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Streszczenie

W zwigzku z planowanym rozwojem konstrukcji $migtowcow wojskowych w ramach
Sojuszu Pétnocnoatlantyckiego, w ramach programu NGRC (Next Generation Rotorcraft
Capability), rozpisanego przez NSPA (NATO Support and Procurement Agency) w 2021,
w Wojskowej Akademii Technicznej podjeto badania majace na celu uzyskanie zdolnosci
do projektowania nowoczesnych wiroptatéw odpowiadajagcych wymaganiom operacyjno-
technicznym przewidywanym do osiggniecia na lata 2030-2050.

Badania poprzedzone zostaty analiza charakterystyk taktyczno-technicznych istniejacych
konstrukcji $migtowcowych. W ramach analizy dokonano pordéwnania niemal wszystkich
obecnie eksploatowanych wiroptatow. Smiglowce zostaly poréwnane zaréwno pod katem ich
parametréw wymiarowych, jak 1 osiggowych. Porownawczo zestawiono réwniez wskazniki
odnoszace si¢ do przeznaczenia oraz maksymalnej masy startowej. Do poréwnania konstrukcji
wykorzystano zaré6wno parametry geometryczne (bezwzgledne wymiary zewnetrzne), jak
1 odpowiednie wspotczynniki bezwymiarowe. WspoOlczynniki te umozliwiajg poroéwnanie
0siggdéw konstrukcji rdznigcych si¢ pod wzgledem geometrycznym, lecz przeznaczonych do
realizacji podobnych zadan. Wyniki analizy poroéwnawczej umozliwiaja okreslenie
potencjalnych kierunkéw rozwoju konstrukcji oraz wskazanie deficytow projektowych, ktore
niniejsza praca moze wypehic.

Parametry wyodrebnione w ramach analizy konstrukcji sg podstawa do okreslenia modelu
matematycznego optymalizacji wielokryterialnej wirnika nosnego. W pracy przedstawiono
proces formutowania modelu matematycznego optymalizacji. Zaproponowano postac
funkcjonalu optymalizacji wielokryterialnej, zmienne decyzyjne, ograniczenia oraz parametry
projektowe traktowane jako niezmienne. W dalszej fazie badan zaprezentowano metode
wyznaczania ekstremalnych wartosci funkcjonatu poprzez uzycie metody systematycznego
przeszukiwania z wykorzystaniem technik komputerowych.

Podstawa do analizy numerycznej zagadnienia jest przygotowanie parametrycznego
modelu pojedynczej topaty wirnika no$nego. Parametryzacja geometrii topaty jest realizowana
z wykorzystaniem $rodowiskowego jezyka programowania GRIP (Graphics Interactive
Programming). Dzi¢ki uzyciu tego jezyka mozliwe jest skryptowe programowanie obiektow
geometrycznych z jednoczesng deklaracjg parametréw masowych takich jak §rodek cigzkosci,
czy momenty bezwladnosci. Roéwnolegle z wykorzystaniem metod komputerowych
wykonywane sg obliczenia analityczne, ktoére pozwalaja na wyliczenie trymowania topat

wirnika nos$nego tj. okreslenia funkcji zmiany katow skoku ogolnego 1 okresowego



w zalezno$ci od azymutalnego potozenia fopat. Otrzymane wyniki stuza typowaniu pozadanych
parametréw symulacji, jak rowniez wygenerowaniu modeli parametrycznych wirnika no$nego
wraz z odpowiednimi domenami ptynowymi oraz ich strukturg wewnetrzng.

W kolejnej fazie badan zrealizowano analizy numeryczne obejmujace:

e analiz¢ zagadnienia stacjonarnego dla jednej topaty wirnika z optywem symulowanym dla
warunkow ruchu obrotowego,

e analiz¢ n-topatowego wirnika z odwzorowaniem zaréwno ruchu obrotowego wirnika jak
i ruchu postgpowego $miglowca; dodatkowo uwzgledniono zmiang¢ skoku okresowego lopat.

Do przygotowania symulacji wykorzystano zapisy parametrow lotu rzeczywistego $§miglowca

oraz postluzono si¢ modelem geometrycznym jego topat. Pordwnanie wynikéw obliczen

z rzeczywistymi osiggami §migtowca potwierdzito wiarygodno$¢ zastosowanej metody.

W nastepnym etapie przeprowadzono analizy wytrzymato$ciowe topaty wirnika no$nego
wykonujac stosowne obliczenia analityczne oraz analizy numeryczne MES. Zaprezentowano
sposob wstepnej optymalizacji struktury z wykorzystaniem jezyka GRIP. Do zadania obcigzen
wykorzystano rozklad sit bedacy wynikiem symulacji CFD z poprzedniego etapu.

W kolejnej fazie badanh modelowych dokonano powigzania obliczen numerycznych
poprzez zastosowanie metody FSI (Fluid-Structure Interaction). Wyniki analiz CFD byty
transferowane do modelu strukturalnego. Nastgpnie odksztatcenia spowodowane obcigzeniami
byly zwrotnie przekazywane do modelu CFD 1 uwzgledniane w modyfikacji siatki
obliczeniowej. Proces realizowany byt iteracyjnie w okreslonych krokach czasowych.
Odwzorowano w ten sposdb wptyw odksztatcen topat wirnika na generowang site nosna.

Modele aproksymujace wiasnosci aerodynamiczne 1 strukturalne wirnika nosnego
wykorzystane zostaja potem do optymalizacji wielokryterialnego funkcjonatu. Parametry
zmienne w symulacji sa jednoczesnie zmiennymi decyzyjnymi. Algorytm uruchamiany jest
iteracyjne do momentu uzyskania zbioru rozwigzan optymalnych. Ostatecznie wybierane sg
rozwigzania najbardziej uzyteczne zgodnie z narzucong funkcja preferenc;i.

W podsumowaniu wskazano na przydatnos¢ i oryginalno$¢ metody w zastosowaniu do
projektowania wirnika §miglowca. Wykazano, Ze otrzymane wyniki obliczen analitycznych
1 komputerowych sg wiarygodne 1 majg zastosowanie w kontekscie poszukiwania nowych
rozwigzan projektowych. Modele geometryczne moga zosta¢ wykorzystane w dalszych etapach
projektowania i postuzy¢ jako baza dla kolejnych etapéw rozwojowych. Podkreslono takze
aspekt oryginalno$ci metody ze wzgledu na sposob realizacji zadania przy jednoczesnej
redukcji czasu obliczen wskutek rozdzielenia symulacji na dwa etapy. Wskazano roéwniez

dalsze mozliwe kierunki rozwoju i mozliwosci aplikacyjnego wykorzystania wynikow.



Abstract

Due to the planned development of military helicopter designs within NATO's Next
Generation Rotorcraft Capability (NGRC) program, announced by NATO Support and
Procurement Agency (NSPA) in 2021, the Military University of Technology has undertaken
research to develop capabilities for designing modern rotorcraft that meet the program’s future
requirements to be achieved in years 2030-2050.

The research is preceded by an analysis of existing helicopter designs. As part of the
analysis, nearly all currently operated rotorcraft were compared in terms of their geometric and
performance parameters. A classification was also made based on the intended use of the
helicopter and its maximum take-off weight. Both absolute geometric dimensions and
appropriate dimensionless coefficients were used for the comparison. These coefficients allow
for comparing performance across geometrically different designs intended for similar
missions. The results help to identify development directions and technological gaps which
seems to be crucial in the context of this study.

The parameters identified during the structural analysis form the basis for defining
a mathematical model for multi-criteria optimization of the main rotor. The study describes the
development of this mathematical optimization model. It presents the multi-criteria
optimization functional, decision variables, constraints, and parameters. This paper outlines
a method for solving the functional using a search technique supported by computer-based
methods.

The basis for the computational analysis is the development of a parametric model of the
main rotor blade. The parameterization is carried out using the GRIP (Graphics Interactive
Programming) programming language, which enables creating CAD objects along with
simultaneous declaration of mass parameters such as center of mass and moments of inertia.
In parallel, analytical calculations are performed to determine collective and cyclic pitch angles.
The results are used to define simulation parameters and to generate parametric models of the
main rotor, including appropriate fluid domains and internal structure.

In the next stage of the research, the following numerical fluid dynamics analysis was
conducted:

e steady-state simulation for a single main rotor blade with simulated airflow,
e multi-dimensional simulation for the full rotor, including the forward motion of the
helicopter and the rotational movement of the rotor around its axis, as well as variations

in the cyclic pitch of the blades.



Real flight data from the helicopter and a blade model were used for preparing simulation. The
results confirmed the reliability of the applied method.

In the next stage, strength analyses of the main rotor blade were carried out using both
analytical calculations and numerical FEM analysis. A method for preliminary structural
optimization was presented using the GRIP programming language and its implemented
functions for CAD model inertia analysis. The load conditions were defined based on the force
distribution obtained from the CFD simulations conducted in the previous phase.

In the next stage of undertaken researches, numerical calculations were coupled using the
FSI (Fluid-Structure Interaction) method. The results of the CFD analyses were transferred to
the structural model, and the deformations caused by the loads were then fed back into the CFD
model which was considered by modifying the computational mesh. This process was repeated
at each time step, simulating the rotor’s operation while accounting for the impact of structural
deformations on the generated aecrodynamic force.

The above method was organized into a complex algorithm aimed at solving the
optimization functional defined in the analysis stage. The variable parameters in the simulation
also serve as decision variables established during this analysis. The algorithm is executed
iteratively until a set of solutions is found that satisfies the initially defined optimization goal.
The designer then makes decisions in accordance with a specified preference function.

The summary presents proof of the usefulness and novelty of the method in designing the
main rotor of a helicopter. It has been demonstrated that both the obtained results, in the form
of finalized models and analytical outcomes, provide a basis for the subsequent stages of the
design process. The summary also highlights the novelty of the method in terms of optimization
of the process itself and the minimization of computation time by implementation of a two-
stage simulation. Furthermore, possible directions for further development and applications of

collected results are indicated.



1. Wykaz publikacji stanowiacych podstawe rozprawy doktorskiej

Tabela 1. Wykaz publikacji naukowych

Oznaczenie
w teksScie

Dane bibliograficzne

Punkty wg
wykazu
czasopism
naukowych
Ministra
Nauki

Udzial
dok-
toranta

Al

Kachel S., Rogélski R., Kocjan J.,

Review of Modern Helicopter Constructions
and an Outline of Rotorcraft Design
Parameters. Problems of Mechatronics.

Armament, Aviation, Safety Engineering
2021; 12 (3): 27-52.

40

75%

A2

Kocjan J., Kachel S., Rogo6lski R.,
Helicopter Main Rotor Blade Parametric
Design for a Preliminary Aerodynamic
Analysis Supported by CFD or Panel Method.
MDPI Materials 2022, 15, 4275.

140

75%

A3

Kocjan J., Kachel S., Rogolski, R.,
Helicopter main rotor CFD analysis for
different flight conditions using parametric
blade model as an application for
multidisciplinary optimization. Journal of
Theoretical and  Applied  Mechanics
2023;61(4):793-805

70

75%

A4

Kocjan J., Kachel S., Rogolski R.,
Helicopter main rotor FSI analysis using
parametric blade model as an application for

multidisciplinary optimization. Journal of
Physics: Conf. Ser. 2716(1):012031

40

75%

AS

Kocjan J., Rogolski R.,

Parametric structure optimization of a main
rotor blade as an application for FSI analysis
in main rotor optimization process. Aircraft
Engeering and Aerospace Technology, vol. 96,
2024.

70

80%

A6

Kocjan J., Rogoélski, R.,
Aerostructural  helicopter ~ main  rotor
optimization considering mass and strength

limitations. International Review of Aerospace
Engineering, Vol. 18, no 2, 2025.

100

80%




2. Uzasadnienie podjecia tematyki badawczej

Dhugoterminowa analiza $migtowcéw wojskowych eksploatowanych w krajach NATO
wykazuje, ze w latach 2030-2050 wickszo$¢ wojskowych wiroptatow (zarowno produkcji
zachodniej, jak 1 rosyjskiej) jest przewidziana do wycofania ze stuzby ze wzgledu na
zakonczenie docelowej normy eksploatacji. W konsekwencji, w 2021 roku NSPA (NATO
Support and Procurement Agency) oglosito wymagania dla wspolnego $migltowca nowe;j
generacji NGRC (Next Generation Rotorcraft Capability), ktorego wdrozenie planowane jest
na druga potowe nastepnej dekady. Pozadane zdolnosci przysziosciowego §miglowca znacznie
przewyzszaja mozliwos$ci aktualnie istniejagcych konstrukcji. W swoich zatozeniach NSPA
zaklada, Ze S$miglowiec powinien charakteryzowaé si¢ nastgpujacymi mozliwosciami
operacyjnymi i osiggowymi:

e maksymalna predkos¢ dochodzaca do 400 km/h,

e tankowanie w powietrzu,

e opcja uzytkowania w trybie bezzatogowym,

e minimum 2,5 tony udzwigu,

o duzy przedziat transportowy,

W zakresie dodatkowo pozadanych wtasnosci formutowane sg nastgpujace oczekiwania:

e mozliwosci integracji szerokiej gamy uzbrojenia,

e mozliwosci wspoéldziatania z okregtami,

e mozliwosci aplikacji napedu hybrydowego,

e zdolnoS$ci w zakresie walki radioelektronicznej,

e zdolno$ci w zakresie realizacji zadan poszukiwawczo-ratowniczych,

e zdolnoS$ci w zakresie zwalczania okretow podwodnych.

Uwzgledniajac  oczekiwania NSPA co do mozliwosci osiggowych poszukiwanej
konstrukcji, zwlaszcza w zakresie udzwigu i osigganych predkosci, nalezy podkreslic,
ze parametry te zalezg gtownie od doskonato$ci konstrukeji ptatowcowej 1 wirnika nosnego.
Powyzsze uzyskuje si¢ maksymalizujgc osiggi przy jednoczesnej minimalizacji masy,
co realizowane jest dzigki zastosowaniu udoskonalonych lub nowych rozwigzan
konstrukcyjnych, a takze nowoczesnych materiatow oraz technologii produkcji. Oznacza to, ze
rozwigzania konstrukcyjne pozwalajace na osiggnigcie nowych mozliwosci albo nie zostaty
jeszcze opracowane, albo wymagajg dalszych prac projektowo-badawczych.

Istniejgca luka technologiczna jest podstawa do badan nad optymalizacja konstrukcji

elementow no$nych wiroptatow pod katem maksymalizacji ich osiaggdw przy jednoczesnej
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minimalizacji parametréw masowych, co powinno prowadzi¢ do oszczedno$ci w kontekscie
przewidywanych kosztow eksploatacji.

Inwazja Federacji Rosyjskiej na Ukraing i trwajacy w wyniku tego konflikt zrewidowat
wykorzystanie smigtowcoOw na wspotczesnym polu walki. Dla przysztego teatru bojowych
operacji lotniczych istotne beda wymagania wynikajace z nowoczesnych technologii
1 ekstremalnych mozliwos$ci operacyjnych. W przypadku lotnictwa $miglowcowego waznymi
aspektami s3g nie tylko najnowsze rozwigzania elektroniczne wspierajace mozliwosci
nawigacyjne, rozpoznawcze, tagcznosciowe, uderzeniowe, ale rowniez parametry konstrukcji,
zapewniajagce wypetnienie docelowych wymagan taktyczno-operacyjnych. Te wlasnie
wymagania determinuja ksztalt i1 osiggi przysztosciowych wiroptatow. Sformutowane
w prognozach operacyjnych i zatozeniach projektowych wymagania ksztaltuja podstawowe
charakterystyki projektowo-osiggowe, takie jak: udzwig, zasieg, wymiary, zakresy predkosci
1 wysokosci lotu dla réznych reziméw misyjnych. Ich wartosci sg dodatkowo uwarunkowane
przyjetym uktadem aerodynamicznym oraz mozliwo$ciami osiggowymi zespotu napedowego.

Na  potwierdzenie = powyzszego  mozna  zauwazy¢, ze  wiele  krajow,
w kooperacji z producentami $migtowcodw, poszukuje coraz to lepszych rozwigzan
w dziedzinie statkdw powietrznych, umozliwiajacych pionowy start i ladowanie. Rowniez
w Wojskowej Akademii Technicznej, w ramach projektow badawczych ukierunkowanych
na poszukiwanie nowych metod 1 rozwigzan w dziedzinie optymalizacji konstrukcji
prowadzone sa badania, ktorych celem jest uzyskanie nowych mozliwosci projektowania
1 doskonalenia wiroptatow. Niniejsza praca doktorska stanowi rezultat wysitkéw autorskich

w obszarze dzialan wpisujacych si¢ w intensywny rozwdj lotnictwa §miglowcowego.
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3. Analiza konstrukcji Smiglowcow i cel badan
3.1. Analiza istniejacych konstrukcji $Smiglowcowych

Biorgc pod uwage wymagania stawiane wiroptatom, jak rowniez konieczno$¢ opracowania
nowych mozliwosci rozwoju konstrukcji $miglowcowych, w ramach realizacji pracy
badawczej dokonano analizy aktualnie eksploatowanych $miglowcow pod katem parametréw
pozwalajacych na obiektywng ocen¢ jakos$ci i wskazanie priorytetowych kierunkow rozwoju.
Przeprowadzona analiza umozliwila opracowanie bazy danych, przydatnej w procesie
projektowania nowych obiektow. Podziat konstrukcji dostosowano do wymagan EASA
(European Union Aviation Safety Agency) dla statkéw powietrznych cywilnych oraz EDA
(European Defence Agency) dla statkowych powietrznych wojskowych, w konsekwencji czego
rozwazania pozostaja w zgodnosci z aktualnie obowigzujacymi kanonami prawa lotniczego.

Smiglowce poddane analizie podzielono ze wzgledu na przewidywany profil
realizowanych zadan. Zestawione informacje moga by¢ docelowo uzyteczne w procesie
projektowania wstepnego. W kontekscie zadania NGRC wykonana analiza stanowi podstawe
do przygotowania koncepcji i okreslenia mozliwych kierunkow rozwoju, ktore speilnig
wymagania nowoczesnego pola walki.

Glownym wnioskiem ptyngcym z analizy jest fakt, ze parametry wirnika nosnego
determinujg osiggi $migtowca. Kolejne etapy projektowania wstepnego oparte na wyliczeniach
wirnika no$nego bazuja na tychze kalkulacjach. Zwigkszenie sprawno$ci wirnika w toku
dziatah programowo-symulacyjnych pozwali na uzyskanie korzystniejszych wskaZznikéw
uzytkowych, istotnych z punktu widzenia potrzeb operacyjnych.

Analizujac  dostgpne konstrukcje wirnikow nosnych okreslono zbiér parametrow
konstrukcyjnych w znacznym stopniu determinujacych wlasnosci osiggowe $miglowcow:

e R- promien topaty wirnika no$nego;

® vy - predkos¢ koncowki topaty;

e () - predkos¢ katowa wirnika no$nego;

e b - liczba topat wirnika;

e ¢(r) - cigciwa topaty (zwykle zmienna wzdluz wspotrzednej biezacej r);
e J(r)— kat skrecenia lopaty (zmienny wzdhuz wspotrzednej biezacej r);

e d— grubos¢ profilu lotniczego topaty,

a —nachylenie charakterystyki wspolczynnika sity nosnej na profilu.
W celu poréwnania ze sobg mozliwosci osiggowych roéznych $migtowcoOw powyzsze
parametry wykorzystywane sg do okreslenia bezwymiarowych wspotczynnikow w odniesieniu
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do maksymalnej masy startowej (MTOW). Wyniki przeprowadzonej statystycznej analizy
wskazanych parametréw projektowych oraz ich poréwnanie przedstawiono w artykule [A1].
Charakterystycznymi parametrami okres$lajagcymi mozliwosci konstrukcji sg min.:

obcigzenie powierzchni no$nej oraz obcigzenie mocy. Definiuje si¢ je w sposOb nastepujacy:
MTOW

e obcigzenie powierzchni no$nej (tarczy wirnika): p = — [kg/m?]
L MTOW
e obcigzenie mocy: q = " [kg/HP]
PU
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Rys. 1. Zalezno$¢ obcigzenia mocy od wielkosci obcigzenia powierzchni nosnej

Analizujac zalezno$¢ przedstawiong na rys. 1 wida¢ wyraznie, ze wraz ze wzrostem
obcigzenia powierzchni no$nej maleje obcigzenie zespolu napedowego. Jest to zwigzane
z geometrig wirnika nosnego 1 fizycznymi ograniczeniami dlugos$ci topat. Wzrost $rednicy
w bezposredni sposob okresla dostepna powierzchni¢ no$ng, a tym samym sit¢ nos$na
wytwarzang przez lopate. Jednoczesnie, wraz ze wzrostem promienia zwigksza si¢ predkosé
przeplywu na koncowce topaty wynikajaca z sumy predkosci ruchu obrotowego wirnika i ruchu
postepowego $migtowca. Powoduje to ograniczenie w mozliwosci konstruowania wirnika,
wynikajace z mozliwosci lokalnego przekroczenia predkosci dzwicku. Wraz ze wzrostem
maksymalnej masy startowej konieczne jest zastosowanie konfiguracji geometrycznej wirnika,
ktora umozliwiataby uzyskanie lepszych osiaggow przy zachowanym promieniu, co pociaga
konieczno$¢ zastosowania zespotu napedowego o wyzszej mocy. Wzrost produktywnej
powierzchni aerodynamicznej w obrebie tarczy wirnika mozliwy jest w efekcie zwigkszenia

liczby topat lub ich cigciwy. Parametrem, ktory okresla stosunek catkowitej powierzchni nosnej
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topat do powierzchni kotowej dysku wirnikowego okreslany jest jako tzw. wspdtczynnik

wypelnienia. Zalezno$¢ opisana jest wzorem:
zc
" 7R
gdzie z to liczba topat, ¢ to cigciwa topaty, a R to promien wirnika.
0,2

0,18
0,16

e .
0,14 ® Skomplikowany
0,12 $migtowiec

{ .
° 01 @ [ ] : ......... ® Nieskomplikowany
0,08 Y '.. ............... @ ‘ Smigtowiec

o0 %
0,06 o . % [

0,04 °
0,02

0
800 4000 20000
MTOW [kg]

Rys. 2. Zalezno$¢ wspolczynnika wypetnienia od maksymalnej masy startowe;j

Na rysunku nr 2 przedstawiono statystyczng charakterystyke zaleznos$ci wspotczynnika
wypetnienia od maksymalne] masy startowej z uwzglednieniem podzialu na kategorie
projektowe $miglowca. Mozna zauwazy¢, ze wraz z osigganiem coraz wyzszej masy startowej
wzrasta wspotczynnik wypetnienia. Zmiana warto$ci wspotczynnika pozwala na oceng¢ zmiany
doskonatosci konstrukcji, przy zatozeniu zachowania statych innych parametrow konstrukeji
smigtowca, a takze przy jednoczesnym utrzymaniu stalej maksymalnej masy startowej. Spadek
warto$ci wspotczynnika (przy statej MTOW), czyli zmniejszenie powierzchni nosnej topat
wirnika w stosunku caltkowitej powierzchni wirowania, pozwala na wyciagnigcie wnioskow
o zwigkszeniu zdolnosci topat do generowania sit potrzebnych do realizacji misji, co przektada
sie na jej zwigkszong doskonato$¢ przy jednoczesnym obnizeniu masy elementow nosnych.

Powyzsze wspotczynniki przedstawiono jako najwazniejsze przyktady z punktu widzenia
prowadzonych badan porownawczych. Calo$¢ analizy zostala opublikowana w artykule [A1],
a takze zaprezentowana na konferencjach [g, h]. Opisane parametry pozwalaja poréwnac
mozliwosci istniejgcych konstrukeji, a takze moga postuzy¢ do oceny wynikoéw badan
majacych na celu poprawienie aerodynamiki wirnika no$nego.

Na podstawie analizy statystycznej i oceny parametrow mozna wysung¢ wniosek,

ze istniejg jeszcze kierunki rozwoju konstrukcji $miglowcowych, ktore niosa perspektywe
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uzyskania lepszych efektéw. Jednym z nich jest nurt doskonalenia aerodynamiki i konstrukcji
elementdw nos$nych, czyli topat wirnika no$nego. Pomimo istniejacych fizycznych ograniczen
mozliwe jest poszukiwanie nowatorskich rozwigzan z zastosowaniem oryginalnych ksztattow

bryly oraz nowoczesnych materiatéw i technologii.

3.2. Wskazanie mozliwych Sciezek rozwoju

W wyniku przeprowadzonej analizy dokonano ewaluacji prowadzonych na $wiecie badan
1 wskazano mozliwe $ciezki rozwoju nowoczesnych konstrukcji $migtowcowych. Z jednej
strony aktualnie trwajace badania zmierzaja ku rozwigzaniom nietypowym, aerodynamicznie
niekonwencjonalnym, natomiast z drugiej strony ustawicznie doskonalone sg konstrukcje
klasyczne budowane w oparciu o tradycyjny uktad Sikorskiego.

W przypadku nurtu poszukujacego nowych rozwigzan w dziedzinie budowy wiroptatow,
wsrod srodowisk akademickich, producentéw i wiodacych armii, glowna propozycja jest
projekt konstrukcji wiroplata wspotosiowego z zastosowaniem $migta pchajacego, badz tez
jednoosiowego z zastosowaniem dwoch rownoleglych $migiet. Jednym z takich dziatan jest
realizacja programu FARA (Future Attack Reconnaissance Aircraft). W ramach programu
FARA Sity Zbrojne Stanéw Zjednoczonych poszukuja nowych rozwiazan technologicznych.
W projekcie zaproponowano dwie zaawansowane konstrukcje, ktore taczg w sobie kluczowe
cechy S$miglowcow: wysoka —manewrowos$¢, zdolno$¢ do pionowego  startu
1 ladowania w trudnym terenie, a takze mozliwo$¢ osiggania relatywnie wyzszych predkosci
lotu. Obecnie, w fazie testow badawczych znajduja si¢ dwa modele: Boeing Defiant X oraz

Sikorsky Raider X. Przyktadowa konstrukcje zaprezentowano na rys. 3.
—

Rys. 3. Boeing Defiant X, zrodto materiaty promocyjne Boeing
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Drugim nurtem badan jest rozw6j $miglowcow z zastosowaniem klasycznego uktadu
aerodynamicznego, czyli tzw. ,,uktadu Sikorskiego” — z jednym wirnikiem no$nym i bocznym
Smiglem ogonowym, ktoérego zadaniem jest rGwnowazenie momentu reakcyjnego wirnika
glownego. W przypadku tego uktadu wirnik nosny petni podstawowa rolg¢ zarowno jako zrodto
sity no$nej, jak i ciggu. Jego konstrukcja w znacznym stopniu wplywa na kluczowe parametry
osiggowe $migtowca, takie jak predkos¢ maksymalna, predkos¢ wznoszenia, udzwig czy
maksymalna masa startowa. W zwigzku z tym, przemyst oraz instytucje badawcze nieustannie
prowadza prace nad doskonaleniem technologii wirnikéw nos$nych, dazac do poprawy ich
wydajnos$ci. Przyktad wirnika o zoptymalizowanym numerycznie ksztalcie przedstawia rys. 4,

na ktérym zaprezentowano $migtowiec HI60M firmy Airbus.

H160M
HIL

Rys. 4. Smigtowiec Airbus H160M , zrodto materiaty promocyijne Airbus

Biorac pod uwage doswiadczenia osobiste oraz posiadang wiedzg, a takze potencjat WAT
podjeto badania w nurcie rozwoju istniejacych konstrukcji. Wykorzystano do tego model
badawczy odwzorowujacy wlasnosci aerodynamiczne popularnego polskiego $migtowca W-3
Sokét. W modelowaniu uwzgledniono budowe topaty przedmiotowego $migtowca, jej cechy
geometryczne i1 konstrukcyjne. W ramach przeprowadzonych symulacji analizie poddane
zostaty mozliwosci osiggowe w réznych warunkach lotu ze wzgledu na predkos¢ postepowa,

wysokos¢ oraz predkos¢ katowa ruchu obrotowego wirnika.

3.3. Okreslenie innowacyjnosci prowadzonych badan

Analizujgc aktualnie realizowane badania w zakresie rozwoju $migtowcoOw o klasycznym
ukladzie aerodynamicznym mozna wskaza¢ pewne obszary, w ktorych zastosowanie
nowoczesnych metod komputerowych pozwala na przeprowadzenie optymalizacji konstrukc;ji.

Jednoczes$nie wskaza¢ mozna kierunki wdrazania nowych innowacyjnych rozwigzan.
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Podstawowa cecha determinujacg generowanie sity no$nej wirnika jest geometria jego
topat. To wlasnie ksztalt i wymiary lopaty decyduja o wlasciwosciach aerodynamicznych.
Dzieki nowoczesnym metodom projektowania mozliwe jest opracowanie topat o optymalnym
ksztalcie, ktore przewyzszaja parametrami aerodynamicznymi konstrukcje zaprojektowane
w sposob klasyczny. Jednak w tym celu konieczne jest opracowanie metody uwzgledniajace;j
liczne kryteria, zmienne oraz ograniczenia. Aktualnie rozwijane metody zostaly opisane
w artykutach [Al, A2]. Jednym z przykladow dokonanej optymalizacji lopaty wirnika
smigtowca AH-64A jest praca zaprezentowana podczas 47. Forum Wiroptatowego.
Przedstawiono tam technike polaczonych symulacji CFD (Computer Fluid Dynamics)
z wykorzystaniem wczesniej przygotowanego solvera, ktéry poszukuje ksztattu
zapewniajacego stateczno$¢ pracy. Innym przykladem jest zastosowanie modeli zastepczych
Co-Kriging opartych na dwoch poziomach doktadno$ci odwzorowania. Osobnym
zagadnieniem jest poprawa osiagéw poprzez optymalizacje i dobor odpowiedniego profilu
lotniczego. Oprocz kryteriow osiggowych, analizowane sg réwniez inne wlasciwosci majace
wplyw na efektywno§¢ wykonywania zadah. Jednym z istotnych kierunkéw rozwoju jest
zmniejszanie wibracji w kabinie zatogi poprzez udoskonalanie wirnika no$nego bedacego
zasadniczym zrédlem drgan. Cho¢ dziatania te nie zwigkszaja bezposrednio osiggow
smigtowca, znaczaco wplywaja na wydluzenie zywotnosci konstrukcji zmniejszajac
ograniczenia resursowe ptatowca i jego podzespotow.

Dodatkowa korzyscia jest poprawa komfortu zatogi, co przeklada si¢ na wydajnosé
1 skutecznos$¢ realizacji misji. Wyzszy komfort pracy umozliwia zalodze dluzsze operowanie
w niekorzystnych warunkach. W przypadku $migtowcoéw wojskowych, gdzie czas trwania
misji czesto jest trudny do przewidzenia, lepsze warunki pracy pozytywnie wplywaja
na precyzj¢ oraz efektywnos¢ dlugotrwatych dziatan operacyjnych.

Osobnym, lecz rownie istotnym zagadnieniem w procesie optymalizacji ksztattu lopaty
wirnika jest projektowanie jej koncowki. Ksztalt koncowki znaczaco wplywa na parametry
osiggowe, poniewaz umozliwia przekraczanie ograniczen fizycznych charakterystycznych dla
klasycznych topat o koncoéwkach prostokatnych lub trapezowych. Innowacyjne rozwigzania
w tej dziedzinie pozwalaja na poprawe wydajnosci aerodynamicznej, redukcje oporu i hatasu,
a takze zwiekszenie efektywnosci wirnika w roznych warunkach operacyjnych. Zastosowanie
koncéwek o zoptymalizowanym ksztalcie pozwala na osiggniecie wyzszych predkosci
obrotowych wirnika. Dzigki takiemu rozwigzaniu mozliwe jest przeniesienie krytycznej liczby
Macha (wynikajacej z sumy predkosci obrotowej wirnika 1 predkosci postepowej) na wyzsze

zakresy predkosci. W konsekwencji, wirnik moze efektywnie dziata¢ w bardziej wymagajacych
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warunkach aerodynamicznych, przy zapewnieniu wymaganych osiggéw oraz nieprzekraczaniu
krytycznej predkosci optywu.

W przedstawionych kierunkach rozwoju gtowny nacisk potozony jest na dobor ksztattu
lopat zapewniajacy znaczacg poprawe osiggow. Wsrod analizowanych publikacji 1 wystapien
naukowych niewiele jest prac poswigconych zagadnieniom optymalizacji o0siaggow
z jednoczesnym doborem optymalnej struktury wytrzymatosciowe;.

Powyzsze analizy zaprezentowane zostaly szczegdtowo w publikacjach [A1-A6].

3.4. Okreslenie celu prowadzonych badan w kontekscie przyjetej tezy

Ze wzgledu na ztozono$¢ problemu, w celu zaprojektowania konstrukcji o mozliwie
najlepszych parametrach, do problemu modelowania wirnika no$nego zastosowano podejscie
analogiczne do rozwigzywania zadania optymalizacji wielokryterialnej, przy czym
wykorzystano nowoczesne metody programowe.

Efektem przeprowadzonych badan bedzie wypracowanie metody pozwalajace]
na zaprojektowanie wirnika nosnego o cechach najlepszych dla zadanych zmiennych
decyzyjnych oraz okreslonej funkcji celu. Zadanie zostanie zrealizowane z wykorzystaniem
nowoczesnych metod projektowania takich jak CAD (Computer Aided Design), CFD
(Computational Fluid Dynamics) czy FSI (Fluid-Structure Interaction). Pozwoli to na
uzyskanie zdolnosci do szybkiego opracowania geometrii 1 oceny modelowanej konstrukcji
lotniczej juz na etapie projektu wstepnego.

Whpisuje si¢ to w potrzebe poszukiwania nowych rozwigzan w ramach programu
wspolnego smigtowca nowej generacji NGRC. Jednocze$nie, wedlug najlepszej wiedzy autora,
w aktualnych publikacjach odnoszacych si¢ do symulacyjnych badan konstruke;ji
smiglowcowych nie ma zbyt wielu rozwigzan z zakresu wielokryterialnej optymalizacji
z efektami projektowania parametrycznego w powigzaniu z analizami numerycznymi typu FSI.

W konsekwencji multidyscyplinarnego podejscia do procesu poszukiwania optymalnego
rozwigzania konstrukcyjnego wirnika $migtowca zaproponowana zostala nastepujgca teza
pracy:

., zastosowanie zalgorytmizowanego procesu optymalizacji wielokryterialnej bazujgcej na
nowoczesnych narzedziach programowych umozliwi zamodelowanie wirnika nosnego
smigtowca o wlasnosciach aerodynamicznych i osiggowych znacznie lepszych w stosunku do
konstrukcji  projektowanej metodami klasycznymi nie uwzgledniajgcymi algorytmicznej

’

priorytetyzacji zadan.’
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4. Analiza matematycznego podejscia do procesu optymalizacji

Rozwoj procesow optymalizacji przy uzyciu nowoczesnych narzedzi komputerowych
wymaga w pierwszej kolejnosci okreslenia ich podstaw matematycznych. Kompletng analize
matematyczng rozwini¢ta w kontekscie parametryzacji oraz optymalizacji konstrukcji opisano
w artykule [A6]. W pracy przedstawiono proces budowania matematycznego modelu
optymalizacyjnego dla charakterystycznych parametréw konstrukcyjnych — wirnika.
Matematyczny model odwzorowuje rzeczywisty problem inzynierski. Okreslenie ograniczen
1 warunkow brzegowych pozwala na dalszym etapie wprowadzi¢ je rowniez do poszukiwania
rozwigzan numerycznych, poniewaz w stosowaniu metod komputerowych istnieje spore
ryzyko otrzymania wynikow niespojnych z rzeczywistoscig. Zaproponowany model pozwoli
oceni¢, czy przyjety tok postepowania jest wlasciwy a otrzymane wyniki znajda si¢ w zbiorze
rozwigzan akceptowalnych. W ramach modelu zaproponowano zbiér zmiennych decyzyjnych
1 niezaleznych parametréw opisujacych konstrukcje, zbior ograniczen i w ostatnim kroku
funkcje celu, ktéra jest matematycznym zapisem kryterium optymalizacji.

Zadanie optymalizacyjne polegato na znalezieniu rozwigzania satysfakcjonujacego dla
kilku ustalonych kryteriow. W konsekwencji w przypadku przedstawianych badan mozemy
mowi¢ o optymalizacji wielokryterialnej. W tym przypadku formulowany jest funkcjonat
ztozony z kilku osobnych funkcji czastkowych. Zadaniem projektanta jest spelnienie
wszystkich przyjetych kryteridéw 1 wytypowanie rozwigzania najlepszego, pomimo, ze przyjete
do optymalizacji kryteria sg czesto rozbiezne.

