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Work package 1: Management

The project was implemented according to plan although two extensions had become necessary due
to technical issues with highly complex test facilities.

The results of the project were reviewed by the EC Senior Project Officer Dr. Dietrich Knérzer and
two independent experts (Prof. Dr. Johannes Janicka and Bryn Jones). The project was coordinated
by Dr. Ralf von der Bank. The Final Meeting was hold from 2 to 4 December 2008 at the head
office of the Helmholtz-Gemeinschaft in Berlin.

The Steering Committee unanimously agreed a prolongation of activities of DLR Task 4.2 by 12
month. The EC senior officer, Dr. Dietrich Knorzer approved, this request during the meeting. Task
4.2. was then reviewed separately by the EC in Brussels on 9 December 2009.

A liner for the exhaust gas of the Big Optical Single Sector combustion test facility of Task 4.2,
which will be used to generate the results for deliverable report D4.2, needs to be installed to
protect the concrete structure against water and water vapour from the throttle exhaust. Finally. a 6-
month period has become necessary for the actual campaign with the largely untested new
combustor hardware. Hence, DLR had to ask for a 12-month extension of the project to carry out
the work planned for the Big Optical Single Sector.

All partners have completed the entire technical project work as planned successfully. This report
represents a part of the Final Report.
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Group photo of the INTELLECT D.M. team on 4 December 2008
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Work package 2: Knowledge Based Combustor

The Knowledge Based Engineering (KBE) tool developed under this work package by Rolls Royce
and Rolls Royce Deutschland will become the corner stone for capture and application of future
lean low NOx design methodology.

This will provide an integrated environment, linked with design guidelines, predictive tools, to
support efficient application of the combustor design process. Key design parameters and the
models to be integrated have been identified, as well as the way they fit into the preliminary design
process. All major data-flows driving the preliminary design have also been captured.

Work has been done to identify the combustion system module's interface. A 1D combustor
aerodynamical model has been integrated into the system as well as an export into Unigraphics for
automated meshing and an automatic tool for the simplification of technological details. This
integration has been performed on the Technosoft platform and is based on AML language.
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In parallel, a parametric injector has been added to the combustor CAD model by the University of
the Bundeswehr in Munich and linked to the EXCEL database. The mesh generation in ICEM-CFD
is automated via a replay file, which is generated and exported by the EXCEL database after every
calculation.

CFD simulations are performed automatically. The CFD results are judged by an experienced
design engineer and input parameters are changed within the EXCEL spreadsheet if necessary.

Concerning the optimisation strategies for CFD design, calculations of complex industrial
configurations have been carried out with multi-objectives algorithms. Concerning the optimization
strategies for CFD design, calculations on complex industrial configurations have been carried out
with multi-objectives algorithms.
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ONERA developed an optimisation method based on response surface model and applied it on the
two-phase flow optimisation of a Turbomeca lean premixed prevaporized (L.PP) injector. Because
optimisation requires a lot of computations, the basic idea is to define a surrogate model
reproducing the behaviour of the complex system with a short restitution time.

This response surface model (a multilayer perceptron neural network) is used in the optimisation
process instead of the two-phase flow code to decrease CPU time. This chain was applied on a
Turbomeca LPP injector optimisation computed in axisymmetrical two-dimensional. The results
obtained have been exploited by Turbomeca to enhance the performances of Low NOX injection
technologies for small gas turbines applications. CERFACS developed a fully automated
optimisation loop based on the coupling device PALM. The main optimisation strategy adopted
consists of a surrogate-based method. It allows treatment of mono and multi-objective problems
with reduced clock time. This strategy was tested on simple 2D cases and then applied to the 3D
optimisation of a Turbomeca combustor radial exit temperature profile.
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The work performed by CERFACS and ONERA has been followed-up by Snecma and Turbomeca
all along the INTELLECT D.M. project. Some of these developments have been implemented into
Turbomeca’s and SNECMA’s design tools and used for low emission combustor applications. The
first application is a demonstration of the 3D optimisation of a combustor’s radial exit temperature
profile using moving mesh techniques used as well by CERFACS and the second application deals
with a full factorial design of experiment used to explore the flow structure of an air-blast swirler.
SNECMA applied these methodologies on the automatic optimisation of an air-blast atomizer
design.

