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NEWAC is an Integrated Project, co-funded by the European Commission within the
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Introduction

Commercial aviation has an impressive history of success, having become a means
of mass transportation that carries in excess of 2 billion passengers a year. Breath-
taking technological improvements have occurred in the past on economical and eco-
logical fronts alike. Air traffic nonetheless faces novel challenges in the wake of dimi-
nishing energy supplies and worsening climate changes.

In the past, air traffic grew some 5% a year, and the outlook for the future is much the
same. Technological improvements have indeed appreciably reduced specific fuel
consumption (per passenger kilometer), yet fast-paced traffic growth keeps increas-
ing fuel consumption and hence CO, emissions of the world's aircraft fleets by about
3% annually.
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Air traffic and CO, emissions

Society expects the aviation industry to satisfy its continuously rising mobility needs
while sparing the environment and resources. The International Air Transport Asso-
ciation (IATA), for instance, has aimed to reduce CO, emissions by 50% by 2050,
compared with 2005 levels. As it became apparent, however, the rate of past tech-
nological improvement will no longer be adequate to reach this goal.

A reduction of the air traffic CO, emissions can be attained only if all stakeholders
collaborate in the improvement of air traffic management, in the introduction of bio-
fuels and the development of innovative airframe and engine technologies.

A large part of the necessary improvements will have to come from the engine indus-
try, to a degree such that continuous improvement of engine components in itself will
no longer be sufficient. That is why under the NEWAC technology project, novel en-
gine cycles permitting quantum leap improvements were explored.
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NEWAC focus was on thermal efficiency to further reduce CO, emissions and fuel
consumption. For a conventional gas turbine cycle the thermal efficiency is mainly a
function of the overall pressure ratio and the turbine entry temperature. A further in-
crease of overall pressure ratio and turbine entry temperature is limited by maximum
material temperatures and increasing NOyx emissions.

The first step towards higher thermal efficiency without increasing temperatures is to
improve the efficiency of the components. Thus in NEWAC new innovative technolo-
gies such as active systems (Active Core) and flow control technologies (Flow Con-
trolled Core) to increase efficiency were investigated. Another possibility is to inte-
grate an intercooler to a core (Intercooled Core). It is an enabler for very high overall
pressure ratios, which leads to fuel burn improvements. A big step forward is to use
an exhaust gas heat exchanger in order to exploit the heat of the engine exhaust
gas. Therewith the thermal efficiency increases at a low overall pressure ratio, which
is good for low NOy emissions.

|

Thermal Efficiency

Conventional
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Active Core

NEWAC core concepts and thermal efficiency

These four configurations were complemented by the development of innovative
combustor technologies for ultra low NOx-emission. Most NEWAC activities were
focused on the compressor, for which fundamentally novel approaches were pursued
as well, such as improving the surge limit through tip injection, reducing clearance
losses through active clearance control and increasing aerodynamic loading through
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aspiration on blades. As most of these technologies can also find use on convention-
al engines not only long-term steps towards eco-efficient flight but also immediate
Improvements are made possible.

This brochure presents more than 30 highly innovative technologies out of the broad
scope of technologies investigated un NEWAC and should provide first relevant in-
formation to all who are interested. For further information please contact the owner
of the intellectual property rights.

The NEWAC partners would like to thank the EU for supporting the NEWAC pro-
gram. NEWAC was part funded by the EU under contract number FP6-030876.

March 2011

Joerg Sieber

NEWAC Chief Engineer
MTU Aero Engines GmbH
joerg.sieber@mtu.de
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Active Surge Control by Tip Injection
Throat Area
/‘ / '% Q
= @©
S0
Nozzle Channel g
\

Injection Jet
[[TELT T[]
Mach Number: 0.2 0.45 0.7 0.95
Description

Usually, a highly-loaded HPC that is optimized for high efficiency at cruise condition
would suffer from a relatively low surge line at part load caused by the tip critical front
stage rotor. In order to avoid increasing the part load stability by trading it against full
speed efficiency in a modified design, the tip leakage flow in the front stage can be
influenced by tip injection. This feature consists of a few small nozzles around the
circumference generating jets in the tip region ahead of the leading edge of the rotor
using air taken from inter-stage bleed. A proper control system allows to activate the
tip injection only temporarily.

Benefits

This offers new opportunities for the future design of compressors incorporating tip
injection, e.g. reduced blade count, more aggressive profiles and altered VGV
schedules. By all these means, design point or part speed efficiency can be improved
while the negative influence on part speed stability that usually goes along can be
compensated by tip injection.