Rozwigzanie problemu optymalizacji wymaga okreslenia zbioru rozwigzan
dopuszczalnych 1 przyjecia uzasadnionego sposobu ich oceny. Zbior rozwigzan rozni si¢
stopniem kompromisowos$ci pomigdzy wyborem poszczegdlnych kryteridow. Z inzynierskiego
punktu widzenia, rozwigzanie czysto matematyczne problemu czg¢sto nie przynosi
oczekiwanych rezultatow. Projektant musi wesprze¢ si¢ jedng z technik poszukiwania metody
1 podejmowania decyzji, aby wybra¢ rozwigzanie matematycznie optymalne 1 jednoczesnie
inzyniersko uzyteczne.

Proces optymalizacji wielokryterialnej w  zastosowaniu inzynierskim musi
charakteryzowac si¢ kilkoma istotnymi cechami, takimi jak:
e zastosowanie schematycznego podejscia do rozwigzania;
e wykorzystanie dyskretnego zbioru zmiennych decyzyjnych, pozwalajacych na uzyskanie

rzeczywistego rozwigzania dajacego si¢ zastosowac¢ w konstrukeji;

18



wykorzystanie wielokryterialnej oceny rozwigzan dopuszczalnych przy zastosowaniu

wczesniej przyjetej metody oceny i podejmowania decyz;ji.

W przypadku prezentowanych badan proces optymalizacji zostal przeprowadzony

z wykorzystaniem nowoczesnych metod projektowania. W konsekwencji, przyjety model

matematyczny daje mozliwos¢ poréwnywania rozwigzan ze wzglegdu na ich wplyw

na poprawe¢ pozadanych parametréw osiggowych i mozliwo$¢ przyjecia kryteriow wyboru

odpowiadajacych cechom uzytecznos$ci wyznaczonego rozwigzania.

W tym celu stosowany jest nastepujacy tryb postgpowania:

normalizacja czastkowych funkcji celu,

skalaryzacja znormalizowanych funkcji celu z wykorzystaniem wspotczynnikoéw
wagowych,

okreslenie warunkéw kompromisowych,

okreslenie funkcji preferencji,

wybor podzbioru rozwigzan preferowanych,

podjecie decyzji zgodnie z zatozonymi preferencjami projektanta.

Stosujac opisang wyzej procedur¢ opracowano matematyczny model optymalizacji wirnika

no$nego $migtowca. Parametry konstrukcyjne (inzynierskie) zostaly przypisane

do konkretnych elementow modelu. Dla zadania modelowej optymalizacji przyjete zostaty

nastepujace atrybuty:

1. Zmienne decyzyjne:
a) ¢ — cieciwa topaty wirnika nosnego,
b) R —promien zewngtrzny tarczy wirnika no$nego,
¢) h—wysoko$¢ dzwigara topaty wirnika nosnego,
d) d— szerokos$¢ wypetiacza ulowego.
2. Parametery state:
a) state materiatowe,
b) profil aerodynamiczny,
c) predkos¢ obrotowa wirnika nos$nego,
d) warunki lotu (wysokos$¢, predkos¢ postepowa).
3. Ograniczenia:
a) warunek wytrzymalo$ciowy zwigzany z nieprzekraczalno$cia poziomu

naprezeh dopuszezalnych: ag40, > a(h, d) ;
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b) warunki geometryczne dla wartosci wymiarowych: Ry,g > R > 0, Ciuax >
c>0, hypage >h >0, dypgxe >d > 0; (wartos$ci maksymalne to
maksymalne wartosci dla istniejgcych konstrukcji o podobnym przeznaczeniu)

c) warunek nieprzekraczalnosci przemieszczeh w zwigzku z aerosprezysta
odksztatcalnoscig konstrukcji: 6,0 > 6; 5

d) ograniczenie maksymalnego kata nastawienia topaty: 0 < 6,4,
4. Potencjalne czastkowe funkcje celu:

a) Kryterium maksymalizacji ciggu aerodynamicznego: T(c, R) = MTOW (h, d);

b) Kryterium wypehienia wirnika nosnego: o(R,c) — max;

¢) Kryterium masy topaty: m(h,d) — min;

Uwzgledniajac powyzsze funkcje celu zaproponowano wielokryterialny funkcjonal, ktory
w ramach prowadzonej optymalizacji bedzie minimalizowany. Kryterium maksymalizacji
ciggu zostalo zapisane w formie odwrotnej, aby zapewni¢ zgodno$¢ jednoczesnosé
minimalizacji obu kryteriow czastkowych. Wzrost wspotczynnika wypetnienia przektada si¢
na maksymalizacje ciggu, dlatego wspotczynnik wypehnienia jest funkcja uwiktang w zaleznos¢
ciggu. Stosujac skalaryzacje 1 normalizacj¢ czastkowych funkcji celu, jako matematyczny
model podlegajacy optymalizacji zaproponowano funkcjonatl nastepujacej postaci:
F(c,R,h,d) = w, % (a(c,R)) + wyfi(h, d) - min

gdzie odpowiednio:
e w,; —waga kryterium osiggow zalezna od profilu misji 1 docelowej konfiguracji §miglowca,
e w, —waga kryterium masy roéwniez zalezna od profilu misji 1 konfiguracji $miglowca,

e T — znormalizowana funkcja ciggu - T = T(‘; (C'R));
ref

m(hd)

e m — znormalizowana funkcja masy — m = ——

® Trer, Myer — Oznacza wartos¢ referencyjng danej wielkosci przyjmowang jako wartos¢
srednia na podstawie danych statystycznych dla danego typu $migtowca i typowego profilu
misji.

W celu rozwigzania problemu 1 otrzymania projektu konstrukcji, ktory spetnia wymagania
projektanta, nalezy wybra¢ odpowiednia metode poszukiwania rozwigzania optymalnego.
W rozwigzaniach inzynierskich, gdzie celem jest znalezienie wariantow, ktére nie tylko
spetniajg preferencje inzyniera, ale takze sg technologicznie wykonalne, powszechnie stosuje
si¢ metody optymalizacji dyskretnej. taczenie metod komputerowych z obliczeniami

analitycznymi prowadzi do zaproponowania metody przeszukiwania przestrzeni stanow
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z lokalnym poszukiwaniem rozwigzan. Poczatkowe rozwigzanie bazuje na istniejacej
konstrukcji topaty $miglowca Iub jest wstepnie generowane na podstawie zatozen
analitycznych i potencjalnie akceptowalnych wariantow modelowych.

W ramach poszukiwania rozwigzania problemu opisanego w sposéb matematyczny,
z wykorzystaniem nowoczesnych metod komputerowych, zaproponowano algorytm wigzacy
srodowiska CAD/CAE/CFD, ktéry wyznacza rozwigzanie optymalne przy jednoczesnym
zapewnieniu akceptowalnych wynikow analiz wytrzymato$ciowych 1 aerodynamicznych.
Uzytecznym efektem dodatkowym bedzie gotowy model strukturalny mozliwy
do zastosowania w kolejnych etapach projektowania §migtowca. Schemat blokowy algorytmu
przedstawiono na rys. 5. W ramach publikacji przedstawiajacych kolejne etapy prac zostat on

omoéwiony w artykutach [A4-A6]. Jednocze$nie opisana procedura optymalizacyjna zostata

zaprezentowana na konferencji [a].
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Rys. 5. Algorytm aerodynamiczno-strukturalnej optymalizacji wirnika no$nego $migtowca
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Realizacja algorytmu odbywa si¢ poprzez wykorzystanie parametréw istniejacych
konstrukcji i wyznaczenie wstepnych zatozen do projektu wirnika. Na tym etapie zostaja
okreslone rowniez warunki lotu, dla ktorych bedg odbywaly si¢ obliczenia. W wyniku obliczen
analitycznych realizowanych metodami komputerowymi generowany jest parametryczny
model, ktory nastepnie zostaje poddany analizom FSI w dwoch krokach. W pierwszym kroku,
mniej kosztownym czasowo, oceniana jest w stacjonarnym optywie jedna topata wirnika.
Po pozytywnej ocenie rezultatow i spetnieniu kryteriow optymalizacji, zostaje utworzony
catosciowy model parametryczny — model wirnika uwzgledniajacy pelng ilos¢ topat
1 ustawienie katowe przekrojow profilowych w przestrzeni. Tym razem model jest poddany
symulacji uwzgledniajacej ruch obrotowy wokot osi wirnika i zmiang kata skoku ogo6lnego oraz
okresowego wraz ze zmiang azymutalnego potozenia lopaty w czasie. Po kazdym kroku wyniki
poddawane sg analizie i oceniane pod katem spetniania wymagan projektowych. W przypadku
negatywnej oceny parametry konstrukcyjne sa modyfikowane, a analizy przeprowadzane

ponownie dla nowej geometrii topaty.
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5. Parametryczne przygotowanie modeli do obliczen numerycznych
dynamiki plynow

W  celu wykonania parametrycznego modelu topaty, a nastgpnie wlhasciwego
zamodelowania wirnika no$nego i odwzorowania jego pracy w srodowiskach komputerowych
konieczna jest analiza matematycznego podejscia do jego pracy i zrozumienia zjawisk
zachodzacych w r6znych wariantach wykonywanych operacji.

W pierwszym kroku, aby zrozumie¢ 1 opisa¢ prace wirnika no$nego nalezy rozwazy¢
charakter pracy topat w trakcie zawisu. W artykule [A2] scharakteryzowano sity powstajace
na topatach w trakcie wykonywania zawisu i opisano w jaki sposdb wyznaczaé skok topat
wirnika nosnego w celu osiagnigcia wymaganego ciagu. Obliczanie wymaganej sily nosnej
odbywa poprzez wykorzystanie teorii elementu topaty. Geometri¢ oplywu profilu topatowego

oraz sity wystepujace na elemencie lopaty przedstawiono na rys. 6.

Rys. 6. Sity wystepujace na elemencie lopaty z oznaczeniem charakterystycznych katow
okreslanych w ptaszczyznie przekroju profilowego

Korzystajac z przywotlane] wyzej teorii w ramach algorytmu optymalizacyjnego,
przygotowany zostat program w srodowisku MATLAB, ktory poprzez iteracyjne obliczenia
wyznacza kat nastawienia fopaty dla stanu zawisu $miglowca:

6 () = 6y — Ajcos(y) — Bysin(y)

gdzie zastosowane parametry geometryczne to odpowiednio:
o 6(y) —kat nastawienia topaty w zaleznos$ci od potozenia azymutalnego ;
e 0, —kat skoku ogdlnego wirnika nosnego,
e A; —kat skoku okresowego sterowania poprzecznego;

e B, —kat skoku okresowego sterowania podtuznego.
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Obliczone katy sa nastgpnie wykorzystane do przygotowania modeli parametrycznych
uwzgledniajacych odpowiednie ustawienie topaty. W rezultacie generowany jest model topaty
wirnika przeznaczony do analiz dynamiki ptynéw. Model zostal catkowicie sparametryzowany
— generowanie geometrii odbywa si¢ automatycznie we wczesniej przygotowanym programie,
poprzez zadanie warto$ci parametréw takich jak promien, cigciwa (w funkeji dhugosci topaty),
kat skrecenia oraz ksztalt profilu (parametry okreslajace zewnetrzny kontur profilu oraz
poczatkowe katy nastawienia).

Proces parametryzacji na kazdym etapie badan realizowany jest z wykorzystaniem jezyka
Siemens NX Open GRIP. Jest to jezyk programowania umozliwiajacy generowanie modeli
CAD za pomoca przygotowanego wczesniej kodu, z wykonywaniem zaawansowanych,
niestandardowych operacji geometrycznych, bardziej efektywnie niz mialoby to miejsce
w trybie interaktywnym, czyli z poziomu interfejsu uzytkownika. Jezyk GRIP pozwala
na przygotowanie programu w ktorym za pomoca pojawiajacych sie okien uzytkownik moze
wprowadzi¢ ustalone parametry. Dodatkowo, mozliwe jest wczytywanie danych zawartych
w przygotowanych wczesniej plikach, jak rowniez wykonywanie operacji matematycznych
pozwalajacych na wyliczenia wymiardw i obciazen w trakcie generowania modelu geometrii.
W konsekwencji, opracowany program do generowania topaty wirnika no$nego umozliwia
zmiang¢ parametrow topaty bez koniecznosci powtarzania procesu interaktywnego. Kluczowe
parametry moga by¢ latwo dostosowywane w celu wygenerowania modelu o nowych
wlasciwos$ciach. Przykladowy model z zaznaczeniem krzywych definicyjnych parametrycznie

zadeklarowanych w okreslonych przekrojach topaty przedstawia rys. 7.

Rys. 7. Parametryczny model topaty z zaznaczeniem definicyjnych krzywych profilowych

Model geometrii fopaty zostat rozwinigty o sparametryzowang domen¢ pltynowa, dzieki
czemu wynikowy plik z zadanym ksztattem jest gotowy do implementacji do wybranego
srodowiska CFD. Na etapie badan opisanym w artykule [A2] analizowano prac¢ wirnika
w warunkach zawisu. Jednocze$nie wyniki badan zostaty zaprezentowane na konferencjach [f]

oraz [e].
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W pierwszym kroku modelowana jest domena dla obliczen numerycznych jednej topaty
przy warunkach optywu zadanych funkcja. Przygotowany program generuje domeng
potcylindryczng z ¢wieré-sferycznym wlotem wycinkowego optywu. W objetosci domenowe;j
zostaje wycigta geometria topaty zgodnie z metodyka przygotowywania modeli do badan CFD.
W ramach tego etapu przygotowano rowniez domen¢ do badan dowolnego n-lopatowego
wirnika nosnego. Objetosci generowane sg proporcjonalnie do wymiaréw topaty wirnika
nosnego. Dla warunkow zawisu glowna objetos¢ plynowa przeznaczona na symulacje
otaczajacego oplywu zostaje zamodelowana wewnatrz wydzielonego cylindra. Objetos¢
lokalna wirnika, stuzaca do zaggszczenia siatki réwniez jest modelowana jako cylinder.
Jednoczesnie w celu modelowania zmiany kata skoku okresowego kazdej topacie
przyporzadkowany zostaje odrebny fragment lokalnej objetosci cylindrycznej. Przyktadowe

modele zaprezentowano na rys. 8.

1. .

— o~

Rys. 8. Domeny ptynowe wydzielone do symulacji w srodowisku CFD:
a) jedna topata z wycinkowym optywem, b) domena walcowa n-topatowego kompletnego wirnika.

W ramach omawianego kroku badan dokonano oceny rozwigzan przeznaczonych do analiz
aerodynamicznych w celu doboru oprogramowania najkorzystniejszego z punktu widzenia
otrzymywanych wynikow, ale rowniez czasu wykonywanych obliczen. Przedstawione wyzej
modele CAD z sukcesem zaimplementowano do oprogramowania przeznaczonego do analiz
panelowych oraz do zaawansowanego $srodowiska CFD. Model wirnika no$nego 1 jego topaty
bazuje na istniejgcej konstrukcji, co pozwala to na ewaluacje metody i porownanie wynikow
z rzeczywistymi osiaggami. W obu programach zrealizowano obliczenia dla wariantu jednej
topaty 1 n-lopatowego wirnika. W przypadku symulacji jednej topaty i jej oplywu osiagnieto
zadowalajace wyniki w obu metodach. Natomiast w przypadku modelowania wirnika i jego

ruchu obrotowego jedynie wyniki z analiz CFD byly zgodne z oczekiwanymi tj. rzeczywistymi
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osiggami. Czas realizacji analiz wykonanych za pomocg metod panelowych byt nizszy w obu
przypadkach, jednak znaczaco nizszy jedynie w przypadku symulacji calego wirnika.

W  konsekwencji do prowadzenia dalszych badan 1 implementacji rozwigzan
w algorytmie optymalizacyjnym wybrano analizy CFD, z podziatem na dwa etapy ewaluacji
tzn. jednej topaty z symulowanym optywem wycinkowej objetosci pltynu oraz petnej symulacji
wirnika no$nego w petnej domenie walcowej. Pozwala to na przeprowadzenie w pierwszym
kroku znacznie mniej czasochlonnej symulacji i ocen¢ przyjetej geometrii topaty pod katem
otrzymywanych osiggéw, a dopiero w kolejnym kroku, podczas symulacji pracy catego
wirnika, ocen¢ jego zdolnos$ci jako kompletnego zespotu. Podejscie takie zastosowano takze
w kolejnych etapach badan, gdzie badania CFD zostang sprzezone z analizami MES.

Nastepny krok budowania modelu parametrycznego i jego wykorzystania do analiz
numerycznych zostat opisany i opublikowany w artykule [A3]. W celu prawidlowego zbadania
warunkow pracy wirnika i okreslenia maksymalnych wystepujacych obcigzen, konieczne jest
odwzorowanie w symulacjach wszystkich mozliwych faz lotu. W konsekwencji rozwini¢to
opisane wyze] rozwigzania o obliczenia i symulacji warunkow lotu postepowego.
W przywotanej publikacji szeroko opisano wykorzystany aparat matematyczny. Wyniki
obliczen programu s3 podstawa do rozwinigcia modelu parametrycznego i utworzenia
geometrii wirnika nosnego wraz z odpowiednimi objetosciami ptynowymi. Do wcze$niejszego
programu generujacego model parametryczny zostaje dodana mozliwo$¢ wytworzenia wirnika
wraz z geometrig przygotowana pod katem analizy lotu postgpowego. Rozwinigty model CAD
jest zbudowany w nastepujacy sposob: gtdwna objetos¢ ptynowa, przeznaczona na symulacje
otaczajgcego powietrza zamodelowana zostata w postaci prostopadioscianu. Wewnatrz lokalna
objetos¢ wirnika, wykorzystywana do zaggszczenia siatki obliczeniowej, modelowana jest
w postaci cylindra. Jednocze$nie kazda lopata posiada wlasng objetos¢ cylindryczng, co
umozliwia jej swobodny obrét wokot wilasnej osi. Takie podej$cie pozwala na precyzyjne
odwzorowanie dynamiki ruchu wirnika 1 dokladniejsze modelowanie zjawisk
aerodynamicznych zachodzacych w jego otoczeniu. Przyktadowa geometrig, bedaca efektem
dziatania przygotowanego algorytmu, zaprezentowano na rys. 9.

Domeny generowane sg proporcjonalnie do zadanych wymiaréw wirnika. Uwzgledniaja
one uwarunkowania programow do numerycznej analizy dynamiki plynéw pozwalajac
w pierwszej kolejnosci na wygenerowanie jakosciowo dobrej siatki obliczeniowej. Prawidtowo
wykonana siatka pozwala wykluczy¢ nieprawidtowosci wynikow spowodowane niewlasciwym

doborem wymiar6w domeny ptynowe;.
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Rys. 9. Domeny ptynowe do analizy r6znych faz lotu: a) lot postgpowy, b) zawis.

Podobnie, jak w przypadku analizy wirnika w zawisie, tak réwniez w tym przypadku,
dokonano ewaluacji modelu poprzez zastosowanie geometrii istniejagcego Smiglowca
w obliczeniach CFD i odwzorowanie warunkéw jego pracy w oparciu o dane z rejestratora
parametrow lotu. W pracy szczegotowo przedstawiono sposob budowania siatki obliczeniowej,
tak aby mozliwa byla symulacja warunkow lotu §migtowca i odwzorowanie ruchu topat wraz
ze zmiang ich azymutalnego potozenia. W kolejnym kroku opracowanej symulacji okreslono
uniwersalne warunki brzegowe, tak aby mozliwe bylo wykonanie symulacji dla réznych
wariantéw lotu 1 konfiguracji wirnika. Poprzez okre$lenie warunkéw brzegowych mozliwe jest
zamodelowanie optywu wirnika w locie postepowym 1 jednocze$nie zadanie ruchu obrotowego
wraz ze zmiang skoku w zaleznosci od potozenia azymutalnego topat.

Uniwersalne dla obliczen numerycznych warunki brzegowe zadano w nastepujacy sposob.
Badane powierzchnie nos$ne (powierzchnie topat wirnika - granice wycigtych przestrzeni
z cylindrycznej domeny ptynowej) zostaja oznaczone kolejno numerami topat. Z tych
powierzchni program bedzie odczytywat wartosci powstajacych sit. Lopaty zostajg wycigte w
przestrzeniach, ktérych powierzchnie zewngtrzne stanowig powierzchnie wymiany danych
z kolejng objetoscia odpowiadajaca za modelowanie opltywu catego wirnika. Zadaniem
dodatkowej objetosci wprowadzonej w postaci ptaskiego cylindra jest odwzorowanie ruchu
obrotowego wokot osi wirnika. Warunki brzegowy tejze domeny zadano na powierzchniach
kontaktu z wewnetrznymi cylindrami topat, jak rowniez na powierzchniach kontaktu i wymiany
danych z ogdlng objetoscia plynowa, w ktorej symulowany jest ruch postgpowy $migtowca.
Cala domena przeptywu zostata zamodelowana jako prostopadloscian o wymiarach
odpowiadajacych okre§lonym wielokrotnosciom $rednicy wirnika, zgodnie z zatozeniami
srodowiska do obliczen CFD. Na prawie wszystkich (poza jedng) powierzchniach

zewngetrznych prostopadios$cianu zostaly zadany kierunek oraz predkos¢ lotu. Tylna $ciana
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bryly znajdujaca si¢ za wirnikiem (patrzac w kierunku lotu) jest wylotem strumienia
optywajacego wirnik. Warunki brzegowe symulacji zadane dla parametrycznego modelu

obliczeniowego zaprezentowano na rys.10.

15.00 a5

Rys. 10. Warunki brzegowe do symulacji CFD dla wydzielonej domeny optywu wirnika $§migtowca
w ruchu postepowym
Bazujac na istniejacej geometrii Smiglowca przeprowadzono opisany wyzej proces w celu
oceny przyjetej metody. Wyliczono katy nastawienia topat w locie postgpowym dla pieciu
wariantow symulacji. Kompletne zestawienie parametrow katowych uwzglednianych

w analizach CFD prezentuje Tabela nr 2.

Tabela 2. Katy nastawienia topat oraz kat pochylenia tarczy wirnika

11.12 3.46 -3.72 10.75
11.52 5.26 -4.87 10.71
8.31 2.52 -3.45 7.44
9.85 5.48 -5.48 7.43
9.48 3.1 -4.38 7.83

Wyliczone ustawienie wirnika postuzyto do wykonania obliczen numerycznych dynamiki
ptynow Dla oczekiwanych wartosci ciggu wirnika (zawsze rownowaznych cigezarowi

$miglowca) kazdy z wariantow geometrii modelowej poddano badaniu. W ramach
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wariantowania sprawdzano réwniez inne mozliwe warianty geometrii fopaty. Wyniki obliczen

zestawiono w Tabeli nr 3.

Tabela 3. Wyniki aerodynamicznej symulacji CFD w konfrontacji z wynikami obliczen analitycznych

Obliczenia analityczne Symulacja CFD

Wariant | Ciezar Promien Cieciwa Predkos¢ Sila Sila Sila
[N] WN lopaty lotu oporu nosna oporu

[m] [m] [km/h] [N] [N] [N]

1 62784 7.85 0.3 100 1276 61706 1256

2 62784 7.85 0.3 150 2870 63708.25 2982

3 62784 7.85 0.44 100 1276 61537 1139

4 62784 7.85 0.44 200 5098 62625 5132

5 62784 7 0.6 100 1276 66850 1295

Wynikiem symulacji jest rowniez rozktad ci$nienia na powierzchni topat, ktory na
pozniejszym etapie zostanie przeniesiony jako obcigzenie do obliczen strukturalnych.

Przyktadowe rozktady cis$nienia na wirujacych topatach zaprezentowano na rys. 11.
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Rys. 11. Przyktadowy wynik rozktadu ci$nienia na powierzchni topat wirnika no$nego

Otrzymane wyniki byly zgodne z obliczeniami analitycznymi, jak réwniez z parametrami
osiggowymi rzeczywistego $miglowca. W ramach omawianych etapéw badan udowodniono
gotowos¢ modelu parametrycznego i konfiguracji srodowiska CFD do zastosowania w ramach
zaproponowanego w pracy badawczej algorytmu. Wyniki symulacji i analizy sit powstajacych
na wirniku bedg miaty zastosowanie w symulacji FSI. Rezultatem tego etapu byly wspomniane

wyzej artykuty [A2, A3]. Jednocze$nie wyniki badan zaprezentowano na konferencji [f].
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6. Przygotowanie analiz strukturalnych

W celu przeprowadzenia wielokryterialnej optymalizacji uwzgledniajacej zardwno
parametry osiggowe jak i masowo-wytrzymatosciowe konieczne jest przygotowanie modelu
strukturalnego wirnika. Na tym etapie badan budowa modelu zostala poparta analitycznymi
obliczeniami obcigzen, ktore nastgpnie sa wykorzystywane do wstgpnego oszacowania
wymiaréw projektowanej struktury. Model generowany jest za pomocg skryptu programowego
w jezyku GRIP z uwzglednieniem dodatkowego programu, ktdory wyznacza momenty
bezwladnos$ci profilu i iteracyjnie zmienia jego wymiary. Wyniki z poszczegdlnych etapow
obliczeniowych dotyczacych aerodynamiki, sztywnosci i drgan wlasnych topat korygowane sa
poprzez petle, ktéra umozliwia przeprowadzenie wstepnej optymalizacji struktury wewnetrznej
przed zasadniczymi analizami typu FSI. Schemat blokowy algorytmu generowania modeli do

sprzgzonej analizy FSI zademonstrowano na rys. 12.
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Rys. 12. Schemat blokowy generowania modeli wirnika w zastosowaniu do ostatecznej symulacji FSI
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W pierwszym kroku na podstawie danych wejsciowych dotyczacych ksztaltu topat,
zastosowanych materialow, a takze projektowanych warunkéw lotu, realizowane sg obliczenia
analityczne przy wykorzystaniu wtasnych programéw w srodowisku MATLAB. Postugujac si¢
przygotowanym we wczesniejszym etapie programem do obliczeh ciggu wirnika
z uwzglednieniem zmian katow skoku ogolnego i1 okresowego, wyznaczany jest rozktad
obcigzen aerodynamicznych w zaleznosci od azymutu i promienia. Funkcja rozkladu sit
aerodynamicznych dziatajacych na topate bedzie wykorzystywana do wyliczenia momentow
gnacych. Przykladowy rozklad obcigzenia aerodynamicznego tarczy nosnej wirnika oraz

pojedynczej topaty przedstawiony jest na rysunkach 13 i 14.
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Rys. 13. Rozktad sity aerodynamicznej na powierzchni wirnika no$nego dla wspoétczynnika predkosci 0.1
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Rys. 14. Rozktad sity aerodynamicznej wzdtuz topat w zaleznosci od ich potozenia azymutalnego dla

wspotczynnika predkosei 0.1
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W procesie rownolegtym do obliczen aerodynamicznych wyznaczane sg czgstosci drgan
wlasnych lopaty. Wykorzystywane do tego sa dane bezwladno$ciowe z analizy masowej
modelu CAD. Biorgc pod uwage wilasnosci zastosowanego materiatu dla poszczegdlnych
elementow konstrukcji przy wykorzystaniu metody energetycznej okreslane sg kolejne postacie
1 czgstosci drgan wlasnych. Rozwigzanie matematyczne problemu zostalo zrealizowane
z wykorzystaniem $rodowiska MATLAB. W tym celu rownanie energetyczne wirujacej belki
przeksztatcono do postaci macierzy. Wykorzystano w tym celu rozwini¢cie funkcji w szeregi
Fouriera. Wyznaczniki wyliczone z utworzonej macierzy wspotczynnikoOw sg warto§ciami
kolejnych czgstotliwosci drgan wlasnych. Wyniki w celu uproszczenia dalszych obliczen zostat
znormalizowane wzgledem liczby m. Szczegdétowy opis zastosowanej metody zostat
zamieszczony w artykule [AS5]. Przykladowe funkcje postaciowe oraz czgstosci kolejnych

drgan wlasnych w; zostaty zaprezentowane na rys. 15.
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Rys. 15. Funkcje odwzorowujgce kolejne postacie drgan wiasnych pojedynczej topaty

Jak pokazano na rys. 12 wyniki dwdch réwnolegle realizowanych operacji sa danymi

wsadowymi do wyliczenia momentu gnacego dziatajacego na topate w zaleznos$ci od jej
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azymutalnego potozenia. Moment gnacy wyznaczany jest dla 3 pierwszych harmonicznych,
a nastgpnie sumowany jako wypadkowy moment catkowity. Przykladowe rozktady momentu

gnacego wzdhuz topat przedstawione zostaty na rys. 16.
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Rys. 16. Rozktady momentu gnacego wzdtuz fopaty wirnika nosnego w zaleznosci od jej azymutu

Program generuje warto$ci momentu gnacego dla ustalonej przez uzytkownika liczby
przekrojow. Wyliczone wartosci sg eksportowane do zewnetrznego pliku.

Nastepnie przy wykorzystaniu jezyka programowania GRIP tworzony jest parametryczny
model geometrii przeznaczony do obliczen numerycznych obcigzen 1 odksztatcen
wystepujacych w lopacie. Program generuje wstgpng geometri¢ zewngtrzng 1 wewngtrzng.
Importuje wyliczone wczesniej warto§ci momentdw gnacych i we wskazanych przekrojach
poprzecznych topaty wyznacza naprezenia. Dedykowane komendy jezyka GRIP sterujg
obliczeniami geometrycznych momentoéw bezwladnosci we wskazanych przekrojach topaty.

Program za kazdym razem sprawdza warunek wytrzymato$ciowy nieprzekraczalnosci
dopuszczalnych napr¢zen normalnych od zginania (dla zadanego materiatu konstrukcyjnego).
Iteracyjnie dobierane sa wymiary wysoko$ci dzwigara 1 szerokosci wypelniacza komorkowego,
tak aby utrzymac bezpieczny poziom wytgzenia struktury przy mozliwie minimalnej wielkosci
przekroju. W kazdej iteracji uwzgledniana jest zmiana wymiarow przekroju, a tym samym
zmiana momentu bezwladno$ci. Lopata poddawana jest obliczeniom uwzgledniajacym
zmienno$¢ momentow gnacych determinowanych przez rozktady obcigzen aerodynamicznych
1 masowych. Petla konczy si¢ w momencie uzyskania znikomych zmian masy topaty w wyniku
kolejnych iteracji. Przyktad modelu struktury topatowej zoptymalizowanego pod wzglgdem

wytrzymato§ciowym pokazano na rys. 17.
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Rys. 17. Model CAD topaty wirnika no$nego

Dostosowany do warunkow wytrzymatosciowych model geometryczny zostaje
zaimportowana do programu Simcenter STAR-CCM-+ na potrzeby przeprowadzenia symulacji
modelowych FSI. Na bazie modelu wygenerowana zostaje siatka elementowa do analiz
strukturalnych MES. Dynamicznie zmienne obcigzenia topat zostajg zaimportowane w postaci
rozkladéw ci$nienia wyznaczanych z obliczen CFD. Na tym etapie badan model podlegat
ewaluacji poprzez jednokierunkowg analize FSI. Przykladowe wyniki naprezen w strukturze

dzwigara zaprezentowano na rys. 18.
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s ).657
2
e | e .

Rys. 18. Naprezenia w modelu MES dzwigara topaty

Symulacje przeprowadzone zostaty na modelu odpowiadajagcym rzeczywistej geometrii
lopaty $miglowca fabrycznego. Dobierajac wiasnosci struktury modelowej uwzgledniono dane
rzeczywistych materialdéw konstrukcyjnych (szczegoétowe dane zostaly omdéwione w artykule
[AS5]). Maksymalne warto$ci naprezen numerycznych w strefach ich kumulacji (krawedzie
w Srodkowej czeSci Scianki dzwigarowej) nie przekraczaly poziomdéw wartoSci
dopuszczalnych, co potwierdzito poprawnos$¢ przyjetej struktury modelowe;.

Na tym etapie dokonano réwniez analizy danych z poktadowego rejestratora parametrow
lotu $migtowca wojskowego. Wykorzystanie zapisow rzeczywistych pozwala lepiej zrozumieé
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dynamiczng prac¢ konstrukcji w zaleznosci od wykonywanej misji. Warto$ci maksymalnie
wystepujacych przecigzen, a takze profil lotu ze zmiang wysokosci 1 predkosci
wykorzystywane sa do oceny krytycznych faz lotu w ktorych nalezy dokona¢ ewaluacji

konstrukcji. Przyktad zapisu jednej godziny lotu przedstawia rys. 19.
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Rys. 19. Zapisy zmian zarejestrowanych parametréw lotu w czasie trwania misji:

a) przecigzen n(t), b) wysokosci barometrycznej Hy(t), c) predkosci przyrzadowej Vias(t)

Catos¢ analiz oraz wyniki uzyskane w ramach przedstawionego etapu badan opublikowano
w artykutach [A4, AS5], ktére sa podstawa niniejszej dysertacji. Jednoczesnie wyniki

przedmiotowego etapu zaprezentowano na konferencjach [c], [b] oraz [d].
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7. Powiazanie modeli i przeprowadzenie multidyscyplinarnej optymalizacji

W ostatnim etapie badan nastgpuje integracja wczesnie] przygotowanych

1 wstepnie sprawdzonych elementéw algorytmu zgodnie z ogdélnym schematem procesowym

przedstawionym na rys. 5. Ten etap prac zostat opisany w artykule [A6].

7.1. Algorytm multidyscyplinarnej optymalizacji

Zadania przewidziane w zalgorytmizowanym cyklu optymalizacji realizowane s3

W nastgpujacy nizej opisany sposob.

1.
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W pierwszym kroku ustalane sg warunki misji. W zalezno$ci od przeznaczenia Smigtowca
determinowane sg pozadane parametry operacyjne i ich oczekiwane warto$ci. Do
parametréw operacyjnych zaliczamy m.in. udzwig, dtugotrwatos¢ lotu, zasieg, predkosé¢
przelotowa, maksymalng mase startowa. Na tym etapie okreslany jest przewidywany profil
lotu oraz rodzaje realizowanych zadan. Przektada si¢ to na wielko$ci przeciazen, ktorym
podlega konstrukcja 1 ktore musza zosta¢ uwzglednione w obcigzeniach obliczeniowych.
W koncowym etapie procesu opisane wyzej parametry postuza rowniez do oceny
uzyskanych wynikow numerycznych. Spehienie lub poprawa wymaganych zdolnos$ci
bedzie podstawa do uznania przeprowadzonej optymalizacji za skuteczng. W razie
negatywnej oceny 1 braku oczekiwanych zdolno$ci §miglowca, przedmiotowe wielkosci
zostang wykorzystane do wytyczenia kierunku poprawy osiaggéw poprzez dostosowanie
parametréw konstrukcyjnych podlegajacych optymalizacji.

W drugim kroku przeprowadzana jest ocena pozadanych parametréw misyjnych wzgledem
parametréw referencyjnych przypisywanych aktualnie istniejacym konstrukcjom. Ocena
dokonywana jest z wykorzystaniem parametrow bezwzglednych (fizycznych), jak rowniez
z wykorzystaniem bezwymiarowych wspolczynnikow. Trendy wyznaczane dla danej
grupy $migtowcoOw wojskowych pozwalajg wskaza¢ mozliwe kierunki poprawy osiggdéw
wzgledem ich aktualnych pozioméw. Pozwala to na wybranie parametréw fizycznych,
ktére beda podlegaly optymalizacji. Na tym etapie zostaje okreslony funkcjonat
optymalizacji wielokryterialnej, ktory bedzie analizowany w oparciu o metode
systematycznego przeszukiwania przestrzeni zmiennych projektowych.

Wyniki analizy trenddéw 1 porownania poszczegdlnych parametrow pozwalajg
przygotowa¢ zestaw pierwszych warto$ci parametrow konstrukcji  wlasciwych

do uzyskania pozadanych osiggow. Postluza one do dalszych obliczen i trymowania



wirnika, a takze do rozwijania parametrycznego modelu geometrii CAD, ktory bedzie
podlegal przeksztatceniu wskutek przeprowadzonego procesu.

. Niezbg¢dne osiggi oraz warunki trymowania wirnika wyliczane sg z wykorzystaniem
analitycznego modelu, ktéry zostat opisany w przywotanych wyzej artykutach. Kalkulacje
wykonywane sg w oparciu o srodowisko MATLAB. Otrzymanymi wynikami sg warto$ci
ciggu wraz z ustawieniem katowym lopat. Ustawienia lopat sa wykorzystywane
w kolejnym etapie do przygotowania symulacji pracy wirnika no$nego $migtowca.

