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Abstract

Increasingly strict requirements for engine desifmse engine manufactures to improve the engine
characteristics. Multidisciplinary optimisation af turbine disc demonstrates such improvements.
Chaining the various design and analysis toolslirinto a virtual environment allows automating
the design and analysis procedure, a prerequaiteafiltidisciplinary optimisation. To solve the rtiul
objective optimisation problem, a Pareto optimuitedon has been used. Even using a limited set of
design variables obtained a 19% turbine disc lifimgprovement with respect to the original design
without weight penalty. By introducing more desigariables and additional objectives even more
improvements are expected.

1. Introduction

Increasing air travel and growing environmentalagns support the European visidor sustainable air transport.
This translates into more strict requirements fewnrengine designs. Such requirements relate toctieduof
emissions (like 80% reduction in nitrogen oxide &P reduction of perceived notyeincrease of the fuel
economy (e.g. a 50% cut in fuel consumption pesgager kilometre contributing to a 50% reductiorcafbon
dioxide emissioh the latter also relevant with respect to the Peem Union environmental polfjyand
improvement of the reliability (for instance 99%tbé flights on-time, resulting in amongst othersrenstrict lifing
requirementy. To comply with these requirements it is impematio improve the engine characteristics. On top of
these challenges, world-wide competition necegsitat reduction of the time-to-market for new engiesigns.
Accommodating these challenges motivates a moveartsvinnovative concepts like the virtual enginactsa
virtual engine comprises the accurate simulationthef engine design to accurately determine itsvagle key
performance characteristics.

To address the characteristics of a whole engirségde simulation software tools like G5Bnd PROOSISare
available. Based on such virtual engine desigresdésign objectives for its components can be édriThe high
pressure turbine disc is a critical component doethie high temperatures and pressures it is sejetd.
Affordability requirements and on-time flight regeiments imply increasing maintenance intervals tiianslate
into increased lifing of the disc.

The design of a high pressure turbine disc invomedtiple disciplines like computational fluid dymécs, thermal,
stress, lifing and weight analysis. For an optithesign, a synergistic interaction between the plises is needed
based on a consistent description of the desigredoh discipline involved. As such this is a typieaample of
Multidisciplinary Design Optimisation (MDO) as deéid ir?. For the high pressure turbine disc under conatiter,

our contribution is the realisation of an advandéetggrated multidisciplinary design analysis fagili Existing

commercial-off-the-shelf mono-discipline tools am&egrated into a single tool chain. The disciptirmaitomatically
exchange their data via an integrated design medabling a consistent design assessment. Suchtegrated
design model allows easy selection of any availalblaracteristic as an optimisation objective. Tiéper will

illustrate the flexibility of incorporating disciiples into our tool chain as well as flexibility Belecting design
objectives. This flexibility is shown, by discusgian example in which the mass is optimised.

The next section describes the various disciplineslved in the design, and how these respectigeigline tools
are combined in an automated workflow. Subsequehtymeta-modelling or response surface approaet iss
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described for the selected objective, which is mising disc mass. The flexibility of the design ltabain is
illustrated by exchanging the lifing constraint amass optimisation by a mass constraint and ama&d lifing
objective. These results lead to the introductibthe Pareto set, which provides the designergrimétion to allow
them to exchange mass and lifing objectives withanprovided design constraints. The increased lediye about
the design is the outcome of this case study arndledd to the conclusions. In industrial desigrses such
knowledge would help higher level designers inrtdeicision making processes.

2. Workflow encompassing the multidisciplinary engine disc design tool chain

Figure 1 provides an overview of the disciplinesd dheir supporting tools, used in the engine dissign case
study. The overall engine design objectives, derifm amongst others the vision 2020 objecfivasd the
European Union environmental policigprovide the detailed design objectives and cairgs for the high pressure
turbine compressor. Examples of such componentticonts are temperatures and rotational loads efdikc. This
paper will not elaborate the aerodynamic desigrrenmformation can be found®in

temperature

initial stress

Figure 1: Flexible tool chain to enable synergistigltidisciplinary design of a high pressure tugbifisc

At this stage of the design, a detailed simulatibthe blade — disc interaction is not needed. €qusntly the disc
can be considered as axially symmetric, so forstifessequent analysis a 2-Dimensional (2-D) geonussgription
suffices, allowing reduction of the computatior@dd of the analysis. Figure 2 shows how the axglmmetric 2-D
geometry description relates to the 3-Dimensio8dD) disc geometry.

