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Development of an Integrated System for Preliminary Design of Aircraft Gas Turbines

loannis Kolias, Mechanical Engineer NTUA

Supervisor: Nikolaos Aretakis, Associate Professor NTUA

The development of new gas turbine engines formally begins with the engine
performance, geometry, and weight requirements, imposed by a customer or the
manufacturer itself trying to fulfill a new market need. The first step after defining the
project’s specific needs is the preliminary design phase where the potential of a new
engine design in terms of fuel efficiency, stable operation, production, operational, and
maintenance costs, is assessed. In aircraft engines, the design should also comply with
the aircraft’s top-level requirements and with environmental regulations. To fulfill this
objective, a preliminary design framework is required which integrates robust, fast, and
reliable predictive models and tools for different design and analysis disciplines.

This thesis is concerned with the development of an integrated system for the
preliminary, multi-disciplinary design and assessment of gas turbine aircraft engines.
Therefore, in the scope of the present thesis, a number of computational tools,
appropriate for such calculations, were developed under the same, user-friendly coding,
modelling, and simulation environment (PROOSIS). The term “appropriate” means tools
of lower-fidelity (0D/1D) which present a number of advantages compared to higher-
fidelity (2D/3D) tools when used in the context of preliminary design studies: 1) they
are time efficient, 2) require very few and very basic performance and geometry inputs
which are typically available during a preliminary calculation, 3) they are relatively easy
in setting-up a calculation model and, finally, 4) they are easy to integrate in a design
workflow.

Although there is not a single general recipe, the preliminary design phase should,
at least, comprise modules for the aerothermodynamic design of turbomachinery
components, for performance calculations at off-design conditions, for the mechanical
design and analysis of critical structural components and parts, and for weight
estimations. Therefore, in the context of the present thesis, corresponding
computational tools and models (0D/1D) were developed which are organized in the
following four (4) libraries:

e TURBO1D: Includes models for the preliminary aerothermodynamic design of
gas turbine components, which are appropriate for multi-point design studies.

e GTMDC: Includes models and tools for the preliminary design and analysis of
critical structural parts.

e GTWC: Includes models for the preliminary weight estimation of gas turbine
components and generic turbofan engines.

e MLC: Includes models and tools for the preliminary aerothermodynamic design
(MLDC) and off-design performance estimation (MLAC) of multi-stage, axial-
flow compressors.

All the above tools were initially validated individually against publicly available data of
real-engine configurations or against predictions produced by higher-fidelity (3D) tools.
Then, they were combined under the PROOSIS environment for developing an



integrated system for the preliminary design of aircraft engines, which allows the
efficient preliminary design and assessment of new engine concepts by easily defining
any combination of design metrics and constraints, at any operating point, and for any
of the involved design and analysis disciplines.

The capabilities, fidelity, and efficiency of the developed tools are demonstrated
through trade-off optimization studies at component and at engine level, considering an
ultra-high bypass ratio turbofan engine for a short-range aircraft mission. The design
studies were formulated considering different objectives and conducted for two (2)
values of the engine overall pressure ratio split between the low- and high-pressure
compressors (0.30 and 0.40), which are of current industrial interest.

It is important to note that some of the tools presented in this thesis were
developed as part of LTT/NTUA'’s collaboration with European gas turbine and aircraft
industries, while the novel contributions of the present work are supported by five (5)
peer-reviewed international scientific conference and journal papers.



Avdntuén Zvompatog YroAoyiotikwv Epyodsiov yia tov [Ipokatapktikd Xyediaoud

Aepomopikav AgplootpoBidwv

Iwavvng KoAwag, MnxavoAdyos Mnyavikog EMIT
EmBAenwv: NikoAaog Apetakng, AvamAnpwtng Kabnyntig EMII