Technology Readiness Level: 4 -5

Risks: Reliability, costs, weight

Application: All kind of gas turbine aero engines
Expected entry into service: 2020

Owner of IPR: MTU Aero Engines
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Tip Injection for Stability Enhancement

Description

In the course of the NEWAC project a tip injection system was designed, built and
tested on a six-stage fixed geometry high-speed compressor. The system bleeds air
from downstream stators 2 and 3 and re-injects the air upstream of the front rotors 1
and 2 into the tip clearance region through small nozzles. The modular design of the
rig allowed to quickly change the number of injection nozzles, thus allowing to test a
variety of system setups.

Extensive tests have been run with different nozzle and bleed configurations along
the entire compressor map. As a general outcome of the tests tip injection was suc-
cessfully designed for this test and was found to be an effective way of increasing the
compressor 6s | ow speed surge margin. The gain i
to 80% of the surge margin gain obtained from one standard handling bleed valve
dumping the compressed air overboard. At higher shaft speeds the front rotor tip in-
jection system did not significantly improve surge margin. Efficiency increases signifi-
cantly at low shaft speeds.

Benefits
Alncreased compressor stability
APotential to reduce necessary bleed air

Technology Readiness Level: 4 -5

Risks: Cost, weight, complexity of re-circulation system
Application: Future gas turbine aero engines
Expected entry into service: 2015

Owner of IPR: Rolls-Royce Deutschland
10
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Alternative Stability Enhancement System

Principal Components

1) Extraction Hole
2) Loop
3) Injection Nozzle

...... 1) Casing

Axial Direction
_

Hub

Self-Regulating, Extraction/Re-injection, Casing Treatment

Description

Various forms of over-tip casing treatments have been used in axial compressors for
stall margin extension. Invariably existing treatments give rise to an efficiency penalty
at compressor design conditions. A new form of over-tip re-circulating treatment has
been developed which adapts itself to the prevailing compressor operating condi-
tions. In discrete loops, air is extracted from over the rotor blade tips and re-injected
just upstream of the same blade row. The system self-regulates the amount of air
being re-circulated by making use of the changes in the over-tip pressure field that
occur as the compressor is throttled towards stall. The configuration is such that a
minimum amount of air is re-circulated at compressor design conditions (thus mini-
mizing loss of efficiency) and a maximum amount of air is re-circulated near the sta-
bility limit (thus maximizing stall margin).

Benefits
AExtended compressor stall margin without loss of efficiency at design conditions
A stall margin improvements of 2 to 6%

Technology Readiness Level: 3

Risks
Stall margin improvements cannot be predicted and therefore development testing is
necessary.

Application: Aero-engines
Expected entry into service: 2016
Owner of IPR: University of Cambridge

Patent No.: Application in progress

11
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Tip Flow Control Technologies

Axisymetric casing - Casing
treatment d 4 aspiration

Advanced casing

treatment
Baseline: in-house &
stage high loaded HPC
“CLEAN "
Compressor rig with “Tip FC and advanced aerodynamic”
technologies
Non-axisymetric endwall optimised 3D aero optimised profiles: R1 to R4, S3
design for high efficiency S1 & S2 unchanged (low aero benefit and high integration constraint)
: R6: clearance sensitivity improvement
Al o =8

Description

Major contributors in the losses of a compressor are the end walls, especially the tip
region near the casing. Innovative tip flow concepts have been studied and tested in
a highly loaded HP compressor: advanced casing treatment, casing aspiration, non-
axisymmetric endwalls. All these concepts have been linked with optimized blade
profiles, suited to this innovative architecture.

Benefits
A1.1 points HPC efficiency improvement
A0.8 % SFC improvement

Technology Readiness Level: 5

Risks: No major risk

Application: All kind of axial compressor
Expected entry into service: 2015
Owner of IPR: Snecma, SAFRAN group

Patent No.: PCT/EP2009/067326, PCT/EP2010/064652

12
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Flow Control by Aspiration

Description

An innovative way to reduce the number of blades or stages of a compressor, con-
sists in using the technique of flow control by aspiration; therefore, an increased load-
ing can be achieved. The cascade tests performed within this project showed that
flow extraction on the blades and on the end walls can reduce the losses that occur
at increased loading by reducing the flow separation. For a full benefit at engine lev-
el, the aspirated air has to be reinjected in the secondary air system (for turbine cool-
ing, for example).

