analysis. Multiple different effects of the ACAC system on the engine performance have been
identified, evaluated and, finally, an overall benefit of the engine has been determined.
Therefore it had been required to identify not only the potential of cooling mass flow
reduction by thermomechanical analysis of typical HPT components, but also negative
effects such as heat pick-up of the cooling air on its way to the turbine blade. Since the
system complexity is increased significantly with the introduction of the ACAC system,
different control systems have been evaluated with respect to reliability by FMECA.
Additional potential positive implications of the cooling air such as an HPC rear cone cooling
have been addressed as well. The focus in the performed studies has been placed on the
identification and evaluation of potential concept killers, rather than on detailed design
aspects.
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22. Fast Pressure Sensor and Tip Clearance Sensors for Smart
HPC Technologies

PRESENTER: P. Rybarik - Vibro-Meter SA

Vibro-Meter SA has developed, within the scope of NEWAC WP4.3. Smart HPC
Technologies, a fast pressure sensor and initially was conducting a concept study of a tip
clearance sensor for an active clearance control system. Second task was later expanded to
a development of tip clearance sensors for an active clearance control system in a HPC to
TRL 5-6. VM developed and delivered fast pressure sensor, eddy current and microwave tip
clearance sensor to MTU for HPC Test Rig.

Fast Pressure Sensor

The main development tasks were the following: The sensing element of the pressure sensor
was designed to reduce the influence of vibrationon t he transducer o
axial and transverse axis. The aim was to achieve a level 20 times lower than those found on
sensors from the market.

A new piezoelectric material was characterized to increase the sensitivity to pressure and to
improve the thermal behaviour of the sensor. The overall length of the pressure sensor was
reduced by 20% in comparison to the first prototype that was delivered to MTU for evaluation
on HPC Test Rig. An electronic test box (remote charge converter) able to interface with
MT Wouser electronics (rig controller) was developed in order to obtain an optimized
measuring chain performance in terms of noise level and filtering.

Eddy Current Tip Clearance Sensor

The initial target was to lead a feasibility study of a reliable, fast and high-temperature eddy
current sensor for tip clearance measurement in harsh environment.

As a follow-up activity and extended work scope of the feasibility study, Vibro-Meter has
made evaluation of materials for a high-temperature eddy current sensor that should operate
at up to 500°C and also designed a complete measurement chai n to measure tip clearance
at the 5" stage of the MTU HPC rig. As a result, a 9mm diameter probe tip prototype,
operating at 350°C and with a bandwidth of 130 kHz, has been delivered to MTU for
evaluation on HPC Test Rig.

Microwave Tip Clearance Sensor

The purpose of this work was a feasibility study of blade tip clearance monitoring using a
microwave measurement system which was initially developed and validated for industrial
applications (large frame gas turbines).

The main task was to apply this technology to aeronautical applications including adapting
the design of the probe to the engine along and a new signal processing chain suitable for
smaller engine. The system has been calibrated at the Vibro-Meter SA laboratory, by using
fast prototyping of the actual blade geometry and was validated on the HPC Test Rig. The
main requirements have been successfully completed from a metrological perspective as
well as from a probe survivability perspective within the harsh environment of the engine.
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23. TERA2020 - Rationale, Objectives and Design Algorithm

PRESENTER: K. Kyprianidis - Cranfield University
CONTRIBUTORS: B. Lehmayr - University of Stuttgart,
X. Lei - Chalmers University of Technology,

A. Alexiou - National Technical University of Athens

A Techno-economic, Environmental and Risk Assessment (TERA) approach during the
conceptual and preliminary design process of complex mechanical systems will soon
become the only affordable, and hence, feasible way of producing optimised and sound
designs, if the whole spectrum of possible impacts (economic, environmental etc) is to be
taken into account. To conceive and assess engines with minimum environmental impact
and lowest cost of ownership in a variety of emission legislation scenarios, emissions
taxation policies, fiscal and air traffic management environments, a TERA approach tool is
required. TERA2020 for NEWAC is a software tool that spans aero engine conceptual design
and preliminary design. It addresses major component design as well as system level
performance for a whole aircraft application. It helps to automate part of the aero engine
preliminary design process using a sophisticated explicit algorithm and a modular structure.