H avamtuin evog véouv agplootpofilov Eekiva emionua pe TIG TPOSIAYPAPES YA TIG
eMSO0ELG, TN YewUETPlA, KAl TO BAPOG TNG UNYOVIS IOV TiBevTal atd TOV TEAKTN 1] Ao
TOV (610 TOV KOATAOKELAOTN TNG HUNYXAVNG TPOOTABWVTAG VO EPEVVIOEL KAl VA
LKOVOTIO O EL KATIOLA KavoUpyLlX avaykn Tt ayopds. To mpwto Brpua Votepa amd Tov
0PLOUO TWV TPOSLAYPAP®V TNG UNYOVNG EIVAL T) ACT) TOV TIPOKATAPKTIKOU 0XESLATUOV
OTIOV ATIOTIHOVVTAL Ol TIPOOTITIKEG €VOG VEOU OXESLACHOV WG TPOG TNV KATAVAAWOT)
Kauoipov, Tnv evotabdn Asttovpyla, Kol Ta KOOTN TAPAywYNS AELTOLPYIOG Kol
OULVTNPNOTG TNG UNXOVTG. ZTIG AEPOTIOPLKES UNYAVESG, 0 OXESLAOUOG B TIpETEL ETTIOMG VO
OUUUOP@PWVETAL UE TIG ATALTNOELS TOU (PAKEAOV TITNONG TOU AEPOCKAPOVG GTO OTO(0
TpoKelTaL va TotoBetnBel  véa punyavn, aAAA Kot pe TEPLBAAAOVTIKOUG TIEPLOPLOUOVG.
Fa v emitevdn autwv TV OTOXWV, AMALTEITAL 1) AVATITUEN OAOKANPWUEVWY
OUOTNHATWV TIPOKATAPKTIKOU OXESLACHOU TA OTIOLX EVOWHATWVOLV OTIRapd, ypryopa,
Kal a&lOTIOTO UTOAOYLOTIKA WHOVTEAX KOl EPYOAElA Yl TIG OLXPOPETIKEG APXES
oxeSlao oV Kat avdAuomn g Tov AdpUavouy xwpa 6ToV TPOKATAPKTIKO oxeSlacuo.

It SatpPn autn YIveTal 1 avamtudn evog 0AOKANPWUEVOV GUGTIUATOS YIX TOV
TIPOKATAPKTIKO, TOAUKPLTNPLAKO OXeSA0U0 KAl TNV a§loAdynon oEPOTIOPLIKWY
aePLOoTPOBAwyY. ZLVETWS, o0TO TAaiclo TG mapovoag Slatpifng, avamtixdnkav
UTIOAOYLOTIKA €PYOAElN KATAAANAX YL TTPOKATAPKTIKOUG VTOAOYIopoUGS. H avdmtudn
KAl O TIPOYPOUUATIONOG TwV €PYyoAeiwvy oautwv €ywve oto (6lo mepBdriov
TPOYPAUUATIONOY, HovTEAOTIOMONG, Kat Tpoocopoiwong (PROOSIS). O  dpog
«KATAAANAo» onuaivel epyadeia xaunAng mototntag (0D/1D) mov mapovoialovv éva
TAN00G TAEOVEKTNUATWY €vavTtl gpyalieiwv vPmAdtepng mototmtag (2D/3D) otav
XPNOOTIOLOUVTAL OE UEAETEG TPOKATAPKTIKOU oXeSLaopov: 1) elval VTOAOYLOTIKA
yp1yopa, 2) amalttovv ToAU Alya (kat oAU PBacikd) SeSopéva €l0680v TOL, TUTIKA,
elval SlaBéopa katd T SLApKELX EVOG TIPOKATAPKTIKOV UTOAOYLOHOV, 3) UTOPOoUV VX
xpnowomomBovv ampofAnuatiota ywx T Snuovpyia pag VEXG UTOAOYLOTIKNG
TepIMTWONG Kay, TéA0G, 4) HTopoUV Vo EVOWUAT®WOOUV EUKOAQ OE LK POT] EPYACLIOV YLO
TOV OAOKATPWUEVO TIPOKATAPKTIKO OXESLAOUO LAG UMYX AVIG.

Av kal 8gv UTIAPYEL UL YEVIKY] «OUVTAYN», TO OTASI0 TOU TPOKATAPKTIKOU
oxeblaopov TPEMEL,  KAT  €AA(OTOV, Vo TEPLAapPBdavel  epyodela Yyl TOV
agPoBEPUOSUVAUIKO OXESIAOUO TWV OTPOBIAOCUVIOTWOMY TNG HUNYXOVIG, Yl TOV
UTIOAOYLOUO TWV EMSOCEWY TWV GUVICTWOWV TNG UNYXAVNG O€ OTHElX AeLTOUPYLXG EKTOG
TOU ONUEOV OXESLOHOV TOUG, YL TN HUNXAVOAOYIKN] OVAALOT) KL TO OXESLHOUO
KPIOLUWV SOUKWV OTOLXEIWV TNG UNXAVIG OTIWE Ol ATPAKTOL Kat oL §{oKOL, Kol yia TNV
EKTIUMON ToV SopkoV BAPOVG TWV CLUVICTWOWV KAl TNG (SLag TG UNYaviG. ZUVETWG,
oto TAaiolo TG SatpiPng, avamTuxdBnKay avTioTol(o UTIOAOYLOTIKA €pyaAsior Kol
povtéda (0D/1D) mov opyavwvovtal 0T akoAovbeg téooepis (4) BLBAloONkeg:



e TURBOID: Xt BpAodnkn oavt mepllapBdavovtal  HOVTEAX Yl TOV
TPOKATAPKTIKO agpoBeppoSLVALKO oxedlaopo OUVIOTWO WV EVOG
aepLooTPofilov, TOU elval KATAAANAX Yl TAUTOXPOVO OXESLACUO O€ TIOAAQ
onpeia Aettovpylag TG unxavng.