AVIO has set up a design procedure based on Artificial Neural Net (ANN) coupled with a Genetic
Algorithm (GA) to find out the effusion cooling air distribution that optimises the combustor liner
life. The wall temperatures needed as input for a structural finite element (FE) analysis was
provided directly from conjugate heat transfer performed during CFD main calculation.

The parameters to be optimised were the combustor outer liner permeabilities and the objective was
to improve the life of the combustor liner. This optimisation predicted an improvement of the liner’s
life by a factor of 3.
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Work package 3: Ignition Capability

The implementation of a Monte Carlo code for the simulation of the LEPDF spray equation was
concluded by M14. The code is capable of simulating the Large Eddy behaviour of a gas flow in
which a spray is injected. The LES equations for the gas-vapour mixture phase are coupled with a
probabilistic description of the spray. A Monte Carlo integrator code for particles dynamics has
been incorporated into the LES Boffin solver. The implementation includes droplet transport,
droplet heating and vaporization, droplet break-up and a special treatment for Injector boundary
conditions. The implementation allows both one-way and complete two-way coupling between the
droplet and gas phases. It has been demonstrated that small droplets typically present in a spray may
enhance the rotational strength of coherent structures. As a consequence these structures, which are
the major cause of droplet dispersion, are responsible for droplet concentration and vapour fields
that are highly discontinuous. These findings may be of use in combustion chamber design;
atomizer diameter and fuel inflow directions may be tailored to minimize segregation effects and
thus non vaporized and un-burnt liquid fuel.

The LES Boffin/Monte Carlo Spray has been fully parallelized using MPI. A version of the LES
Boffin/Monte Carlo Spray was delivered to the University of Czestochowa. Modifications into the
BOFFIN code to obtain PDF of diameters and PDF of flow velocity were done. In the latest version
of BOFFIN code with spray and combustion/ignition models was delivered by Imperial College
London. Also a Kerosine-air mechanism has been incorporated in this version of BOFFIN.

Before LES computations concerning ignition process in combustion chamber were started various
tests were performed in simplified geometry, where two cases were analyzed: 1) ignition of gaseous
kerosene only; 2) ignition of the liquid fuel (kerosene). Results obtained and analysis of stability of
the code pointed out necessary modifications which were introduced into the BOFFIN code. Among
the others the source term corresponding to the spark and the source term resulting from
evaporating fuel were implemented in the code. Next, the computations for 1-sector configuration
started. Ignition process for three different spark positions were analysed in ground ignition
conditions. Results obtained show ability of the LES-BOFFIN code to correctly model these very
complicated phenomena.
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Two-phase flow computations in 3-sector configuration for ground ignition conditions were
finished for both, RANS and LES using FLUENT. Computations with a spark ignition model in
FLUENT were performed for simplified geometry and for single sector configuration. Results
obtained with this model show that the flame extinguishes. The computations with BOFFIN code
were delayed mainly because of problems with generation of 3-sectors mesh using ICEM CFD
software. Many different meshes were prepared but none passed “quality test” implemented in
BOFFIN code. Finally, the University of Czestochowa prepared the 3-sectors rotating the
previously verified 1-sector mesh. Writing the mesh in BOFFIN format together with the input file
for data exchange for parallel computations required preparation of an additional software. The
computations concerning analysis of light across started. Because these computations are extremely
time consuming they are still ongoing and were then finished by M60.