Benefits
ABlade count reduction
AEfficiency improvement
e.g. 0.2 points HPC efficiency improvement or 0.15 % SFC improvement for an
aspirated first stage of a 6 stage HPC

Technology Readiness Level: 4

Risks
AReliability
ACost

Application: All kind of axial compressor
Expected entry into service: 2025

Owner of IPR: Snecma, SAFRAN group; EPFL; LMFA-ECL; ONERA

13
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Non axisymmetric Hub Design for Compressor Blades

Description

To improve the efficiency of the HP compressor, non axisymmetric endwall profiling
is applied to the rotor hub: the hub shape between two blades is fully 3D, modifying
both the secondary flows and the shock position of the transonic blade and thereby
reducing the global blade losses. The concept has been validated in rig test on the
first rotor of a six-stage compressor.

Benefits
AEfficiency improvement
Ae.g. +0.1 points HPC efficiency or 0.07 % SFC improvement for a first rotor of a 6
stage HPC

Technology Readiness Level: 5

Risks: None

Application: All types of axial compressors
Expected entry into service: 2015

Owner of IPR: Snecma, SAFRAN group, Cenaero

Patent No.: Snecma & Cenaero common patent PCT/EP2010/064652
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Stall Active Control

Customer bleed
i
T Engine bleed
Rutar injection bleed I.'
I|I Engine air-management
Control at compressor level Tip injection in front of rotor 1

Description

The stability of an advanced highly loaded compressor is a major concern. Stability
enhancement can be obtained by stall active control: stall limit enhancement devices
like fast-opening valves located in the middle part of the compressor or tip injection in
front of the first rotor are activated to increase the stability limit. The most promising
technology is the tip injection, activated only during transients, for a full benefit of the
stall enhancement at part speed and to avoid efficiency penalty at cruise.

Benefits
AStall margin enhancement: +3.5% surge margin (tip injection)
A0.25 % SFC improvement at cruise (tip injection)

Technology Readiness Level: 5

Risks: Reliability

Application: All kind of axial compressor
Expected entry into service: 2020
Owner of IPR: Snecma, SAFRAN group

Patent No.: PCT/FR2009/050995
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Active Clearance Control

Actuator
Outer Casing

Gearbox Unit

Inner Casing

Movable Liner

Stator Vane

Rotor Blade

Description

During a typical flight mission the mean equivalent tip clearance of a conventional
HPC varies significantly as a result of transient effects. In addition to that, manoeuvre
loads or deterioration lead to further tip clearance changes. Due to the small blade
heights especially in the rear part of the HPC, these tip clearance changes have a
significant (usually negative) influence on compressor efficiency and stability. There-
fore, the integration of active clearance control (ACC) in the rear part of the HPC
promises substantial performance improvements in modern aircraft engines resulting
in a reduction of mission fuel consumption and combustor exit temperature.

Benefits

An improved compressor aerodynamic design is achieved by taking into account the
benefits of the ACC system with respect to compressor efficiency and stability. Fur-
thermore, the reduction of mission peak combustor exit temperature improves turbine
life expectation, hence increasing engine time on wing.

Technology Readiness Level: 4

Risks: Reliability, costs, weight

Application: All kind of gas turbine aero engines
Expected entry into service: 2020

Owner of IPR: MTU Aero Engines

Patent No.: DE 10 2007 056895.0

16
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Passive Tip Clearance Control

Radial inflow

Description

Compressor clearances must be set to accommodate for the differential movement
between the rotor and casing during various engine transients. The rotor is
considerably slower to respond, both due to a greater physical mass, but also, the
rotationally dominated flow within the cavities gives very low heat transfer rates. With
a small bleed of radial inflow from the main annulus into the disc cavity, the rotor heat
transfer can be increased by an order of magnitude. The closer the match between
the thermal response of the drum and casing, the tighter the overall clearance can be
set. This tighter overall clearance, and the better thermal match gives a double
benefit when accelerating to maximum power from idle i one of the points at which
the engine is most susceptible to surge. In NEWAC, a scaled proof-of-concept test
rig has demonstrated the benefits of the radial bleed.

Benefits
Almproved tip clearance control for compressors.
AlLess weight and cost than more complex active tip clearance control systems.
ABenefits with low bleed flows in the region of ~0.05% of core flow, with potential
for a ~30% reduction in worst case clearance and 15% at cruise.

Technology Readiness Level: 5

Risks: No significant risks identified.

Application: Future aero engine compression systems
Expected entry into service: 2015

Owner of IPR: Rolls-Royce plc.