. Najwazniejszym etapem realizowanego procesu jest przygotowanie modelu
parametrycznego wirnika. Parametryczne modele CAD zostaja wygenerowane w taki
sposob, aby mozliwe byto ich zastosowanie w $srodowiskach CFD i MES. Rownocze$nie,
nastepuje utworzenie modelu ksztaltu zewngtrznego wraz z dostosowanymi domenami
ptynowymi oraz ksztaltu struktury wytrzymatosciowej. Modele generowane sa zgodnie
z procedurami szczegdtowo opisanymi w artykutach stanowigcych podstawe dysertacji,
jak rowniez nakres§lonymi we wczesniejszych rozdziatach niniejszego referatu.

W kolejnym etapie analizy CFD zostaja powigzane z procesami MES w ramach
sprzgzonych symulacji typu FSI. Rozktad sit 1 obcigzen aerodynamicznych uzyskanych
w analizie dynamiki ptynéw przenoszony jest na powierzchni¢ dyskretnego modelu
struktury. Analiza FSI zostala podzielona na dwa etapy. W pierwszym
z nich analizie zostaje poddany model stacjonarny jednej topaty z symulowanym optywem
powietrza. W tej symulacji, w cze$ci analizy dotyczacej numerycznej dynamiki ptynéw
uwzgledniono zmian¢ predkosci wzdluz promienia oraz zmiang kata naptywu poprzez
zadanie funkcji zmiany kierunku strumienia naptywu w zaleznosci od promienia.
Otrzymane wyniki poddawane sa ewaluacji pod katem spetnienia zatozen poczatkowych.
W przypadku konieczno$ci korekty konstrukcji algorytm realizowany jest ponownie
z uwzglednieniem proponowanych zmian. Etap ten umozliwia wstgpna oceng konstrukcji
oraz przeprowadzenie symulacji w znacznie krotszym czasie niz w przypadku symulacji
oplywu wielotopatowego wirujacego wirnika w warunkach nieustalonych.

. W przypadku pozytywnej oceny jakosci wynikow z etapu poprzedniego algorytm
przechodzi do kolejnej faz. Analizowany jest wariant modelowy wirnika wielotopatowego
z uwzglednieniem rzeczywistej predkosci przelotowej, predkosci obrotowe] oraz
zmiennos$ci kata skoku topat. W tym przypadku obcigzenia aerodynamiczne zostaja
przeniesione na konstrukcje. Z kolei odksztalcenia struktury wywolane obcigzeniami
zewnetrznymi zostaja uwzglednione w kolejnym kroku czasowym symulacji oplywu.

Dwukierunkowy transfer danych nastgpuje w kazdym kolejnym kroku obliczeniowym.
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W konsekwencji deformacje i sily masowe s3a uwzglgdnianie przy wyliczaniu sit
powstajacych na wirniku. Przyktadowa siatke przygotowana do symulacji pokazano narys.

20. Przyktad zastosowania technik FSI zaprezentowano na konferencji [d].

Rys. 20. Model interakcyjny struktury topaty i siatki acrodynamicznej do symulacji FSI
n-topatowego wirnika nos$nego.

9. Wyniki przeprowadzonych obliczen numerycznych sa ponownie oceniane pod katem
wymagan misji z wykorzystaniem parametrow wynikajacych z analizy rzeczywistych
konstrukcji. Oceniane sg osiagi oraz ograniczenia. Wyznaczane warianty modelowe sg
porownywane w celu wyboru tego, ktory jest najlepiej dostosowany do zadanych
preferencji. Wagi czastkowych funkcji celu odpowiadaja wymaganiom przysztego
uzytkownika. W przypadku niespetnienia oczekiwan, wyniki sg wykorzystywane do
ponownej parametryzacji i przeprowadzenia kolejnej iteracji algorytmu.

10. Proces konczy si¢ wyborem jednego badz kilku rozwigzan spetniajacych funkcjonat celu.

Zoptymalizowane modele moga by¢ zastosowane w kolejnych iteracjach projektowych.

7.2. Walidacji metody

W badaniach wykorzystano geometri¢ wirnika no$nego $miglowca wojskowego oraz
rzeczywiste warto$ci parametrow misyjnych. Przeanalizowano poprawe wlasciwosci
konstrukcji oraz dokonano weryfikacji dziatania algorytmu. Otrzymane wyniki potwierdzaja
przydatno$¢ metody w procesie projektowania wiroplatow. Poczatkowe parametry
obliczeniowe zestawiono w tabeli 5. Ksztalt i wymiary topaty sa dobierane z przedzialu
dopuszczalnych wartosci rzeczywistych.

Pierwszy etap obliczen przeprowadzono dla réznych wariantdéw zaproponowanego
ksztaltu. Posta¢ geometryczng topaty z parametrycznie zmienianymi wymiarami i z zadang

charakterystyka zwichrzenia zaprezentowano na rys. 21.

38



Tabela 5. Parametry poczatkowe symulacji odpowiadajace konfiguracji fabrycznej wirnika no$nego

Parametr Oznaczenie Warto$¢

promien R 7.85 [m]

cieciwa topaty c 0.44 [m]
skrecenie v 12°
nachylenie wspotcz. sity nosnej a 6.4

predkos¢ obrotowa wirnika n 255 [rpm]
Liczba Locke’a y 9.65

Maks. masa startowa (MTOW) m 6400 [kg]

Masa topaty mb 65.5 [kg]

a | Fotor axis I Blade radius |
Anti-erosion shield 4] ; :
5: o Twist axis
1 £ T i |
Ol'
]
o
Root Trim tab” =]
airfoil Tip airfoil
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b g — |
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Rys. 21. Geometria topaty z oznaczeniem parametryzowanych wymiaréw i charakterystyka zwichrzenia

geometrycznego

W analizowanym przypadku zatozono zwigkszenie mozliwosci udzwigu $miglowca o 200
kg, uwzgledniajac mozliwos¢ zwigkszenia mocy zespolu napedowego bez koniecznosci
wprowadzania istotnych zmian konstrukcyjnych ptatowca. Metoda przeszukiwania przeliczono
rézne warianty geometryczne wirnika celem wyznaczenia wartosci ciggu aerodynamicznego.
Jednocze$nie zachowano wymaganie technologiczne odno$nie zamocowania topat w oparciu o
istniejgcg tarcze sterujacg. Ewentualne réznice w ustawieniu lopat bytyby mozliwe do
zniwelowania poprzez regulacje popychaczy tarczy. Zaproponowane wymiary, wraz
z wartosciami wspotczynnika wypelnienia wynikajagcymi z trymowania i matematycznych

obliczen ciggu zamieszczono w tabeli 6.
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Tabela 6. Parametrycznie modyfikowane wymiary wirnika nosnego z wartosciami skoku ogdlnego
odpowiadajacymi charakterystycznym predkosciom przelotowym; w pierwszej linii parametry
odpowiadajace wariantowi fabrycznemu (zo6tte komorki)

Skok ogolny Skok ogélny Skok ogolny Skok ogolny

Promien Wsp.
Cieciwa 1 I.’ _ dla IAS 50 dlaIAS 100  dla IAS 150 dla IAS 200
ZEW. w einienia
P [km/h] [km/h] [km/h] [km/h]
R [m] ‘ ¢ [m] ‘ ¢ 00[°] 00[°] 00[°] ‘ 00[°]
7,85 0,44 0,055 4,68 5,05 6,39 9,35
7 ‘ 0,6 ‘ 0,084 5,07 5,56 7,19 ‘ 11,33
7 0,65 0,0899 4,67 5,06 6,67 10,55
7,1 ‘ 0,6 ‘ 0,083 4,86 5,35 6,9 ‘ 10,67
7,1 0,65 0,0912 4,48 4,85 6,4 9,94
7,15 ‘ 0,6 ‘ 0,0824 4,76 5,11 6,62 ‘ 10,46
7,2 0,6 0,0818 4,66 5 6,49 10,06
7,2 ‘ 0,62 ‘ 0,0845 4,49 4,89 6,34 ‘ 9,85
7,2 0,65 0,0886 4,29 4,65 6,02 9,37
7,25 ‘ 0,6 ‘ 0,0813 4,56 4,9 6,36 ‘ 9,86
7,25 0,65 0,088 421 4,46 59 9,19
7,3 ‘ 0,65 ‘ 0,0874 4,12 437 5,78 ‘ 9,02
7,4 0,65 0,0862 3,95 42 5,45 8,52
7,4 ‘ 0,6 ‘ 0,0796 4,29 4,61 5,87 ‘ 9,14
7,5 0,6 0,0785 4,04 434 5,64 8,36
7,24 ‘ 0,6 ‘ 0,0814 4,58 4,92 6,38 ‘ 9,9
7,24 0,62 0,0841 4,41 4,71 6,24 9,7
7,23 ‘ 0,62 ‘ 0,0842 4,43 4,83 6,26 ‘ 9,74
7,23 0,63 0,0855 4.4 4,68 6,07 9,44
7,22 ‘ 0,63 ‘ 0,0857 4,42 4,71 6,1 ‘ 9,67
7,24 0,61 0,0827 4,54 4,86 6,31 9,8
7,5 ‘ 0,55 ‘ 0,072 4,49 4,79 6,12 ‘ 9,13
7,5 0,54 0,0707 4,54 4,85 6,2 9,42
7,49 ‘ 0,54 ‘ 0,0708 4,56 4,87 6,22 ‘ 9,46
7,5 0,5 0,0655 4,93 5,33 6,68 9,92
7,55 ‘ 0,5 ‘ 0,065 4,84 522 6,55 ‘ 9,74
7,6 0,5 0,0646 4,74 5,02 6,43 9,56
7,6 ‘ 0,48 ‘ 0,062 4,95 5,27 6,62 ‘ 9,83
7,5 0,53 0,0694 4,68 5,017 6,28 9,55
7,49 ‘ 0,53 ‘ 0,0695 4,7 5,03 6,43 ‘ 9,58
7,48 0,53 0,0696 4,72 5,05 6,46 9,61
7,48 ‘ 0,52 ‘ 0,0683 4,77 5,12 6,55 ‘ 9,73
7,46 0,52 0,0684 481 5,16 6,6 9,81
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Propozycje nowych wymiarow zewnetrznych spetniajacych kryterium technologicznej
kompatybilnos$ci z istniejaca konstrukcja piasty wirnika i zastosowang tarcza sterujaca (katy
ustawienia topaty odpowiadajagce tym samym predkosciom, zblizone do tych dla topaty
podstawowej) zostaty wybrane do ewaluacji w kolejnym kroku. Dla kazdego z tych ksztattow
przeprowadzono kolejne procesy obliczeniowe zgodnie z ustalonym algorytmem (rys. 5)
Wyniki zaproponowanych ksztaltéw wraz z parametrami masowymi zaprezentowano w tabeli

7.

Tabela 7 Wymiary i masy topaty wirnikowej po optymalizacji struktury dla zwigkszonego ciagu

PROMIEN CIECIWA MASALOPATY SRODEK CIEZKOSCI

R [m] ¢ [m] ‘ MB [KG] Z[m]
7,24 0,61 42,127 4,459
7,49 0,54 ‘ 37,186 4,612
7,55 0,5 33,527 4,637

7,46 0,62 ‘ 34,260 4,572

W kolejnym kroku dla kazdej z zaproponowanych struktur przeprowadzono analize FSI
w celu sprawdzenie wytrzymato$ci konstrukcji w zadanych warunkach lotu przy jednoczesnym
odksztalceniu lopaty z uwzglednieniem wptywu deformacji na site nosna. Szczegotowy opis
symulacji FSI znajduje si¢ w artykutach bedacych podstawg dysertacji, natomiast w niniejszym
autoreferacie przedstawiono ja w ogdlnym zarysie. Analizy FSI potwierdzity bezpieczne
poziomy napr¢zen wystepujacych w konstrukcji oraz zdolno$¢ wirnika do wytworzenia
wymaganego ciagu juz na etapie symulacji jednotopatowej. Symulacja FSI pelnowymiarowego
wirnika wykonana w kolejnej fazie potwierdzita uzyskane wyniki. Przyktadowe wyniki
odksztatcen 1 naprezen przedstawiono na rys. 22.

Jednym z gléwnych celow badania, poza wypracowaniem samej metody optymalizacji
aerodynamiczno-strukturalnej, jest zapewnienie, aby zaprogramowany proces byt skuteczny
1 czasowo efektywny. Narzedzia komputerowe pozwalaja rozwigzywac bardzo skomplikowane
symulacje odwzorowujac jak najdoktadniej warunki rzeczywiste. Niejednokrotnie jednak czas
wymagany do uzyskania wynikéw jest zbyt dlugi, aby wykorzystaé go w procesie
projektowania czy w zastosowaniu do zadan przemystowych. Celem redukcji czasu symulacji

FSI byto rozdzielenie jej na dwa etapy, co zostato opisane w poprzednich rozdziatach.
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a)

b)

Wszystkie badania symulacyjne zostaty przeprowadzone z wykorzystaniem stacji roboczej
wyposazonej w dwa procesory Xeon Gold 6152 CPU 2.10GHz z catkowita liczba 44 rdzeni
fizycznych 1 128 GB pamigci RAM. Obliczenia matematyczne wykonywane sg na jednym
rdzeniu, natomiast symulacje FSI wykorzystuja wszystkie dostgpne zasoby. Pomiaru czasu
dokonywano od rozpoczecia obliczen analitycznych do czasu uzyskania zestawu wynikéw dla
badanego wariantu. Catkowity czas do osiaggniecia ostatecznych rezultatow podlegajacych
ocenie wedlug zadanej funkcji kryterialnej zajmuje okoto 53 godziny. Najbardziej
czasochtonnym etapem jest sprz¢zona analiza FSI aerodynamicznego modelu wirnika no$nego
powiazanego ze strukturg modelowa MES, ktéra zajmuje 90% czasu realizacji catego procesu.

Zestawienie Srednich czasow obliczen etapowych oraz niezbgdnych mocy obliczeniowych

¥ Displacement: Magnitude (mm}
s o 398 79 &

Stress Von Mises (Pa)
1.212:07

& 'z' 34304 2.41e:07

Rys. 22. Wyniki analizy wytrzymato$ciowej topaty wirnika po interakcyjnej analizie FSI:

a) rozktad odksztatcen; b) rozklad naprezen.

zamieszczono w tabeli 8.
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Tabela 8. Czgéciowy i catkowity czas przeprowadzenia optymalizacji

SREDNIA ILOSC SREDNI CZAS NA
FAZA SYMULACJI MOC OBLICZENIOWA
ITERACJI NA FAZE ITERACJE

MODELOWANIE

PARAMETRYCZNE 1 RDZEN 2.10GHZ

DLA CFD

FSI — JEDNA LOPATA 44 RDZEN 2.10GHZ

CZAS CALKOWITY
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8. Podsumowanie wynikow i wnioski

W referacie przedstawiono badania wlasne przeprowadzone w przeciggu pieciu lat prac
studyjnych poswieconych problematyce optymalnego projektowania wirnikow nosnych
$migtowcow. Opisana tu autorska metoda modelowej optymalizacji aerodynamiczno-
strukturalnej uwzglednia zastosowanie parametryzacji geometrycznej w wielodziedzinowych
symulacjach programowych realizowanych na rzecz wyznaczenia mozliwie najlepszego
wariantu konstrukcyjnego w aspekcie jego wielokryterialnej oceny.

Podstawe analiz modelowych stanowi zaprezentowany w niniejszej pracy matematyczny
model optymalizacji. Model jest wykorzystany do przeprowadzenia wieloprocesowej analizy
optymalizacyjnej z uwzglednieniem wielokryterialnego funkcjonatu jako$ci. Zmienne
decyzyjne zostaly wytypowane na podstawie wcze$niej przeprowadzonej porOwnawczej
analizy wspoélczesnie eksploatowanych konstrukcji  $migtowcowych. Sformulowany
funkcjonal faczy dwa niezalezne kryteria jakosciowe — funkcje aerodynamicznej efektywnosci
wirnika no$nego oraz funkcje masy konstrukcyjnej obiektu. Tak opracowany funkcjonat jest
kluczowym operatorem matematycznym stosowanym w prowadzonych analizach
programowych oraz w procesie ewaluacji przyjetej metody. Ma on takze znaczenie
w kontekscie oceny koncowej uzyskanych wynikéw, przy czym istotne sg wtedy wartosci
wspotczynnikéw wagowych przypisane do funkcji czastkowych.

Do przeprowadzenia optymalizacji wirnika no$nego zaproponowano algorytm laczacy
obliczenia analityczne, parametryzacje modeli oraz sprzezong numeryczng analiz¢ dynamiki
pltynow z uwzglednieniem deformacji strukturalnych modelowej siatki MES. W celu
weryfikacji przydatnosci algorytmu 1 skuteczno$ci zadanych obliczen wstepnie
przeprowadzono proces optymalizacji pojedynczej topaty wirnika wojskowego $miglowca
wielozadaniowego o maksymalnej masie startowej 6400 kg. Warunki lotu zostaty ustalone na
bazie zapisow z poktadowego rejestratora parametrow lotu.

Zgodnie z proponowanym algorytmem proces optymalizacji poprzedzono analizg
istniejgcych konstrukcji. Analiza wykazala, iz dla $miglowcoOw o podobnej masie
1 przeznaczeniu uzyskiwane sg lepsze wlasnosci osiggowe, w szczego6lnosci po ocenie takich
parametrow jak obcigzenie powierzchni no$nej wirnika czy obcigzenie zespotu napedowego.
W konsekwencji jako cel analiz przyjeto kierunek poprawy ciggu aerodynamicznego
generowanego na dysku wirnika. Wykazano, ze podwyzszenie ciggu umozliwi zwickszenie
maksymalnej masy startowej nawet o 200 kg, przy zatozeniu niezmiennos$ci konstrukcji

stosowanego dotychczas zespolu napedowego. Podstawowym zalozeniem operacji byto

44



zachowanie kluczowych cech konstrukcyjnych $miglowca, czyli brak ingerencji w glowne
zespoty ptatowcowe i napedowe. Jedyng dopuszczalng modyfikacjg bytaby zmiana przegubow
osiowych w celu ewentualnego zamontowania topat o nowej, lepiej dostosowanej geometrii.
Drugim celem optymalizacji byta minimalizacja masy topat przy zachowaniu wytrzymatosci
odpowiadajacej okreslonym warunkom lotu.

W efekcie przeprowadzonych obliczen programowych wyznaczono cztery alternatywne
rozwigzania obejmujgce nowe ksztalty topat 1 wymiary przekrojowe struktury wewnetrzne;.
Nowe warianty wirnika musza spelnia¢ wymagania odnos$nie mozliwosci montazowych, jak
roOwniez gwarantowaé poprawe ciggu i tym samym podniesienie masy startowej o 200 kg.
Jednoczesnie w kazdym z nowych wariantow masa topat podlegata minimalizacji, co
przyczynito si¢ do dodatkowego wzrostu warto$ci udzwigu o 80 lub nawet 120 kg w zaleznosci
od wybranego modelu. W ujeciu wskaznikowym udzwig mogltby zosta¢ zwigkszony o 4,3%
lub nawet 5,1%.

Wyznaczone warianty obliczeniowe roznig si¢ pod wzgledem promienia i cigciwy, tym
samym réwniez pod wzgledem wymiaréw struktury wewnetrznej. Dhuzsza cigciwa topaty
zwigksza jej masg, ale jednocze$nie powoduje zmniejszenie promienia dysku wirnikowego.
Krotsze lopaty moga zosta¢ zastosowane do wyzszych predkosci obrotowych.
W rozpatrywanym przyktadzie nie ma to zastosowania, jednakze taka opcja jest oczywiscie
mozliwa. Dodatkowo mniejsza powierzchnia wirowania powoduje na pewno zmniejszenie
skutecznej powierzchni odbicia radarowego. Dtuzsze topaty powoduja znaczacg redukcje masy
co przektada si¢ na lepszy rezultat optymalizacji masowej. W kazdym z wariantow pozytywny
wynik symulacji FSI potwierdza wyliczenia analityczne wytrzymalo$ci konstrukcji, co pozwala
na dopuszczenie proponowanych wariantow geometrii do kolejnych etapoéw projektowania.

Analizy optymalizacyjne wirnika nosnego przeprowadzone z zastosowaniem
dostosowanych modeli parametrycznych opisano szczegétowo w cyklu powigzanych
tematycznie publikacji. W opublikowanych artykutach udowodniono, ze przeprowadzenie
wielokryterialnej optymalizacji, przy wlasciwym stosowaniu nowoczesnych technik
komputerowych, pozwala na uzyskanie konstruktywnych wynikow, ktére beda o wiele bardziej
uzyteczne, niz wyniki pochodzace z oddzielnych analiz jednodziedzinowych. Zastosowanie
metod komputerowych umozliwia precyzyjne wyznaczenie wymiaréw geometrycznych
preferowanej konfiguracji projektowej wirnika. Ograniczenia wynikajace ze szczegolnych
zalecen ustalanych dla procesu produkcyjnego moga wymusza¢ pewne dodatkowe korekty

wymiarowe rozwijanych modeli na pdZniejszym etapie projektowania.
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Przedstawiony w dysertacji algorytm aero-strukturalnej optymalizacji jest dopracowanym
metodycznie narzgdziem programowym dedykowanym do zastosowania w procesie
projektowania nowoczesnych wirnikéw $migtowcowych. Projektowanie wirnika no$nego to
proces zlozony, ktory musi uwzglednia¢ wiele czynnikéw strukturalnych czy
aerodynamicznych. Efektem zastosowania algorytmu sa gotowe modele, ktdére mozna
zaimplementowa¢ w kolejnych fazach projektowania. Mozliwe jest ich zastosowanie w analizie
takze innych zespotow konstrukcyjnych np. piasty wirnika no$nego w potaczeniu z tarcza
sterujaca. Bardzo waznym aspektem sg analizy aerosprezyste wirnika, ktore stanowig oddzielne
rozlegte zagadnienie. Przygotowany model moze by¢ z powodzeniem stosowany do analiz
drgan zaréwno pojedynczej topaty jak i catego zespotu wirnikowego.

Niniejsza praca prezentuje nowatorskie rozwigzanie, ktére jest efektem oryginalnej
koncepcji autorskiej oraz wieloletniej pracy indywidualnej w obszarze modelowania
i symulacji struktur wiroptatowych. Powigzanie nowoczesnych metod programowania
z matematycznym podejsciem do procesu optymalizacji poskutkowato wypracowaniem
skutecznej 1 przydatnej metody projektowej. Metoda jakkolwiek sprawdzona tylko na jednym
przyktadzie wydaje si¢ by¢ uzyteczna w kontekscie podjecia zadania projektowego na rzecz
opracowania lub rozwini¢cia konstrukcji wirnika nosnego dla klasycznego $migtowca

dowolnej wielkosci.

46



9. Pozostala dzialalnos¢ naukowa zrealizowana w ramach studiow
w Szkole Doktorskiej WAT

9.1. Wygloszenie referatéw na miedzynarodowych lub krajowych konferencjach
tematycznych:

[a] Aero-strukturalna optymalizacja wirnika nosnego smiglowca z uwzglednieniem
ograniczen masowych i wytrzymatosciowych, Mechanika w Lotnictwie ML-XXI
Kazimierz Dolny, 20-23 maja 2024 r.

[b] Aerostructural UAV main rotor optimisation algorithm considering mass and
strength limitations, The 19th ASCE ASD Biennial International Conference on
Engineering, Science, Construction and Operations in Challenging Environment,
Miami, USA, 15-18 kwietnia 2024,

[c] Aerostructural helicopter main rotor optimisation algorithm considering mass
and strength limitations, 1st International Conference on Vehicle Body
Engineering, Porto, Portugalia, 2-3 Listopada 2023.

[d] Helicopter main rotor FSI analysis using parametric blade model as an
application for multidisciplinary optimization, 13th EASN International
Conference, Salerno, Wtochy 5-8 Wrzesénia, 2023.

[e] Helicopter main rotor blade structure parametric optimization using graphic
programming language Aerospace Europe Conference 2023 Joint 10th EUCASS
— 9th CEAS Conference, Lozanna, Szwajcaria, 9-13 Lipca, 2023.

[f] Analiza CFD wirnika nosnego smiglowca dla roznych warunkow lotu
z wykorzystaniem parametrycznego modelu {lopaty z przeznaczeniem do
zastosowania w wielokryterialnej optymalizacji, Mechanika w Lotnictwie ML-
XX Kazimierz Dolny, 14-17 listopada 2022 r.

[g] Kierunki optymalizacji konstrukcji w aspekcie nowoczesnych rozwigzan
podwyzszajgcych wlasnosci osiggowe smigtowcow, Rozwigzania
1 Technologie XXI, Konferencja online — Fundacja tygiel, 10.06.2022r.

[h] Analiza obecnie eksploatowanych konstrukcji Smigtowcowych i ich parametrow
konstrukcyjnych pod kgtem mozliwych kierunkow rozwoju i optymalizacji
elementow nosnych, WiWAT 2021, Warszawa, 06-07.12.2021.

9.2. Dodatkowe publikacje w czasie realizacji badan:

[a] Kocjan, J.; Kachel, S.; Rogolski, R. Kierunki optymalizacji konstrukcji
w aspekcie nowoczesnych rozwigzan podwyzszajacych witasnosci osiggowe
smigtowcoéw, Rozwigzania 1 Technologie XXI — skutki 1 perspektywy rozwoju.
Wydawnictwo TYGIEL 2022.

[b] Stanistaw Kachel, Robert Rogoélski, Jakub Kocjan, Analiza obecnie
eksploatowanych konstrukcji $migtowcowych 1 ich parametréw konstruktyjnych
pod katem mozliwych kierunkéw rozwoju i optymalizacji elementow no$nych,
Wiedza i innowacje wiWAT 2021, Poznan 2021.
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9.3. Udzial w projektach badawczych:

[a]Metody optymalnego projektowania statkdw powietrznych w zastosowaniu do
poprawy ich witasnos$ci konstrukcyjnych i aerodynamicznych. Uczelniany Grant
Badawczy 2024.

[b] Metody optymalnego projektowania statkow powietrznych w zastosowaniu do
poprawy ich wlasnos$ci konstrukcyjnych 1 aerodynamicznych. Uczelniany Grant
Badawczy 2023.

[c] Analiza numeryczna osiggéw samolotu Su-57 pod katem wyznaczenia danych
wejsciowych niezbednych do symulacji lotu. Pazdziernik 2023.

[d] Analiza numeryczna osiggéw samolotu MIG-31 pod katem wyznaczenia danych
wejsciowych niezbednych do symulacji lotu. Wrzesien 2023.

[e] Okreslenie parametrow osiggowych systemu BSP WABIK.
Sierpien 2023.

[f] Zastosowanie nowoczesnych metod projektowania optymalnego w zastosowaniu
do konstrukeji lotniczych, Uczelniany Grant Badawczy 2022.

9.4. Praktyka zawodowa:

[g] Prowadzenie ¢wiczen laboratoryjnych w jezyku angielski ,,Basics of graphics
engineering”

[h] Prowadzenie ¢wiczen z przedmiotu ,,Mechanika Techniczne”

[1] Prowadzenie zaj¢¢ laboratoryjnych z przedmiotu ,,Laboratorium wytrzymatos$ci i
nauki o materiatach”

9.5. Kursy, szkolenia zrealizowane w ramach pracy badawczej:

e Szkolenie SIEMENS SIMCENTER STAR CCM+. EC Test Systems. Warszawa
20.02.2023

e Szkolenie Ansys FLUENT — Maszyny wirnikowe oraz metody FSI — maj 2022.

e Szkolenie Abaqus . Politechnika Lubelska. 7-9.01.2022.

e Standard FLIGHTLAB Training. Advanced Rotorcraft Technology.
21-23.09.2021.
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Abstract. This work contains the results of a modern helicopter construction analysis. It
includes the comparison of almost seventy rotorcraft constructions in terms of size in line
with EASA requirements — large and small helicopters. The helicopters are also divided
because of a mission purpose. The proposed division for large aircrafts is: transport,
multipurpose, attack and for small aircrafts: observation, training, and utility. The aircraft
construction features are described. Average dimension values of airframes and rotors are
shown. Helicopter rotor arrangements are presented in terms of an operational purpose.
Next, the rotorcraft design inputs are described. The mathematical formulas for design
inputs are given. The ratios are calculated and gathered for the compared aircrafts.
Correlation between the analysed parameters is presented on charts. Design inputs are
also presented in the paper as a function of MTOW. The function trends are determined
to provide an evaluation tool for helicopter designers. In addition, the parameters are
presented as possible optimisation variables.
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1. INTRODUCTION

The modern battlefield, according to [1], requires the armed forces to use
new technologies and to introduce solutions that will be astonishing for
a potential opponent. One of the most important branches of today’s warfare are
air operations. One of the types of air operations is the support of land and naval
actions. The backing can be realised by providing troops with transport, firing,
radiolocation, observation and more of what is needed to conduct the operations
properly. One of the best aircrafts, to grant all of the mentioned duties, are the
rotorcrafts. The helicopters, because of their vertical lift ability and capability to
dynamically change their position about all three movement axes and about all
three rotational axes, can serve in changeable environment conditions and can
adapt to new mission challenges.

From the operational needs there come the prerequisites for a helicopter
construction. As it is described in [2], from those conditions there come the first
parameters like: payload, speed, range, size etc., everything that is needed to fulfil
the mission terms. However, there are some rigid design rules (mechanics,
aerodynamics etc.) that depend on a chosen aircraft and its aeronautical
arrangement. Taking into consideration reference [3], there are some crucial
requirements that an engineer is obliged to consider in planning a new helicopter:
external loads, strength and stiffness, durability and reliability, crash safety,
manufacturing and maintenance technology. All of the requirements are inputs to
start the design process. The conceptual design phase is described by the Design
Wheel.
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Fig. 1. Design wheel*

1 Adopted from [28].
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What needs to be mentioned, because of the subject of analysis, the second
source of aircraft requirements comes from legislation — where some design
boundaries for civilian or military constructs are enclosed. For example,
the civilian helicopters’ requirements are described in EASA? CS-27 [4] and
CS-29 [5]. To adopt this specification to the military environment, EMAR® 21 [6]
was provided by EDA®* The certification specifications point out the
requirements for: flight conditions, strength, design and construction,
powerplant, equipment and operating limitations. These regulations divide the
rotorcraft population into two types: small rotorcraft and large rotorcraft. In this
kind of division, the helicopters are catalogued according to their mass and
seating capacity.

Because of the described issue, in the next chapter, basing on the EASA’s
specification, the helicopters’ destiny division is proposed. The construction
review according to the purpose of the use, will enable to outline the operational
problems that were noted during different helicopters’ lifecycles.

2. REVIEW OF CURRENT HELICOPTER CONSTRUCTIONS
2.1. Type of the construction because of operating purpose

Because of versatile helicopters usage [7], the manufacturers prepare
rotorcrafts’ airframes that can be developed into various versions of the same type
of aircraft. The modern helicopter frame is prepared for modular replacement of
most of the components because of configuration change, or to put in some parts
that were improved during an aircraft’s lifecycle, for example engines or
avionics. However, depending on the mission profile, the basic helicopter
construction will be different. As a consequence, some construction division can
be proposed:

Milltary Helicopter

EASA/EDA specification small helicopter

Militrary operating purpose L.

Fig. 2. Helicopter construction classification

2 European Union Aviation Safety Agency.
3 European Military Airworthiness Requirements.
4 European Defence Agency.
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The classification, described above, is based on military system
requirements and mission effectiveness which are described in [8]. The
mentioned conditions determine the performance. While conducting the assigned
mission, the helicopter should reach the required level of airspeed, range, and
payload. Moreover, a capacity to carry weaponing and resistance to firing may
be needed. As it was described in the introduction, these demands determine the
rotorcraft construction.

EASA/EDA specification

The EASA legislations regulate the parameters that a helicopter construction
must fulfil to be certified [4], [5]. The specifications are broken into subparts
which detail the flight, strength, design and construction, powerplant, equipment,
operating limitations conditions. For military aircrafts, as stated in EMAR 21 [9],
a national law (similar to EASA) is needed to be passed. In accordance with
mentioned rules, two main construction categories can be defined. The
requirements are also divided into categories which specify certification demands
depending on the operation.

Table 1. EASA’s helicopter classification

Type Category ngimum Max. se:_:lting
weight [Kg] capacity
Small helicopter A <3175 <9
Large helicopter A >9072 > 10
. B (with category A
Large helicopter subparts — C, D, E and F) > 9072 <10
B (with category A
requirements
Large helicopter CS.29.67(a)(2), 29.87, <9072 >10
29.1517 and subparts — C,
D, E and F)
Large helicopter B <9072 <10

Rotors’ configuration

Before describing the types of military helicopters’ construction, it is very
important to outline the rotor arrangement of helicopters, the analysis is based on
[10]-[12]. The configuration of rotors is determined by the arising torque. The
mentioned torque is a consequence of the main rotor’s work. The main rotor
during flight is acting on the fuselage and generates a reaction moment, which is
responding in the opposite direction. To balance the torque and to provide
a steady flight, a counter-force is needed. It is realised by an additional
rotor/rotors. Three rotors arrangements, which are generally used on military
helicopters, are described below. The arrangements are basically independent
from the helicopter operating purpose and they can be applied to all of the military
types. However, some forms are more likely applicable to certain sorts of
construction.
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The most popular helicopter rotors’ configuration is the Sikorsky
configuration with a single main rotor and a small supporting rotor to produce the
balancing torque and to control the yaw. Usually, the tail rotor is placed at the
end of a tail boom. The auxiliary rotor is set vertically to generate the balancing
thrust that acts on an arm about the main rotor axis. In this configuration, the main
rotor grants lift, propulsion force, roll and pitch control. This layout is adopted to
all kinds of military helicopter constructions. For example, a Polish military
multirole helicopter W-3 “Sokol” (Fig. 3) is a typical example of the Sikorsky
layout.

Fig. 3. W-3 “Sokol” — single rotor helicopter layout °

The second kind of helicopter aerodynamic arrangement is a construction
with twin main rotors, this kind of arrangement is well described in [13]. These
elements are the same size and loadings, however, they are rotating in opposite
directions. As a consequence, the torques produced by the rotors are naturally
balancing themselves. The yaw control is gained by contrasting lateral inclination
of the rotors’ thrusts. The power of the main rotors is not diminished by an
additional smaller rotor. The most popular displacement of the rotors on the
construction is the fore and aft configuration, however, there are some
constructions which were designed with the side-by-side configuration.
Nowadays, they are especially used in constructions with tilted rotors. The twin
rotor layout was almost only applied to transport helicopters. The most
characteristic representative of twin-rotor helicopters is CH-47 “Chinook”
(Fig. 4).

5 Sketch source: Technika Lotnicza i Astronautyczna.1986 (4-5).
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Fig. 4. CH-47 “Chinook” — twin-rotor helicopter layout®

The third configuration, which should be described, is a coaxial layout. The
international research about this kind of arrangement was summarised in [14].
Coaxial helicopter may be treated as a special kind of a tandem helicopter. No
additional tail rotor for balancing the torque is applied, as it was in the twin
configuration, the main rotors are compensating each other by rotating in opposite
directions. That is why the construction of the helicopter fuselage can be shorter
and more compact. Coaxial construction requires rigid rotor blades, and as
a consequence, higher, than in the Sikorsky layout, root and shaft bending
moments are possible to be tolerated. This gives an opportunity to produce
a higher lift force on the advancing and retreating side of the rotors. In the military
aircraft it grants a high climb speed and a very high hovering ceiling. The coaxial
rotors are mostly used in the Russian helicopter constructions manufactured by
“Kamov” company. The representative of a military helicopter with coaxial
rotors applied is Ka-52 “Alligator” (Fig. 5).

Fig. 5. Ka-52 “Alligator” coaxial-rotor helicopter layout’

bSketch source: https://commons.wikimedia.org/wiki/File:CH-47_Chinook_Line_Drawing.svg (last
accessed 30.01.2021).

7 Sketch source: https://www.the-blueprints.com/blueprints/nelicopters/kamov/76276/view/kamov_ka-
52_alligator_hokum (last accessed 30.01.2021).
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Large helicopter

The large military helicopters’ family can be divided into three types that
determine the rotorcraft elements’ construction: transport helicopters, attack
helicopters and multipurpose helicopters. These constructions differ in weight,
dimensions, equipment and performance. In result the structure of components is
also altered.

Transport helicopters conduct supporting missions of military operations.
The helicopter tasks in modern warfare are recognised in [15]. Transport
helicopters are capable to carry troops, cargo or vehicles. The load can be lifted
inside the hold or externally by putting a sling to the prepared attachment point.
Transport helicopters are also used for air assault operations, where they are used
to deploy troops near the enemy position. In this situation, the high possibility of
enemy fire occurs. As a consequence, for transport helicopters’ performance, the
most important are the payload and the range, next the speed, fire resistance, and
survivability. Some transport helicopters are equipped with armament to provide
their self-defence.