Lund University performed experiments observing ignition (pilot only) of the LP(P)4 injectors in
the high pressure rig. The ignition process was observed by imaging chemiluminescent emission
from the flame with a high-speed framing camera. For LP(P)4 a OH was also imaged in a planar
arrangement using a multi-pulse dye laser system. Both conventional spark ignition and laser
ignition were investigated. Two fuels were evaluated Jet-A1l and a Fischer-Tropsch-based jet fuel.
The synthetic fuel required a longer ignition delay time before ignition occurred.

A clear advantage with the synthetic fuel there was the large reduction of soot deposition in the
chamber compared to Jet-Al. The experiments showed that the ignition is a stochastic process
dependent on e.g. local air/fuel ratio, local flow around the spark igniter, spark location and ignition
method. Some common features can be identified between different ignition attempts where main
features in dynamic pressure during ignition and in the high-speed camera pictures could be
identified. The laser ignition tests shows that the technique is reliable and that the precise control of
ignition time, ignition energy and position of ignition location can be advantages for fundamental
ignition studies.

LNBI flame after ignition and before light across

Three lean burner injector generations (e.g. LPX1, LPX2 and LN’B) were tested (RRD) under
simulated altitude conditions (25 and 30kft) in the sub-atmospheric relight-sector test rig (SARS).
Ignition (light-up, light-across) and weak extinction experiments were performed using Jet-Al
Kerosene as fuel. It was found that the ignition and light across performance of the LPX2
configurations could not be improved relative to the LPX1 configuration.

Print Date: 18.06.2010
Page: 6 of 13



AST3-502961 Publishable Executive Summary INTELLECT D.M.

The relight capability was limited to the low air speed domain where flame stabilization is not an
issue. The LN°B showed improved relight and weak extinction characteristics compared to LPX1
and LPX?2, further improvements are regarded as possible.

A full-annular test (FANN) has been carried out in the ILA University Stuttgart altitude relight test
bed. Rolls-Royce Deutschland’s single annular combustor was equipped with the RRD internally
staged lean injector LN’B. The test objectives have been to determine ignition and stability loops at
three different combustor inlet pressures and temperatures representing different cruise altitudes and
to determine ignition and stability at normal and cold day conditions.

The main results were that successful light-around was achieved at all test conditions with both
igniters. The current test results translated into an engine windmill prediction indicate that the
current combustor configuration would satisfy potential relight requirements, although the
technology needs some more optimisation to show a stable result under all circumstances.

Work package 4: Stability and Extinction

The development of lean burn technology for single annular combustor architecture has been
pursued. The emissions performance of the LP(P)5, the LPX1, the LPX2 and the LN’B have been
investigated. Two configurations of the LNB fuel injector have been investigated for their emission
performance. The HPSS investigations were carried out applying an effusion cooled combustor
liner, which was inserted in the test rig for the determination of realistic combustion efficiency.
They feature V-shroud flame stabilisers for improved weak extinction capability, airfoil guide vanes
for aerodynamic quality and effective area. The NOx emission performance demonstrated in the
HPSS test rig was the best of all injectors investigated.

The C13 configuration achieved a NOx reduction of 77% (as measured) relative to the CAEP/2
emission certification standard. The C22 configuration achieved 74% NOx reduction. The cruise
efficiency of 99.2% is lower than required.

For the first time ever a Fischer-Tropsch GTL has been investigated for its NOx performance and
compared with emissions from conventional petroleum based Jet-A1 Kerosine. The investigated
GTL contained special molecules.

In the context of the emissions results, it has to be noted that this fuel is just one example and is
probably not representative for all GTL fuels available at the present time. It is recommended to
gather more experience with the emissions performance of fully and semi-synthetic fuels in
conjunction with lean burn modules.