Figure 2: Position of axially symmetric 2-D geonyatrithin the 3-D high pressure turbine disc

As a first step in the automatic design and anslpsocess the geometry is drawn and parameterigadCATIA
V5. Figure 2 shows the full parameterisation of theulting 2-D geometry description of the discryfiag all these
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parameters would result in an unfeasibly largegfespace, so the two main design parameters usedkgaicted in
the left hand part of figure 3.
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Figure 3: 2-Dimensional shape of disc (left) anltlgarameterisation of the disc shape (right)

Please note that there are many geometric desigstraints including the shaft diameter, disc widtid outer
diameter which are determined by higher level desigps. Such multi-level design is typical, witfiedent sets of
models used for different design levels to allow feasible computational loads at the earlier desitages. The
multi-level approach is not elaborated in this papet will be included in the next design stagelse Teometry is
exported to the Initial Graphics Exchange Spedifica(IGES) format for exchange with a finite elerhsimulation
code.

The second step in the process is the meshing efdtec geometry with the finite element pre-prooess
MSC/Patran. The IGES file with the geometry is imipd and automatically meshed. The mesh densitybean
controlled over the complete geometry so areasnpbitance, like those where stress concentratimmxpected,
can be meshed in finer detail than others.

Material properties are defined with respect tea turbine disc material. All parameters are legeépendent of the
temperature to reduce computational burden in thegmt analyses. Subsequently the external tenoperaading

and mechanical loading due to blade force andiouialt effects are imposed on the disc using MSCépator the
current situation no axial load of the blade dugdse loads nor creep was taken into account.

The internal temperature distribution of the ditahelled “temperature” in figure 1, is then caldath with

MSC/Marc. Based on this information the initialests due to the combined temperature and mechaoaxhihg is

determined using MSC/Marc, labelled “initial stressfigure 1.

Assuring that the disc will not burst at the apgliemperature and external load conditions, a ‘Umsticriteria” was
defined and imposed as a constraint in the designoptimisation process. The area weighted meap btess of
the disc must be below a specified allowable stndssh is dependent on the temperature of the disc.

To be able to calculate the fatigue life a simeitififlight cycle is used in the present analysesofisists of an idle
and cruise condition where input parameters sudpasd, air temperature and heat transfer coeffc@e assumed
to be constant over the idle and cruise conditibasa steady state temperature distribution xisthe end of each
flight cycle. The lifing analysis of the disc isdeal on the temperature and stress distributioneidisc. The lifing is
expressed as the number of cycles before failuhe. foop stress is used for the lifing assessmenkeEp the
process tractable, the hoop stress is only detedniar the steady-state reached at the end ofdibeand cruise
conditions. Such steady state conditions constithee worst-case situation with respect to cyclesemhthe
steady-state is not reached. Based on Nickel Baleys with isotropic behaviour, the Basquin-eqoatis used for
the low cycle fatigue:

o(T)=c(T) N,™" (1)
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Where T is the temperature(T) is the temperature dependent streggsihe number of life cycles depending on
stress and temperature. The temperature depenaefficients are defined as:

c(T) = 0.0062T2 - 5.9094T +3038 3)
m(T) = -4x10” T2 +0.0003T - 0.1066 4)

Based on these equations for each flight conditiaertain life of the disc can be predicted. Treults from both
analyses (i.e. covering the full flight cycle) @hen combined by the Palmgren-Miner-rule:

1Lyt 1, 1 ©
N,

fide N f cruise

Where N o is the predicted life in number of cycles. Theeralssumes that the total life of the disc may be
estimated by adding the life consumed at eachtftigble.

All the tools used in the design and analysis cleae Commercial-off-the-Shelf (COTS) tools. Théntif can be
determined based on the above equations or basedpooprietary tool linked to the chain, therebyndastrating
the flexibility of the tool chain. Such mix of COT&hd proprietary tools, with some tools often oalilable on
specific computing platforms, is typical for engimailtidisciplinary design optimisation. Sometimagdo concerns
about intellectual property rights, the tools may Ine available at each site, and engineers hawsetdools provided
at remote computing platforms. This leads to cosieer of information from one COTS tool to anothedaalso
leads to transfer of significant amounts of infotima between computers. As many design variaticzednto be
analysed, the set of tools is put into a workflohhe selected workflow engine supports automationthef
conversion of information and supports automatichexge of information, even when some tools arg awnhilable
on dedicated computing platforms, which might beated at remote partner sites.

Several levels of usability and operability exisisering a flexible environment for the design animisation
process. The workflow is basically based on Unighascripts and Python which give good programmiexilbility
on a number of different operating platforms. Rdirthe scripts run on a Windows PC and are usqutépare the
input for and execution in CATIA V5. The main paftthe script runs on a Linux based PC, servingrasiterface
between the different analysis modules (MSC/Patvéarc and the lifing tools). A web based servemiplemented
which can be operated either through a web interfacan external application client. This enablesdxecution of
the workflow from virtually any location with antirnet connection. For more information on the vilork se€,
more information on the distributed tool chain isyided irf.