The described above conditions determine the helicopters’ construction. In
regard to [16], some features of transport helicopter construction can be indicated.
The most important aspect for the vehicle purpose are the dimensions. The main
rotor diameter of transport helicopters, according to the rotorcrafts data from [17],
is on average of 20 m, however, it depends on the aircraft payload. The heavy
lift helicopters have a rotor diameter of 24 m to 34 m. The biggest representative
of this group of aircrafts is Mil Mi-26 helicopter (Fig. 6).

Fig. 6. Mi-26 unloading vehicles?

8 Image from the Russian Ministry of Defence.
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The fuselage dimensions are on average of 20 m long and of 4.45 m wide.
These aircrafts are usually built with two engines, however, some heavy lifts
constructions are three-engine. The motors are placed within the upper part of the
fuselage, above the cargo hold and crew cabin.

The fuselage is constructed as semimonocoque design. In a transport
helicopter it is important to place the bulkheads and the frames in points where
internal or external load is going to be attached. These elements are also tasked
to concentrate loads. The aircrafts’ fuel is usually located underneath the cargo
compartment floor, in the bottom part of the hull. The tail rotor diameter, because
of a high torque, is proportional to the main rotor diameter and it is wider than in
a helicopter with a different operation purpose. The advantage of vertical take-
off and landing gives transport helicopters the crucial meaning in tactical
operations, rotorcrafts can be used in almost all kinds of terrain conditions to
deliver the required cargo. Even when landing is not possible, the load can be
deployed in a hovering flight. However, the rotorcrafts’ size makes them
vulnerable to opponents’ detection and fire.

The second type of military helicopters are attack helicopters. According to
[18] and [19], these rotorcrafts’ primary role is to attack ground targets: infantry,
vehicles or fortifications. One of the primary missions of the aircrafts described
are close air support operations. In this kind of tasks, attack helicopters are
supporting the attack of land forces by heavy fire. Another kind of operations are
deep attacks. In deep attacks, helicopters are assigned to precisely destroy the
enemy forces that are not in use, however, they can be deployed to operate in the
closest time. Because of conducted tasks, these machines are heavily armoured
and armed. The aircraft is equipped with cannons, machine guns, rockets or
missiles. The most important parameters for the aircrafts’ performance are speed
and range (flight durability). The velocity is crucial in close fight, it allows the
helicopter to avoid being detected and hit. Aircrafts’ durability is necessary to
allow supporting the operations even when unpredicted circumstances occur.

Construction parameters of helicopters depend on their mission profiles. As
it was for transport helicopters, characteristic criterions are the dimensions. The
aircrafts’ main rotor diameter is on average of 15 m. The fuselage length is quite
similar for all of the western constructions and it is on average of 15 m, however,
for the Russian attack helicopters they are longer, for example the Mi-28 is
17.5 m long. All attack helicopters are narrow ones. The average fuselage width
is 2.25 m. However, the widest Agusta A129 Mangusta is 3.6 m. Rotorcraft
minimal size is important to evade the enemy shelling. Decisive is the front
narrow shape, it is minimising radar detection and hit opportunity. The special
representative of this helicopter family is Kamov Ka-50/52 because of its twin-
rotor construction.
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The airframe construction is also semimonocoque, however, because of
the high possibility of being hit the number of frames and longerons, relative to
transport helicopter, is increased. The bulkheads are used for attaching machine
guns and cannons. The fittings are needed to be prepared for recoil compensation.

Usually, small wings are attached on the left and right side of the fuselage.
Their main purpose is carrying rockets and missiles’ launchers, nevertheless,
a residual lift force is also produced. On the helicopter’s nose, there is a radar
mounted, or an observation camera, sometimes a machinegun is placed under the
nose section. The engines are installed outside the fuselage on the middle upper
left and right side, and the main gear is installed in the hull between them.

Fig. 7. AH-64 attack helicopter®

The largest type of military helicopters are the multipurpose (utility)
helicopters. In references [20] and [21], these constructions are needed to be
available to adjust them to various versions. Utility helicopters are conducting:
reconnaissance, attack, transport, medical evacuation, search and rescue or
maritime missions. Platform’s versatility is the crucial parameter that evaluates
the helicopter as a desirable structure. Some aircrafts’ versions are prepared by
the manufacturer, for example the maritime or search and rescue helicopters,
because their equipment, especially radars and cameras, require preparation of
electrical installation within the airframe. However, mainly the modern
multipurpose airships are made as modular ones. The airframe is prepared to
quickly change special equipment and to shape the rotorcraft to a planned
mission. This equipment is for example armament, medical equipment, troops’
seats or cargo fastening. Depending on a mission profile, some setups can be
mounted simultaneously, for example configurations with weaponry and troops’
transport. The most characteristic representative of these rotorcrafts’ family is
UH-60 “Black Hawk”.

® Image from Boeing official materials.
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The multipurpose helicopter’s airframe is designed to fulfil all the
operational requirements that are defined by the user. As a consequence, the
dimensions and the masses of large multi-role aircrafts can be defined somewhere
between a transport and a small helicopter. The smallest UH-72A is 10.2 m long
and 1.73 m wide with MTOW 3585 kg, on the contrary the H-92 is 17.1 m long
and 2.6 m wide with MTOW 12020 kg. However, an average can be specified.
For the multipurpose helicopter, the average dimensions are: length of 14.40 m,
width of 2.56 m, and a rotor diameter of 15.14 m. The aircraft’s proportions are
exact to combine all types of an operational purpose. The helicopter’s
performance is between an attack and a transport helicopter with an average
maximum cruise speed of 288 km/h and a range of 700 km. That is 10 km/h less
and 100 km more than attack aircrafts, but 10 km/h more and 100 km less than
transport aircrafts.

As in all the previously described constructions, the multipurpose rotorcraft
airframe is also designed as a semimonocoque structure. A fuselage construction
with the number of longerons is more like a transport than an attack helicopter.
The longerons and frames are prepared to carry troops or equipment in cargo
hold, however, some external fittings are also prepared. The inner structure is
arranged with the points where special equipment or passenger seats are safely
secured. These points are calculated to carry the loads that came from the
mounted devices. Engines and the main gear are placed above the fuselage.

Fig. 8. UH-60M multipurpose helicoptert®

Small helicopter

With regards to [22] and [23], small military helicopters can be divided into
three types of a mission purpose: reconnaissance helicopters, training helicopters
and utility helicopters.

1% Image from Lockhead Martin official materials.
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However, most small rotorcrafts are built utility airships that provide all
kinds of vertical lift aircrafts missions: transport, evacuation, medical support,
reconnaissance, light attack, observation and training. There are only a few
constructions that are typically reconnaissance or training rotorcrafts. OH-58D
“Kiowa” (Fig. 9) is one of the representatives of observation helicopters. It needs
to be added that mostly the observation aircrafts are also lightly armed with guns
or missiles. As regards to training machines, the most popular kind of helicopters
are Robinsons R22 and R44.

Fig. 9. OH-58D “Kiowa Warrior” reconnaissance helicopter!!

The small helicopters’ airframes, because of a similar operating purpose, are
similar in their constructions. The average fuselage length is of 9.84 m and width
is of 1.58 m, where the shortest is the OH-6A with 7.6 m, but its fuselage is the
widest with 1.9 m. The narrowest is the prototype CH-14 Aguilucho and the
longest is the Bell 429 with 11.73 m. The average maximum cruise speed stays
on 252 km/h and it is quite similar for all small helicopters. A range depends on
the mission purpose and on assumed load, however, it can be established at
600 km.

The structure of helicopters is designed as semimonocoque, but it differs in
some solutions from large helicopters. In this kind of rotorcrafts, the tail boom is
more often a pipe which is strengthened with formers and longerons. The popular
solving is also using a fenestron instead of a classic tail rotor. The innovative
solution is applied on MD Explorer helicopters family, where instead of a tail
rotor a NOTAR?!? system is used, the system is well described in [24].

photo source: https://ghostrecon.fandom.com/wiki/OH-58D_Kiowa?file=OH-58D_Kiowa.jpg, last
accessed 12.02.2021.
12 No tail rotor.
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The fuselage is built with frames and longerons, the bulkheads are used to
carry the most dangerous loads and loads that come from fittings. Small
rotorcrafts are usually single-engine, the rotorcrafts with high MTOW (close to
3175 kg) are twin-engine. In some aircrafts, piston engines are used instead of
turbine engines, unlike in large helicopters where only turbine engines are
applied. The motors and main gearbox are built upon the fuselage, like it was in
the large multipurpose and transport rotorcrafts.

Fig. 10. MD-902 Explorer utility helicopter with NOTAR system??

3. COMPARISON OF CONSTRUCTION CHARACTERISTIC
PARAMETERS

To compare modern helicopter construction and to outline the dependencies
between the design parameters and performance, some characteristics need to be
settled. The characteristics will be divided into relative and absolute. The
compared absolute qualities are mass, performance and geometry parameters.
This correlation is made only to gather and specify some typical features of
helicopter types. The most important for further considerations are the relative
characteristics. As it is defined in [25], the relative characteristics are calculated
ratios, which allow us to measure the influence of main components excellence
on aircrafts performance. In the comparison almost seventy modern helicopter
constructions were examined.

13 Image from MD Helicopters official materials.
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Absolute parameters

In Table 2 the average main rotor parameters are shown. These statistics are
gathered to represent relatives between the rotor geometry and performance. The
crucial parameter during the main rotor designing is the blade’s tip speed.
According to the presented data, the tip speed is similar for all kinds of rotorcrafts.
It is a consequence of the fact that the maximum tip’s speed is determined by the
forward flight conditions. On an advancing blade, the rotor blade speed is
summing up with the forward flight speed. Therefore, it appears the possibility
of supersonic speed occurrence. According to [26], this phenomenon is a cause
of rotor increased noise, vibration and drag. To avoid the undesirable effect,
during the conceptual design phase, the main rotor radius and speed are calculated
to provide a limited tip velocity. The smaller radius enables us a higher rotor
speed implementation. As a result, the overall helicopter performance is mostly
constrained by the tip speed. In modern helicopter constructions, the higher rotor
velocities are obtained by applying the computer designed blade tip platforms,
that postpone the critical Mach number to the higher speeds. The tip shapes are
outlined in [27].

Table 2. Absolute main rotor parameters

Average main Average blade Average rotor Average blade

= B IEEEET rotor diameter [m] chord [m] speed [rpm]  tip speed [m/s]
Large 16.56 0.54 269.99 219.27
attack 15.22 0.56 275.01 221.01

multipurpose 14.72 0.44 301.20 219.80
transport 22.01 0.64 208.43 217.07
Small 10.08 0.29 408.35 213.11
observation 9.62 0.25 412.50 206.71
training 9.90 0.31 409.10 211.29
utility 10.47 0.30 405.33 217.98
Average 14.24 0.43 327.91 216.69

Table 3 summarises the comparison of performance parameters for each of
helicopters’ operational purpose. Some unique features, described in the previous
chapter, which came from the operational demands, can be spotted. This
summary can also be a base of design inputs, which will fulfil the user needs.
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Table 3. Absolute performance parameters

Average Average Average Average engines
power - max

continous [HP]

Average
range

Helicopter MTOW Rate of max V¢
[ka] climb[m/s]  [km/h]

Large 9799 10.13 287 693 4211
attack 7428 11.88 294 607 3260
multipurpose 6512 9.72 285 708 2640
transport 19876 8.40 283 777 8807
Small 2163 8.89 253 601 700
observation 1734 9.35 253 519 476
training 1728 9.40 248 671 515
utility 2593 8.51 255 655 914
Average 7104 9.66 275 661 2971

Relative parameters

The relative parameters are a good evaluation of the desired constructions.
They are also proposed as inputs in the conceptual design phase.
Relative useful load

The relative useful load (M;) is a ratio that defines the capability of
helicopter lift. The relative useful load includes the fuel and the cargo mass. In
helicopter missions, the operator is planning the quantity of fuel in the tanks. The
rest of a free mass is allocated for the mission purpose. However, to carry more
cargo at a shorter range, there are tasks where the tanks are not maximally filled.
The ratio is given by the equation:

OEW
MTOW

with:  OEW - operating empty weight [kg];

MTOW — maximum take-off weight [kg].

A helicopter designer at the very beginning phase should assume the
MTOW. To properly respond to the operator’s needs, it is necessary to plan the
mass proportions and calculate the payload. The statistics for a relative useful
load are shown in Fig. 11. Analysing the ratio in reference to the modern
helicopter constructions, some statistics® features can be pointed out. In
accordance with the intended use, the transport helicopter has the best lift
capability. For the attack helicopters, where the lift is designed only for the
armament and the fuel, the relative useful load is at the lower level. The shown
statistic can be a base to assess the concept design of the rotorcraft.

M,=1-

)
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Fig. 11. Relative payload chart

In Figure 12, the trends for small and large helicopters are compared. What
can be recognised is the fact that the trend for smaller MTOW is at the higher
level. As a consequence, the conclusion can be drawn that the constructions with
the smaller MTOWs are better than those for the larger machines. The main cause
is the lack of geometry boundaries of the main rotor. This is another argument for
the theory which says that achieving the optimal rotor parameters improves the
construction performance.
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Fig. 12. Relative useful load trends
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Disc load and power load

Other relative parameters, that help the designer to check the construction
performance, are the disc load and the power load. These ratios, when calculated
for the preliminary construction, should be compared to the static values.

The disc load is given by:

_ MTOW

p= (2)

TR2

where R [m] is the main rotor radius,
and the power load is:

q = MTOW (3)

Npy

where Npy is the power of the engines.

Clearly, if the ratios are larger, then the construction is more capable to lift
the planned mass. The capability comes from the rotor geometry or the engines’
power.
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Fig. 13. Relationship between g and p parameters

The statistic relationship between two parameters is shown in Fig. 13. In the
chart, the correlation trend is marked. If the disc load is at the higher value, then
the power load is lower. The opposite situation takes place if the disc load ratio
is bounded by geometry. That is recognised for the large helicopter, where the
main rotor radius is longer and there is a risk of critical Mach number occurrence.
For smaller constructions, the radius is smaller, and as a result it can be
customised to the rotorcraft and it can produce relatively more lift force.
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That gives an opportunity to estimate the engines (in a conceptual design
phase) with the higher rotor thrust as a calculation input and as a result to obtain
lower engine requirements. The statistic average values are presented in Table 4.
These figures are good to compare the designed rotorcraft to modern helicopters.

Table 4. Statistic relative parameters

Helicopters ‘ Average Mp Average p [kg/m2] Average g [kg/HP]
Large 0.41 42.85 2.37
attack 0.35 42.91 2.27
multipurpose 0.43 39.59 2.37
transport 0.47 49.61 2.46
small 0.45 26.72 3.46
observation 0.46 23.77 3.73
training 0.44 22.58 3.76
utility 0.45 29.97 3.16
All 0.43 37.07 2.77

The two parameters, described above, are another argument for the main
rotor optimisation. When the main rotor capability to produce more lift comes
from its own parameters, then it is more possible to optimise the powerplant
selection with the reduced power requirements.

Rotor solidity

The rotor solidity ratio describes the rotor disc filling with the blades area.
In the conceptual design, this parameter, with the statistical database, is
fundamental for choosing the number of blades and the blade chord. The rotor
solidity is described by:

zc

o == (4)

TR

where z is the number of blades,
¢ [m] is the blade chord and
R [m] is the main rotor radius.

In Figure 14 the relationship between the parameter & and MTOW s
demonstrated. For small constructions, where the rotor velocity is greater, the lift
surface can be diminished. However, if the radius and the speed are restrained,
the lift is required to be generated by adding more area with the new blade or by
extending the chord. Increasing the solidity, the rotor vibrations and mass are
simultaneously risen. As a result, the blade loads are expanding. To reduce the
rotor solidity, the lift force should be gained by improving the rotor performance
with better airfoil or higher speed.
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Fig. 14. Rotor solidity

Advance ratio

The advance ratio is a designed input parameter that describes the potential
of helicopters’ maximum cruising speed in accordance with the rotor’s tip speed.
It can be compared with statistic data to evaluate the proposed construction. Itis
described with the equation:

Ve
p=7 ®)
with: V¢ — maximum cruise speed [m/s];
U — rotor tip speed [m/s].

However, to obtain full information about the rotor’s potential, the
calculated advance ratio can be also being compared with the maximum advance
ratio, which is calculated for the local sound speed:

60—
Umax = - 1 (6)

nnD

with: a — local sound speed [m/s];
n — number of blades;
D — main rotor diameter [m].

In Figure 15, both parameters are shown. It demonstrates that the rotors with
the smaller MTOW, and as the result smaller geometry, have a capacity to
increase the performance without the hazard of closing to critical Mach number.
On the other side, the ratio can be a proof of the fact that modern rotor blades can
be optimised, to increase the cruising speed, with the retraction of the critical
Mach number at the higher speed.
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The aspect ratio is defining the proportion of blade chord to blade radius.
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Basing on the statistics data, shown in Fig. 16, a trend cannot be defined,
however, the parameter can be bounded by the 0.04 to 0.08 value. The average
value for all kinds of helicopters equals 0.06.
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Fig. 16. Aspect ratio
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Lock number

The lock number is a crucial ratio that defines the relationship between
aerodynamic parameters and inertia forces acting on the blade.

The parameter is calculated with the equation:

__ pagcR*

; ®
with: p — air density [kg/m®];

ap — main rotor blade’s lift curve slope [1/rad];

I — flap moment of inertia [kgm?].

For military helicopters the Lock Number reaches values from 5 to almost

12. As it is shown in Fig. 17, when the MTOW increases, the ratio is also getting
the higher rate. Rotor blades, with the higher Lock Number value, are less
resistant to flapping, because of a limited moment of inertia placed in
a denominator, with the greater geometric dimensions.
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Fig. 17. Lock number

4. DESIGN INPUTS IN PRELIMINARY DESIGN

In order to show the implementation of design inputs in the preliminary
phase of the design process, the main rotor initial calculations are presented. The
main rotor estimation is the first step in a helicopter design.
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4.1. Estimation of Maximum Take-off Weight

From operation prerequisites, there comes the MTOW. Taking into
consideration the average values and descriptions, proposed in the previous
chapters, some gross weight can be assumed. The Relative Useful Load ratio is
applicable in this step to evaluate the required load capability in comparison with
statistical data.

4.2. Calculation of a rotor radius

One of the first steps of the main rotor estimations is defining the rotor
radius. The Disc Load factor, based on the gathered data, is a good design input
to provide the radius length. Comparing the given operational demands with
statistics, the first value of the rotor radius can be determined.

4.3. Calculation of tip velocity

The next point of a rotor design is a tip velocity estimation. This possibility
provides an Advance Ratio. Taking into consideration the demanding maximum
cruise speed, the tip velocity is able to be settled.

4.4. Calculation of a blade number and a chord value

Taking into consideration the Aspect Ratio from statistical data and Rotor
Solidity, a blade number and a chord length can be obtained. Combining the
mentioned Design Inputs into a function allows us to calculate the rotor
parameters as expected.

4.5. Choosing an airfoil and inertial characteristic

The crucial phase of a preliminary main rotor design is choosing an airfoil.
One of the proposed criteria of selecting the profile is the inertial characteristic
of the blade. Taking into consideration the statistical Lock Number, and assuming
the desirable flapping moment of inertia, the lift curve slope can be estimated. Its
value helps the designer to choose the correct airfoil for the planned aircraft.

4.6. Iterative procedure

The proposed implementation of the Design Inputs should be applied to the
iterative procedure as it is shown in Fig. 1 of the Design Wheel. The procedure
can be implemented into numeric computing software or CAD environment to
calculate the best helicopter parameters.
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4.7. Design inputs calculated for a multipurpose helicopter

To show the Design Inputs in numbers, the calculations for the W-3
helicopter are proposed. The W-3 helicopter is a good example of rotorcrafts that
were classically designed without using modern CAD/CAE/CFD software.
Table 5 data are a basis for a further rotorcraft optimisation. Improving the ratios
allows us to gain the better aircraft performance.

Table 5. Calculated design inputs

Average
parameter
for
Parameter Equation Numbers Result hellv(\:l?tphters
similar
MTOW
(£1500 kg)
Relative OEW 3850
usefulload | ™» =1~ 370w 6400 0.398 0.43
Disc load _ MTow 6400 33.06 39 40
nR? - 15.72
MTOW
Power load = 6400 29 293
Npy 2-1100
i == +0a4 0.071 0.07
solidity TR 7 157
Advance A 72.2
. =— .34 .34
ratio =7 509.62 0.3 0.3
Maximum
Advance HUmax = 60 —a - —60 — 340 — 0.62 0.56
Ratio mnD m-255-15.7
Aspect _c 0.44
Ratio A=- —5t 0.56 0.05
R* . . . 4
Lock _ papc 1.21-6.303-0.44-7.85 9.82 9.97
number I 1207

5. CONCLUSIONS

The analysis of constructions of modern military helicopters provides
a diversified basis for a rotorcraft design. The airframes’ distributions were based
on EASA legislation, which allows a future designer to use the data in the projects
that correspond, from the very beginning, with the applicable law.
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In accordance with a mission purpose, characteristic features of helicopters
constructions were shown in this work. The provided information is ready to be
used in the conceptual design phase. Taking into consideration the operator’s
needs, a designer has a ready-to-use data that allows us to prepare a fist-look
rotorcraft design, which is able to fulfil the modern warfare requirements.

The design inputs, presented in the third chapter, are accessible to evaluate
the conceptual calculations and to assess their usefulness with comparison to
other modern constructions. The ratios, given in the paper can also be used to
calculate basic rotor dimensions and performance parameters.

The crucial conclusion of the work is that all of the rotor parameters
determine helicopter’s performance. Next phases of a conceptual design are
based on the main rotor calculations. Power prediction and tail rotor parameters
are limited by the obtained results. More efficient main rotor generates a better
quality of input numbers for the next design stages, for example in the engines
selection the main rotor thrust is the element of the equations. It could provoke
lower power requirements, however, the powerplant selection is a separate
optimisation problem which is not objective of this work and more conditions is
needed to be considered.

It was also shown, that the existing helicopter can be an object of
improvement for researches. The design inputs, presented in the work, can be
indicators to evaluate the construction and to point the optimisation directions.

The need for rotor enhancement emerges in different helicopters lifecycle
stages. This paper’s considerations will serve as a basis for preparing the main
rotors model with modern optimisation methods — using CAD, CAE, and CFD
environments combined with mathematical multi-criteria optimisation
calculations.
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Przeglad nowoczesnych konstrukeji Smiglowcowych wraz
ze wskazaniem parametrow projektowych wiroplatow

Stanistaw KACHEL, Robert ROGOLSKI, Jakub KOCJAN

Wojskowa Akademia Techniczna,
Wydziat Mechatroniki, Uzbrojenia i Lotnictwa
ul. gen. Sylwestra Kaliskiego 2, 00-908 Warszawa

Streszczenie. Praca zawiera wyniki analizy wspotczesnych konstrukeji §miglowcowych.
Obejmuje poréwnanie prawie siedemdziesieciu konstrukcji wiroptatow podzielonych ze
wzgledu na rozmiar: zgodnie z wymaganiami EASA — duzy i maly $miglowiec.
W ramach rozmiaru statki powietrzne zostaly podzielone ze wzgledu na cel misji.
Proponowany podzial dla duzych $migtowcow to: transportowe, wielozadaniowe
i szturmowe, natomiast dla matych: obserwacyjne, szkoleniowe, uzytkowe.
Wyszczegdlniono najwazniejsze  cechy  konstrukcyjne  wiroptata. W  pracy
zaprezentowano $rednie warto$ci wymiarow ptatowcoOw 1 wirnikow. Przedstawiono
réwniez uktad wirnikow $migtowca pod katem przeznaczenia operacyjnego. Finalnie
opisano parametry projektowe przydatne w projektowaniu wstepnym. Parametry opisano
za pomocg wzorOw matematycznych oraz dla kazdego z nich zaprezentowano na
wykresie zebrane dane statystyczne. W artykule pokazano zalezno$¢ parametrow
w funkcji maksymalnej masy startowej statkow powietrznych. Wyznaczono trendy
w celu dostarczenia narzgdzi do oceny projektowanych $miglowcow. Dodatkowo
przedstawiono = mozliwo$¢  wykorzystania ~ parametrow  jako  zmiennych
optymalizacyjnych.

Stowa kluczowe: lotnictwo, $migtowiec, analiza, wirnik, wojsko
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Abstract: This work is the preliminary part of a research program which is aimed at finding some new
methods and design solutions for helicopter main rotor multidisciplinary optimization. The task was
to develop a parametric geometric model of a single-blade main rotor applicable for varied methods
of numerical aerodynamic modeling. The general analytical assumptions for the parametric main
rotor design were described. The description of the main rotor blade parametric design method based
on Open GRIP graphical programming was presented. Then, the parametric model of a blade was
used for aerodynamic models independently developed for panel method and advanced CFD solver.
The results obtained from the CFD simulations and panel analysis for main rotor aerodynamics
were compared and assessed using analytical calculations. The calculations and simulations for a
single-blade and completed rotor were performed for different helicopter weights and rotor pitch
angles. The results of different computer aerodynamic analysis environments were compared for
the possibility of their application in an optimization loop. This is preliminary work that describes
only a partial problem that could be used in the future as part of a comprehensive methodology
for aerodynamic and structural optimization of a helicopter rotor. As an output of the research,
new options for main rotor optimization are developed. The combined parametric modeling with
aerodynamic analysis, as described in this paper, provide the preliminary design for a main rotor
spiral, as an element of the optimization loop.

Keywords: helicopter main rotor; rotor blade; geometric modeling; aerodynamic panel method; CFD

1. Introduction

Military rotorcrafts that are currently operating are mostly constructions that were
designed in the second half of the twentieth century. The constructions (in the preliminary
and detail design phases) were prepared with classic mathematical calculations, eventually
supported with CAD. With improved computerized options, design processes have been
fully transferred to virtual environments. New aircraft structures are fully designed using
computer methods; however, the structures of the existing constructions have also been
modeled using engineering software, which is described in [1].

The most popular engineering design solution using CAD is a point and click method.
A more comprehensive design method is to prepare a model that is generated as a result
of entered parameters, which can be obtained by using scripting in the environment’s
language; an example of parametric blade optimization is shown for a wind turbine blade
in [2], and for a main rotor blade in [3]. The parametric design includes options to quickly
change the model’s features without time-consuming 3D modeling. It is important to note
that the influence of parametric change can be rapidly checked in numerous variants.

The helicopter rotor blade is an element which can be successfully adapted to paramet-
ric design, because of mathematical functions which precisely describe blade features. The
parametric model is the first step to prepare the main rotor optimization process [4]. Some
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examples have been shown in different works: parametric airfoil design [5-7], structural
design [8,9], and aerodynamic design [10]. A good parametric analysis of the rotor blade
framework is presented in [11]. In this research, the parametric model was prepared using
GRIP modeling language, which is an integral part of the Siemens NX environment. The
usage of GRIP in parametric modeling was conducted in [12-14].

The proposed graphical programming language offers the possibility to prepare a
geometric and structural model of the aircraft element. The designed part is fully described
by the program script. In addition, the elements’ features can be calculated from mathemat-
ical functions, for example, polynomials for shape parametrization. After programming
the structure, Open GRIP offers the possibility to analyze the inertia physiognomy of
the body. The obtained data are the basis for the strength calculation. The program also
grants a function for preparing forms which can be filled by the user. Therefore, some
parameters can be changed during the design loop, without changing the program code. In
the future, it is crucial to prepare a full parametric optimization. An effective approach to
main rotor blade optimization was proposed in [8,10,15-18], and effective optimization of
rotor construction was proposed in [19].

This work is part of a research program that is aimed at finding the best rotorcraft
construction optimization solutions. The first step of the research program was an analysis
of modern helicopter constructions and an outline of design parameters that are crucial in
helicopter main rotor design. The results of the analysis showed that there is a field were
rotor construction can be improved in accordance with modern combat field requirements
which are dynamically changing due to fast technological improvements. The results, with
charts and a comparison of parameters were published in [20].

On the basis of construction comparisons, we conducted a study of new design
methods or combinations of some separate solutions. The aim of the study was to provide
a versatile, accurate main rotor model that could be analyzed, validated, as well as quickly
and easily changed in the optimization process. As a new approach to rotorcraft design,
we combined the parametric programming CAD model generator with the CFD and
panel method, with the goal of providing new possibilities for improving the construction
optimization procedure. The effects and possibilities of CFD main rotor studies that were
implemented in the main rotor development procedure were well presented in [21-23]. In
addition, a CFD analysis, as a base for a strength analysis because of load prediction, was
clearly shown in [24].

The development of the method started with the main rotor blade, as the main element
that generates thrust. An existing rotor blade model was taken as a basis to conduct and
authenticate the method. As previously described in the Introduction, the blade model
was prepared using the parametric method in GRIP language. GRIP language was chosen
because it is user-friendly graphical programming code for easily preparing the model
with extensive built-in possibilities for quickly calculating the inertia parameters of the
generated model, which could be used in further optimization steps, which is crucial when
the strength of the construction is taken into consideration in the optimization loop. Further,
the model was validated using the CFD and panel methods, and the thrust results were
compared with the analytical calculations. The methods were also compared with each
other to choose the appropriate procedure to perform the most efficient optimization. To the
best of our knowledge, similar studies that combined the proposed methods for rotorcraft
main rotor design and main rotor optimization procedure have not been conducted.

This paper is organized as follows: The research methods are described in Section 4,
where the mathematical model, which is the basis for the parametric programming, is
defined, and in the second part of this section, the CFD and panel method settings are
given; the validation results are described in Section 3; and the results are discussed and
concluded in Section 4.
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2. Research Methods
2.1. Parametric Description of a Single-Blade Rotor with Aspect of Its Geometrics and Aerodynamics

The construction process of helicopter rotor blades requires consideration of fatigue,
strength, stiffness, cost, and vibrations. The rotor blade works in a changeable environ-
ment, and therefore, the designer has to take into consideration all of the parameters that
transform during flight. Periodic changes in the flow velocity on the blade section can
modify the angle of attack and the Mach number, and as a consequence, can change the
aerodynamic coefficients. Blade turns (relative to hinge axis) and blade deformation cause
a periodic change in inertial forces and provoke a cyclic modification in the angles of attack
and flow velocity. The flexibility of the main rotor blades and their work in a strong cen-
trifugal force field induce an inseparable connection between loads and deformations. An
analysis of the problems mentioned and also the noise level or flow disturbance requires a
versatile evaluation of the main rotor blade’s work conditions. Effective blade aerodynamic
modeling was proposed in [25].

The precise blade geometric design is crucial for obtaining the required main rotor
power. As described in [26], the geometric parameters of the blade are the following:

- Radius The length of the blade measured from the axis of rotation to the tip;

- Chord The length of the blade measured from the airfoil leading edge to the trailing
edge and, for a tapered blade, it is the function of local radius;

- Airfoil The cross-sectional shape that determines the aerodynamic parameters of the
blade, i.e., lift, drag and momentum coefficients;

- Contour shape This is the final shape of the blade, which depends on the chord
function and tip shape;

- Geometric twist Variation of the airfoil angle between the chord and a plane of
rotation along the radius;

- Aerodynamic twist Variation of the airfoil shape along the radius;

- Position and shape of trim tabs Defines the possibility to adjust the rotating blade to
the plane of rotation.

The area of a blade root airfoil transfers the whole load from the rotating aerodynamic
surface to the blade grip sticking out of a rotor head block. The shape of the root is dictated
by the build conception and the adopted aerodynamic solutions. The geometric twist is
usually settled on several degrees. The shape of the rotor tip depends on the aerodynamic
problems, for example, achieving the speed of sound or the noise level. An analysis of rotor
blade tips was described in [27]. According to the mentioned work, there are three main
types of helicopter tip designs: BERP tip, the parabolic tip, and the swept (tapered) tip. An
example of a main rotor blade is shown in Figure 1.

To evaluate the prepared parametric model, a theoretical lift calculation must be
conducted. The lift can be calculated in vertical flight using the blade element theory
combined with the momentum theory. The first assumptions are the mass conservation
equation for rotor disc:

1 = pAv; (1)

and the momentum conservation equation for hoovering rotor:
T = mw (2)

The energy conservation equation is the work of the rotor to change the rate of energy

in fluid: ,
To; = - mw?

2

®)
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Figure 1. The geometry of the main rotor blade: (a) Rotor shape (c, chord and ¢y, mounting holes
spacing); (b) blade parameters (x5(r/R), geometric twist angle in dependence on nondimensional
radius; A and B, airfoil change zone; d, blade thickness) (figure prepared by authors).

The calculation is based on the thrust coefficient, as a function of pitch angle and

inflow angle, and is given [28,29]:

1
Cr— /O %’(19 —5)Pdr 4)

where a4 is the lift curve slope, ¢ is the rotor solidity, ¢ is the pitch angle, ¢ is the inflow
angle, and r is the current radius.
According to Figure 2, the inflow angle  can be defined by:

W—f—UZ‘
Qr

0 = arctg( ) ©)

where W is the vertical velocity, v; is the induced velocity, and (2 is the rotor angular
velocity.

Figure 2. Blade element aerodynamic forces (figure prepared by the authors).
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To calculate the induced velocity, for required thrust in hover, the equation solved

from the momentum theory is given:
T
w—¢@A (©)

where T is the rotor thrust, p is the air density, and A is the rotor planform area. For hover,
the W velocity equals 0.

The inflow angle can be defined with the inflow ratio as A; = ¢/, therefore, the thrust
coefficient will transform to:

Cr = /O ' % (62— Ar)ar @)

Rotor performance can be calculated with the combination of the blade element
theory with the momentum theory. Therefore, the induced velocity can be determined for
nonhomogeneous inflow distribution, by using the differential form of the momentum
theory:

dCT = 4)\1‘)\7’511’ (8)

with the blade element theory Cr equation form.
As a result, for hover where A, = 0, the inflow ratio for the induced velocity is:

32
,/1+W19r—1] )

The o rotor solidity equation is necessary, which, in this work, is nonuniform along
the blade span as a consequence of non constant chord. The rotor solidity is calculated as:

_ [Vbe(r)
J_Agﬁiw (10)

ao

where b is the number of blades, ¢(r) is the chord in function of radius, and R is the rotor
radius.

The thrust coefficient is the function of radial location of the blade measured from the
centre of rotation to the blade tip. It is calculated as an integral with the  limits from 0 to 1.
However, to obtain better quality results, a tip loss factor can be proposed [30]:

ac(r=1)

B=1-
2R

(11)

The tip loss factor is taken as an upper limit of the coefficient integral. The thrust losses
are also a result of the root cutout. It is usually 10% to 30% of the blade radius. Including
tip loss factor and root cutout, the thrust integration is:

B
T= %pabﬂzRZ/ (8 — o)r’dr (12)

TR

According to [22], the mean lift coefficient for the main rotor blade can be determined:

= _ 6Cr
CL=— 13
L= (13)
The calculations described above were all prepared in MATLAB. The estimated math-
ematical thrust model is the basis for the CFD computation evaluation.
The program build is defined using the algorithm presented in Figure 3. The code is
constructed as a loop to look for the collective angle required for a given aircraft weight.
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Single rotor blade
thrust program

A 4

Define blade parameters:
R, c, b, o, a, p, collective, m

v

Define o(r) and c(r)

v

candv
polynomials

v

Calculation of
* o and B

’—b Calculation of T(v)

Increase v
No
Yes
Calculate
for one blade
Tand

Import function
values to CFD
enviroment

Print results

Figure 3. The algorithm developed in Matlab for determining the distribution of the blade’s parame-
ters and its aerodynamic thrust.

It starts by defining the input parameters that can be obtained from first cut calculations
and the mission flight conditions. In the beginning, the collective is positioned at 0° angle.
Next, the position radius coordinates are defined for the twist and chord values in the
given sections. The thrust is a radius position integral, and therefore, all program functions
are defined as dependent on x. Using the chord and twist values, the chord and twist
polynomials are interpolated. These polynomials are also used in the GRIP program to
create the blade geometrics. Next, the inflow angle, the rotor solidity, and tip loss factor are
given. All the specified equations are inputs to the thrust integral which is bounded by the
root cutout and the tip loss factor. The blade attack angle is calculated using the pitch angle
with addition of collective. The thrust equation is computed using loop. The collective
angle is increased in each step until the result is similar to the hover required force for
the assumed mass. The determined collective is used for the CFD analysis to check the
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parametric model aerodynamic parameters. The procedure described above can be applied
for the hover case calculations and for vertical or horizontal flight conditions as well.