However, the data which summarised the NOx performance, shows that the NOx emissions in terms
of DP NOx.c / Foo increase by 18%. The cruise NOx is increased by 11%. Although there are
virtually no aromatics in the GTL, the soot/particulate matter emissions seem to increase slightly for
fuel staged conditions (i.e. +5% for cruise). For fuel rich pilot burner operation (e.g. 7% and 30%
thust parameters) soot has been found to be 40 to 50% reduced compared to petroleum Jet-A1l. The
combustion efficiency of GTL at cruise was 0.2 %-points down compared to petroleum Jet-Al.

Computations for lean operating conditions using BOFFIN codev have been performed. The goal of
these simulations was to investigate stability of the combustion for different AFR (Air to Fuel
Ratio). The initial parameter of simulations (air mass flow/ fuel mass flow) corresponded to
previously specified by RRD “idle conditions” with AFR=100. Next, decreasing the fuel mass flow
the computations were for AFR=125, 150, 175, 200. Each case required preparation of different set
of input files. Results obtained shows that the flame remains stable for very wide range of AFR, the
length of the flame and the maximum temperature inside the combustion chamber decreases as the
AFR increases.
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The test campaign in the BOSS optical single sector rig took place in November and December
2009. One full scale staged lean module by Rolls-Royce Deutschland with pressure swirl atomizer
pilot and prefilmer main injector was tested using planar optical methods. The tests covered more
than 30 test points, ranging from idle to simulated takeoff conditions. The corresponding pressure
range was 5.7 bar to 12.9 bar.

Work package 5: Technology Assessment

The main objective of WP5 was to carry out an assessment of the technology improvements
achieved within the physics-based work packages (WP3, WP4, WP6, WP7) with a view to
formulating new design guidelines where possible. Considering the diversity of the combustion-
related topics worked on within INTELLECT DM, WP5 aimed to collate the various contributions,
highlight the progress made and identify remaining gaps.

According to plan, the assessment focused on three different topics: evaluation of progress with
respect to

o state of the art of the emissions achievable with piloted lean burn design concepts,
e evaluation of progress made on the development of diffuser technology for lean burn and
e evaluation of effective calculation methods for cooling.

The delay affecting some of these deliverables simply reflected the need to wait for the physics-
based tasks to complete before the assessment could be carried out.

Within INTELLECT DM, one of the key areas for development of combustion technology was the
design and testing of piloted lean burn injectors. A number of different lean burn injectors have
been developed by RRD, which allowed assessment of some key design features, like airblast vs
pressure jet pilot, V-shaped flame holders and aerodynamically profiled swirler vanes.
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The LPX1, LPX2 and LN2B injectors have been designed and then tested in a High Pressure Single
Sector rig (TRL3). The assessment of the performance was based on NOx emissions corresponding
to an ICAO LTO cycle as well as at cruise and allowed concluding that injector showing the best
performance (LN2B) achieved 29.5% CAEP 2. This result has then put into perspective, by
comparing the emissions to those of an optimised RQL as well as other lean burn concepts proposed
by previous EU research programmes (e.g LowNOx III, LOPOCOTEP).

The comparison shows that the INTELLECT DM-developed LDI piloted lean burn Single Annular
Combustor design offers a significant NOx reduction with respect to Double Annular Combustor
solutions.

Furthermore, an initial assessment was carried out of the operability potentially achievable with this
design concept, which suggested that no change to the current operating envelope would have to be
invoked if lean burn was introduced in service. Of course, the development carried out in this
research programme has been low TRL and a significant uncertainty affects the estimation of the
performance deterioration likely to occur when moving to higher TRLs.