The multidisciplinary analysis of a single engingcddesign is computationally expensive, typicallgund a quarter
of an hour in the presented case study. This stadbudes the computational fluids dynamics partclwtprovides a
significant additional computational load. As soroptimisation algorithms like Genetic Algorithms e
numerous design evaluations (typically thousandsiare), a meta-modelling or response surface apprizaused,
which is described in the next section.

3. Computationally efficient meta-modelling

When optimising the objective, i.e. minimising disass in our case study, the optimiser needs ddisaiplinary
evaluation of the engine disc design at variousgdepoints, as determined by the optimisation atbor. In our
example the number of design variables has bedtetinto two (X1 and X2 in figure 3) in order to waise and
demonstrate the complexity of the design spacerduotice, however, the number of design varialdesot limited
to two and various design variables can be usétkimlesign and optimisation process.

As the analysis tool chain does not provide gradigriormation, gradient based optimisers need more
computationally expensive evaluations. In case dbgctive has a complicated surface in the desigace
considered, gradient based algorithms might notdimist and genetic algorithms may need to be deto.
Meta-modelling or response surface methods have sleewn to be an effective solution to represeattbhaviour

of the objective and constraints within the desigace considered with high computational efficieang sufficient
accuracy 02!
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A sampling of the design space (X1, X2) is madenhwfite full multidisciplinary analysis capability.oké that as
these analyses are independent, they could berpexdioin parallel. Subsequently a response surfafitted through
the results for the selected objective. Figureaishthe results of the accuracy of the fit for was fitting functions.
The accuracy is determined by comparing the regpsudace results with a few additional designswiich a full
analysis is performed. As the best fit turns oubéosufficiently accurate for our optimisation,uig 5 depicts the
response surface for the engine disc lifing. Thedjated life is expressed in the number of loadiggles. This
response surface has been used for the subseqassaoptimisation.
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Figure 4: Accuracy of various fit functions of resise surface for selected lifing objective.
The accuracy is expressed as Root Mean Square (RMBE) of the number of cycles

The area of the disc and therefore the weight iimal if the sizing parameters are minimal. Frogufe 5 one can
see that this value will be reached with a geomefrX2=40 mm and X1 between 45 and 50 mm, satigfyhe
minimal life constraint of 40.000 cycles. With americal approximation of the predicted life datae aan find a
more precise value for X1 (e.g. 47 mm). This vatuthen verified by re-running the tool chain foetapproximated
optimal design parameters. Following this appraaehdesign optimum is found in a more computatigrefficient
way than finding it by running the tool chain onljhrough the approximation of the design spaceloeations of
the design space can be made cost effective. Fortie figure 5 shows that two distinct areas ewikere the
constraint for minimum life is satisfied. This reéwgps advanced optimisation methods (e.g. genagiorhms), since
not all existing optimisers can handle such a cairdgtbehaviour adequately and robustly.

Predicted life as function of sizing parameters
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Figure 5: Actual lifing for various engine disc dgsvariants, with part above the waterline compdywith the
minimum lifing constraint of 40.000 flight cycles

4. Flexible engine disc design optimisation

For the part of the design space which is feasilile respect to lifing, a second response surfacgmade with the
engine disc mass as design objective. Figure &tietiie mass of the high pressure turbine discfasaion of the
design variables. The coloured areas comply wighntinimum lifing constraint of 40.000 flight cycleGlearly the
two feasible design areas can be seen. The staktisign was X1=X2=55 mm and is located in one effdasible
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design areas. As a result of the optimisation meaesing only two design variables, the disc mass eecreased
from 95.3 kg to 93.2 kg (2%). The optimum is foundthe other feasible design area then where thienger
started from. Note that gradient based optimisatvold have given the wrong optimum and the usa genetic
algorithm is therefore the preferable choice here.
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Figure 6: Actual mass of various engine disc desaants, with coloured parts complying with minim lifing
constraint of 40.000 flight cycles.

The number of flight cycles satisfies the minimufing constraint in the optimum. Its value was d=ged from
44.600 for the original design to 40.000 for theirmpl design. Physically, the reduction in masadéhieved by
removing most of the material at the design vaeai®-side where relatively low temperatures exist.