To present the possibilities of Matlab calculations for future main rotor optimization,
a multi-dimensional analysis was conducted. The main rotor thrusts were calculated for
different numbers of blades, twist angles, and mean chord values. The computations
were made for the collective angle 7.47°. The distribution of thrust values as a function
of twist angle and chord value are shown in Figures 4-6. As predicted, the highest thrust
value is obtained for a five-blade rotor, although the reference system is a four-blade rotor,
corresponding to the rotor design of the Polish W-3 Sokol helicopter.

Main rotor thrust

™ —<X
Twist [deg] S 0.35
0 03 Chord [m)

Figure 4. Three-blade rotor thrust distribution as a function of twist and mean chord.

Main rotor thrust

~ e =
Twist [deg] S 035
0 0.3 Chard [m]

Figure 5. Four-blade rotor thrust distribution as a function of twist and mean chord.
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Figure 6. Five-blade rotor thrust distribution as a function of twist and mean chord.

2.2. Modeling the Blade Geometrics and Aerodynamics Using Proprietary Software Applications

The calculations of the blade were performed for an existing main rotor blade of a
Polish military W-3 SOKOL helicopter. The model could be easily modified with different
parameters. The technical specifications are shown in Table 1, however, some details such
as the blade and tip shape (which are provided from design documentation) cannot be
published. The simulation was performed for the aerodynamic calculations, therefore, it
was modeled as an empty shell only to provide the blade shape.

Table 1. Main rotor technical specifications.

Rotor radius 7.85m
Blade mean chord 0.44m
Blade airfoil NACA 23015
Geometric twist —12°
Root cutout 0.21R
Root incidence angle 5.34°

Figure 7 shows the original algorithm dedicated to the rotor blade parametric model-
ing. The rotor blade parametric models were prepared in Siemens NX Open Grip language.
It is a programming language that can draw a CAD model with commands and is able
to execute advanced customized operations in a more effective way than interactive NX
operations. Numerous interactive operations can be executed using GRIP language. It is
possible to draw geometric objects using control of parameters or load data from a file to
modify the geometrics. Exemplary program code for parametric modeling of the blade
geometrics is presented in Listing 1.
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Listing 1. Part of GRIP code with blade surface generation.

SPL3(K+1)=SPLINE/PT0(1..N-1) $$ upper surface
SPL4(K+1)=SPLINE/PT1(1..N-1) $$ lower surface
dfi=fi(4)*cr+fi(3)*cr+£i(2)*cr+fi(1)

MAT=MATRIX/XYROT,-dfi
SPL1(K+1)=TRANSF/MAT,SPL3(K+1)
SPL2(K+1)=TRANSF/MAT,SPLA(K+1)
$$ LN(K+1)=TRANSF/MAT,LN1(K+1)

PT2(K+1)=POINT/ENDOFEXSMALL,SPL1(K+1)
PT3(K+1)=POINT/ENDOFXLARGE,SPL1(K+1)
PT4(K+1)=POINT/ENDOF,XLARGE,SPL2(K+1)
LN(K+1)=SPLINE /PT3(K+1),PT4(K~+1)

DELETE/PT0,PT1,SPL3,SPL4,LN1

IFTHEN/K<M
K=K+1
JUMP/L10:
ELSE

JUMP /L40:
ENDIF

LA0:
A=&POINT(PT3(1))
B=&POINT(PT4(1))

SPLC(1)=SPLINE/PT2(1.K+1)
SPLC(2)=SPLINE/PT3(1..K+1)

SPLC(3)=SPLINE/PT4(1.K+1)
SSRF(1)=BSURF/MESH,SPLC(1..2), WITH,SPL1(1..K+1), TYPE,3 TOLER,.01,.01
SSRF(2)=BSURF/MESH,SPLC(1),SPLC(3),WITH,SPL2(1..K+1), TYPE,3,TOLER,.01,.01

SSRF(3) = RLDSRF/SPLC(2), SPLC(3)

SSRF(4) =RLDSRF/SPL1(1),SPL2(1)
SSRF(5) =RLDSRF/SPL1(K+1),SPL2(K+1)
BLD(1)=SEW /SSRF(1..5)

The program prepared for generating the main rotor blade was easy to modify, and
the blade parameters could be changed without needing to repeat an interactive method.
The blade radius, chord, chord distribution, twist, and airfoil shape could be easily changed
to generate a model with new features. The process of parametric model generation is
presented in Figures 8 and 9.
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Figure 7. Diagram of the algorithm for parametric programming of the main rotor blade geometrics.
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Figure 8. Main rotor blade shape curves.
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Figure 9. Model generated with defined curves.

2.3. Aerodynamic Modeling of a Single-Blade and Complete Main Rotor

The generated model was implemented in two computer environments to evaluate the
properties of the obtained blade shape. The main rotor blade was implemented in a CFD
software, i.e., ANSYS Fluent and an aerodynamic modeling software, i.e., DARcorporation
Flightstream. The domain for CFD was prepared in ANSYS Spaceclaim. The air density in
the simulations was 1.25 kg/m3 and it was constant.

The implementation was conducted to assess the model and to prepare its applicability
in further research; however, it was also conducted to compare two different tools for
aerodynamic rotorcraft analysis with mathematical calculation. With the results of the CFD
analysis, a further strength analysis is possible. In addition, the CFD analysis is a crucial
step in the optimization process of a modern main rotor blade design.

2.3.1. One Blade CFD Modeling in ANSYS Fluent

In ANSYS Fluent, a one blade CFD model was prepared. The fluid domain was
prepared using Ansys Spaceclaim. It was generated with a quarter of a sphere and half
of a cylinder. The air enclosure were 20 m long and high, and the width of the enclosure
was 10 m. A hybrid mesh was built for the computational area using the ANSYS Mesh
module. Body and face sizing were used with inflation to generate the correct mesh. The
boundary layer was modeled using the full thickness option. It was set at 20 mm for
25 layers with a growth ratio of 1.2. The obtained y+ value was 8. The maximum element
size was set at 1000 mm, with a size reduction closer to the blade of 20 mm. The 3D bodies
were transformed into a tetrahydra mesh with prismatic components within the boundary
layer. The mesh consisted of almost 2,837,051 elements. The mesh is shown in Figure 10.

The boundary conditions are presented in Figure 11. The blade is fixed in the enclosure
which is modeled by combining half of a hemisphere with a cylinder. In addition, to obtain
correct body sizing, a smaller cuboid enclosure was made around the blade, and by naming
the object faces, an air flow direction was projected.

To imitate the main rotor blade working environment, velocity change, pitch, and
inflow angle were implemented with mathematical expressions. A velocity change was
realized by an expression that raised the inflow speed with the span. To model a change
in the inflow angle, the inflow directions on the X and Y axes were expressed using the
cosine of the X axis and sine of the Y axis. The inflow angle was calculated from the inflow
ratio with the Matlab program. Table 2 presents the inflow input function to model the air
flow over the blade. The polynomial was a 4th grade polynomial, the higher grades gave
similar results. The functions values changed with the span.
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Figure 10. Rotor blade mesh with boundary layer: (a) Mesh; (b) boundary layer.
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Figure 11. Single-blade model boundary conditions.

Table 2. Example of the inflow functions for the inflow modeling in the FLUENT rotor blade analysis.

cos(PI/180 x (5.96 — (—1.40420898843306 x 1075 x
(z/7.85[m])® + 0.00154624103083247 x (z/7.85[m])? —
0.0591574921598430 x (z/7.85[m]) + 1.07777970150355)))

sin(PI/180 x (5.96 — (—1.40420898843306 x 107> x
(z/7.85[m])° + 0.00154624103083247 x (z/7.85[m])? —
0.0591574921598430 x (z/7.85[m]) + 1.07777970150355)))

Inflow X direction function for
5.96 pitch angle

Inflow Y direction function for
5.96 pitch angle

The viscosity model which was used for simulations was k-omega SST. It was applied
because it is recommended for rotating machinery.

2.3.2. One Blade Panel Modeling in FligtStream

In the second aerodynamic environment, a main rotor blade model was also prepared.
The parametric blade model was easily implemented. Software was used to import the CAD
files from commercial software, and therefore, the tool could be used in the optimization
loop.

In the Flightstream, the mesh is generated only on the studied element. It does not
required from user preparing an enclosure and environment. The mesh is generated
automatically by the software. Because of the simplicity of the software, the inflow angle
and the change of the pitch angle were modeled with the blade position in the reference
frame. Velocity change was simulated by the build “shear” freestream option and prepared
input .txt file with the velocity magnitude across the span. The advantage of the solver is
the fact that the model for conducting a simulation is ready to use three—four times faster
than in the Fluent environment. However, rotorcrafts are complex constructions that work
in versatile conditions, and therefore, some working states may not be imitated. The solver
was setup with steady viscous parameters. The solver setup is shown in Figure 12.
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Figure 12. One blade panel code model with solver setup.

2.3.3. Main Rotor CFD Modeling in ANSYS Fluent

In the second stage of the research, the blades were multiplied and positioned in a
rotational plane. The fluid domain were also modeled in Spaceclaim. A mesh was built
for the computational area using the Mesh Ansys module. The boundary conditions are
presented in Figure 12. Body sizing and inflation were used to generate the correct mesh.
The boundary layer was modeled using the full thickness option. The air enclosure was
75 m long and wide, and the height of the enclosure was 25 m. The maximum element
size was set at 2000 mm, with a size reduction closer to the blade of 20 mm. The boundary
layer was modeled using the full thickness option. It was set at 20 mm for 25 layers with a
growth ratio of 1.2. The obtained y+ value was 8. The 3D bodies were transformed into a
triangular mesh. The mesh consisted of nearly 5,300,000 elements.

The blades were placed in the enclosure which was modeled with cuboid. In addition,
to obtain correct body sizing, a smaller cylinder enclosure was made around the blades. By
naming the object faces, an air flow direction was projected. The analysis was performed
with mesh motion, and therefore, there was no inlet, because the air flow was provoke by
the rotating blades. The boundary conditions are presented on Figure 13.

Figure 13. Four blade model boundary conditions.
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The blades were set at the pitch angle calculated for the required thrust. The models
were set to rotate with the main rotor angular speed. The inflow angle was assumed to
be generated in the solver with the rotational movement. The viscosity model for the
simulation that produced the most accurate results with the lowest time consumed was
realizable k-epsilon with scalable wall function.

2.3.4. Main Rotor Panel Modeling in FligtStream

Since the modeling was performed using CFD software, the panel environment was
also tested to provide results for parametric modeling in the optimization procedure. The
model building was more time-consuming and it was easy to make a mistake, because
the pitch angle and inflow angle were modeled by the blade’s position. The blades were
multiplied and positioned in a rotational plane. The mesh was generated the same way as
it was generated for the one blade case. The cases were calculated with an unsteady solver.
The rotational movement was modeled with motion settings, where the angular velocity
and rotation axis could be defined.

3. Results

The evaluation results are shown in Tables 1 and 2. In both cases, the parametric
model has no issues when implemented. Calculations of the aerodynamic thrust were
conducted for selected design weight values corresponding to those from the range of
operating weights of the W-3 Sokol helicopter (i.e., between 4900 and 6400 kg).

Table 3 shows the comparison of the results of Fluent and Flightstream stationary blade
modeling with mathematical calculations for a given thrust and the required collective angle
for that thrust. The collective angles were calculated using thrust Equation (9) using Matlab
procedure, combining the blade element theory with the momentum theory. According
to the obtained results, shown in Figure 14, CFD modeling resulted in a high accuracy of
expected resultant forces; both solvers produced similar results. However, for lower thrust,
Flightstream, which is mainly designated to steady simulations, delivered a more accurate
result.

During the preparation of the stationary simulation, it is crucial to model the exact
inflow conditions. The main advantage of this type of imitation is the short time for the
solver calculations. As compared with a four blade rotary model, it provides the results
about 9-10 times faster. It also offers the possibility of checking the different collective
values and inflow angle using one model and solver settings. This type of simulation is a
good choice for evaluating the first cut blade loads.

Table 4 presents the comparison of results from Fluent and Flightstream for the main
rotor model with modeled rotational movement. The mathematical assumptions are the
same as in the steady model. The results presented in Figure 15 show that, for the rotary
model, definitely better results are obtained with the Fluent solver. The Flightstream
environment gives the most accurate findings with the unsteady solver, nevertheless, they
is a 20% difference btween the mathematical and CFD solver model. The advantage of
the Flighstream simulation is the duration of calculation. For the Ansys software, the
calculations with mesh preparation last about 3 h (for a 30 threads computer station); with
the DARcorporation solver, the simulation with meshing is ready in up to 30 min (with
8 threads). Despite the results, the Flightstream simulation can be used, when a designer
needs to take a first look at the rotor aerodynamics behavior. However, to obtain accurate
findings, a CFD simulation needs to be conducted.

The rotary model provides the calculations and forces that can be used in further
analysis. It can be applied to the strength model and can calculate the required mass
parameters to sustain the blade loads. Combining the models” mass loads from rotary
motion can also be simulated.
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Table 3. Results obtained from analyses of the one blade model.

Simulation Input Parameter Fluent Flightstream
Weight Analytical  Collective CFD A (%) Panel Method A (%)
(kg) Thrust (N) ©) Thrust (N) Thrust (N)
6400 15,696 7.47 15,591 0.67% 15520 1.12%
6000 14,715 7.06 14,870 1.05% 14850 0.92%
5600 13,734 6.66 14,041 2.24% 14150 3.03%
5200 12,753 6.26 13,242 3.83% 12602 1.18%
4900 12,017 5.96 12,592 4.78% 12133 0.96%
16,000
15,500
15,000
= 14,500
g 14,000
F 13,500
13,000
12,500 ®
12,000

4500 4700 4900 5100 5300 5500 5700 5900 6100 6300 6500
Helicopter design weight [kg]

Analytical Thrust [N] © CFD Thrust [N] © Panel method Thrust [N]

Figure 14. Line graphs of aerodynamic thrust dependencies for the one blade model.

Table 4. Results obtained from analyses of the complete rotor model.

Simulation Input Parameter Fluent Flightstream
Weight Analytical  Collective CFD A (%) Panel Method A (%)
(kg) Thrust (N) ©) Thrust (N) Thrust (N)
6400 62,784 7.47 64,472 2.69% 74186 18.16%
6000 58,860 7.06 58,504 0.60% 71112 20.82%
5600 54,936 6.66 55,862 1.69% 68917 25.45%
5200 51,012 6.25 52,044 2.02% 63205 23.90%

4900 48,069 5.95 49,175 2.30% 59462 23.70%
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Figure 15. Line graphs of aerodynamic thrust dependencies for the complete rotor model.

4. Conclusions

As stated in the Introduction, this work is part of an aerospace construction optimiza-
tion research program. It is the second step in preparing the optimization loop for rotorcraft
constructions.

In this research, it was confirmed that graphical programming language with a user-
friendly syntax is a good solution for this type of geometric modeling. The commands are
intuitive and easy to use. The code is short and the blade model is generated within a few
seconds. In addition, the language offers an inertia analysis for solids, which is planned to
be used in future research on the optimal blade design. The generated model was versatile
and easy to adjust in different environments. There were no compatibility problems with
the CFD solvers.

The parametric model behaved as it was assumed. The CFD analysis confirmed that
the generated shape had the aerodynamic features that were preferred during the design
phase. The mathematical assumptions of the inflow angle were confirmed with the rotary
CFD model.

This research shows a new approach to rotor blade inflow modeling. The stationary
blade with complex air flow analytical model gives correct results and consumes less
computer power and time. Therefore, it is possibile to implement this type of simulation in
the preliminary design of a main rotor, which is useful in optimization studies. Combining
the stationary blade with parametric modeling is the first stage of optimization to evaluate
a construction and to enhance the first cut shape. This method provides an initial shape in a
short period of time. Therefore, even when the calculations are combined with mechanical
analysis (FSI), the analysis time is reduced. Finally, the iterative procedure for optimization
studies is proposed in Figure 16. In the first phase, the CFD model can be replaced with
a panel code environment. To summarize, the results of this study can serve as a basis
for developing a main rotor aerostructural model (combining aerodynamic properties
and finite element structure) for further strength analysis, where both the aerodynamic
and weight loads can be considered. In future work, in accordance with the research
program, the CFD and FE model will be combined using scripting methods to prepare an
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optimization loop to find a design shape that fulfils modern combat field requirements and
offers the best mass properties.
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Figure 16. Graphical proposal of design spiral with results of the studies.
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Nomenclature
A Main rotor disc area
a Main rotor blade lift curve slope
B Tip loss factor
b Number of blades
Cp  Lift coefficient
Cr  Thrust coefficient
c Blade chord
m  Mass flux through the rotor disc
R Main rotor blade total radius
r Main rotor blade current radius position
T Main rotor thrust
v;  Main rotor induced velocity in hover
w  Rotor induced velocity in far wake
W Climb velocity
6 Inflow angle
Y Air density
A Total inflow ratio

A:  Climb inflow ratio

Ai  Induced inflow ratio
o Rotor solidity

[ Pitch angle

Q) Rotor angular velocity

Abbreviations

CAD Computer-aided design

CAM Computer-aided manufacturing

CAE Computer-aided engineering

CFD Computational fluid dynamics

GRIP Graphic integrated programming

FSI Fluid structure interaction

BERP British engineering rotor program

MATLAB Matrix laboratory-multi-paradigm programming language and numerical

computing environment
SIEMENS NX CAD/CAM/CAE software developed from Unigraphics system

References

1. Stalewski, W.; Zalewski, W. Performance Improvement of Helicopter Rotors through Blade Redesigning. Aircr. Eng. Aerosp.
Technol. 2019, 91, 747-755. [CrossRef]

2. Sagimbayev, S.; Kylyshbek, Y.; Batay, S.; Zhao, Y.; Fok, S.; Lee, T.S. 3D Multidisciplinary Automated Design Optimization Toolbox
for Wind Turbine Blades. Processes 2021, 9, 581. [CrossRef]

3. Ma, L.; Zhao, Q.; Zhang, K.; Zhang, X.; Zhao, M. Aeroelastic Analysis and Structural Parametric Design of Composite Rotor
Blade. Chin. J. Aeronaut. 2020, 34, 336-349. [CrossRef]

4. Fitzgibbon, T.A.; Woodgate, M.A.; Barakos, G.N. Practical Considerations in Rotor Design Optimisation. In Proceedings of the
47th European Rotorcraft Forum, Virtual, 7-9 September 2021.

5. Lim, J.W. Application of Parametric Airfoil Design for Rotor Performance Improvement. In Proceedings of the 44th European
Rotorcraft Forum 2018, ERF 2018, Delft, The Netherlands, 18-21 September 2018; Volume 1.

6. Vu,N.A; Lee, ]JW. Aerodynamic Design Optimization of Helicopter Rotor Blades Including Airfoil Shape for Forward Flight.
Aerosp. Sci. Technol. 2015, 42, 106-117. [CrossRef]

7. Allen, L.D,; Lim, JJW.; Haehnel, R.B.; Dettwiller, I.D. Rotor Blade Design Framework for Airfoil Shape Optimization with
Performance Considerations. In Proceedings of the AIAA SciTech 2021 Forum, Online, 11-15 January 2021.

8.  Tixadou, E. Optimisation of the structure of a helicopter blade in view of reducing cabin vibration. In Proceedings of the 47th
European Rotorcraft Forum, Virtual, 7-9 September 2021.

9. I'pebenuxos, A.I'.; psaenko, FO.B.; Komepos, B.B.; Korro6a, B.FO.; Manxkos, I1.B.; Yp6anosud, B.A.; Boponsko, I1.A. Analysis of

Design and Technological Features of the Main Rotor Blades of Heavy Transport Helicopters. Open Inf. Comput. Integr. Technol.
2021, 93, 59-103. [CrossRef]


http://doi.org/10.1108/AEAT-01-2018-0009
http://doi.org/10.3390/pr9040581
http://doi.org/10.1016/j.cja.2020.09.055
http://doi.org/10.1016/j.ast.2014.10.020
http://doi.org/10.32620/oikit.2021.93.04

Publikacje naukowe - Zatacznik A2.

Materials 2022, 15, 4275 20 of 20

10. Bailly, J.; Bailly, D.; Didier, B. Multifidelity Aerodynamic Optimization of a Helicopter Rotor Blade. AIAA J. 2019, 57, 3132-3144.
[CrossRef]

11. Roy, A.M. Finite Element Framework for Efficient Design of Three Dimensional Multicomponent Composite Helicopter Rotor
Blade System. Eng 2021, 2, 69-79. [CrossRef]

12.  Ryazanov, A.I. Automated 3D Modeling of Working Turbine Blades. Russ. Eng. Res. 2016, 36, 751-754. [CrossRef]

13. Shabliy, L.S.; Dmitrieva, I.B. Conversion of the Blade Geometrical Data from Points Cloud to the Parametric Format for
Optimization Problems. ARPN |. Eng. Appl. Sci. 2014, 9, 1849-1853.

14. Grabowik, C.; Kalinowski, K.; Kempa, W.; Paprocka, I. A Method of Computer Aided Design with Self-Generative Models in
NX Siemens Environment. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Mamaia, Romania,
17-20 June 2015; Volume 95.

15.  Stalewski, W. Design and Aerodynamic Optimization of Rotorcraft (Polish Translated); Institute of Aviation: Warsaw, Poland, 2017.

16. Stalewski, W.; Zalewski, W. Aerodynamic Design and Optimisation of Main Rotors for Light Rotorcrafts. In Proceedings of the
45th European Rotorcraft Forum 2019, ERF 2019, Warsaw, Poland, 17-20 September 2019; Volume 1.

17.  Tamer, A.; Yiicekayali, A.; Ortakaya, Y. Design and Optimization of Helicopter Rotor for Minimum Power Required. In
Proceedings of the 6th AIAC Ankara International Aeropsace Conference, Ankara, Turkey, 14-16 September 2011.

18. Xie, ].; Xie, Z.; Zhou, M.; Qiu, J. Multidisciplinary Aerodynamic Design of a Rotor Blade for an Optimum Rotor Speed Helicopter.
Appl. Sci. 2017, 7, 639. [CrossRef]

19. Slavik, S.; Klesa, J.; Brabec, J. Propeller Selection by Means of Pareto-Optimal Sets Applied to Flight Performance. Aerospace 2020,
7,21. [CrossRef]

20. Kachel, S.; Rogolski, R.; Kocjan, J. Review of Modern Helicopter Constructions and an Outline of Rotorcraft Design Parameters.
Problems of Mechatronics. Armament Aviat. Safety Eng. 2021, 12, 27-52.

21. Polzlbauer, P; Kiimmel, A.; Desvigne, D.; Breitsamter, C. Numerical Investigation of an Optimized Rotor Head Fairing for the
RACER Compound Helicopter in Cruise Flight. Aerospace 2021, 8, 66. [CrossRef]

22. Samad, A.; Tagawa, G.B.S.; Morency, E; Volat, C. Predicting Rotor Heat Transfer Using the Viscous Blade Element Momentum
Theory and Unsteady Vortex Lattice Method. Aerospace 2020, 7, 90. [CrossRef]

23. Lei, Y,; Huang, Y.; Wang, H. Aerodynamic Performance of an Octorotor SUAV with Different Rotor Spacing in Hover. Processes
2020, 8, 1364. [CrossRef]

24. Spyropoulos, N.; Papadakis, G.; Prospathopoulos, ].M.; Riziotis, V.A. Investigating the Level of Fidelity of an Actuator Line Model
in Predicting Loads and Deflections of Rotating Blades under Uniform Free-Stream Flow. Appl. Sci. 2021, 11, 12097. [CrossRef]

25. Truong, K.V. Modeling Aerodynamics, Including Dynamic Stall, for Comprehensive Analysis of Helicopter Rotors. Aerospace
2017, 4, 21. [CrossRef]

26. Wstep do Konstrukcji §migiowco’w: Praca Zbiorowa, 2nd ed.; Wydawnictwa Komunik. i Laczn.: Warszawa, Poland, 2002; ISBN
8320611571.

27. Brocklehurst, A.; Barakos, G.N. A Review of Helicopter Rotor Blade Tip Shapes. Prog. Aerosp. Sci. 2013, 56, 35-74. [CrossRef]

28. Seddon, ]J.; Newman, S. Basic Helicopter Aerodynamics; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2011.

29. Johnson, W. Helicopter Theory; Dover Publications: New York, NY, USA, 1994; Volume 12.

30. Bramwell, A.R.S,; Done, G.; David, B. Bramwell 's Helicopter Dynamic; Elsevier: Amsterdam, The Netherlands, 2001.


http://doi.org/10.2514/1.J056513
http://doi.org/10.3390/eng2010006
http://doi.org/10.3103/S1068798X16090203
http://doi.org/10.3390/app7060639
http://doi.org/10.3390/aerospace7030021
http://doi.org/10.3390/aerospace8030066
http://doi.org/10.3390/aerospace7070090
http://doi.org/10.3390/pr8111364
http://doi.org/10.3390/app112412097
http://doi.org/10.3390/aerospace4020021
http://doi.org/10.1016/j.paerosci.2012.06.003

Publikacje naukowe - Zalacznik A3.

JOURNAL OF THEORETICAL
AND APPLIED MECHANICS

61, 4, pp. 793-805, Warsaw 2023
https://doi.org/10.15632/jtam-pl /171748

PARAMETRIZATION OF THE MAIN ROTOR AND WORKING
ENVIRONMENT FOR DIFFERENT FLIGHT CONDITIONS —
COMPUTATIONAL FLUID DYNAMICS ANALYSIS AS AN APPLICATION
FOR MULTIDISCIPLINARY OPTIMIZATION

JAKUB KoCcJAN
Military University of Technology, Doctoral School, Warsaw, Poland

e-mail: jakub.kocjan@uwat.edu.pl (corresponding author)

STANISEAW KACHEL, ROBERT ROGOLSKI
Military University of Technology, Faculty of Mechatronics, Armament and Aerospace, Warsaw, Poland

e-mail: stanislaw.kachel@Quat.edu.pl; robert.rogolskiQwat.edu.pl

The paper shows a method of aerodynamic modelling of the whole rotor and exemplary
results obtained from complex analyses. The analytical basis of rotor aerodynamics for
different phases of the helicopter flight is shown. The analytical calculations are provided
to model a single blade motion according to its azimuth angle and to validate the obtained
results. The parametric design method is shown to be applied for different blade planform
shapes and various section airfoils. The Computational Fluid Dynamics (CFD) fluid domain
for the flow around the blade is also prepared using a parametric method. The parametric
graphic script is developed to create the flow domain for a one-blade simulation or for a
complete n-bladed rotor effect. The obtained blade model with enclosure is implemented
into CFD environment. The method for fluid mesh preparation and the way of defining its
properties are given. The simulation is carried out as transient for the n-bladed rotor. In
this simulation, various flight conditions are taken into account. Real rotary motion of the
blades is simulated with artificially enforced mesh motion. The obtained numerical results
are compared then with analytical assumptions. The simulation findings which are the inputs
for further analysis are shown with graphical representations. As an output of the research,
new options for main rotor optimization are developed. The usage of combined parametric
modelling confirmed with aerodynamic analysis for different flight conditions is shown in
the work as a new perspective for design optimization of the main rotor.

Keywords: helicopter, main rotor, rotor blade, geometric modelling, computational fluid
dynamics (CFD)

1. Introduction

The Russian invasion on Ukraine revised the usage of helicopters on modern battlefield. The
need of preparing constructions that are capable to provide better features for comprehensive
military operations is observed more than in any other conflict in XXI's century. As a conse-
quence, a lot of countries are improving existing structures and searching for brand new solutions
of VTOL vehicles (Oh et al.,, 2021). Therefore, also in Polish Military University of Technol-
ogy, a development of rotorcraft design methods is being conducted as an activity included in
a complex research program which is aimed at finding new approaches and design solutions
for needs of structural or aeroelastic optimization. This work is a second part of the recalled
research program. The first one was focused on preparing a parametric blade model and its an-
alytical and CFD validation for further analysis. The research were preceded with comparative
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analysis of commonly used helicopter configurations. The results of evaluation and proposals for
construction improvements were published in (Kachel et al., 2021).

The parametrization of the blade provides a less time-consuming solution for the preliminary
design phase. The advantages of parametric blade modeling were demonstrated in numerous
publications including (Sagimbayev et al., 2021; Ma et al., 2021). What is more in this stage of the
study, the fluid enclosures for CFD analysis are also parametrized and generated by the prepared
program. The usage of parametric models to fulfill the required features of shape and structure is
shown in (Lim, 2018; Allen et al., 2021) for airfoil design, (Tixadou, 2021; Grebenikov et al., 2021)
for strength design and (Bailly et al., 2019) for aerodynamics. Some model tasks from the above
works defined with parametrization declared both for aerodynamic shape, blade structure and
fluid domain are highly advanced numerical problems. Solving such problems generally demands
applying Fluid Structure Interactions (FSI) techniques, which gives optional results varied due
to different design configurations. Simulations of the rotor aerodynamic and aeroelastic effects,
taking into account sensitivity analysis due to key design parameters, significantly support the
decision-making process in relation to the selection of optimal utility variants.

In the research described here, for preparation parametric models and fluid enclosures, some
specific programming language was used. Examples of parametrization in the modelling using
GRIP language were shown in (Ryazanov, 2016; Shabliy and Dmitrieva, 2014; Grabowik et al.,
2015). Open GRIP (Graphic Interactive Programming) available in Siemens NX CAD environ-
ment is a language that provides a possibility to create an external solid body or internal struc-
ture geometry of any airframe part. Virtual elements are generated with the use of commands
and parameters defined with a specific programming code. The GRIP language is dedicated for
research processes, because it grants an option for inertia properties of the generated model.
The obtained model features can be used for aerodynamic or strength analyses carried out in
further stages of the simulations. The logical conditions that are enclosed in the program code
can be used to prepare loops which will provide a possibility of strength calculation with fitting
the best dimensions. As an output, a geometry generator is prepared with initial optimization
functions. Other main rotor optimization studies with focusing on aerodynamic optimization
were presented in (Stalewski, 2017a,b; Xie et al., 2017; Stalewski and Zalewski, 2019; Okumus
et al., 2022) while optimization procedure for best flight performance was shown in (Slavik et
al., 2029).

The aim of the research presented herein is to analyze the aerodynamic rotor model in
different flight conditions. The new approach is to provide geometry with enclosures prepared to
be applied into CFD environment, where different flight conditions with real main rotor motion
could be evaluated and compared. One of the examples of CFD usage for strength analysis
was presented in (Spyropoulos et al., 2021). There are some main research institutes that are
focused on main rotor optimization problems, ONERA French Aerospace Lab and DLR German
Aerospace Center for instance. They published several methods of solving the optimization
problem using CFD methods (Goerke et al., 2012; Wilke, 2021; Jain, 2022). However, there were
no parametrization of the rotor blade shape, position and entire fluid domains simultaneously for
given flight conditions, which is the main goal of this research in order to provide a comprehensive
tool for future combined optimization solutions.

As it was mentioned above, the solutions for the optimization process which are being de-
veloped in the mentioned research program, started with evaluating the blade and assessing the
methods for further analysis. The preliminary results from the initial stage of investigations were
published in (Kocjan et al., 2022). In this research, geometry of the existing rotor was taken
as an example for evaluating the proposed solution. The GRIP program code for the modeling
was developed by adding the option for enclosures preparation and expand possibilities to enter
more parameters of the main rotor by end-user. The dimensions of enclosures are adequate to
rotor dimensions.
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The prepared model will be a basis for fluid dynamics computation using Ansys Fluent. The
parameters of main rotor movement will be calculated from analytic formulae. The value of
collective pitch control and a change of cyclic control are calculated with the use of a MATLAB
code. Then the calculated values are inputs for CAD model generation and then for CFD motion
simulation. Furtherly, the mesh for numerical simulation is generated with the Fluent meshing
tool. The mesh size decreases as it approaches the blade surface. The inflation model is also
applied. In the research, a poly-hexcore mesh was used. The prepared mesh is configured for
calculation using sliding mesh options. The mesh motion is described with outcomes of analytical
calculations, which were earlier prepared. During the studies, the mesh size was adapted to obtain
best results within a reasonable time. The results were compared with the assumptions. The
lift and drag values were used to evaluate the model and to check if the parametrized rotor
model with air domains is applicable to CFD environment and if the obtained numerical results,
especially pressure distributions, are reasonable and eventually acceptable. To the best of co-
authors’ knowledge, similar research merging the proposed methods for the helicopter main rotor
design and main rotor optimization operation has not been performed so far.

This paper is organized in a specifically intended way. The research methods are described in
Sections 2 and 3, where the mathematical model, which is the basis for parametric programming,
is defined. In Section 3, the parametric programming is described. The mesh properties and
simulation setup are presented in Section 4. The results and evaluation of the method is discussed
in Section 5. The research methods and outputs, with application to next phases of the program
are concluded in Section 6.

2. Analytical model for parametrization

2.1. Mathematical model

The conditions of operation of the main rotor are complex and impose on a designer a neces-
sity to check all of the working aspects. Before performing, an optimization loop for parametriza-
tion of main rotor features must be introduced.

The first data to be introduced are blade parameters. To obtain required operational capabil-
ities, the blades construction requires to take into consideration both geometric and aerodynamic
characteristics. The flow periodic changes, flexibility of blades and conditions of operation in the
presence of a strong centrifugal force imply a relationship between pressure loads and deforma-
tions of the material. The blades were well parametrized in the previous step of the research
(Kocjan et al., 2022), the deformations are going to be considered in the further phases.

In the presented studies, the conditions of the n-bladed main rotor operation are analyzed
and transformed as input parameters for geometry generation and numerical CFD simulation.
To prepare a rotor model which is ready to be implemented into Ansys Fluent, in accordance
with (Johnson, 1994; Bramwell et al., 2001), pitch angles should be calculated for the main rotor
trim conditions. The trim of the rotor is calculated from the thrust, pitching moment for lateral
and longitudinal movement

0(¢) =0y — Ay cosp — By singp (2.1)
where the angles are calculated for different flight conditions. The helicopter speed is given in

calculation as a dimensionless speed ratio. To find the longitudinal cycling pitch angle, the first
step is to calculate the H-force coefficient in the disc plane

hep = iua (2.2)
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As a result, the disc incidence can be calculated as follows

ap = _wi (%lﬂdo + th) (2.3)

Cc

where dj is the fuselage drag ratio and w, is the weight coefficient. Now the mean inflow ratio
relative to the disc plane can be obtained in the following way

Ap = (pa)p — \; (2.4)

The next step for the rotor trim is to calculate the collective pitch angle which will be used for
GRIP program to prepare the main rotor geometry installed for designated flight conditions.
The collective pitch is calculated from the main rotor thrust expression

4 2

a2, 1—p*+2% 1- &

tcd = — <—0073 2 4 + )\D 322 (25)
ACEEE

Further, in order to obtain the longitudinal cycling pitch angle, it is crucial to calculate the
flapping coeflicient

2#(% + )\D)
aG = ————35 (2.6)
i

Therefore, the By angle (with the assumptions for a change of the center of gravity — h and f)
is ready to be calculated

a1 + Cmf + thh - U}Cf

B —
! We + Cpys

2.7)

where O, is the pitching moment coefficient for fuselage and Cj,s is the pitching moment
coefficient due to hinge offset. Then, to get the lateral cyclic pitch angle, the lateral flapping
coefficient should be given with the following expression

%(uao + 1.1v%\)

by = (2.8
1+ 4 :
In consequence, the lateral cyclic pitch angle can be written as
It h
A = —b — Wef + wrtehn (2.9)

teh + Chns

At the end of analytical consideration, for the main rotor evaluation, its drag force is needed
and it can be calculated from the expression

P
D=—+X 2.10

where P is the power required for the evaluated flight conditions, X is a force acting in the
longitudinal direction. The X-force can be estimated with the formula

X = -Tsinap — Hpcosap
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2.2. Analytical calculations for preparing the simulation

All calculation formulae described above were all prepared in MATLAB software. The out-
puts of calculations are a basis for geometry generation in GRIP program and then for model
configurations applicable in Ansys Fluent.

It starts with the input parameters of the designed blade and flight conditions. The blade
planform is defined with a specific polynomial function. Next, the rotor solidity factor is calcu-
lated as an integral. Using MATLAB functions required for the collective pitch are possible to
be established. The weight coefficient, fuselage drag ratio, inflow velocity and disc incidence are
computed. After that, the inflow ratio relative to the disc plane can be processed. The program
in the further step is solving equation (2.5) to obtain the collective pitch value. Next stage of the
calculations is to estimate the flapping coefficients. The pitching moment coefficient is assessed
at the subsequent step. With the flapping and pitching moment coefficient, the By angle is ready
to be computed. After obtaining the first angle, the second is calculated similar to the first using
the equations mentioned above. The MATLAB source code used for all described calculations
is shown in Fig. 1.