The different architecture of lean burn combustion systems also calls for development of novel
external aerodynamic arrangements that have been thoroughly investigated within INTELLECT
DM. Lean low NOx combustors call for a large percentage of the prediffuser efflux to enter the
flametube through the fuel injector. As a result, flametube depth is usually larger in lean burn than
in typical rich burn designs. Furthermore, the weight increase usually associated with lean burn
systems emphasises the importance of minimising the length of the combustion system. An
INTELLECT-DM integrated OGV prediffuser design (done by Loughborough and RR) driven by
CFD has shown its potential for improved performance. Previous research has shown the beneficial
effects of combustor blockage on prediffuser performance for rich burn systems. For lean burn
systems characterised by as much as 70% of the prediffuser efflux going through the fuel injector
the dump gap has to be integrated into the design to find an acceptable compromise between
prediffuser performance and rotor forcing. An optimal dump gap range has been identified. Design
guidelines have been derived and thoroughly assessed. From a modelling viewpoint, a relatively
straightforward RANS approach has been shown to be able to drive the design in the right direction,
even if accurate prediction of pressure losses is still a very challenging task.

Due to the large amount of air required to achieve low NOXx, lean burn combustor cooling flow has
to be minimised. In order to do so, a combination of experiments and simulations can be used to
analyse different designs. An assessment has been carried out by AVIO within WP5 on the
methodologies for prediction of metal temperature. A comprehensive conjugate heat transfer
approach has been proposed, which allows calculating metal temperature by accounting for
radiation through a six-flux model and convection through an effusion cooling device via an
effective heat transfer coefficient. The proposed method has been shown to offer a good trade off
between accuracy and computational demand.

Work package 6: External Aerodynamics

All tasks in the Work Package have proceeded according to plan in this final year of the
INTELLECT project. Only Task 6.1 has been operational. Deliverables (6.1.2 and 6.1.3) which
were delayed slightly due to extra work being required in the extended optimisation methodology
have now been completed. The work on the final Deliverable for WP6 (6.1.7), which was shifted to
the last quarter of 2008 due to manufacturing delivery and availability of the experimental facility
has now been completed. The analysis of the data and the writing of the report are planned to be
complete and the Deliverable was submitted by M60.
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Work package 7: Combustor Cooling Design

The assessment of combustor cooling aspects for lean burn systems is the key point of the activities
carried out in this work package. The exploitation of results from other European projects has been
done, as well as the validation of conjugate design procedure against experimental results and
anisotropic CFD turbulence modelling implementation (University of Florence, SNECMA and
CNRYS).

The simulation of effusion cooling devices with RANS-CFD has been carried out by SNECMA. In
the same Task CERFCAS developed and validated a LES based strategy to simulate an effusion
cooling system in an isolated and controlled environment for a suitable generation of a numerical
database from which models can be obtained to simulate such systems in real CFD-RANS solvers
(experimental results were provided by Turbomeca).

The achievements are: the definition of a number of cooling devices, the evaluation of possible
coupled solutions (impingement-pin fin, impingement- ribs), the evaluation of innovative effusion
cooling geometries, the selection of innovative cooling devices for experimental studies (AVIO,
University of Florence).

University of Florence exploited the modelling developed in previous European projects and
selected an LPP combustor to be analysed for detailed heat flux evaluation by means of CFD.
AVIO developed and validated a methodology for combustor wall temperature evaluation
(conjugate heat transfer analysis) using a CFD in-house code. The experimental values used for
validation have been taken from previous European projects.
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The reported achievements of Sub Task 7.3.3 are: two optimized cooling configuration
manufactured by AVIO and the University of Florence (scale 1:5) and tested by means of TLC
technique (impingement-ribs and effusion arrays samples). Another effusion array sample (shaped
holes) was manufactured by AVIO and tested at CNRS. The measurements of discharge coefficient,
adiabatic effectiveness and overall effectiveness of such devices is a very useful database for
combustor applications. Finally a Monte Carlo radiation module to be linked to commercial CFD
codes has been successfully developed and validated by the University of Karlsruhe, using RRD
experimental results of an industrial combustion chamber.

The main results can be summarized as follows:

¢ development/improvement of CFD RANS/LES codes for wall temperature evaluation and

¢ great deal of experiments carried out to assess the best cooling configurations for lean-burn.
Following that new correlations design practises can be developed and used by industrial partners.
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