TERA2020 considers a large number of disciplines typically encountered in conceptual
design, such as: engine performance, engine aerodynamic and mechanical design, aircraft
design and aerodynamic performance, emissions prediction and environmental impact,
engine and airframe noise, as well as production, maintenance and direct operating costs.
Individually developed modules are integrated in an optimiser environment. A large amount
of information is available after each design iteration, which can be used for many purposes
such as technology impact assessment, sensitivity and parametric studies, multi-objective
optimization etc. TERA2020 minimises internal iterations in order to speed up the execution
of individual engine designs by using an explicit algorithm. Environment constraints can be
applied through the optimiser, to determine the acceptability/feasibility of each engine design,
and then home in on the best engines according to user specified objective functions.
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24. TERA2020 Optimisation of NEWAC Configurations

PRESENTER: B. Lehmayr - University of Stuttgart
CONTRIBUTORS: K. Kyprianidis - Cranfield University,
X. Lei - Chalmers University of Technology,

A. Alexiou - National Technical University of Athens

TERA2020 (Techno-economic, Environmental and Risk Assessment for 2020) for NEWAC is
a software tool that spans aero engine conceptual design and preliminary design. It
addresses major component design as well as system level performance for a whole aircraft
application. It helps to automate part of the aero engine preliminary design process using a
sophisticated explicit algorithm and a modular structure.

The second half of the TERA2020 presentation deals with new insights gained by the use of
TERA2020; its results and their interpretation. In a first step, a sensitivity analysis for the
NEWAC powerplants has been produced with TERA2020. Essentially, the tool was utilised to
investigate the response and sensitivity of the TERA2020 integrated powerplant models to
certain engine design parameters. Results were produced in the form of exchange rates for
the main system descriptors: fuel burn, engine weight, production cost, engine and
engine/aircraft noise, and environmental impact. These sensitivity parameters allow for
system level assessment of the benefits of the researched NEWAC technologies with
respect to the relevant NEWAC engine configurations (Intercooled Recuperative Core,
Intercooled Core, Active Core and Flow Controlled Core). Such sensitivity studies are the
basis for the application of an optimisation algorithm. TERA2020 is capable of using different
parameters either as engine design parameters or as constraints. By using several user-
defined performance functions, the NEWAC engines can be optimised with respect to
economic considerations as well as environmental impact.
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Heat Exchanger and Integration
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25. Hot Nozzle Optimization and Heat Exchanger Loss Modelling

PRESENTER: D. Missirlis i Aristotle University of Thessaloniki

CONTRIBUTORS: K. Yakinthos, A. Goulas, Z. Vlahostergios i Aristotle University of
Thessaloniki

S. Donnerhack, O. Seite, M. Flouros i MTU Aero Engines GmbH

As the need for safer and cleaner aero engines becomes more evident than ever before,
engineers are facing new challenges in producing environmentally friendly but, yet cost
efficient solutions. Towards this direction new ideas and technologies are incorporated in
more conventional designs.

Such a design is the NEWAC intercooled recuperated core (IRA). This aero engine is using
an alternative thermodynamic cycle and an integrated system of heat exchangers installed in
its exhaust nozzle so as to exploit the thermal energy of the turbine exhaust gas and
decrease fuel consumption and pollutants.

The presence of the heat exchangers enforces a significant pressure loss in the flow field
inside the installation. Thus, since this parameter can affect the overall efficiency of the
thermodynamic cycle, it is important to optimize the flow field development, pressure loss
and heat transfer inside the aero engine installation. Towards this direction, CFD
computations and experimental measurements are used. For the optimization, the heat
exchangers were modelled as porous media having a predefined pressure drop and heat
transfer behavior which was derived after detailed experimental measurements. At the next
step, a 3D CFD model of the exhaust nozzle installation of the aero engine was created and
CFD computations were performed. The computational results were validated towards
isothermal experimental measurements, for laboratory conditions, with satisfactory
agreement regarding the pressure losses, the mass flow distribution and the overall flow field
development. Then, CFD computations were performed for real engine operating conditions
of the aero engine and based on the conclusions of these computations, modifications were
suggested and incorporated in an optimized CFD model of the overall installation and CFD
computations were performed. The analysis of the CFD results showed an improvement of
the overall flow field development inside the installation, decreased pressure losses,
increased heat transfer and an almost completely uniform mass flow balance through the
heat exchangers in comparison with the initial nozzle installation design showing the
applicability of the overall methodology for producing efficient engineering solutions for
similar setups.
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26. Intercooler Heat Exchanger Installation and Performance Results

PRESENTER: David Gillespie T Oxford University
CONTRIBUTOR: Pokwang Kwan i Oxford University

The intercooler for an intercooled or intercooled and recuperated aero engine must be
compact and lightweight, with good effectiveness and low pressure loss. Its installation on
the engine must also be low loss, and the intercooler must be robust, affordable and
maintainable. The intercooler should also be resistant to fouling, icing and blockage.