The calculated collective pitch is modelled in CAD geometry. The collective pitch angles are
a basis for the rotor cyclic pitch movement modelled then in Ansys Fluent.

ya 31UkL=r3020eg(a1)

as

96 hcd2=1/4*u*del+a*lamd/4*(1/2%al-u*teto)
97

a8 alfd2=-(@.5%u~2*de*cos(tc)+hcd2)/uc-tc
a9 ud2=u*cos(alfd2)

1e@ lamd2=ud2*alfd2-lami

1e1

1e2 30=y /8% (tete*(1-19"u"2/18+3%u"4/2) /(1+3*u"2/2)+4/3*1amd2* (1-u"2/2)/ (1+3%*u™2/2))
183 dtf=(1-sin{alfd2)/(1+sin(alfa2)))

les bi=4*((u*ae+1.1%dtf~(1/2)*1lami)/3)/(1+u"2/2)
1es5 gc=del*(1+3*u~2)/8-lamd2*wc-u*hcd

126

1e7 Cms=b*Mb*xg*e/(2*Solid*a*R)

188 81=al+(Cmf+hcd2*h-we*f )/ (we*h+Cms)
129 Bl=simplify(B1)

11e axis=simplify(al-g1)

111 Bl=rad2deg(g1(1,1))

112 Bl=simplify(B1)

113

112

115 H=hcd2*ro*A*om~2*R~2*Solid

116 P=qc*ro*A*om3*R~3*Solid

117

118 X=-W*sin(alfd2)-+#"cos(alfd2)

119 D=P\\W+X

12e D=simplify(D)

21

122 alfd2=simplify(alfd2)

123 al=simplify(al)

124 axis=simplify(rad2deg(al)-g1)

125

126 AlfHT=5implify(D/W+H/H)

127 alfHT=simplify(rad2deg(alfHT))

128

129

138 Q=qc*ro*solid*A*om~2*R*3

131

132

133

134 = Rimass=8(x) Mb.*(x/(@.79*R)-0.21/0.79) X mass function
135 RXInert=8(x) mass{x).*x.”2

136

Fig. 1. Example of MATLAB numerical code for preliminary calculations

3. Parametric model for simulation process

The main goal of this research is to obtain a new approach for main rotor blade modelling, which
will be implemented into the main rotor optimization loop. The goal is achieved using Open
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GRIP code, which is implemented into Siemens NX. The program was taken from the first stage
of the studies and improved. The program algorithm is shown in Fig. 2.

MATLAB blade
calculations

Define entities

~

/ e
/ N ~~ -
Radius Blade basic Chord ™ ~, Collective
polynomial parameters polynomial pitch
e Generate (K+1)-th
o cﬁgifrcl);ltes airfoil shape
(across radius) Repeat until K<M
Y
Generate splines .| Generate blade

(across radius) surface

A 4

Combine
surfaces to solid

Flight

conditions

A 4

Blade multiplication | Generate fluid
and positioning enclosures

enviroment

Fig. 2. Enhanced algorithm for generating parametric geometry model

The geometry of the model is parametrized in the program using all main rotor geometrical
dimensions. The user is able to enter the blade basic parameters into a popup input window.
The first parameters are the number of blades, rotor radius and blade chord. The airfoil is
generated from the text file with coordinates, so the user can prepare the blade for any chosen
airfoil geometry. The next stage of parametrization is to enter the polynomial coefficient for
blade twist and blade chord, so the blade chord and twist can change along the span. With
the prepared solution, the blade shape can be freely changed with accordance to analytically
calculated values. The windows with applets for introducing control parameters are shown in
Figure 5. The shape generation is based on inbuilt GRIP commands for the line and splines,
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which provides the desired shape. The number of sections to create the geometry can also be
chosen. An example of generating the blade geometry is shown in Fig. 3.

|

Fig. 3. Blade parametrisation

The second stage of parametrization is the n-bladed rotor. The blades are positioned with the
angles that were trimmed analytically. Each blade is positioned at a different angle in accordance
to their initial azimuthal position in simulation.

The next phase is generation of fluid enclosures for multi-moving mesh simulation. In the
code, the volumes of fluid domains are programmed proportionally to the rotor dimensions. The
domains are generated as follows: the main air enclosure as a cuboid for forward flight and as a
cylinder for hover, rotor enclosure as a cylinder with each blade havig its own cylinder domain.
The space geometry of applicable enclosure variants is presented in Fig. 4. The selectable flight
conditions — forward flight or hovering are possible to be chosen by the user.

(a) = (b) —

- Lo~

Fig. 4. Fluid domains: (a) for forward flight, (b) for hovering flight

Ne X

R= 7.7500
b= 4.0000

pitch= 5.0000 A | wstea Anuluj
o

Fig. 5. User input options: (a) blade parameters, (b) flight conditions

Forward flight
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The ready to simulation geometry is generated in few seconds, so the designer can prepare
different models for CFD analysis in a short time.

4. Mesh and simulation properties

The model for CFD simulations was prepared in Ansys Fluent. The generated geometry with
fluid domains was imported into the mentioned environment. To generate the fluid mesh of finite
volume elements, the Fluent Mesher was used. It was chosen because of the future automatization
of the process. This software provides a full path of activities that are necessary to generate the
ready-to-use mesh. Body sizing, face sizing and inflation options were used to prepare a correct
simulation. The boundary layer was generated using the aspect ratio options. The air enclosure
size was calculated from the rotor dimensions. The ratios chosen to obtain correct domains were
defined in the following way: X for the air enclosure, Y for the rotor enclosure and Z for the blade
enclosures. The maximum size of a single volume element was set as 5000 mm, the elements on
the blade were set to a value of 10 cm spanwise and chordwise. The inflation was set for 15 layers
with 80 aspect ratio. The y+ value was established at an average value of 300, which gave the
boundary layer a wall function. The mesh was generated as a poly-hexcore mesh and consisted
of approximately 10° elements (depending on the model). An example of the prepared mesh is
shown in Fig. 6.

.‘ Mot *

Fig. 6. Polyhexcore mesh of fluid volume elements

The domains were named adequate to their destinations. The velocity inlet for the forward
flight was set as a pressure far-field — velocity inlet, and the end of the cuboid was provided
as a pressure outlet. The pressure far-field — velocity inlet option in Ansys Fluent provides a
possibility to set the inlet velocity direction and magnitude with the vector coordinates. The
contact regions were named to identify the internal connection between the domains in the
preparing of the solution. K-w SST viscosity model was chosen for the simulation, because
it is recommended for solving CFD rotor tasks. The viscosity model results with the y+ for
wall function boundary layer treatment were checked whether it gave satisfying results without
extending calculation, what would be for more complex boundary layer simulations. The time
step for transient simulation was set at 0.001s. The convergence for each time step was settled
for continuity at 10~° with 100 iterations. The fluid domain with declared boundary conditions
and the rotor model inside is presented in Fig. 7.
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Fig. 7. The fluid domain with boundary conditions and the rotor model enclosure defined for the CFD

As a basis for CFD calculations, the rotor geometry of the rotorcraft W-3 Sokol was taken. The
parameters of the helicopter are: radius — 7.85 m, chord — 0.44 m, rotational speed — 255 rpm,
weight 6400 kg. The lift force should be adequate to the aircraft weight and the drag force
is calculated from analytical assumptions. The first cut calculation was made for the existing
rotor dimensions and features. The rotor position and movement were calculated in MATLAB
program described in Section 2.2. For evaluation of the method, various rotor dimensions and
flight parameters were used. The angles for the preparation of simulation are shown in Table 1.

process

5. Results

Table 1. Calculated angles for simulation

Case | Collective | Bj Ay Tip path angle
No. [deg] | [deg] | [deg] [deg]

1 11.12 3.46 | —3.72 10.75

2 11.52 5.26 | —4.87 10.71

3 8.31 2.52 | —3.45 7.44

4 9.85 5.48 | —5.48 7.43

5 9.48 3.10 | —4.38 7.83

The calculated results are presented in Table 2. It shows that the assumptions which were
made for the movement simulation and calculations are correct. The values of basic rotor forces
are similar to those calculated, the average difference between the results and analytical cal-
culations is at 4%. The comparison is made with analytical calculations of the drag force and
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helicopter weight. The lift force that is required for flight of the helicopter is generated adequately
to the needs.

Table 2. Simulation results

Case Analytical assumptions CFD simulation
No. | Weight MR radius | Blade chord | Flight speed | Drag Lift Drag
[mm] [m] [km /h] [N] [N] [N]
1 62784 7.85 0.3 100 1276 61706 1256
2 62784 7.85 0.3 150 2870 | 63708.25 | 2982
3 62784 7.85 0.44 100 1276 61537 1139
4 62784 7.85 0.44 200 5098 62625 5132
5 62784 7 0.6 100 1276 66850 1295

In consequence, working conditions of rotor blades can be evaluated using the obtained
results. The major finding, that will be used in optimization loop (which will be aimed at mass
reduction of the blades and stiffness improvement), is the pressure distribution. Examples of
pressure distributions are shown in Fig. 8.

(a) (b)
Ansys
2022 R2

Ansys

FY Y

Fig. 8. Pressure distribution: (a) case 1, (b) case 2

The pressure distribution for the calculated flight case enables determination of the load
acting on rotor blade surfaces during their rotary movement. Different flight conditions and dif-
ferent blade geometry can be evaluated by the designer. To obtain these results with application
of the proposed method, 6 to 8 hours is needed, where 15 minutes is 3D model preparation,
45min to 2h is mesh and simulation preparation, the rest is Fluent processing time (which is
also depending on mesh parameters).

The proposed way of model preparation and calculation of simulation parameters provides
information about the influence of parametrisation on the obtained dimensions. The required
drag and lift are the same for different flight parameters, however the angles of rotor disc and
blade pitch positions are changing depending on blades dimensions. With CFD simulation, the
proposed modelling was proved to be correct and applicable to next steps of rotor optimisation.

6. Conclusions

As it is described at the beginning of this paper, this research is a part of the program aimed
at finding new solutions for rotorcraft structures design using optimization methods. This is a
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next step for preparing a full rotor model which will be optimized to obtain the best mass and
stiffness characteristics.

It is confirmed that developing the rotor model with fluid enclosures, using parametric mod-
elling, provides a versatile tool to quickly prepare different rotor geometries for CFD analysis.
The code properties provide a possibility to prepare correct fluid domains. The enclosures are
generated proportionally to rotor dimensions. The Open GRIP syntax Boolean options, to cut
out the volumes from wider areas, enables an exact model preparation, which is ready to be
analyzed using dedicated software. The model compatibility problem with software did not oc-
cur during the calculations. Using the parametric modeling significantly reduced the time of
simulation preparation for different geometries and flight conditions.

The CFD analysis confirmed the expected results. The mathematical model of the rotor
movement led to similar forces that were inputs for analytical calculations. The generated do-
mains and models were easily configured for mesh simulation. The interior contacts for mesh
interaction during simulation of motion were correctly corresponding with the indented contact

regions.

Optimal shape

Optimal
conditions Yes

Parametric
modelling

CFD n-blade
rotating rotor

CFD
stationary
blade model

Analytical
calculations

Mission
requirements

Yes

Optimal
_conditions

Optimal shape

.

+ More rotor
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' for full '

modelling /
‘\ _

S —

Fig. 9. Design spiral for rotor optimization
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The simulation results showed that the model was correctly prepared. However, providing
all required conditions to replicate the working environment of the real rotor, the simulation of
the rotor movement and a change of pitch angles was time and memory consuming. But in fact
it is a necessary condition to obtain correct results.

The studies shows a new way of preparing and conducting main rotor CFD simulations using
a parametric approach. The parametric modelling reduces the total time of simulations. The
results obtained showed the working conditions of the main rotor blades in terms of pressures,
velocity or turbulence. The outputs can now be combined in Ansys with FEM analysis and
calculated simultaneously using the FSI procedure.

The advantage of the procedure is fidelity of the simulation. This kind of simulations provides
high fidelity results, that can be used to evaluate parameters of prepared blades such us the
shape and strength structure. This will be a next phase of the proposed optimization loop. The
application of the studies described in this paper is only a one of many activities included in the
optimization procedure illustrated with the so called design spiral. It is shown in Fig. 9.
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Abstract. This work is part of a research program aimed at finding new approaches and design
solutions for helicopter main rotor modelling using multidisciplinary optimization. It is the
fourth stage of an individual research program that includes preliminary tasks such as parametric
modelling of a single blade, CFD modelling of a full main rotor for different flight conditions,
and preliminary structural modelling of a blade. The main goal of this work is to present the
parametric modelling of the rotor blade body and structure as an application for complex
simulation. The paper demonstrates the method of advanced analysis of the entire rotor and
provides exemplary results obtained from complicated analyses. The analytical foundation for
combined fluid-structure analysis is presented. The parametric design method is shown to be
applicable for different blade planform shapes and various section airfoils. The blade CFD fluid
domain is also prepared using the parametric method, as well as the blade's inner structure. The
simulation parameters from the previous stages of research, which serve as inputs to the FSI
analysis, are outlined. These previously obtained parameters are combined and introduced into
an FSI simulation to assess their compatibility and applicability. The configuration procedure of
the analysis and the boundary conditions are presented. The obtained numerical results are then
compared with analytical assumptions. The simulation products, which serve as inputs for further
analysis, are presented with graphical representations. The time and memory consumption of the
simulation are outlined. The application of the described work in an optimization loop is
proposed. As a result of this research, new options for main rotor optimization are developed.
The paper demonstrates some crucial possibilities of FSI analysis in the described simulation
cases. The use of combined parametric modeling with fluid-structure interaction analysis for
different flight conditions is presented as a new perspective for multidisciplinary design
optimization of a helicopter rotor system.

1. Introduction

Modern military helicopters are designed to operate in various flight conditions and environments,
with manufacturers and governments working together to enhance their effectiveness in military
operations. There are currently two main streams of rotorcraft design. The first focuses on finding new
aerodynamic configurations, such as combining the construction of the main rotor with a pusher
propeller. [1], [2]. The second stream aims to enhance existing helicopter designs by improving
aerodynamic and structural solutions.[3][5].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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The Polish Military University of Technology is also involved in developing new rotorcraft design
possibilities. This work is part of a comprehensive research program aimed at optimizing the
aerodynamics and structure of the main rotor. This article represents the fourth phase of the research
program, following previous analyses of rotorcraft construction and main rotor computational fluid
dynamics (CFD) using parametric modeling. The program were preceded with an rotorcraft construction
analysis which results were published in [6]. The latter parts included the main rotor CFD analysis using
parametric modeling and preparing the blade structure using parametrization, this work were published
in [7]. In each phase the parametrization of the model is used because of planned optimization loop.

Parametrization of the rotor blade allows designers to explore different blade shapes and structures
using geometric parameters or dimensionless coefficients. This method offers advantages in terms of
time efficiency and the ability to evaluate various design variants The benefits of parametrization for
rotor blades have been described in [8], [9]. In this study, parametric models are used to generate the
CFD fluid domain and the blade's inner structure. Examples of using parametric models for airfoil shape
and structure and aerodynamic performance are also provided in [10], [11] for an airfoil shape and [12]—
[14] for structure and aerodynamic performance.

The parametric models for blade shape, fluid domains, and inner structure were created using a
graphic programming language called GRIP, which is provided with Siemens NX software. GRIP
allows users to generate the desired shape of any airframe part by combining commands and inputting
parameters. The language also includes inertia analysis functions, enabling initial strength calculations
within the code. By combining logical functions, the designed shape can be initially optimized.
Examples of using the GRIP language are shown in [15]-[17].

To achieve the research objectives and find new solutions for main rotor blade optimization, a
combination of CFD analysis and structural finite element analysis (FEA) is required. To accurately
describe the phenomenon, these tools can be combined in a fluid-structure interaction (FSI) simulation.
FSI simulations allow for the examination of the influence of aerodynamic loads on the structure and
the subsequent impact of deformation on the generated loads. While FSI is commonly used in wind
turbine simulations [18]-[20], its application in rotorcraft simulations is less frequently described in
published studies.

In this phase of the study, previously evaluated and prepared solutions for CFD main rotor analysis
and blade structure preparation using parametric modeling were utilized. The blade's parametric model
was generated using geometric and shape parameters, with the geometry based on an existing helicopter
rotor. The codes developed generate the geometry of the rotor blades for the CFD part of the FSI analysis
and the blade with the inner structure for the MES part of the simulation. The GRIP program code allows
end users to input blade parameters and vary the geometries for simulation testing.

The simulation was prepared using a CFD environment, with the movement of the blades analytically
calculated. MATLAB was used to determine the values of collective pitch control and cyclic control,
which were then inputted into the CFD simulation to simulate rotor movement under different flight
conditions. Meshes were generated for the CFD domain and MES analysis, with mesh sizes chosen to
obtain acceptable results within a reasonable time frame. The FSI simulation was conducted, starting
with a one-way analysis where aerodynamic loads were transferred to the model, followed by a two-
way FSI simulation using solver coupling. The construction was evaluated to ensure it met the strength
requirements for desired performance possibilities. To the best of the co-authors' knowledge, similar
research combining the proposed methods for helicopter main rotor design and optimization has not
been conducted before.
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2. Blade parametric model for FSI analysis
2.1 CFD model for FSI analysis

The working environment of a rotor is very complex due to the axial rotation and simultaneous
change of the rotor blade angles as a function of azimuth. To prepare a model for FSI analysis, both a
CFD and FEM model must be prepared. The CFD model is prepared with the shape of the air domain,
which depends on the simulation conditions. The blade shape is generated using user-inserted
dimensions and the proposed airfoil shape. An example of blade shape parametrization is presented in
Figure 1. Additionally, the domain for analysis is prepared in accordance with the blade shape. A
different domain is prepared for n-bladed rotor simulation, and a different domain is prepared for 1-
blade simulation. The preparation and analysis of the CFD model for the optimization procedure were
presented in [21].

Figure 1 Blade parametrization

2.2 FEM model for FSI analysis

The FEM model for FSI analysis is also parametrized. To adjust the structure, initial stress
calculations need to be conducted. Analytical calculations are performed using MATLAB, and the final
internal shape fitting is implemented in the GRIP programming language. The generated shape is based
on a real blade structure, consisting of a composite spar and skin in the front, and honeycomb in the
back. The spar is filled with foam to maintain its shape. The shape of the parametrized blade is presented
in Figures 2A and 2B. The Figure 2A shows the inner structure of the geometry. The parts are
highlighted using different colours: green — skin, brown — spar, grey — honeycomb and beige — foam.
The image 2B describes the full shape of the generated blade with the chord change across the span.

Figure 2A Blade structure parametrization
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Figure 2B Blade structure parametrization

3. FSI analysis in optimisation procedure

The proposed research aims to combine aero-structural optimization in a loop to achieve improved
performance and strength of the main rotor. The final stage of the research involves using FSI analysis
to evaluate the model and make changes to the geometrical model of the CFD and FEM models. The
procedure is illustrated in Figure 3.

The procedure begins with determining the mission requirements, which serve as the basis for the
performance requirements that need to be met. These requirements are essential for designing a
rotorcraft capable of fulfilling its intended missions, such as payload, forward speed, and climb. To
determine reasonable parameters, existing constructions designed for similar missions are analyzed.
The trends identified from this analysis serve as a reference for proposing initial geometric and
aerodynamic parameters for the main rotor blade.

The next step in the procedure involves analytical calculations. During this phase, the blade
trimming is determined based on the required rotorcraft mass and airspeed. This allows for the
establishment of the aerodynamic loads on the blade. Combined with the mass moments of inertia
from centrifugal force, flap, and lag moments, these calculations provide the moments acting on the
rotor blade's strength elements. The results of the mathematical analysis serve as inputs for parametric
modeling.

Parametric modeling is used to generate the blade shape using the dimensions obtained from the
trim and performance calculations. The pitch angle of the rotor blade and the blade position angles for
the CFD analysis are also provided. This enables the generation of the air domain for single rotor
blade or n-bladed main rotor CFD simulations. The second part of parametric modeling involves
creating the blade with its inner strength structure. The dimensions of the spar are calculated within
the GRIP code and applied to a chosen number of blade cutouts. This allows for mass reduction, as the
spar thickness is determined by the strength requirements. The shape of the foam inside the spar and
the geometry of the honeycomb section from the trailing edge to the spar are also generated. The CAD
models for CFD and FEM applications serve as inputs for FSI simulations, as shown in Figure 3.
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Figure 3 Optimization procedure

Firstly, the single blade simulation is conducted, where the model of a blade in the air domain is
combined with the structural model. The airflow is modeled in a steady simulation using the inflow
angles that were determined during the analytical calculation of thrust and trim. This method is less
computationally demanding and takes much less time to obtain numerical results.

The initial step is to check the deformations of a blade in a one-way FSI simulation, where the
loads are transferred from the CFD into the FEM model. This allows for a quick assessment of the
reasonableness of the results.

The second step is a two-way FSI simulation, where the loads are transferred to the FEM model
and then the deformation of the rotor blade is transferred to the CFD model to assess the influence of
the deformation on the produced aerodynamic forces. The results of this part of the research are
described in this work.

The construction is evaluated to determine if it fulfills the requirements of the strength elements
and performance conditions. If any requirements are not met, the parameters of the model are adjusted
and the construction is re-evaluated.

The next stage is to analyze the main rotor blade in its working environment under different flight
conditions. The CFD simulation is prepared for an n-bladed rotor, with the simulated blade motion
dependent on its azimuthal position. The resulting aerodynamic forces will be combined with the
structural FEM model to apply the deformation to the rotor model. The results of this simulation will
also be evaluated to determine if the construction meets the requirements.

4. Preliminary FSI simulation.
4.1 Simulation properties

The FSI simulation was prepared using Siemens Star CCM+. The geometry for the CFD and FEM
analysis was imported into the software, ensuring no collisions between the CAD geometry and the
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simulation environment. The mesh was generated using the automated mesh function, which can be
applied to new geometries in an automated process. The minimum size of the surface elements was set
at 1% of the base element, which was established at 0.5 m. The boundary layer was also applied. The
skin of the blade and the spar were meshed using the thin mesher option, with polyhedral elements
used for the fluid and tetrahedral elements used for the solids.

The boundary conditions for the CFD parts were set as a velocity inlet, pressure outlet, and wall for
the blade surface. In Star CCM+, the solver parameters were set simultaneously in the continua
options. The fluid part of the simulation was set as an unsteady simulation using the K-Omega SST
turbulence model.

For the FEM simulation, an unsteady simulation was also applied. To simulate the different
materials of the blade components, the multi-part and multi-component solid solver was used, with the
solid stress option. The blade was fixed at the root, and the load was applied to simulate the centrifugal
force. The time step for the simulation was set at 0.001s, with 30 inner iterations and the continuity
stopping criterion for each time step.

4.2 Exemplary simulation results

To verify the capabilities of the simulation, hover conditions for the MTOW of 4900 were
simulated. The inflow conditions were prepared using data obtained from earlier stages of the
research. The forces created on the blade were similar to those required for hover. Figure 3 shows the
blade displacement, with some areas that should be further examined under more complex flight
conditions. Figure 4 shows the resultant stress in the blade spar, with areas that also need to be
checked for endurance during flight. It can be observed that the construction has the potential to be
thinner, but this should be evaluated under different flight conditions.

Displacement: Magnitude (mm)
0.395

0

0.791

Y
‘
x|z

Figure 4 Blade displacement for the hover with MTOW 4900 kg
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Figure 5 Spar stress results for the hover with MTOW 4900 kg
5. Conclusion

As described in the introduction, this paper presents the next stage of our research program, which
aims to explore new methods for main rotor design using modern techniques within an optimization
loop. In this step, one-blade two-way FSI simulations were conducted as an initial step before
preparing the FSI analysis of a blade with its motion due to rotational movement and pitch change in
an azimuth function.

The results confirm that the blade parametric model is a quick and efficient solution for preparing
FSI simulations. The CFD and FEM models were generated in just a few minutes using the prepared
code. The compatibility between the CFD domain and the FEM model was ensured by subtracting the
exact blade shape from the domain. There were no issues with mesh generation, and the models were
compatible with the software.

The results of the CFD analysis align with the analytical expectations and previous standalone CFD
simulations. The mathematical model of the inflow for the one-blade simulation provides accurate
results.

The FEM analysis, as part of the FSI simulation, demonstrated the influence of the pressure load on
the blade. The stress on the strength elements and the displacement of the blade were analyzed to
identify weak points in the structure and make necessary design corrections. These design corrections
will be implemented using dedicated software or code to facilitate the optimization loop.

This study presents a new approach to aerostructural analysis of main rotor blades using a
parametric approach. The application of parametric geometry significantly reduces design time. The
results serve as a foundation for preparing a structural model for full n-bladed main rotor FSI analysis,
which includes the motion of the main rotor blades.

Another benefit of this procedure is the flexibility it offers in changing the external blade shape or
inner strength structure shape. This is crucial for developing an optimization loop that can identify the
best aerodynamic properties and strength elements to meet performance requirements.

Funding: The methods and results presented in this paper have been obtained during research works
conducted within the university research project entitled “Methods of optimal design of aircraft to
improve their structural and aerodynamic properties”. This work was financed by the Military
University of Technology (Warsaw, PL), in 2023, under the university research project UGB-819/
2023.
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Abstract

Purpose — Modern warfare and modern battlefield are very demanding. The recent conflicts showed that the usage of the helicopters is very
limited and only the best constructions are able to provide support for the operations. The purpose of this research is to show the possibilities of
new design tool for main rotor aerostructural optimization. It is a next chapter of the research that is aimed at finding new solutions for rotorcraft
constructions.

Design/methodology/approach — This work presents a method of preliminary structure optimization of the main rotor blade using parametric
modeling. It is the next step in the main rotor optimization studies. It is the next step after preparing the parametric model for the external shape
CFD analysis. As a basis for parametric blade structure calculations, the analytical model is provided in this paper. The equations of rigid blade loads
and, as a consequence of the strength elements, stresses are shown. The parametric blade modeling is conducted using the Graphic Integrated
Programming language. The parametric design method is shown to be used for various blade planform models and different section airfoils. The
structure of a blade is generated automatically after the user enters the parameters. The code-inbuilt analysis systems provide a quick inertia
examination of the generated geometry, which is the basis for further optimization. The program calculates the blade loads and verifies them with
the given material conditions and proposed safety factors. In the analysis, composite materials for the strength elements were proposed.

Findings — The results of this research showed the application of parametrization into the main rotor blade design loop. It was presented that the
main rotor blade structure can be enhanced using fluid-structure interaction (FSI) methods. The time saving with the implementation the process
into design loop is shown.

Practical implications — This work can be practically used in the main rotor blade design process. It provides the possibilities to check various blade
aerodynamic configuration in a structure strength aspect.

Originality/value — To the best of the authors’ knowledge, there were no published research that combines the main rotor FSI analysis. The
method, which is presented in the work, provides a new approach to a rotorcraft design. The application of the parametrization and combining it
with the FSI method gives a novel solution for helicopters construction enhancement.

Keywords Helicopter, Rotorcraft, Optimization, Main rotor, Fluid-structure interaction

Paper type Research paper

Introduction

The recent military conflicts have prompted a reassessment of
the possible operations that helicopters can conduct on the
modern battlefield. The need for constructions capable of
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underway. The research began with an evaluation of helicopter
construction features and parameters responsible for rotorcraft
performance. The analysis considered nearly 70 of the newest
helicopter designs from around the world. The results of this
comparison were published in Kachel ez al. (2021).

The main goal of the entire research is to develop a multicriteria
optimization procedure to provide a solution using the newest
computer-aided design methods. There are several main
approaches to resolving optimization problems nowadays.
The results of research focused on main rotor aerodynamic
optimization are published in Okumus er al. (2022), Stalewski
(2017), Stalewski and Zalewski (2019), Tamer ez al. (2011) and
Xie et al. (2017), whereas an example addressing strength problems
is shown in Spyropoulos et al. (2021). Some research institutes
concentrate on main rotor optimization problems, such as the
ONERA French Aerospace Lab and the DLR German Aerospace
Centre. Their results are presented in Goerke er al. (2012),
Pahlke and Demaret (2017), Tremolet and Basset (2012) and
Wilke (2021, 2024). The proposed solution involves using
parametrization in CAD geometry design. The benefits of using
this approach were presented in Sagimbayev ez al. (2021) and MA
et al. (2021). Parametrization is also currently used for airfoil design
(Allen ez al., 2021; Lim, 2018; Vu and Lee, 2015), structural design
(Tixadou, 2021; I'pebenmkoB et al, 2021) and aerodynamic
design (Bailly ez al., 2019). Therefore, the second step, following
comparative analysis, was the preparation of the main rotor blade
shape as a parametric model using the Graphic Integrated
Programming (GRIP) language. The evaluation of the model’s
application in CFD analysis was published in Kocjan ez al. (2022).
In addition, in further research, the CFD fluid domains were
parametrized and simultaneously generated with a full n-bladed
rotor for CFD analysis under different flight conditions. The aim of
preparing the CFD environment and parametrizing the rotor
model and its enclosures is to obtain a solution for quick
preparation of (fluid-structure interaction) analysis.

The second part of preparing the FSI analysis involves setting
up a finite element structural loads simulation. Therefore, to
integrate it with the optimization procedure, a parametric
structural model also needs to be prepared. This paper presents
the preparation of a model for further analysis with preliminary
strength analytical calculations. The preparation of the CAD
parametric model is conducted using the GRIP language,
which is implemented in Siemens NX software. Examples of
GRIP usage are shown in Grabowik er al. (2015), Ryazanov
(2016) and Shabliy and Dmitrieva (2014). This language
provides the capability to generate external body or inner
structural parts of the airframe that are currently being
designed. Within the code, mathematical calculations, logical
conditions and geometry creation are possible. The main
advantages of the presented solution, which will be
demonstrated in this research, include mass and inertia analysis
built within the code. The functions offer the possibility to
obtain numerical features of any geometry shapes, which can be
used to prepare an optimization procedure. The program code
presented in this paper, which generates geometry preliminarily
prepared and calculated for given flight conditions, is prepared
by the authors.

Another approach to main rotor blade optimization is the
aeroelastic features optimization. Researches that are conducted
nowadays are focused on enhancing features that concerns also the
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vibration of the blade. One of the most interesting studies are the
influence of the BERP-like blade tip on working conditions and
aeroelastic response (Johnson ez al., 2016; Moffatt and Griffiths,
2009). In this kind of studies also the computer methods are used.
Some examples of the CFD analysis including vibrations analysis
are shown in Allen er al. (2009) and Cornette er al. (2015).
However, the exploration that are aimed at single or multicriteria
optimization, that takes into account the main rotor blades
aeroelastic attributes, are valuable and shows the procedures to
obtain the best main rotor attributes. This is also the aim of
research described in this paper. Very good examples of the
optimization mentioned above are (Ganguli and Chopra, 1996;
Guo and Xiang, 2004; Kizhakke Kodakkattu ez al., 2018; Liu and
Zhang, 2021; Morris et al., 2008; Straub et al., 1992; Tarzanin
et al., 1999; Wang er al., 2013). As it can be spotted there is many
research that provides the solution for optimization and vibration
reduction; however, there is not many published papers that use
the FSI method for that purpose. One example is presented in
Sinem and Metin Orhan (2018).

The optimization of the blade structure is described in Barwey
and Peters (1994), Chattopadhyay ez al. (1995), He and Peters
(1992), Tian er al. (2022), and Vu ez al. (2016) in which various
aspects of the structure are taken into consideration. The
most significant for the presented research are the strength
considerations in aspects of its aerodynamic loads; however, the
proposed procedures have not been developed using modern
computational techniques. The example of modern optimization
research where the advanced analysis is presented was published in
Salh Eddine ez al. (2023).

Taking into consideration the conducted analysis of research
that were performed in helicopter main rotor design enhanced
with optimization techniques, there is lack of the studies that
combine the parametrization of the rotor blade for both
numerical and analytical analysis, where the analytical model
takes into consideration the inertia and mass features of the
structure.

The novelty of this study lies in combining analytical research
with computer analysis of the blade structure to obtain exact
mass and inertia parameters and optimize the shape of the spar
across various spar cross-sections.

The analytical analysis for generating the structure is
conducted using MATLAB software. Originally developed
codes, with implemented mathematical formulas, calculate
main rotor loads and bending moments. The generated loads
are presented graphically as functions of radius and azimuth.
The natural frequencies are also shown in charts. The process of
generating the load and frequency shapes is automated and
implemented into the code. The program recalculates the
inertia parameters at selected cross sections of the blade,
providing a comprehensive tool for analyzing structural features
and working conditions. Consequently, the designer can quickly
evaluate the case and identify possible weak points and faults.

Calculated loads are transferred into a CAD parametric
optimization program (prepared using GRIP), where the shape
is formed and assessed to meet the given material properties
using an optimization procedure. The research also introduces
features of modern composite structures.

To the best of the authors’ knowledge, the approach presented
in this paper has not been combined in any known research,
making it unique in main rotor blade structure design studies.
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Analytical model

Main rotor aerodynamic load

To estimate the main rotor aerodynamic loads for structural
analysis, it is necessary to calculate the main rotor trim angles.
The method of trimming was described in the previous phase of
the study (Kocjan ez al., 2022) Trimming can be performed for
all types of flight conditions. Finding pitch angles and flap
angles is the first step in determining the main rotor blade load:

0() = 0y — O;cos(y) — Bsin(y) @))

B(#) = By — Brcos(h) — Bosin(h) (2)
where 6 are pith angles, (3 are flap angles and the ¢ is rotor blade
azimuth. The rotor motion is shown in Figure 1.

The rotor thrust which can be assumed as a rotor lift is given
with the equation:

1
dT = 5ap(eu% +U,/Uyr)dr 3)

where a is the lift curve slope and p is the air density. However,
to calculate the thrust an velocity components at the blade are
needed to be estimated:

U,= OR (A’ - % - M,Bcosd/) 4)
Ur = QR(x + usiny) 5)

where Q is main rotor rotational velocity, R is the rotor radius,
and u is the advance ratio. The inflow ratio is given with:

(X = (Vsinap — v;)/QR (6)
where V7is the rotorcraft velocity ap is rotor disc angle of attack
and v; is the rotor induced velocity.

Rotor blade normal modes and frequencies

Estimating the bending shapes of the rotor blade requires
calculating the natural frequencies and normal modes. There is
no single technique or procedure to determine the values of
vibration parameters. For this research, the Rayleigh—Ritz
method was chosen, and the algorithm used is based on (Wilde

Figure 1 Rotor velocity and blade motion

z
b

| 58 g

ijf‘

Source: Reproduced from Johnson (1994)
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and Price, 1965) In this method, the energy equation of the
rotating beam is minimized:

R 2.\2 2
d“y 1_ o(p2 (D 2 2
e:/o {E1<dr2) +§mQ (R? —?) o — mw”y” (dr
)

where E is the Young Modulus, I is the second moment of area,
yis the natural mode shape and w is the natural frequency.

The applied method of solution provides possibilities for using
the method in numerical software. The equation is transformed
into matrix form, with each part being transformed into Fourier
series. This allows for the application of nonconstant mass
distribution into the procedure and enables the utilization of the
orthonormality properties of Fourier series. To further simplify
the procedure, the spanwise coordinate is given as x = m/R.
Then the equation’s components are:

EI R
% = ancosnx ()
1
MR (72 —x%) &
s = Z gncosnx 9)
1
Yy = apx — Z a,sinnx (10)
1

Substituting the parts of energy expression we get:

. o0 o0 2 o0
E :/ <ancosnx> <Zn2ansinnx) + <ancosnx>
1 1

0 1

ag — E napsinnx | — row?® | agx — E aysinnx | »dx

1 1
11

These equation can be written in a matrix form and A and B are
symmetric matrices with p and g coefficients:

(A*IB —%)g =0

where I'? = 2w’r, and a is the matrix of coefficients of normal
modes shape. Calculating the latent roots of the matrix A 'B
the natural frequencies and shapes are obtained.

(12)

Rotor flapping blade bending moment

After preparing the earlier results, the bending moment can be
estimated for different spanwise coordinates and azimuthal
locations. The first step is to establish the external forces on the
blade. These external forces consist of:

« the elementary lift dT=dF,;

« the blade weight m’'gdx;

. centrifugal force of rotation m’ w*rBdx;

+ the force inertia for flapping —mx G

« the force of inertia of deflection —mx y;

«+ the centrifugal force of flapping m/x(3 2;

Downloaded from http://www.emerald.com/aeat/article-pdf/97/1/37/9702434/aeat-03-2024-0084.pdf by guest on 21 September 2025



Publikacje naukowe - Zalacznik AS.