17
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Surge Suppression Device for Radial Compressor

I"'"

Inducer IRC

Sl°t [ Outlet

|
! Casing

' \ - \ .
' \ Surge suppressmn Choke (by-pass)
| . recirculation condition
|

S N LE

Description

Increase in pressure ration is crucial for an aero engine efficiency increase and con-
sequently SFC and emission decrease. In case of compact engine arrangement high
pressure ratios involves unfavorable geometrical parameters of the radial compres-
sor stage. As a consequence very high Mach number occurs at the compressor in-
ducer tip and such compressor stage is then expected to have poor stability. Applica-
tion of a surge suppression device becomes necessary. Basic principle of the Internal
Re-Ccirculation (IRC) surge suppression is based on outer (casing) wall pressure
variation in dependence on actual mass flow compared with surge line. Re-circulation
increases mass flow through inducer throat in surge vicinity and by-passing inducer
throat increases overall mass flow in choke operating region.

Benefits
AExtension of stable operating range of radial compressor stage
ANo or negligible performance and efficiency deterioration

Technology Readiness Level: 5-6

Risks
Optimization is needed for each application - no simple transfer from one to another
radial compressor stage is possible

Application: All kind of gas turbine aero engines adopting radial compressor stages
Expected entry into service: 2012 - 2013

Ownerof IPR: Pr vn?2 Dbr wjlnrsrke8 bealrk§ B2teg, a.s.

18
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3D Radial Compressor

Description

3D geometrical modifications are brought to an initial state of the art flanked-mill cen-
trifugal wheel. The stator of the centrifugal compressor and the meridional definition
of the rotor wheel remain unchanged.

Benefits
AEfficiency improvement of 0.9 pt
APressure ratio improvement of 4%
AConstant stability
AWeight reduction of 10% for the compressor wheel

Technology Readiness Level: 5
Risks: Mechanical integrity and manufacturing cost

Application
Aero engines requiring a centrifugal compressor and helicopter turbo-shaft engines in
particular.

Expected entry into service: 2020
Owner of IPR: TURBOMECA (SAFRAN group)

19
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Combustor
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Combustor with staged Lean Direct Injection (LDI)

Lean Combustion:

60% to 70% of combustor air through
the injector system.

Injection System Concept : LDI

fuel directly injected into combustion
chamber (very little fuel evaporation in
injector air passages).

Fuel preparation through high shear-
layers in swirling air.

Staged Fuel System :
Two axial concentric stages of fuel injection:

A Pilot injection into re-circulating air flow for
low-power stability.

A Main injection into low residence time
regions for high-power low-NOX.

Description

The RRD combustion system for the NEWAC core engine concepts is based on the
concept of Lean Direct Fuel Injection. The system is characterized by the fact that
most of the air for combustion,wi t h t he excepltiogbdofl|l tWwe ert e
the fuel injector. The fuel is directly injected into a single annular combustor architec-
ture with the spray preparation through high shear swirling air. To ensure a stable
operating range, fuel staging is arranged within the injector. A concentric pilot nozzle
IS injecting fuel into a recirculating flow to establish low-power flame stability. The
main fuel is injected into low residence time regions to enable high-power low nitro-
gen oxide emissions. The pilot/main fuel split is following an optimized schedule
throughout the engine operating range.

The DLR Institute for Propulsion Technology in Cologne has supported the LDI de-
velopment within the NEWAC programme. The combustion process and the 2-
phase-flow have been characterized with Laser-optical methods. New measurement
methods have been established in an optical high-pressure test rig. In particular, an
extension of the applicability of Laser Doppler and Phase Doppler Anemometry in the
operating range could be demonstrated in terms of reacting high pressure two-phase
flows in combustion chambers, where quantitative data are available.

Benefits
AReduction of climate effective nitrogen oxide emissions from aero engines
A70% NO, reduction relative to CAEP2 regulations
AApplication of laser-based measurement techniques at engine conditions

Technology Readiness Level: 4 - 6* (* only for NOy-emissions)
Risks: Cost, weight, complexity of fuel control system
Application: Future gas turbine aero engines (OPR > 30)
Expected entry into service: 2020

Owner of IPR: Rolls-Royce Deutschland
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Partially Evaporating Rapid Mixing Combustor (PERM)

Low emissions
combustor
development

Description

The AVIO combustion system is based on the concept of Partially Evaporated and
Rapidly Mixing (PERM) Injection technology and liners effusion cooling optimization.
The lean combustion is generated by the mixing of more than 60% air through the
nozzle with the fuel, locally and circumferentially staged, in order to minimize NOy
emission and assure operability in each point of the mission.