Primary surface cross-corrugated heat exchanger matrices were identified as good
candidates for intercooling and were selected for further study in NEWAC sub-programme
SP3. This type of matrix is preferred because the intercooler operates with inlet temperatures
above those accepted by aluminium plate and fin designs more commonly used in
aerospace applications. A modular intercooler design and a single-pass cross-flow matrix
were selected in order to minimise heat exchanger total volume and simplify manifolding
arrangements.

Research at Oxford University has focused on the aerothermal performance of the
crosscorrugated matrix and on matrix entry and exit effects. Lessons learned have
contributed to the design of two prototype heat exchangers at Rolls-Royce plc.

This presentation describes the model intercooler experiments at Oxford University.
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27. Intercooler High Pressure Ducting System

PRESENTER: A.D. Walker i Loughborough University
CONTRIBUTORS: J. Carrotte, G. Regunath i Loughborough University,
S. Mason i Rolls-Royce plc

This presentation describes the programme of work which has investigated the high pressure
ducting system required to connect the IP and HP compressor spools to the intercooler (i.e.
heat exchanger) modules. The IP compressor exit flow is delivered to the discrete intercooler
modules by diffusing and branching S-shaped ducts, with the flow recombined and returned
to the HP compressor by accelerating C-shaped ducts. The programme of work initially
defined the aerodynamic requirements of the HP ducting system for the long-range, high
overall pressure ratio (OPR), direct drive turbofan developed in NEWAC WP1.1 and WP3.2.
The presentation will describe the development of a numerical design methodology for both
the IPC exit S-duct and the HPC entry C-duct. Example designs will be outlined which were
experimentally assessed in a purpose built, fully annular, low speed test facility at
Loughborough. In this way the design methodology was experimentally validated and the
feasibility of designing a HP ducting system, to meet the desired aerodynamic criteria within
the given geometrical constraints, could be assessed.
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28. Intercooler Low Pressure Ducting System

PRESENTER: J. Carrotte i Loughborough University
CONTRI BUTORS: C. A0 BalkougbberoughAUniersityWa |l k er
S. Mason T Rolls-Royce plc.

This presentation is concerned with the LP ducting system required to supply coolant air from
the by-pass duct to the intercooler (i.e. heat exchanger) modules. In the system investigated
air is drawn from downstream of the fan OGV and must be diffused, within a limited length,
prior to being presented to the intercooler modules. The presentation outlines the
fundamental investigation that has been undertaken of the fluid mechanic processes that
control the performance of this system. This includes the impact of hub OGV flow, whether
the flow should be diffused within the by-pass duct prior to the start of the LP duct passage
and the amount of controlled diffusion that can be obtained within the ducting system prior to
the modules. In conjunction with numerical predictions an experimental facility was designed
and manufactured to investigate these aerodynamic flow features. This has enabled a design
methodology to be defined along with an estimate of the ducting performance.
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29. Design of an intercase for an intercooled engine

PRESENTER: D. Jacobsson i Volvo Aero
CONTRIBUTORS: G. Marke i Volvo Aero, S. Mason i Rolls-Royce plc, S. Ore T Volvo
Aero, A. Rolt T Rolls-Royce plc

NEWAC is a program financed jointly by the European Community and the participating
companies. It contributes to the ACARE goals of reduced aircraft emissions of CO2 and
nitrogen oxides (NOx) by improving core engine thermal efficiency. A possible way of doing
this is by intercooling, which allows higher pressure ratio engines to have lower combustor
inlet temperatures, potentially reducing both fuel consumption and NOx.

Technologies for intercooled compression systems are researched in the Rolls-Royce led
NEWAC sub-programme SP3. In an intercooled turbofan engine the core air is cooled part
way through the compression system by air taken from the bypass duct aft of the fan. The
core air is ducted from the outlet of the intermediate pressure compressor through the
intercase to a set of heat exchanger modules located in an annular space between the core
and bypass duct. The cooled air is then directed from the heat exchanger modules back
through the intercase to the inlet of the high-pressure compressor.

Volvo Aero participates in SP3 by designing the intercase, which is a component that
becomesmor e compl ex in an i nt bjeciivewab ® designragtironge. Vol v
stiff, but relatively lightweight intercase structure, with low loss aerodynamic ducts and an

acceptable manufacturing cost.