Parametric structure optimization

Aircraft Engineering and Aerospace Technology

Fakub Kocjan and Robert Rogolski

« the Coriolis force due to the simultaneous action of blade
deflection and flapping motion —23ym'; and

+ corrective term of the damping of the lift force due to the
flexural elastic deformation of the blade — K.

In this calculation, the Euler—Bernoulli beam theory was
chosen. In this theory, the main assumptions are that the cross
section of the beam is rigid (i.e. no deformations occur in the
plane of the cross section), and shear deformations are
neglected. The cross section remains plane, unstretched and
normal to the deformed axis of the beam after deformation.

Authors resigned from using the Timoshenko beam theory,
which is mostly used in the case of short or thick beams where
shear effects can be significant. This theory includes the effects
of shear deformation. As a result, the difference in Timoshenko
theory is that after deformation, the cross section of the beam is
no longer normal to the beam axis. As mentioned above, this
effect can be neglected.

The differential equation of the blade is then:

d? < dzy) ,d (dy R , .
—\EI==) —? | = + +m¥ + K5
e EI o o o\ 5 /x m'(a+ &dé m” + Ky

= ﬁ—mg mxB —mwrp (13)
dx

The differential equation must be fulfilled by four conditions,
which specify the integration constants:

y=0 forx=0 (14)
d?y
Elw:Oforx:Oandforx:R—a (15)
42 d?y
2 (Elﬁ) =0forx=R—a (16)

To solve the deflection equation the second member, which
is independent of the deflection can be put into
function dF; = dFa— w’g — m’w2 x —mxB. We also put:

R
/ ' (a + §)d€ = S so the final form is:

az ( dZy) ,d ( dy)
2 (er%2) - +m'y+Ky=F 17
ae \Flgn) =@ o \sge ) T+ Ky = Fixer) A7)

The applied calculation formula estimates the distribution of
bending moment to the third harmonic of natural shape. This
method was chosen due to its compatibility with the MATLAB
environment.

Initially, we use the natural deflection functions of the rotor
blade to solve it. For simplicity, we consider the vibration state
to be undamped. The bending moment is assumed to result
from the forces acting on the rigid blade. In addition, the time
function can be expanded into a series of periodic functions,
represented as iy = wt, therefore:

M,y = Moy + Mcosy+ Mysings + Mp,cos2if + Mapsin2is
+ M3,c083¢) + Mspsin3if. .. (18)

This moment concerns the distribution of external force F/
which constitute the second term of the equation. These forces
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should also be resolved at each point as a series of deflection
distributions correlated with the natural mode shape. The
natural functions can always be resolved into series. The
proposed series take form:

F,=gom'ny +gim'n, +gom'n, + ... (19)

where g; is the function a function of time only and n; is the
bending natural function of the order 7.

The 7 order deflection of the main rotor blade affects at each
point the natural mode function, it is given by function:

yi = hin; (20)

where #; is the function of time. The deflection is obtained by
superposing the many natural deflections of the blade vibrating
at the corresponding natural frequencies, using the /%; function
which defines the amplitude and phase. Therefore, for the
-order frequency:

i () e 5 (+52)
h; EI L) — hijw” — L)+ hy; Y = i 21
" dx? dx? wdx dx " gim'n; 21

Next, the natural vibrations of a freely vibrating blade with an
angular velocity w allow an infinite quantity of solutions, using 7
stnovt a function a limiting conditions and the below function is

satisfied:
dz ( d2n> ,d ( dn) )
— | EI=— | — &*— (s— | = V*w'n, 22
dx? dx? @ dx de v @2

As a consequence, for the natural function we obtain a rotating
beam function for every natural frequency:

d? ( d2n> , d ( dn) )
=\ EI=Z! ) =02 'y, 23
dx2 dxz w dx $ dx Vz,a)m ;i ( )

where v; , is the corresponding function of natural frequency at
the w speed of rotation.
When the equations are simplified, the result is:

hl‘Vl%w + ]’l, =g (24)

The functions given above #; g; are periodic with respect to s, so
there can be transformed into series:
hi = hio + hi,cosif+ hipsing + h;2,c082 + h; psin24s 25)
+ hi3,c083¢+ hiszpsin3i. ..

& = 80 T 8i.aCOSY + gipSiNh + g;2,COS2¢) + g; 2pSIN24)s

+ 8i3,C083¢ + g;3p8In34f. . . (26)
Therefore, the differential equation can be written:
=| dZn) d ( dn )
— | EI== ) — o +
- {h ( dx? @ o g ) T
=3 g, @7

Limiting the equation to third harmonic and resolving the
identification of the coefficients, it can be reduced into:
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hioV?, = &io (28)
hia(Vie— @) = gia 29
hip (Viw - wz) =%is (30)

hiza (Vi — 40?) = gi2a (31)
his (Vi —407) = gis 32
hisa(V2, — 967) = gia (33)
hizp <Vﬁw - 9w2> = 8i3b (34

To determine the g; it is needed to multiply the members of
the equation (19) by 7; and conduct integration over the
blade.

Taking into consideration the orthogonality condition:

R
/ m’nmjdx =0 1#£7 (35)

0

it provides:
R R
/ amdx = g / m' ;2 dx (36)
R
/ Fym;dx

Gi="0 (37)

/ m'm;2dx
0

Next, the bending moment on the deformable main rotor blade
is computed. The single harmonic acting the outside forces,
produces the elastic deformation:

1=00
[gl naM M;COSNY + gi n,smmﬁ] (38)
=1

which is:

7

¥
3

h{ B (39)

=1

zym{ _

When the terms /%; are replaced by values which are obtained
from (28-34), the corresponding bending moment:

a il d2 ;
Meias: n{ = ﬂ — EI U { C-Osn¢ (40)

b v, — nta? dx? | sinny

Because the natural functions exhibit minimal variation with
changes in angular velocity, the ith order natural function at
w = 0, is comparable to the same natural function for the
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standard angular velocity. This simplification incurs an error of
only 3%, making it suitable for application in this solution.
As a consequence, the natural function 7; fulfills the equation

(23) and:
i (51 52) = i, @

In result:
EI ‘f; sz‘ =% / /;Rm’ ndxdé (42)

After replacing in (40) the value of EI & ’7’ with (42), the elastic
blade bending moment equation is obtalned, which is can be
integrated along the blade:

Melasz n Z = Z(Vl — nzwzgzn{ // m ﬂ,dxdf) (43)

i=1

The value of the g; is calculated from (37) for the azimuth
values for a given acting forces. The expansion of the g; into
Fourier series expresses the coefficient:

gl;n{ ; (44)

Practical bending moment calculation procedure
Considering the equation calculation, a practical calculation
method is proposed in de Guillenchmidt (1951). This method
offers a step-by-step solution that can be applied to numerical
calculations. The first step, as described earlier, involves
calculating the natural functions and corresponding natural
frequencies of both rotating and nonrotating blades. In the
second step, we evaluate the values:

‘R R R
/ m/nlzdx/ m’nzzdx/ m' 32 dx (45)
0 0 0

Next step is to determine the outside forces on the rigid main
rotor blade for different ¢y (minimum eight positions with 45°
spacing), so the position are evaluated for:

R R R
/ Fd”’hdx/ Fd”’)zdx/ Fld”flsdx (46)
0 0 0

Taking into consideration the (37) equation the function are
calculated:

R R R
/ Flimdx / Flym,dx / Flimydx
0 0

R 82 = —R 83 = : (47)
/ m'm,2dx / m'm,2dx
0 0

R
/ m' n52dx
0

The function (47) can be developed into Fourier series. The
series are produced to third harmonic of ¢/

81 =

81,0 8ta 81p --- 813b
82,0 82a 82p --- 823b (48)
830 83a &b --- 833b

The bending moments are calculated for each harmonic and
for different station on the blade span using equation:
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=3

M= M, (49)
i—1
The inner functions are estimated with:
R
M; :// m' nydxdé[Aio + Aircos(Y— ¢y — ¢iy)
+Aipcos(24— Pip — ¢i2)
+Aizcos (3¢ — i3 — @i3)] (50)
where
v
Aio =580 G2
Ajy = ——0VE e T8 it (52)
’ 2
\/<1/§w - n2w2> + 22 @% w*
°nd
tanyg,, = 2" (53)
' (Vﬁw — nza)2>
tang;, = S (54)
8ina

Optimization method

As it was mentioned in introduction this paper presents the part

of research that is aimed at finding solutions for main rotor

optimization problem. The proposed algorithm for the entire

program is presented on Figure 2. The structure optimization is an

inner procedure inside the presented loop. It is included inside

the “parametric modelling” element, where the outer shape and

CFD enclosures are generated, as well as the blade inner structure.

The inner structure optimization is performed using computer

techniques; however, some mathematical assumptions must be

made. This procedure is a single-criterion mass reduction process

while maintaining the required strength. The mathematical

description is presented below:

»  Decision variables: h — spar height, d — honeycomb wall
position, ¢ — spar thickness

»  Parameters: material properties, flight conditions

«  Constraints: odop > omax(h, d, t) — strength condition;
h >0, t> 0, max airfoil thickness position > d >0

«  Crniteria: m(h, d, t) — minimum

The process of resolving main rotor blade stresses and
subsequently optimizing the shape is divided into steps, with
each step described in consecutive chapters.

The first phase of the proposed method involves resolving the
mathematical model presented in Chapter 2. This model was
implemented in the MATLAB environment to solve equations
and compute values for rotor parameters. The results serve as
the basis for a customized GRIP program to assess the best
structural shape.
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Figure 2 Main rotor optimization research algorithm
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The problem was divided into two separate codes. The first one
was prepared for the main rotor trim, involving calculations of
blade loads. The second one focused on blade mode shapes,
natural frequencies, and finally, the determination of bending
moment values and distribution.

To initiate the calculations, the first code begins with
declaring the geometric and aerodynamic parameters of the
main rotor. Basic helicopter parameters, especially weight, are
also included. In the input section, initial blade mass
parameters are declared. These parameters can be based on an
existing blade or estimated using statistical data from similar
constructions. Such statistics were compiled in the initial phase
of the research program (Kachel ez al., 2021).

In addition, the user declares the flight conditions under
which the main rotor blade stresses are evaluated. These
conditions describe the flight with the forward speed and climb,
and include the statistical change of the center of gravity as a
function of velocity. The forward speed is also calculated in the
form of an advance ratio.

The next step involves parameterizing the rotor chord and
twist so that their values can vary along the span. The calculated
coefficients will also be used in the program that generates the
geometry for structural evaluation.

The subsequent stage of the procedure involves trimming the
main rotor pitch and flap angles. The code has been partially
prepared in previous phases of the research. Trim angles are
determined by resolving acting forces horizontally and vertically
with reference to the rotor-disc plane. After acquiring the trim
angles, the blade aerodynamic loading can be determined. By
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solving the equations of velocity components, the lift distribution is
obtained. Examples of aecrodynamic loading distribution generated
using the MATLAB environment are shown in Figure 3, whereas
the total aerodynamic loading is depicted in Figure 4. These
figures illustrate that the calculated loading offers a means to
evaluate the rotor’s working conditions. It can be seen that the
behavior of aerodynamic forces slightly changes with inflow ratio
increase. Especially on advancing blade position (azimuth 135°
represents the transition position), where the influence of
maximum forward speed, due to the inflow angle change, is
reducing the aerodynamic force. The blade geometric twist is
provided to reduce the diminish the negative force value.

The second calculation program, which receives the
aerodynamic loading from the first procedure, is used to find
first the natural modes and frequencies and next solve the
bending moment equation. It also includes the declaration of
inputs part of the code, where the geometry and mass
dimensions of the rotor are given. In this phase, the stiffness
declaration is provided as a function of material Young

Volume 97 - Number 1 - 2025 - 37-51

modulus and moment of inertia. The stiffness alters along the
span due to the change of cross section of the blade spar. The
moments of inertia are established using the GRIP program,
which will be described later.

Furthermore, the program calculates the natural mode
shapes and frequencies. The calculation procedure
implemented in the code is described in section Rotor blade
normal modes and frequencies. Matrices are prepared
to compute the vibration quantities up to the 8th harmonic.
Using the built-in functions of MATILAB, the results are easily
obtained. Functions are transformed into Fourier series using
the Fourier Series integral definition, and then matrices of
coefficients are constructed. The eigenvalues of the matrices
equation are determined using MATLAB’s built-in functions.
The characteristics can be evaluated for every shape of a blade
and materials that are used. Exemplary results for the rotor
blade (W-3 helicopter rotor blade shape) are depicted in
Figure 5. The natural function value is normalized and the
radius is parameterized as a function of 7.

Figure 3 Aerodynamic loading distribution for different inflow ratio (flight speed)
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Figure 4 Aerodynamic loading in function of radius for: . = 0.1
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In the next step of the code execution, the bending moment for
the first three harmonics is obtained. The outside forces,
established in the first program and described in section Main
rotor aerodynamic load, are input for the aerodynamic loading.
The damping coefficient is estimated, and then the outside force
and mass distribution are correlated with the natural vibration
shape. The procedure is applied as follows: the time functions g;
are calculated for each harmonic, and the resultant equations are
substituted into the bending moment function, respectively, to the
harmonic number. The calculations end with summing the total
bending moment, which is a function of radius and azimuth. An
example of the values of bending moment depending on the radius
and azimuth is shown in Figure 6. The maximum bending
moment values are written into a file to serve as input for geometry
strength analysis.

Graphics integrated programming

The primary objective of this study is to develop a new method for
preparing the main rotor blade geometry for FSI analysis and
optimization. The aim is to reduce the time consumption of
complex simulations and find the best strength structure by
combining analytical calculations with the capabilities of open
GRIP inertia analysis code, which is an integral part of Siemens
NX. The program has been partially used because the initial stages
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of the study, as the external geometry needs to be exact for further
FSI simulations, ensuring connections of corresponding faces.

The blade model is parametrized in the program using main
rotor geometric features. The designer can input values into a
popup input window, corresponding with the input values from
MATLAB programs. The first parameter is the blade chord
and rotor radius. The airfoil is shaped from a text file with the
coordinates, allowing the operator to prepare the geometry for
any chosen airfoil. The next phase of parametrization involves
polynomial coefficients for twist and chord of the blade,
allowing them to vary along the span. The outer model is filled
with the structure. The inner assembly of the blade is based on
existing solutions, with the main spar and filling in the leading
edge part, and a honeycomb structure in the trailing edge part.
An illustration of the CAD model is shown in Figure 7.

With the prepared solution, the blade shape can be freely
changed in accordance with the analytically calculated values. The
shape building process relies on built-in GRIP commands for lines
and splines, which are used to create the requested shape.

Furthermore, the program conducts the analysis and strength
calculation. Using integral commands, the mass and inertia
analysis of the cross sections and the entire 3D geometry are
performed. As a result, the moment of inertia of cross sections is
obtained. The density of the parts is programmed by the user,

Downloaded from http://www.emerald.com/aeat/article-pdf/97/1/37/9702434/aeat-03-2024-0084.pdf by guest on 21 September 2025



Publikacje naukowe - Zalacznik AS.

Parametric structure optimization

Aircraft Engineering and Aerospace Technology

Fakub Kocjan and Robert Rogolski

Figure 5 Natural modes and frequencies
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Figure 6 Main rotor blade bending moment function
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allowing the 3D analysis to provide the total mass of the blade
and the mass of the components. The moment acting on a blade
in respective sections is loaded from the file generated previously.
The strength equations are programmed within the code.
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Stresses are calculated for each cross section using bending
moment values and the moment of inertia from the GRIP
analysis. Finally, it is checked whether the required stiffness is
sufficient for the given loads. The program adjusts the spar
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Figure 7 Main rotor blade CAD model for calculation

dimensions to meet the stiffness requirement and iterates the
calculation until the requirements are met. The iterative
procedure modifies the dimensions in each step and evaluates the
new shape. A safety factor of 1.2 is proposed, but it can be
changed by the user. As a result, a CAD geometry is provided,
which can be applied in further complex analysis. An example of
the code with analysis options is shown in Figure 8.

Example of results

The steps that were described in the previous chapters were
combined into an optimization procedure. The entire
procedure is shown in Figure 9.

Volume 97 - Number 1 - 2025 - 37-51

proposed structure. The properties of the composite materials
used are presented in Table 1.

The procedure was conducted within six iteration loops. The
mass reduction and change of the center of mass are shown in
Table 2.

In each step, the change of the cross section and consequently
the change of the moment of inertia is considered. The
geometry is generated automatically, and the output is provided
as the blade CAD model. The spar cross section varies along the
span in accordance with the calculated bending moments.

Evaluation of the model

To validate the generated model, a one-way FSI simulation
is conducted. One-way FSI was chosen to check the
optimized structure in simulated blade working conditions.
The CFD simulation is proposed as stationary, so the forces
produced are transferred one-way to the structure. This
approach allows for the assessment of stresses and
deformations. In the next research step, a two-way FSI for
transient n-blade simulation will be established, taking into
consideration the evaluated structure as described in this
paper. The CFD part of the simulation is configured for a
single-blade fluid enclosure, as demonstrated in the
previous part of the research published in Kocjan ez al
(2022). The pressure distribution from the mentioned CFD
simulation is applied to the FEM model. According to

To demonstrate the capabilities of the procedure, the W-3
helicopter main rotor blade was recalculated using the original
blade dimensions and modern materials applied to the

MATLAB calculations, the flight conditions for a blade at
an azimuthal position of 360° are simulated. The inflow is
parameterized using calculated functions. An example of
pressure distribution is shown in Figure 10.

Figure 8 Code example

SPRR (4
251 SPAR (5
252 SPAR (€)=AUTCSF/LNS1(l),LNS2
253 SPAR (7)=RUTOSF/LNS1 (K} ,LNS2Z
254 SPAR (8)=SEW/SPAR(2..7)

), LHS3(
7) , LNS3 (K) , LNS4 (K)

25€ BLD(7)=SEW/SSAF(€..5)

257 MAT=MATRIX/TRANSL,0,0,0

5 BLD (5) =TRANSF/MAT,BLD(7)
SPAR (1) =TRANSF/MAT, SPAR(8)

]
J

zel BLD (€)= SUBTRA/BLD(8),WITH,BLD(7),CNT,c $3 enclosure

3€4 DELETE/LN, PT2, PT3, DT4, DTS, ITE, SDLC

PLN (1)=PLANE/YZPLAN,CO/3+wall
BLD(l..2)= SPLIT/BLD(5),WITH, PLN(1l)

271 FLN (2 )=PLANE/XYPLAN RE(3)+1
: SEC(1..3)= SECT/BLD(1) WITH, PLN(2)
BND (1)=BOUND/SEC(1..3)
- BND{2)=BOUND/LMS1 (1) ,INS2 (1) ,LNS3 (1) ,LNS4(1)
ANLSIS/TWOD,BND (1) ,MMETER, wyn2
ANLSIS/TWOD,BND(2) ,MMETER, wyn3

PRINI/ ' ======== Spar Cross section analysig-—-========
254 | DRINT/USING, 'Cross section area Fdz=2@@EREE.@E [mm~2]',wyn2(2)-wyn3(2)
285 § PRINT/USING, 'Moment of Intertia Idz—#EQEQEER.EE [mm~4]',wyn2(5)-wyn3(9)
FRINT/USING, ' center of mass: X=$2Q0000CC20280.000 =m',wynl(3)
28 PRINT/USING, ' Y=$EREREERERERR.ERE mm' ,wynl (4)
28 PRINT/USING, ' center of mass: X=#@22@Q22@2E2EE.Q2EE =mm',wyn3(3)
5 PRINT/USING, ' Y=$2@80000C0860. 082 mm', wyn3 (4)
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Figure 9 Initial structure optimization procedure
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The pressure is transferred to the model generated from the
CAD geometry prepared using the algorithm described in this
study. The mesh was prepared using the tetrahedral mesher
and thin mesher options. The base element size was set at
500 mm, with a target surface size of 0.025 m and a minimum
surface size of 0.005m. The meshing process was fully
automated for the imported geometry. The results of the
simulation confirm the parameters of the construction and
provide information that the model is fully applicable in the
FEM analysis environment. Examples of deformation and
stresses are shown in Figures 11 and 12.

Discussion

This research introduces a new methodology for preparing
geometry for subsequent FEM and FSI analyses. The
first section outlines the analytical assumptions for the

Table 1 Material properties
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Table 2 Iteration results

Center of mass

Step Mass [kg] [m from rotor axis]
1 60 4.73
2 40.01 4,91
3 35 4.76
4 34.43 4.74
5 34.70 4.79
6 34.70 4.79

proposed solution, including calculations for loads and
vibrations. The second part provides details on solving
analytical problems using modern computer environments,
accompanied by a description of the structural optimization
method. Furthermore, an example of the resultant geometry
with mass effects is presented, along with an evaluation
using FSI calculations.

It has been demonstrated that the generated CAD model is
fully compatible with FEM software and that meshes can be
generated for even extremely complex blade shapes.

The proposed solution offers a novel approach to helicopter
design. First, it addresses procedures for resolving natural mode
shapes and vibrations of rotating blades, followed by blade
trimming under various flight conditions. Furthermore, it
provides aerodynamic loading of the blade as a function of radius
and azimuth. Finally, the research includes the generation and
preparation of a preliminary optimized main rotor blade
structural model. These solutions can be used independently or
combined for any blade shape and flight conditions.

The results of this research are valuable for reducing the time
required to create and evaluate final models for various blade
configurations. It is crucial to note that the model has been
validated and is ready for implementation in further two-way
FSI simulations for full rotor geometry.

To evaluate the solution, the proposed geometry is based on
the existing rotor blade shape and dimensions. The forces
were calculated using real mission objective parameters
(e.g. velocity, height and payload). The flight parameters were
also based on data from the Flight Data Recorder. An example
of a 1-h flight is shown in Figure 13. The indicated velocity
presented in the figure is effective from 50 km/h, due to the
stream velocity from the rotor; however, it was not cut out to
include the moments when the rotorcraft is on the ground.

Material property Gr/E woven cloth

S-glass/E woven cloth Nomex honeycomb

Young's modulus (E11) [Mpa] 1.69E + 03
Young's modulus (E22) [Mpa] 1.69E + 03
Young's modulus (E33) [Mpa] 2.36E + 02
Shear modulus (G12) [Mpa] 1.32E+02
Shear modulus (G13) [Mpa] 1.32E+ 02
Shear modulus (G23) [Mpa] 1.32E+02
Poisson ratio (v12) 6.76E — 06
Poisson ratio (v13) 4.64E — 05
Poisson ratio (v23) 4.64E — 05
Density [kg/m°] 1.60E + 03

6.45E + 02 4.06
6.26E + 02 4.06
1.60E + 02 4.06
1.00E + 02 6.82
1.00E + 02 6.82
1.00E + 02 6.82
1.65E — 05 4.35E — 05
3.92E — 05 4.35E — 05
3.92E — 05 4.35E — 05
1.80E + 03 6.41E + 01
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Figure 10 Pressure distribution on the blade
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Figure 11 Blade deformation
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Absolute Pressure (MPa)
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The proposed method is part of wider research; however, the
studies described in this paper can be used as a stand-alone
procedure during rotorcraft design. The tool can be used to
assess the inner structure without integrating it with the
proposed rotorcraft optimization procedure. Nevertheless, in
this phase, it is limited to the Sikorsky helicopter layout.
Nevertheless, the challenge of covering of the various blades
structure was achieved for that layout.

Compared to existing design procedures, the main advantage
of the presented solution is the versatility of the tool for various
blade shapes, materials and environmental conditions, which
can be examined in a short time. Practically, it can be
implemented in the preliminary design phase of the rotorcraft,
allowing many options to be evaluated and some to be chosen for
the next design steps. It can also be implemented into the rotor
blade lifecycle to assess the existing construction using data
acquired during the rotorcraft’s life — flight data, maintenance
data, airworthiness data, etc.
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Displacement: Magnitude (m)
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Conclusion

The initial optimization of the structure is presented in this
paper, showcasing a combination of analytical calculations and
computer numerical analysis. The optimization of the spar
shape was conducted in six steps, with the process lasting
approximately 40 min. By parametrizing the spar dimensions in
subsequent selected sections, shape optimization was achieved,
resulting in the minimum mass of the spar, which has a
significantly greater density compared to the remaining
elements of the blade.

Considering the potentially time-consuming nature of
computer calculations, particularly when simulating an
articulated main rotor using FSI, the method outlined in the
paper offers an original method to reducing the time required
for model preparation for analysis. By inputting desired
performance parameters and previously obtained aerodynamic
features, the structure can be adapted to fit any proposed
blade.
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Figure 12 Stress distribution in the blade structure
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Figure 13 Indicated air speed, barometrical height and g-force
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The evaluation of the structure, provided with one-way FSI
analysis, demonstrates that the geometry is suitable for CAD/
CAE software. Introducing a tool, such as the one presented in
this paper, which automates mesh preparation, ensures
repeatability of the process for future designs.

In conclusion, the research objectives have been achieved.
The preparation method of the model using optimization
techniques is ready to be used independently or can be
integrated into a comprehensive optimization loop, as intended
by the authors for further research endeavors. What is more,
even though it is part of a research, the tool is ready to use and
can be implemented into the design process as described and
used to calculate and assess the blade structure. It can be used
in industry to optimize not only the structure but also provide
more efficient design and lifecycle analysis.
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Aerostructural Helicopter Main Rotor Optimization
Considering Mass and Strength Limitations
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Abstract — The ongoing military conflicts necessitate the construction of systems with superior
characteristics for extensive military operations. To keep pace with global advancements, the
Military University of Technology is enhancing design solutions. This work presents the final stage
of research aimed at optimizing the main rotor to achieve the best performance according to mission
profiles, while considering structural strength limits and mass reduction. The goal of the
multicriteria optimization is described using mathematical functions. An optimization functional and
a method for finding an optimal solution are proposed. The optimization procedure involves a
combination of computer methods, calculations, and Fluid-Structure Interaction (FSI) simulations.
The unsteady aerodynamic forces, influenced by structural deformation, are simulated for different
flight conditions, based on data obtained from flight recorders. The CAD model and calculations
are fully parameterized to allow rapid adjustments to input dimensions. The optimization loop is
presented as an algorithm, demonstrating the implementation of earlier stages of the research. The
paper concludes with potential applications of the algorithm in existing or new design projects. The
research introduces a novel solution for main rotor blade design, providing the capability to quickly
evaluate different constructions in accordance with mission requirements. Copyright © 2025 The

Authors.
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a Lift curve slope Ormax Allowable stress
¢ Chord ' ) Gstr Blade stress
D Dimensional constraint _ ®i Inequality constraint function
d Main rotor blade honeycomb width CAD Computer Aided Design
E Economic constraint ) CAE Computer Aided Engineering
gi Inequality constraint function CFD Computational Fluid Dynamics
h Main rotor blade spar height FEM Finite Element Method
hy Equghty constraint function FSI Fluid Structure Interaction
;”/[ ﬁel.lcopter mass ) GRIP Graphic Integrated Programming -
aintenance constraint programming language
mb Blade mass o ] MTOW Maximum Takeoff Weight
n Number of decision variables NORM Average values for normalizing
nr Rotor angular velocity the functions
p Number of constant parameters p=N-n
(0] Criterion function
0 Quality constraint I. Introduction
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rotorcraft enhancement can be identified. The first focuses
on the development of the Sikorsky configuration. The
designs are being developed to provide better performance
within the limits of the classic helicopter aerodynamic
layout. The second stream involves the development of
high-speed rotorcraft. The high-velocity goal is achieved
by adding an extra propeller to produce thrust, while lift is
generated by the main rotor. Consequently, the Military
University of Technology is also taking part in developing
new methods and algorithms for aircraft structure
optimization. One branch of this research focuses on
finding new solutions for rotorcraft in the classic layout
stream. The main objective of this research is to develop a
multicriteria optimization procedure utilizing the latest
computer-aided design methods. There are several
contemporary approaches to solving optimization
problems. Each solution, even if it is a multicriteria
procedure, needs to focus on only certain aspects of the
functioning rotor blade. These approaches focus on
enhancing the helicopter's speed, sound, power, etc.,
primarily aiming to provide better aerodynamic features.
The optimization can be achieved using various methods;
however, most of them are focused only on one aspect of
the construction. The findings of research focused on main
rotor aerodynamic optimization are published in [1]-[6].
In Europe, there are two main institutes focused on
enhancing main rotor design. These institutes are the
leaders in European rotorcraft research: the ONERA
French Aerospace Lab and the DLR German Aerospace
Centre. Their results are presented in [7]-[11]. The process
described in the paper combines two CAE methods for
analyzing the construction's working conditions. Firstly, it
involves CFD analysis for the main rotor and blade shape
evaluation. The research that also shows the usage of
computational fluid dynamics for the described topic is
presented in [12]-[15]. This research also involves
structural optimization. In this field, recently published
research is focused on strength analysis using previously
acquired data or calculated forces. Recent studies focused
on structural optimization are described in [16]-[19],
where different aspects of the structure are considered.
These studies mainly consider structural optimization;
the aerodynamic aspect is not the subject of a
comprehensive mutual analysis. This paper outlines the
optimization procedure resulting from three years of
study. The research was divided into phases to concentrate
on each element of the optimization algorithm. Each phase
underwent  evaluation through presentations at
international conferences and the publication of findings
in scientific journals. The first step, which is a novelty in
recent research, began with the analysis of helicopter
construction, where nearly 70 helicopter designs were
evaluated and compared using absolute and relative
values. The results of this analysis were published in [20].
The second stage was aimed at preparing the parametric
model for fluid dynamics computational environments
and comparing the results of simulations to select the best
solution for further work. The research was described in
detail and published in [21]. The parametrization of the
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model is developed using the GRIP (Graphic Integrated
Programming) language, which is implemented in
Siemens NX software. Examples of GRIP usage are
demonstrated in [22]-[24]. This language provides the
ability to generate external surfaces or internal structural
components of the airframe that are currently being
designed. In the third part, the simulations were enhanced
by developing a parametric model of the rotor blade,
including the parametrization of the fluid enclosure for
different flight conditions. The model was generated for
planned simulations, with the n-bladed rotor initially set
up for these simulations. Computational Fluid Dynamics
(CFD) calculations were made and compared with
existing rotor parameters to validate the findings. The
results were shown in [25]. The next stage was aimed at
preparing the structural model for Finite Element Model
(FEM) analysis, which would be combined with CFD as
Fluid-Structure Interaction (FSI). The structural model
was also parametrized, and the inner structure of the blade
was reproduced and generated. This phase of the study
was described and published in [26].

This paper is organized in a specific manner. The
research methods are described in Section II, where the
mathematical model, which forms the basis for parametric
programming, is defined, along with a description of the
entire algorithm. Section III presents the results of
parametric programming. The research methods and
findings are discussed in Section IV, and the work is
summarized and concluded in Section V.

II. Research Method

1I.1.  Mathematical Model of Optimization

Every design is defined by the previously described set
of parameters. If each of these parameters is assigned a
specific value, the entire design can be described by a set
of n numbers, where n is the number of characteristics
describing the design. The design is thus a vector x in an
N-dimensional Euclidean space. The vector of parameters
describing the defined properties of the design is the
mathematical model of the structure:

X = (%1, %, e, Xy), X €RN )]

The coordinates of vector x can be divided into constant
parameters and parameters determined  during
optimization — decision variables (design variables):

X = (X1, ey Xy Xy 1s weer» XN) ?2)
where: xq, ..., X, ate decision variables, x4, ...,, Xy are
else constant parameters, n is the number of decision
variables, p is the number of constant parameters p=N-n.

Equality constraints take the form of:

hi(xq, ., x,) =0,  j=12,..,m

3

and inequality constraints take the form of:
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“4)

gi = (xq, ., ) 20
or:

@i =(xy, ., %) =20, i=12,..,q Q)
The set of feasible solutions is the set of points in an n-
dimensional Euclidean space that satisfy the conditions
described by Equations (4) and (5). Denoting this set by X
and assuming that it is non-empty, we obtain the
mathematical formulation of the first principle of
construction:
xeX, XcCR" (6)
Construction X that satisfies Equation (6) is called a
good construction. According to the second principle of
construction, among the good constructions, the best —
optimal — construction is chosen based on the adopted
criterion. The criterion is expressed by the function
Q(x) = Q(xq,...,x,). As a result of appropriately
selecting decision variables, the objective function should
reach its minimum or maximum value:

Q@) = Qopela) = {0 ™
where:
X' =(x{, ., xp) €X ®)

is an optimal construction.
For the task of minimizing the objective function, the
second principle of construction can be written as:

@ ex:{ 2,0 2 0"} ©)
and for maximalization task:
@ e x):{; 2 0® < @)} (10)

A mathematical model is crucial for the correct solution
of an optimization task. It allows the translation of reality
into a physical model using mathematical functions. The
models used should accurately reflect the real problem, as
computer methods can sometimes evaluate cases that have
no engineering relevance. However, it is suggested that the
model should be as simple as possible, including only the
required construction parameters. In some cases, the
optimization task requires using more than one criterion —
these kinds of problems are called multicriteria
optimization tasks. Mathematical model of structure
optimization consists of:

e a set of decision variables and other parameters
describing the design;

e aset of constraints (limiting conditions);

o the objective function (or set of objective functions),
which is a mathematical representation of the

Copyright © 2025 The Authors. Published by Praise Worthy Prize S.r.1.
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optimization criterion.

In accordance with the structure model (2), the
construction can be treated as a vector in the construction
space. When the coordinates of that vector are numbers,
the construction space is an n-dimensional Euclidean
space. If the coordinates of that vector are functions, the
construction space is a functional n-dimensional Hilbert
space. The construction parameters are divided into
parameters and decision variables. The set of decision
variables is defined by the decision variables vector in a
new space, which is reduced in relation to the construction
space. This new space is called a design space:

¥ e€R"c RN (11)
where n=N—p, N is number of -construction
parameters, n is number of decision variables and p is
number of parameters defined by the constructor. The
feasible region (feasible set, set of feasible solutions) is a
subspace (subset) of the design space:

X cR" (12)

The feasible region is formed by imposing equality and
inequality constraints on the construction. After
considering the discussed groups of constraints, the
feasible region is the product of the following sets:

X=EnNnDNnQ@nM (13)
where E is the economic constraint, D is the dimensional
constraint, Q is the quality constraint and M is the
maintenance  constraint. The objective function
(optimization criterion) can be represented as an operator
that transforms the feasible region X into another region Y.

This operator transforms the decision variable R™ into
the space RY, known as the criterion, objective, cos
function or quality space.

IL.2.  Multicriteria Optimization Problem

Nevertheless, the optimization solution presented in
this study is a multicriteria optimization problem, in which
the mathematical model described above should be
developed.

Multi-criteria optimization involves formulating a
superior optimization criterion, which is a set of partial
criteria for evaluating the construction. This approach is
commonly found in optimal design, based on a systematic
analysis of the problem. Designers often must solve
problems where the construction must simultaneously
meet several, often conflicting criteria.

This creates a decision problem, which involves
determining the importance of each criterion. In the design
process, the designer should strive to achieve their
objectives as effectively as possible (the second principle
of construction). The entire design procedure can be
treated as a decision-making process. In their work, the
designer should consider the following assumptions:
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e It is possible to choose a solution only from the set of
feasible solutions;

e The designer has at their disposal a self-created or
externally imposed value system that allows for the
evaluation of solutions;

e The designer is able to determine which solutions are
considered better, those that are preferred based on the
adopted value system;

o The designer is able to justify and defend their
satisfying choice, which is considered optimal in their
assessment.

The described situation is called the problem of optimal
choice. If the value system allows specifying evaluation
criteria, then the problem becomes a multicriteria
optimization problem. Solving this problem requires
determining the set of feasible solutions and their
evaluations.

The task requires defining a vector function through
which the set of evaluations will be mapped. A
characteristic feature of multicriteria optimization is
obtaining a set of optimal solutions with varying degrees
of compromise between the individual criteria. Due to its
mathematical properties, the description of the optimal
choice problem is very complicated and, from an
engineering point of view, not very useful. The designer
uses other decision support techniques to make the
optimal choice. Multi-criteria engineering optimization, as
a tool for system design, must be characterized by:

e The application of a systematic approach;

e The use of primarily discrete sets of decision variables,
providing solutions of a practical nature;

e The use of multi-criteria evaluation of solutions using
decision-making methods.

In accordance with [27], The general mathematical
model of multi-criteria optimization is presented as
follows:

1. Given that X € R™ is a set defined by a system of
inequalities and equalities:

X:={xeR: gx) =0,h(x

0}
where the mapping g: R™ - R™ is the description of
the system of m functions:

(14)

gi:R" > R,(iel,m) (15)
and a mapping h: R™ — RP is the description of the
system of p functions:
hi:R" > R,(i€p),p<n (16)
The mappings g, h € C*(x) form the set of feasible
solutions, with the vector g(X) representing the set of
inequality constraints and the vector h(X) representing
the set of equality constraints. The vector X is a specific
design solution, a vector of decision variables;
2. Given is the mapping f: R™ - R%,q > 1, defined by
a system of g functions (partial criteria) f,: R™ —
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R,(k € 1,q);

3. According to the designer preferences, there is a
requirement to minimize or maximize the partial
objective functions f,(k € 1,q) over the set X.