e GTMDC: Ztn BiBAobnKn avt) Teplapufavovtal HOVTEAQ KAl EPYAAELX YIA TOV
TIPOKATAPKTIKO OXESIOUO KAl aVAALOT  KPIOWWV SOUIKWV  HEPWV KAl
ECAPTNUATWV ULXG UNXAVIG.

e GTWC: Xt BBAoOnkn avty epAapfavovtal HOVTEAQ YLot TNV TTPOKATAPKTLKN
EKTIUMON PBAPOUG CUVIOTWOWV €VOG AEPLOOTPORIAOU KAl Yl YEVIKEG SLATAEELS
oTPOoBLA0AVTISPACTPWV SITAOV PEVUATOG.

e MLC: X BBAodnxn avtny meplapfavovtal HOVTEAX Kol epyaAeia yla Tov
TPOKATAPKTIKO agpoBeppoduvapko oxedtaopo (MLDC) kot tnv ekTiumon twv
embooewv oe onuela extog oxediaopov (MLAC) moAvBabuiwv, afovikwv
CUUTILECTWV.

Ta mpoavaepBévta epyadeia apylkd TLOTOTOMONKAV EEXWPLOTA XPTOLLOTIOLOVTAS
Stabéoua Sedopéva Yl TPAYHATIKEG PUNXAVES Kol OLYKploels pe TpoPAEYPels amo
gpyadela vymAdtepng mototntag (3D). EZtn ovvéxela, ouvvduactnkav oto (8o
mepBdArov povtedomoinong kat mpooopoiwong (PROOSIS) ywa ™ Snuovpyia evog
OAOKANPWUEVOV  OCUOTNHUATOG, KATAAANAOL Yyl TOV TPOKATAPKTIKO OXESLAOUO
AEPOTIOPIKWVY KvnTNpwv. To cVoTNUA QUTO EMITPETEL TOV ATOSOTIKO OXESLACUO Kol
a&loAdynomn VEwV SLaTdEewV AEPOTIOPLIK®WV KIVIITHPWV 0pilovTag EVKOAX SLA@OPETIKOUG
OLVOVACHOVG HETPIKWV KL TEPLOPLOUWY OXESLAGHOV, IOV UTOPOVV VA 0pPLoTOUV OE
OTIOLOSNTIOTE ONUElD AELITOVPYIAG TNG UNXOVIS KAL YIX OTIOLAONTIOTE apn] oXESLAoUOV
KOl VAAVONG IOV TTEPAAUPBAVETAL GTO CUOTNUA.

Ot voAoyLoTIKEG SuvaTOTNTEG, | amddoon, kat 1 akpifela Twv avamtuyBeviwy
epyarelwv eMSEKVVOVTAL HECW UEAETWV BEATIOTOTIOMONG OE EMITMESO CUVIOTWONG KAL
Kvntpa, Bewpwvtas évav otpofrloavtiSpactipa SIMTAOD peVUATOS VTEP-LYPNAOD
AGYOUL TopAKApUYPNG, TTOV HEAETATAL OE PO XTTOOTOAN WIKPNG eUPEAELaG. T TIG pHeAETES
oxeSlao oV SLATLTIWONKAV SLAPOPETIKEG AVTIKELLEVIKEG CUVAPTNOELS, VW BewpovvTal
U0 (2) SLPOPETIKEG TIPEG TOU AGYOU SLUOLPAGUOU TOU OALKOU AGYyOL TleomG TNG
UNXOoVIG HETAED TWV CUUTILESTWV XaunAng kot vmAng tieons (0.30 kot 0.40), Tov elvat
TPEXOVTOG Blopnyavikol evola@EPovTog.

Elvat onpovtikd va tovioTel 6TL KATOlX amtd Ta EpyaAeia TTov TTapovolalovtal o€
autnv 1 SwxtpPfn avamtixbnkav oto mAaiclo TG ovvepyaciag tov EOL/EMIT pe
EvpwTaikés Blopnyavieg KATAOKELTG AEPOTIOPIKWV AEPLOGTPORIAWY KAl AEPOTKAPWV.
T€A0G, 0L KALVOTOUEG GUVELOPOPEG TNG TapoLoas Slatpfng vtootnpifovtal amod mEVTE
(5) dnpooievoelg oe S1EOVT) EMOTNUOVIKA CUVESPLA KL TIEPLOSIKA |LE KPLTEG.