To illustrate the flexibility of the tool chain anthe MDO workflow, the maximisation of the predidtéife is
considered. Increasing the life of the disc woelad to an increase of mass, so a constraint wasdlan the mass
of the turbine disc. In figure 7 the response sigrfapproximation of the predicted life with the sasnstraint of
95.0 kg is shown. The maximum predicted life isrfdwat X1=55 mm, X2=50 mm where the predicted kf&3.200
flight cycles, a significant 19% increase in lifiagy slightly lower weight. Note that the optimunsdidesign using
this objective/constraint combination is close ke tstarting design of X1=X2=55 mm. The original cdizas
obviously designed for maximum life, still with théDO approach a significant lifing improvement daa obtained
without incurring a weight penalty. This is coneist with referencéd ®™ '3 where multidisciplinary design
optimisation is considered a key technology to iowpraircraft performance.

Predicted life, with disc mass < 95.0 kg
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Figure 7: Actual lifing for various engine disc dgsvariants, with feasible part complying with imaximum disc
weight constraint.

In practice, the optimal design will usually beradie-off between various objectives and constrantsinvolves the
simultaneous optimisation of more than one objecfiunction. As seen before, it is unlikely that ttiéferent
objectives would be optimised by the same alteveadesign variable choices. One of the multi-cidt@ptimisation
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methods that can be applied is the so-called Papgimisation. Using Pareto optimisation leadsriceatire curve or
surface of points whose shape indicates the bebawiothe trade-off between different objectives.figure 8 the
Pareto optimal front of the disc mass and lifingapaeters is shown. It is interesting to note thst designs with a
mass between 93.5 and 95.0 kg do not comply wihmmimum lifing constraint of 40.000 flight cyclessulting in

a discontinuous Pareto front. Following the Pafatat by increasing the mass leads to an increafigegoredicted
life. The designer can select from this a suitalolbination of predicted disc life and correspogdimass.

The above described optimisation process is natddrto the design variables or objectives and wamgs currently
used. For example, a tool for calculating manufdetucosts can be included in the analysis chaiithvbdds in an
additional objective function or constraint. Tydlgadue to commercial sensitivity, such a costingl can not be
provided to other partners, but within the frame apecific collaboration these partners can lusvalll access to the
module provided it remains at the owner’s site ander the owner’s full control.
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Figure 8: Pareto front (red points) of lifing andight objectives. Note that disc designs with niztseen 93.5 and

95 kg do not comply with the minimum lifing constraof 40.000 flight cycles causing a discontinu®aseto front.

It is envisaged that in the continuation of theecaBidy the design and optimisation of the turluise the process
will be extended to the assembly of two discs. @irse, the information on the relative positiortted two discs is
then important. A full three dimensional (3-D) aysa$ of the assembly will be carried out which ®k#o account a
more complex flight cycle including temperature elegent material behaviour.

5. Conclusions

The multidisciplinary optimisation of a high pressuurbine disc of a gas turbine engine is dematesirbased on a
parameterised geometry and including thermal, stlfsng and weight analysis. Chaining the varigesign and
analysis tools involved into a virtual environmeiows automation of the design and analysis proceda pre-
requisite for multidisciplinary optimisation. Thed chain allows for exchanging analysis moduledoscexample
COTS tools and in-house tools can be included.

Full analyses are computationally costly, so agasp surface approach is used to allow using vad@timisation
algorithms. In the case studied, the non-contiguiesign space demonstrates the usability of geaddirithms.
These algorithms, by their nature, require numerdesign variant evaluations thereby justifying tesponse
surface approach. The optimisation process all@wghe selection of multiple objectives and constsawhich give
the designer increased flexibility in studying #féect of different design goals.

To solve the multi-objective optimisation probleanPareto optimum criterion was used. Even usirigigeld set of
design variables obtained a 19% turbine disc lifimgrovement with respect to the original desigthauit weight
penalty. Introducing more design variables andteatdil objectives even more improvements are exgkect

The innovation of our work is the combination of :

» Aflexible analysis tool chain based on a paransgdrdesign ;

¢ Anaposteriori meta-modelling method for any objective providgdany of the analysis tools involved. For the
resulting response surface any of the suppliedogapation functions can be chosen without significa
computational penalty ;
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« Computationally efficient optimisation with a cheiof optimisation algorithms ;

e Providing single-discipline experts with insightarthe design space for the selected objectivdsowitthe need
to consult the other discipline experts involved.

Each of the items mentioned above has been usetebdheir combination for engine design is innoxeatind

results in a virtual engine environment supportimgtidisciplinary turbine disc optimisation.

Acronyms
2-D two dimensional
3-D three dimensional
COTS Commercial-off-the-Shelf
IGES Initial Graphics Exchange Specification
MDO Multidisciplinary Design Optimisation
RMSE Root Mean Square Error

VIVACE  Value Improvement through a Virtual Aerongnat Collaborative Enterprise
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