This presentation describes the design work for an intercase on an intercooled engine and
presents two possible intercase designs.
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Combustor
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30. Low-Emission LDI Development for Future Aero-Engine Concepts

PRESENTER: S. Bake i Rolls-Royce Deutschland
CONTRIBUTORS: W. Lazik, T. Dorr, L. Rackwitz, I. Bagchi - Rolls-Royce Deutschland

Rolls-Royce Deutschland is investigating Lean-Direct-Injection (LDI) concepts of premixed
and partially prevapourised lean combustion in the framework of the NEWAC, NEW Aero
Engine Core concepts. Target of the development is a significant NOx reduction while
maintaining the operability necessary for an aero-engine application, e.g. ground ignition,
altitude relight capability, weak extinction, part-power fuel staging optimisation, fuel thermal
management.

Within the NEWAC programme the LDI concept is targeting potential high pressure ratio core
concept applications (OPR > 30) like the

A | -oobled (IC) core concept (long range) (RR)

A F-cootmlled (FCC) core concept (long range) (SNECMA)

A Active core (AC) concept (long range) ( MTU)

Different lean burn module designs have been investigated with CFD simulations, including
turbulent liquid spray combustion and emissions prediction.

The emissions performance of the lean burn module variants has been evaluated in a
highpressure single-sector rig at conditions representing the ICAO LTO engine cycle at DLR
Cologne. Lean burn module variants tested successfully in the single-sector rig have been
down-selected as engine representative hardware.

In a full-annular combustor rig the performance is investigated to substantiate a technology
readiness level (TRL) 5, which includes

AThe wall cooling effectiveness and temperatures,

AThe fuel staging,

AThe burner-to-burner flame interaction,

AThe combustor exit temperature traverse,

AThe air flow distribution,

AThe combustion system pressure loss,

AThe altitude relight behaviour

AANd the main target: the emissions reduction.

The measured emission results feed into ICAO Landing-Take-off-Cycle (LTO) EINOXx
predictions for the relevant NEWAC cycles. This is done under the assumptions of a
combustor volume sizing sufficient for altitude relight capability, a sufficient cruise
combustion efficiency and an emission optimized fuel staging between main and pilot
injector.
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CFD Simulations and flame visualisation of LDI concept
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31. Optical Investigations of Low-Emission LDI Combustion at Medium
Pressures

PRESENTER: U. Meier - Deutsches Zentrum fr Luft- und Raumfahrt (DLR)
CONTRIBUTORS: C. Hassa, J. Heinze, S. Freitag - Deutsches Zentrum fur Luft- und
Raumfahrt (DLR)

Within the framework of the NEWAC project, DLR investigates the performance of LDI

injector concepts developed by RRD with respect to emissions, operability and combustion
characteristics. The work is carried out for some selected fuel injector configurations being
supplied by RRD and i mpl eniecnatle dSiinngtloe DHeRdtsor B
operated in the HBK-1 test bed. This facility allows operation of burners with effective areas

up to 1100 mm2 at pressures up to 20 bar and preheat temperatures up to 900K. The optical

access permits measurements in the primary zone, currently up to 40 mm downstream from

the injector exit.

DLR performs experiments on detailed injector characterization using advanced
measurement techniques, mainly laser based measurement technology. Fuel placement,
location of flame front, stabilization and changes to the flame characteristics are studied
under varying multiple flow and geometrical parameters. The diagnostic methods applied
are:

T Chemiluminescence of the OH radical with Abel inversion for reconstruction of planar
reaction zone locations and their fluctuations

Planar Mie scattering for visualization of liquid fuel distributions

Planar laser-induced fluorescence (PLIF) on kerosene for measurement of both gaseous
and liquid fuel phase distributions

1 PLIF on OH for imaging of reaction zones and mixing regions, and planar temperature
measurements under fuel-lean conditions

Laser Doppler Anemometry (LDA) for flow field measurements

Phase Doppler Anemometry (PDA) for spray characterization: Droplet sizes and
velocities, liquid fuel flux

1
1

=a =

Emissions testing can be performed simultaneously with the optical measurements. The
results of the tests are expected to yield conclusions regarding the operation of staged fuel
injectors, like staging strategies. In addition, based on the understanding of fuel preparation,
fuel placement and flame interactions, they are intended to substantiate design modifications
and guide subsequent CFD work.