The Karlsruhe Institute of Technology has collaborated to the PERM injection system
concept design and supported the validation of the system by experimental investiga-
tions up to low/medium pressure (8 bar). PERM injection system concept validation
has been completed by pollutant emissions on tubular combustor HP tests by
ONERA (25 bar). Advanced effusion cooling system technology has been investi-
gated by the University of Florence, through numerical and experimental activities.
Eventually, the complete combustor aerodynamic and reactive flow-fields have been
numerically analysed by EnginSoft. The Full Annular Combustor high pressure test
campaign has been carried out by DGA Essais Propulseurs with the aim to assess
pollutant emissions by exhaust measurements at real engine conditions.

Benefits
A42% NO, reduction relative to CAEP2 regulations
A Application of laser-based measurement techniques

Technology Readiness Level: 5 (65% NOy reduction at TRL 4)
Risks: Complexity of fuel control system

Application: Future gas turbine aero engines (OPR = 20 - 35)
Expected entry into service: 2020

Owner of IPR: Avio S.p.A.
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Lean Premixed Prevaporised Combustor (LPP)

Description

The reduction of the NO, emissions by 80%, which is a target of the ACARE group,
needs the development of the lean combustion technology: Indeed, to maximize the
NOy reduction, the best way is to create a lean uniform mixture between vaporized
fuel and fresh air before its introduction into the combustor. This is well adapted to
the low OPR cycle engine, like the IRA engine studied in the NEWAC project, be-
cause the low air pressure value minimized the risk of auto ignition inside the injec-
tion system.

In practice, TM developed Lean Premixed Prevaporised injector concepts and vali-
dated them on a full annular combustor at the LTO cycle points of the IRA engine.

Benefits
57% NOy reduction relative to CAEP2 regulations

Technology Readiness Level: 5 (except light-up performance and operating life)

Risks

AcCost

AReliability

AOperability (start, reducing engine speed§@)

Application: Gas turbine aero engine with limited OPR (OPR < 25)
Expected entry into service: 2018

Owner of IPR: TURBOMECA
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Pulse Detonation Core Engine

\v//i/# Conventional

Aero Engine

| =
7777777 Fan LPC HPC HPT LPT\”V”””””

: E—
g T Hybrid
4 — Aero Engine
Larger =
BPR A

Smaller
HPC

Further compressed

Main/Cooling air cooling air

Description

With the help of an innovative combustion system for future aero engine core con-
cepts it is intended to further reduce SFC or to simplify the aero engine core architec-
ture. Therefore a hybrid engine concept is suggested where a part of the high pres-
sure core is replaced by a pulse detonation combustor. A pulse detonation combus-
tor is a pressure gain combustor thus increasing the overall pressure ratio during the
combustion process. Therefore a higher thermal efficiency compared to the standard
constant pressure gas turbine cycle is achieved. Due to the pressure gain it is also
possible to reduce the pressure ratio by mechanical compression and thus reduce
the engine weight at the same SFC.

Benefits
AReduction in SFC although engine weight increases
(-5% SFC / +13% engine weight i long range application with high OPR)
AReducing engine weight at the same SFC
(-6% engine weight i short range application with low OPR)

Technology Readiness Level: 2 -3

Risks
ADecrease in turbine efficiency due to intermittent combustion processes
AcComplexity of combustion control (different points of operation during a mission)

Application: All kind of gas turbines (aero engines and stationary)
Expected entry into service: beyond 2020

Owner of IPR: Graz University
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Heat Exchanger and Inte-
gration
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Intercooler Ducting Systems

Description

An intercooled aero-engine has the potential for higher overall pressure ratios to re-
duce fuel consumption and/or lower compressor delivery temperatures to reduce
NOy. However, this requires the aerodynamic design of ducting systems to transfer
core air to and from the heat exchanger modules (the HP ducting system), and to
provide a flow of coolant to the heat exchangers from the by-pass duct (the LP duct-
ing system). These ducting systems must be short/compact, accommodate engine
access requirements and avoid any adverse effects on the upstream and down-
stream compressor modules. These objectives must be achieved whilst also ensur-
ing low total pressure losses to avoid negating the performance benefits of inter-
cooling.

Benefits
AA designh methodology has been developed and validated by rig testing.

ADucting system performance targets have been shown to be achievable.

Technology Readiness Level: 4

Risks
Better integration of ducting system with heat exchanger manifolds may be required

to guarantee flow uniformity through the heat exchangers.
Application: Intercooled gas turbines, and particularly aero-engines.
Expected entry into service: Around 2025 for intercooled aero engines.

Owner of IPR: Rolls-Royce plc., Loughborough University
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