Inside combustor
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32. Design and experimental validation of PERM combustor effusion
cooling

PRESENTER: B. Facchini-Uni ver si t " di Firenze Dipartimento
CONTRIBUTORS: A. Ceccherini, A. Andreini, L. Tarchi - Universita di Firenze,
D. Coutandin; A. Peschiulli; F. Turrini, AVIO S.p.AT Torino

The definition and the validation of robust and accurate design methodologies will represent
one of the most critical tasks in the future massive employment of lean combustion systems
in civil aircraft engines. In this scenario the thermal design of an aero-engine combustor
becomes a very complex technical task involving several critical aspects which often require
difficult compromise to be simultaneously solved. One of the most critical aspect in the
thermal design of an innovative liner for lean combustors, is the fulfiiment of proper metal
temperature distribution, with a relevant reduction of cooling air mass flow, mainly re-directed
to IS.

The PERM combustor designed and manufactured inside the NEWAC project collects all the
above mentioned aspects; in this case, after a preliminary evaluation, the design has been
oriented towards the effusion cooling system; this cooling systems allows to cool uniformly
and efficiently the liner, but it requires a careful evaluation about manufacturing constraints.
Final design solution is based on several experimental and analytical studies already
published in the literature and/or previous industrial experience, but the lack of coolant mass
flowrate drives the design towards sparse effusion arrangements.

An experimental validation of enlarged scale liner sector represents an important step to
validate design assumption and it was performed by UFI using the TLC technique. The
interaction between slot cooling, fed with spent dome coolant, and effusion cooling has been
deeply investigated taking into account different operative condition in terms of coolant mass
flowrate and effusion blowing ratio; moreover the variation of convective heat transfer
coefficient due to the introduction of effusion cooling has been investigated, introducing an
innovative experimental data reduction procedure.

In this presentation/report will be show and discuss the main results and the lesson learned

about interaction/superposition of slot/effusion cooling systems and convective heat transfer
distribution.
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33. PERM combustor high pressure tests in K11 facility

PRESENTER: V. Plana - DGA T Aero Engines Testing
CONTRIBUTORS: JS. Vauthier, C. Casteloot - DGA i Aero Engines Testing (Saclay,
France)

DGA 1 Aero Engines Testing (CEPr) offers an experience of more than 60 years in
airbreathing engines testing. Components and especially combustion chambers are part of
this experience from sea-level conditions to very high pressure and very high temperature
requested for the next-generation engines. The K11, one of the most powerful combustion
facilities worldwide, allows tests on full scale annular combustion chambers with a wide
range of measurement devices. Its performance (100 kg/s, 60 bar, inlet 800 °C, outlet
2300°C) makes it a unique tool in the world, for developing civil and military combustors. An
internal traverse gear enables 360° mapping of combustor outlet, with pressure or
temperature measurements and gas analysis (CO/C0O2, UHC, NOx, Smoke Number) in
accordance with ICAO and SAE standards.

In the framework of the European founded NEWAC research program, CEPr improved the

design of its own gas analysis probe. These probes will perform tests with an outlet

combustor temperature up to 1850 °C at a high level of reliab ility in order to ensure the

quality of emissions measurement in the most severe conditions. The different steps of this

study were:

1 The assessment of the heat flux density at the surface of the rake.

1 The computation of the temperature of the rake and efficiency of the water cooling.

1 The computation of the strains inside the rake and assessment of the distortions of the
gas analysis rake.

The main results and the lesson learned during this study will be shown and discussed
during the presentation.
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34. PERM injection system development and validation

PRESENTER: A. Peschiulli - AVIO S.p.A. Engineering Department

CONTRIBUTORS: N. Zarzalis - Karlsruhe University,

. DaCosta-Of fi ce National d6Etudes eitDEFAhe Recherches
A. Marini - ENGINSOFT

Within the NEWAC project, Avio has developed and investigated the PERM Injection
System technology concept and is applicability for NEW Aero Engine Core concept.

The target of the development was to define the most suitable geometry of the injector that
enable the technology for its implementation on real scale full annular combustor engine, and
to improve performances of the whole combustor in agreement with the target of the project.

After the design phase carried out together with the University of Karlsruhe, the first release
of PERM injection system has been manufactured and tested in the ONERA lab up to
relevant engine conditions on tubular combustor. Test results have been analyzed with the
support of numerical investigation performed by partner ENGINSOFT.

The PERMO1 configuration was implemented in the annular combustor configuration for the
FANN LP/HP combustion test at Avio Pomigliano and CEPr facility.

In parallel, based on the experimental results of the first tubular test campaign the
modifications defined to improve the injector technology have been introduced in a second
version of injection system (PERMO02). The second release of the injector has been tested,
as previously, by the ONERA plant up to 25 bar and 840 K.
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