In this work, the optimization process will be conducted
using modern computational methods. Therefore, when
solving a problem defined mathematically using modern
design methods, the process must be aligned with practical
considerations, i.e., the goal of obtaining concrete
solutions. Assuming that optimization criteria have been
established, the steps to determine the optimal solution are
as follows:

e Normalization of partial objective functions;

e Scalarization of the normalized objective function with

weight coefficients;

Defining a set of compromises;

Defining the preference function set;

Choosing a subset of preference solutions;

Deciding in accordance with the

preferences.

designer's
g

11.3.  Aerostructural Main Rotor Optimization

Mathematical Model

To achieve the goal of the research, in accordance with
Subsection II.2 of this article, the mathematical model of
main rotor optimization needs to be established. The
construction features were chosen as the elements of the
mathematical model sets:

1. The decision variables:

a) ¢ — main rotor blade chord;

b) R — main rotor radius;

¢) & —main rotor blade spar height;

d) d— main rotor honeycomb width.

2. Parameters:

a) materials properties;

b) airfoil properties;

¢) rotor rotational speed;

d) flight conditions.

3. Constraints:
a) strength condition - 04 > Oppax(h, d)
b) geometric condition - R >0, c>0,h>0, d >
0;
c) effect of blade deformation on thrust variation -
1();
d) maximum blade pitch - 8 < 0,,,,.
4. Objective functions:

a) performance criterion - T(c, R) = MTOW (h, d);

b) solidity criterion - w(R,c) — max;

¢) blade mass criterion - mb(h,d) = min;

d) mass forces criterion - F(m’) & balancing the
moment generated by aerodynamic forces.

The partial objective functions are scalarized and
normalized to prepare a multicriteria objective function of
main rotor aerostructural optimization:

F(c,R,hd) =w T(o(c,R)) + wyfii(h,d)  (17)
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where w; is the weight associated with aerodynamic
performance, which depends on the mission profile and
helicopter configuration, w, is the weight associated with
mass, which also depends on the mission profile and
helicopter configuration, T is the normalized thrust

function T = M, m is the normalized mass function
TNORM
. w(hd .
m= L), NORM is the the average reference value for
MNORM

a given type of helicopter and the expected mission
profile, calculated based on statistical data. To solve the
problem and obtain a design that fulfills the designer's
preferences, an appropriate optimization method needs to
be chosen.

In engineering solutions where the aim is to find
designs that not only meet the engineer's preferences but
can also be produced and tested for durability, discrete
optimization methods are commonly used. By combining
computer methods with analytical calculations, this
research proposes a state-space search method with local
search of solutions. The initial solution is based on an
existing rotorcraft blade construction or is preliminarily
generated based on analytical assumptions and existing
construction analysis.

II.4.  Aerostructural Main Rotor

Optimization Algorithm

To solve the problem, the mathematical model
presented in Section 2.3 is realized using the support of
computer techniques to obtain a solution that fulfills the
designer's preferences. The computer CAD/CAE/CFD
environments were combined to provide a discrete
optimization solution. The schematic of the algorithm is
presented in Figure 1.

,If Mizsion
J Requierements,

e a [ Performance and
Existing rotorcraft Main rotor . rcm;r ;rl|m o
tion and —e|  nalytical
analysis parameters calcalations

J
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Fluid Structure
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| Parametric

Modelling
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conditions
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movemnent - Fluid
Structure
Interaction
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| More rotor

" Fomponent:

-

Fig. 1. Aerostructural optimization algorithm
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The algorithm was developed during the last few years,
each of the elements presented on chart were evaluated
and the effects were published in [20], [21], [25], [26],
[28]. Below a short brief of the entire process is presented.

The procedure steps are described below:

1) To begin the process, the mission requirements should
be established. Depending on the helicopter's
utilization, the operational requirements determine the
performance aspects of the rotorcraft. The
performance features are used to evaluate the resultant
design shape and structure. In two milestones (the FSI
analysis), the obtained results are compared with the
prerequisites and evaluated to see if they produce the
demanded capabilities. Negative assessment results
provide information on which construction feature
should be changed to achieve the desired potential and
offer feedback to the parametric blade model. In the
phase of preparing the initial shape, the mission
requirements are used in the next step to choose the
coefficients and physical dimensions responsible for
the desired performance capability;

The second step of the optimization procedure is
comparing the mission requirements with the analysis
[20], [21], [25], [28] of existing rotorcraft
constructions. The analysis was prepared using data
from almost all helicopter constructions that the
authors were able to acquire from manufacturers'
websites, brochures, scientific articles, helicopter
books, catalogues, etc. The constructions were divided
in accordance with their size and utilization purpose.
The first comparison was made using physical
dimensions such as geometric features of the rotor or
the maximum takeoff weight. The second was
performed using dimensionless coefficients proposed
in the helicopter construction problem literature. The
trends of coefficient changes in accordance with the
helicopter's weight and size were established. By
analyzing the charts with the mission requirements, the
regions for possible enhancement of existing
construction solutions can be identified. In these
regions, the exact design parameters can be chosen as
optimization variables and parameters. Using the
variables and the mission requirements, the
multicriteria objective function can be prepared, as
described in Section I1.3. For the state-space search
method, rotor variants are proposed;

The proposed initial blade dimensions and parameters
are a result of the comparison described above. They
serve as inputs for the parametric modeling and the
performance and trimming calculations;

The trim and performance calculations are based on
the analytical model of the rotor work, the
mathematical model was presented in details in
previous works. The computations are based on input
parameters and solved using computer techniques. The
results of the programs are the performance estimation
with the main rotor blade trimming. The trimming is
realized for any flight conditions, the blades collective
and cyclic pitch and flapping angles are established.

2)

3)

4)
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Fig. 2. One blade simulation generated model

This phase also provides the lift force calculations for
blade bending moment assumption in parametric
modeling of inner structure. Blade position angles,
along with rotor dimensions, serve as the basis for the
blade CAD parametric model;

The essential part of the procedure is the parametric
modelling of the rotor. The CAD models are prepared
as input into combined CFD and FEM simulation.
Simultaneously outer shape with fluid enclosures is
prepared, firstly for one blade CFD analysis, and next
for full rotor simulation. The parametric CAD model
is generated using GRIP language which is built inside
the design software. The code was prepared to be used
for any blade shape that is proposed by the designer.
The examples of the generated blade shape with
enclosure is presented on Figure 2 and Figure 3. As
mentioned, also the model for FEM analysis is
parametrized. However, to enhance the process, the
preliminary structure optimization as an inner
procedure was established. The structure is evaluated,
using analytical calculations, to be prepared for the
bending moments produced by the predicted lift. The
natural mode shapes are taken into consideration
during bending moment calculations. The iterative
loop uses the GRIP program and its inner inertial and
mass analysis functions combined with mathematical
calculation software. The process in details was
described in [24]. The structure optimization
procedure is presented on Figure 5. The example of
resultant model for FEM simulation is given on Figure
4.

The models for CFD and MES are merged into FSI
simulation. To optimize the entire process, the FSI
simulation is divided into two steps. Firstly, a single-
blade model is simulated. In this phase, the model is
stationary, and the inflow is simulated using prepared
equations. In this phase the structure is checked to
confirm that analytical assumptions were correct, the
required lift is produced and structure is designed to
carry the aerodynamical loads. This step provides the
time save in entire process. This kind of FSI simulation
is not relatively time consuming and allows to make
corrections or try different configuration of the blade
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7)

dimensions in reasonable time. Example of simulation
mesh configuration is shown in Figures 6;

The construction is checked, in accordance with the
objective function and the best solution for the
performance requirements is found using a state space
search method,;

Fig. 3. Full rotor CAD generated model for forward flight simulation

Fig. 4. Structural model for FEM simulation
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“(b)

Figs. 6. One blade FSI simulation: (a) Fluid domain,
(b) close up for structure and boundary layer mesh

8) Ifthe founded construction meets the requirements and
is identified as the optimal solution for that phase, it is
then translated into second step an inflight n-bladed
rotor simulation, where real flight conditions and rotor
movement are represented.

This is also an FSI simulation where the forces that are

produced during flight are transferred to structural

analysis and then the displacement is translated into

CFD simulation. This is reproduced in each time step,

so the deformation and mass forces are considered in

the simulation and affects the resultant forces. The
example of simulation mesh configuration, where the

interfaces are visible, is shown on Figure 7,

The outcomes of the simulation are again assessed in

accordance with the mission requirements. The

construction is checked with the performance features
and the construction limitations. The variants are
compared to find the best fulfillment of the objective
function. The weight of the partial functions represents
the intention of the designer, what is preferred to be
more important in optimization process. If the
construction fails to meet the aerostructural
requirements, the results are used to adjust the
parametric model dimensions of the outer shape or
inner structure. The iteration starts again as it is shown

on Figure 1;

10) The process ends with an one or few rotor propositions
that fulfill the objective function and provide the best
required features. The model is ready to use in further
helicopter development.

9)

I11.

The result of the research is a new method for main

Results
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rotor blades design, which combines computer design
methods to obtain the best main rotor blade shape and
structure. The basis for the validation of the research is the
W-3 helicopter’s main rotor geometry. The blades are
parametrized using the real geometric dimensions and tip
shape with the parameters of airfoil. The initial parameters
are presented in Table I. The blade planform shape is
shown in Figure 6. As it was described earlier the blade
planform and dimensions can be adopted from any blade
shape.

II1.1. Mathematical Calculation
with Parametric Modelling

The configuration of the rotor blade shape for given
conditions can vary depending on the intended utilization
of the helicopter. To demonstrate the possibilities of this
method, an optimization proposal for the baseline blade
described above is presented. The calculations begin by
identifying various blade shape configurations that meet
the technological constraints for blade pitch and cyclic
angles while providing the required thrust. This paper
proposes an optimization of an existing rotor based on the
parameters outlined in Table I.

Considering the limitations of the power plant, rotor
shaft, and main rotor hub steering rods, the performance
improvement was calculated for a 200 kg increase in
MTOW. The criterion for the first cut of the calculation
procedure was to provide better performance with
maintaining similar pitch angles. The differences of the
pushrods settings can be eliminated using normal
maintenance procedure of adjusting the swashplate for
rotor trimming. Using the state space search ne values
were found. The proposed blade shapes (with rotor
solidity values), along with values resulting from
analytical thrust calculations, are shown in Table II.

The shapes, listed in Table II, that fulfill the
construction criterion for swashplate angles (to maintain
within the values that were initial for the existing
construction) are chosen for inner shape parametric
modelling. For each of chosen planforms, the blade
strength structure was optimizes as it was described in
[24]. The resultant shapes with the proposed minimum
weights are shown in Table III. The models prepared are
next evaluated using FSI to prove its strength and
performance capabilities. The simulations were prepared
using the method which was described above, and showed
in details in the papers from previous stages of the work.

Fig. 7. Full rotor FSI simulation
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TABLEI TABLE III
INITIAL PARAMETERS FOR THE METHOD VALIDATION MAIN ROTOR BLADE PARAMETRIC STRUCTURAL MODEL — ESTIMATED
Parameter Letter Value WEIGHT AND CENTER OF GRAVITY
Radius R 7.85m Radius Chord Blade mass Center of gravity
Chord c 0.44 m R [m] ¢ [m] mp [kg] z [m]
Twist v 12° 724 0,61 42,127 4,459
Lift curve slope a 6.4 7,49 0,54 37,186 4,612
Rotor angular velocity nr 255 rpm 7,55 0,5 33,527 4,637
Lock number % 9.65 7,46 0,62 34,260 4,572
MTOW m 6400 kg
Blade mass mb 65.5kg
‘Rﬂtar:':\s Dt rosion shioid g Blade radius _.‘ -
i
JNEY SR | .8
o
L — L
) — = et
i (a)
-1 e
0 10 MR
Fig. 7. The geometry of the main rotor blade: Rotor shape (c, chord and
¢0, mounting holes spacing), and blade parameters (a.S(1/R), geometric
twist angle in dependence on nondimensional radius; A and B, airfoil /j"
change zone; d, blade thickness) S
[
TABLEII " N
CALCULATED ROTOR DIMENSIONS WITH THE COLLECTIVE PITCH ‘}&y—’ =
VALUES FOR CHARACTERISTICS IAS
Collective Collective Collective Collective L
. Rotor pitch for  pitch for  pitch for  pitch for 7 g
Radius Chord ity TASS50 IAS100 IAS 150  IAS 200
[km/h] [km/h] [km/h] [km/h] (b)
R[m] c[m] 60[°] 60[°] 60[°] 60[°]
7,85 0,44 0,055 4,68 5,05 6,39 9,35 Figs. 8. Structural analysis: (a) displacement, (b) stress
7 06 0084 507 5,56 7,19 11,33
7 065 00899 4,67 5,06 6,67 10,55
71 06 008 486 5,35 6,9 10,67 111.2.  Time and Power Consumption
7,1 0,65 0,0912 4,48 4,85 6,4 9,94 . .
7,15 0,6 00824 4,76 5,11 6,62 10,46 One of the main goals of the prepared procedure is to
72 06 00818 4,66 5 6,49 10,06 develop a time- and energy-efficient method for the main
7.2 062 00845 449 4,89 6,34 9.85 rotor design process. The procedure was optimized to
72 0,65 0,0886 4,29 4,65 6,02 9,37 .. . . .
725 06 00813 456 49 6.36 9.86 minimize solution time. Calculations were performed on a
725 0,65 0,088 421 4,46 5.9 9,19 workstation with two Xeon Gold 6152 CPU 2.10 GHz
73 0,65 00874 4,12 4,37 5,78 9,02 processors, with total 44 physical cores and 128 GB of
74 065 00862 3,95 4.2 545 8,52 RAM memory. While the software uses a single core for
7,4 0,6 0,0796 4,29 4,61 5,87 9,14 i L he FSI Ivsi i 1l
75 06 00785 404 434 5.64 8,36 solving equations, the analysis utilizes all cores to
724 0,6 0,0814 458 4,92 6,38 9,9 achieve accurate results quickly. The model's
724 0,62 00841 441 4,71 6,24 9,7 parametrization and structural shape generation were
723 062 00842 443 4,83 6,26 9,74 conducted on the same hardware, with software which is
7,23 0,63 0,0855 4.4 4,68 6,07 9,44 1 . inol . The ti d
722 063 00857 442 471 6.1 9.67 also using single-core processing. The time was measure
724 0,61 0,827 4,54 4,86 6,31 9,8 from the beginning of the process until obtaining final
7,5 0,55 0,072 4,49 4,79 6,12 9,13 result.
7.5 05400707 454 4,85 6,2 9.42 The total time to obtain a set of results that is ready to
7,49 0,54 0,0708 4,56 4,87 6,22 9,46 . . .
75 05 00655 493 533 6.68 992 be assessed by the designer in accordance with
755 05 0,065 4,84 522 6,55 9,74 optimization goal, was about 53h. The most time
76 05 00646 474 5,02 6,43 9,56 consuming is the Full Rotor FSI analysis, which takes
7.6 048 0,062 495 527 6,62 9.83 average 90% of the process. The mean partial and total
7,5 0,53  0,0694 4,68 5,017 6,28 9,55 . . . . .
729 053 00695 47 503 6.43 0,58 time for calculations and evaluating the constructions in
748 053 00696 4,72 5,05 6,46 9,61 presented in Table IV.
7,48 0,52 0,0683 4,77 5,12 6,55 9,73
7,46 0,52 0,0684 4,81 5,16 6,6 9,81
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TABLE IV
PARTIAL AND TOTAL TIME OF THE OPTIMIZATION PROCEDURE
Phase Average Iiteratlons Averjage T}me Power
required per iteration
Analytlc.al 30 5 min 1 core 2.10 GHz
Calculation
Parametric .
Modelling CFD 1 2 min 1 core 2.10 GHz
Structural
Parametric 5 7 min 1 core 2.10 GHz
Modelling
One Blade FSI 2 70 min 44 cores 2.10
GHz
44 cores 2.10
Full Rotor FSI 1 48 h GHz
Full time 53h
IV. Discussion

The article presents the summary and results of new
main rotor design method which combines the
parametrization of the model, new engineering computing
solutions and optimization methods. As an output of the
optimization process, four shapes are proposed as an
example of the procedure's possibilities, each with
different blade mass but the same performance
capabilities.

The shapes differ in radius and chord dimensions, and
consequently, in the inner dimensions. A wider chord
provides a higher blade mass, but with a reduction in rotor
radius. Shorter blades can be applied to constructions with
higher rotational speeds. Shorter blades also provide a
smaller rotor disk, which decreases the helicopter's radar
cross-section. Longer blades with shorter chords offer a
lower mass, resulting in a better final outcome for mass
reduction optimization. The mathematical model of
optimization was presented in this work. The
mathematical assumptions for optimization are required to
correctly address the optimization goal by the designer,
also providing awareness of the parameters considered
during the process. The correct parameters are chosen in
accordance with the construction evaluation, which was
the first step of the research. The mathematical function is
also used for the final result evaluation to determine if the
required features of the construction were obtained, taking
into consideration the weight assigned by the designer to
the partial functions. The paper provides a description of
the designed algorithm, with details of each phase of the
process. The workflow was divided into parts, which were
evaluated and published separately. To present the
possibilities of the method, an existing rotor blade was
adopted and processed within the optimization loop. The
working environment for the blade was based on data from
the Flight Data Recorder. The results of the analytical
calculations, strength evaluation, and FSI simulation are
shown. The connection between subsequent phases, which
leads to the final results, is presented. The procedure
eliminates some of the possible solutions at each step to
ultimately obtain a few that fulfill the requirements.

Possible solutions that best fit the optimization goal and
meet the requirements are proposed. Due to the
complexity of the main rotor assembly with the hub and
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swashplate, the blade shapes are aero-structurally
optimized and ready to be used as input for further
helicopter construction investigations. As an output of the
optimization process, presented as an example of the
procedure's possibilities, four shapes are proposed with
different blade masses and the same performance
capabilities. The shapes differ in radius and chord
dimensions, and consequently in the inner dimensions. A
wider chord provides a higher blade mass, but with a
reduction in rotor radius. Shorter blades can be applied to
constructions with higher rotational speeds. Shorter blades
also provide a smaller rotor disk, which decreases the
helicopter's radar cross-section. Longer blades with
shorter chords offer a lower mass, resulting in a better final
outcome for mass reduction optimization.

V.

The scope of the research was to combine the
aerodynamic analysis with structural evaluation, using full
model parametrization, in the multicriteria optimization
process. Based on the mathematical multicriteria
optimization model, the algorithm was developed using
modern engineering solutions and evaluated. The aim of
the entire research was to provide a ready-to-use universal
algorithm for main rotor blade design. The second goal
was to prove that combining computational solutions can
provide more efficient results than using them separately.

However, it is crucial to appropriately design the
system of different tools intended to work together. The
presented paper provides the final description of four years
of research and development. It was proven that the aims
were achieved. The algorithm was designed and tested,
based on real dimensions and FDR data from a military
helicopter. The research offers a new solution for aero-
structural optimization. This approach can be applied to
helicopter design or to the improvement of existing
structures. The method was also developed to reduce
design time and optimize computational power usage. It
was demonstrated that the method provides a tool for the
fast evaluation of various design alternatives. The aero-
structural optimization method presented in the previous
articles and summarized in this work is a ready-to-use
solution for the modern helicopter design process.

Moreover, it can be developed for use in UAV design
processes. The parametrization also offers the possibility
of being applied to construction projects, such as space
design projects, by incorporating environmental
conditions. Main rotor design is a complex process that
requires consideration of numerous structural and
aerodynamic factors. This study focuses on the
performance and strength characteristics of the blade.

However, the next step in the algorithm implementation
should involve modeling a fully articulated rotor hub with
mounted blades. The type of hinges used and the blade
installation method should be analyzed for strength
properties. A crucial aspect of rotor head design is
evaluating aeroelasticity and vibration characteristics,
which represent distinct and essential areas of rotor system

Conclusion
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research. In terms of helicopter construction
improvement, high-speed rotorcraft are now being rapidly
developed to provide high-speed transportation while
maintaining vertical takeoff and landing capability. These
rotorcraft use the main rotor for lift generation, combined
with propellers responsible for thrust. The presented
research could also be applied to this type of design;
however, certain corrections to the mathematical model
are required, and real flight data must be incorporated to
validate the solution.
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Zalaczniki B — kody Zrodlowe
B1. Kody zrodlowe MATLAB

Program A — trymowanie wirnika nosnego

clc
clearvars

Vf1=200 % helicopter flight speed km/h

R=7.85 % rotor radius [m]
c=0.44 % rotor chord [m]

b=4 % number of blades [m]

rpm=255 % rotor angular velocity [RPM]

a=6.4 % lift curve slope [rad]

ro=1.225 % air density [kg/m"3]

G=6600 % weight

vCc=0

om=rpm*pi/30 % rotor angular velocit [rad/s]
W=G*9.81

del=0.01%08*4*a % profile drag coeficient

tc=0; % climb angle

Sfp=2.7 % equivalent fuselage flat plate area [m]
y= 9.65 % lock nnumber

Mb= 42.5% 65.5 % blade mass [m]

Xg=4.640/R %%%3.612/7.85

e=0.04

A=pi*R"2 % rotor disc area

collective=0

mn=0

twist=-12

V=Vfl/3.6

u=V/ (om*R) % advance ratio
Cmf=0

h=0.25

f=0.01

1t=13.781-4.285

K=0

x=[0 ©0.21 0.275 0.36 0.45 0.54 0.63 0.72 0.81 0.9 0.95 0.975 0.98 ©.99 1] %
blade coordinates

relc=[0 ©.732 0.943 1 111 1.0955 1.05 1.05 0.827 0.664 0.5 0.5 0] % chord
dimensions

twist=[5.34 5.34 5.15 4.12 3.031.94 0.85 -0.24 -1.33 -2.42 -3.03 -3.33 -3.63
-3.63 -3.63] % twist value

cg=4.21
Ib=Mb*cg”"2
lock=ro*a*c*R"4/1Ib

%y= lock
r=@(x) R*x % radius funciotn
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p=polyfit(x,relc,8)

p2=polyfit(x,twist,1)

syms r Xxx

chord=@(x) polyval(p,x)*c% chord function
chordx=poly2sym(p, xx)*c

chordr=subs(chordx, xx,r/R)

chord2=double(subs(chordr,r,4))
chord3=double(subs(chordr,r,7.85))

plot(x,polyval(p,x))

%fplot(@(r) chordr(r), [@ R], 'b-', 'LineWidth', 1.5);
twistf=deg2rad(-11.8142114712274*(r/R)+8.23642780874989) % twist
function

B=1-chord(1)/(2*R)

sig=@(x) (b.*chord(x))/(pi.*R) % rotor soilidity
Solid=integral(sig,0.21,B)

%Solid=b*c/(pi*R)

do=Sfp/(Solid*A)

wc=W/(ro*Solid*A*om~2*R"2)

vo= (W./(2*ro*pi*R.72)).7(1/2) % mean induced velocity
hcd=0.25*u*del

alfd=-(0.5*u”2*de+hcd) /wc
alfddeg=rad2deg(alfd)

Vm=u*om*R/v@

vie=1/Vm

lami=vie@*ve/(om*R)

ud=u*cos(alfd)

lamd=ud*alfd-lami

syms tet

egqn= a/4*(2/3*tet*(1-u”2+9*u”4/4)/(1+3*u”2/2)+lamd*(1-u”2/2)/(1+3*u”2/2)) == wc
S=solve(eqgn,tet)

teto=vpa(S(1,1),4)

exitFLAG = ©

while ~exitFLAG

alfddeg=rad2deg(tet9)
alfddeg=simplify(alfddeg)

al=2*u*(4*teto/3+lamd)/(1+3*ur2/2)
alDEG=rad2deg(al)

hcd2=1/4*u*del+a*lamd/4*(1/2*al-u*tet0)
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alfd2=-(0.5*u”2*de*cos(tc)+hcd2)/wc-tc
ud2=u*cos(alfd2)
lamd2=ud2*alfd2-lami

a0=y/8*(tet@*(1-19*unr2/18+3*unr4/2)/(1+3*unr2/2)+4/3*lamd2*(1-ur2/2)/(1+3*unr2/2))
dtf=(1-sin(alfd2)/(1+sin(alfd2)))

bl=4*((u*al+1l.1*dtf~(1/2)*1lami)/3)/(1+u”2/2)

gqc=del*(1+3*u”2)/8-1lamd2*wc-u*hcd

Cms=b*Mb*xg*e/(2*Solid*A*R)

Bl=al+(Cmf+hcd2*h-wc*f)/(wc*h+Cms)

Bl=simplify(B1)

axis=simplify(al-B1)

Bl=rad2deg(B1(1,1))

Bl=simplify(B1)

H=hcd2*ro*A*om"2*R"2*Solid
P=qc*ro*A*om"3*R"3*Solid
X=-W*sin(alfd2)-H*cos(alfd2)
D=P\V+X

D=simplify(D)
alfd2=simplify(alfd2)
al=simplify(al)
axis=simplify(rad2deg(al)-B1)
alfHT=simplify (D/W+H/W)
alfHT=simplify(rad2deg(alfHT))

Q=qc*ro*Solid*A*om"2*R"3

%%mass=@(x) Mb.*(x/(0.79*%R)-0.21/0.79) % mass function
%%Inert=@(x) mass(x).*x."2

%%Ib=integral(Inert,0.21,R)
cg=4.21

Ib=Mb*cg”"2
lock=ro*a*c*R"4/Ib

eps=lami/u

Tt=simplify(Q/1t)
ht=2.216/R

bl=(4*(u*a@+1.1*dtf~(1/2)*1lami)/3)/1+(u”2/2)-8/lock*eps/(1+u~2/2)*al

rad2deg(bl)

Al=-bl-(wc*f+(Tt/W)*tc*ht)/(wc*h+Cms)
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xrot=cos(a0)
yrot=sin(a@)

teta=alfddeg
Bl=simplify(B1)
Al=simplify(rad2deg(Al))
a@=simplify(rad2deg(a®))

teto=teto
tetl=deg2rad(Al)
tet2=deg2rad(B1)
bet@=deg2rad(a0)
betl=al

bet2=bl

twist=-12
tettw=deg2rad(twist)*r/R
syms psi r t Xx

K=1.2

vi=vie*(1+r/R*K*cos(psi))

%psi=om*t

tet=tetO-twistf-tetl*cos(psi)-tet2*sin(psi) %+tettw*r

%tet=tetO-tetl*cos(psi)-tet2*sin(psi) %+tettw*r
tetsim=tet@-tetl*cos(psi)-tet2*sin(psi)

bet=bet@-betl*cos(psi)-bet2*sin(psi)
ut=r+u*sin(psi)

ur=u*cos(psi)
lam=(V*sin(alfd-al)-vi)/(om*R)
%lam=u*tan(alfd)+lami

betp=(betl*sin(psi)-bet2*cos(psi))
%up=lam+r*diff(bet,t)+u*bet*cos(psi)

UP=om*R*(lam-(r/R)*diff(bet,psi)-u*bet*cos(psi))
UT=om*R*(r/R+u*sin(psi))

inc=tet+atan(UP/UT)

%dT=1/2*ro*a* (tet*UT"2+UP*UT)*c
dT=1/2*ro*a*(tet*UT*2+UP*UT)*chordr

Tn(psi)=int(dT,r,0.21,B*R)
Tnr(r)=int(dT,psi,0,2*pi)
T=(1/(2*pi)*int(Tn,psi,0,2*pi))

if abs(W/b-T) < 500 % find collective loop
exitFLAG=1
else
if W/b-T <@
teto=tet0*(0.98)
exitFLAG=0
else
teto=tet0*(1.02)
exitFLAG=0
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end
end
end

figure

fplot(@(psi) Tn(psi), [@ 2*pi], 'b-', 'LineWidth', 1.5);
%fplot(@(r) Tnr(r), [© R], 'b-', 'LineWidth', 1.5);
xticks([@ pi/2 pi 3/2*pi 2*pi ])
xticklabels({'0"','1/2\pi", "\pi', '3/2\pi', " '2\pi'})
xlabel('Azimuth angle [rad]")

ylabel( 'Aerodynamic loading [N]")

legend

hold off

%%added

figure

%tiledlayout(2,4)

hold on

for n=1:8

dT2=subs(dT,psi,2*pi*n/8)

dTx(x)=subs(dT2,r,x)

%nexttile

fplot(@(x) dTx(x), [@ R], 'LineWidth',

1.5, 'DisplayName’, [num2str(360*n/8),char(176)]);

%title(['Bending moment for - ',num2str(360*n/8),char(176),"' azimuth position'])

end

xlabel('Radial position x')

ylabel('Aerodynamic Force')

title([ 'Aerodynamic force for azimuth position'])
%added

legend('Location’, 'northwest")

hold off

N =100

x = linspace(©.21*R,1*R,N); % radius
y = linspace(2*pi,Q,N); % in degrees
[X,Y]=meshgrid(x,y);
%Z=T2(X,deg2rad(Y))
Z=double(subs(dT, {r,psi}, {X,Y}));

isequal(X,Z)
%plot(deg2rad(Y),Z)
figure;

[~,c]=polarPcolor(x, rad2deg(y), transpose(Z), 'Nspokes',9)%, 'ncolor',15);
%title(['Rotor Lift distribution for advance ratio u=',u])
ylabel(c, "Aerodynamic loading [N]")

double(subs(tetsim,psi,pi))
double(subs(bet,psi,pi))

rad2deg(double(subs(tetsim,psi,pi)))
rad2deg(double(subs(bet,psi,pi)))
alfddeg

Solid
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Program B — Wyliczanie momentu gnacego lopaty

clearvars -except dT bet r psi

dFa=dT

R=7.46 % rotor radius [m]

c=0.52 % rotor chord [m]

b=4 % number of blades [m]

rpm=255 % rotor angular velocity [RPM]
a=6.4 % 1lift curve slope [rad]

ro=1.293 % air density [kg/m~3] ©.07516 1.293

G=6600 % weight
m=34.203 %34.697
md= m/R % *47.88

om=rpm*pi/30 % rotor angular velocit [rad/s]

x=0:pi/16:pi

EI=[44.11 43.29 40.86 38.54 31.92 22.63 13.00 7.54 5.22 4.41 3.48 2.90 2.90 2.90

3.02 2.90 0.58]*1073*0.45359237
data = importdata('stiffness.txt') ;
syms xx

div=7.4

mass=

[6,m/div,m/div,m/div,m/div,m/div,m/div,m/div,m/div,m/div,m/div,m/div,m/div,m/div,m

/div,m/div,0]

p=polyfit(x,mass,6)

m=@(x) polyval(p,x)
masfun=poly2sym(p,xx)
masfunl=double(subs(masfun,xx,3.14))
masfun2=double(subs(masfun,xx,1.21))

mx=poly2sym(p, xx)

m2=subs (mx, xx, pi*r/R)

mint=double(int(m2,r,0,R))
dF=dFa-m2*om~2*r*bet-m2*r*diff(bet,psi,2)-m2*9.81

fplot(@(x) m(x), [© pi], 'b-', 'LineWidth', 1.5);
exitFLAG=0

%rigity distribution
pol= polyfit(x,data(1:17,1),6)
EIP=@(x) polyval(pol,x)

n=1

while ~exitFLAG

if n< 16 % find collective loop
exitFLAG=0

else

exitFLAG=1
end

fun=@(x) (2/pi)*(EIP(x).*cos(n.*x))
p(n)=integral(fun,0,pi)

n=n+1

end

fun@=@(x) (2/pi)*(EIP(x))
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po=integral(fune,e,pi)

exitFLAG=0

n=1

while ~exitFLAG
if n< 16
exitFLAG=0

else

exitFLAG=1
end

mfun=@(x) (m(x)*om"2.*R"2.*(pin2-x.72))/(2*pir2)
fun=@(x) (2/pi)*(mfun(x).*cos(n.*x))
g(n)=integral(fun,0,pi)

n=n+1

end

fune=@(x) (2/pi)*(mfun(x))
go=integral(fune,0,pi)

ro=md*R"2/pi~n2

A= [2*p@-p(2)+2*q@+q(2) 272*(p(1)-p(3))+2*(q(1)+q(3)) 3"2*(p(2)-
p(4))+3*(q(2)+q(4)) 472*(p(3)-p(5))+4*(q(3)+q(5)) 5°2*(p(4)-p(6))+5*(q(4)+q(6))
6°2*(p(5)-p(7))+6*(q(5)+q(7)) 7~2*(p(6)-p(8))+7*(q(6)+q(8)) 8"2*(p(7)-
p(9))+8*(q(7)+q(9)) -2*q(1) -1"3; ...

27°2*(p(1)-p(3))+2*(q(1)+q(3)) 472*(2*po-p(4))+4*(2*q0+q(4)) 6"2*(p(1)-
p(5))+6*(q(1)+q(5)) 872*(p(2)-p(6))+8*(q(2)+q(6)) 10"2*(p(3)-p(7))+10*(q(3)+q(7))
1272*(p(4)-p(8))+12*(q(4)+q(8)) 1472*(p(5)-p(9))+14*(q(5)+q(9)) 16"2*(p(6)-
p(10))+16*(q(6)+q(10)) -4*q(2) 2°3;...

372*(p(2)-p(4))+3*(q(2)+q(4)) 6"°2*(p(1)-p(5))+6*(q(1)+q(5)) 972*(2*pe-
p(6))+9*(2*q0+q(6)) 1272*(p(1)-p(7))+12*(q(1)+q(7)) 1572*(p(2)-
p(8))+15*%(q(2)+q(8)) 1872*(p(3)-p(9))+18*(q(3)+q(9)) 21"2*(p(4)-
p(10))+21*(q(4)+q(10)) 2472*(p(5)-p(11))+24*(q(5)+q(11)) -6*q(3) -3"3;...

4r2*(p(3)-p(5))+4*(q(3)+q(5)) 872*(p(2)-p(6))+8*(q(2)+q(6)) 1272*(p(1)-
p(7))+12*(q(1)+q(7)) 1672*(2*p0-p(8))+16*(2*q0+q(8)) 20"2*(p(1)-
p(9))+20*(q(1)+q(9)) 2472*(p(2)-p(10))+24*(q(2)+q(10)) 28"2*(p(3)-
p(11))+28*(q(3)+q(11)) 3272*(p(4)-p(12))+32*(q(4)+q(12)) -8*q(4) 4"3;...

522*(p(4)-p(6))+5*(q(4)+q(6)) 10"2*(p(3)-p(7))+10*(q(3)+q(7)) 15°2*(p(2)-
p(8))+15*%(q(2)+q(8)) 2072*(p(1)-p(9))+20*(q(1)+q(9)) 25"2*(2*pe-
p(10))+25*%(2*qe+q(10)) 3072*(p(1)-p(11))+30*(q(1)+q(11)) 35"2*(p(2)-
p(12))+35%(q(2)+q(12)) 4072*(p(3)-p(13))+40*(q(3)+q(13)) -10*q(5) -5"3;...

672*(p(5)-p(7))+6*(q(5)+q(7)) 12°2*(p(4)-p(8))+12*(q(4)+q(8)) 1872*(p(3)-
p(9))+18*(q(3)+q(9)) 2472*(p(2)-p(10))+24*(q(2)+q(10)) 30"2*(p(1)-
p(11))+30*(q(1)+q(11)) 3672*(2*p0-p(12))+36*(2*q0+q(12)) 42"2*(p(1)-
p(13))+42*(q(1)+q(13)) 4872*(p(2)-p(14))+48*(q(2)+q(14)) -12*q(6) 6"3;...

772*(p(6)-p(8))+7*(q(6)+q(8)) 14°2*(p(5)-p(9))+14*(q(5)+q(9)) 2172*(p(4)-
p(10))+21*(q(4)+q(10)) 2872*(p(3)-p(11))+28*(q(3)+q(11)) 35"2*(p(2)-
p(12))+35%(q(2)+q(12)) 4272*(p(1)-p(13))+42*(q(1)+q(13)) 49~2*(2*pe-
p(14))+49%(2*q0+q(14)) 5672*(p(1)-p(15))+56*(q(1)+q(15)) -14*q(7) -7"3;

822*(p(7)-p(9))+8*(q(7)+q(9)) 1672*(p(6)-p(10))+16*(q(6)+q(10)) 24"2*(p(5)-
p(11))+24*(q(5)+q(11)) 3272*(p(4)-p(12))+32*(q(4)+q(12)) 40"2*(p(3)-
p(13))+40*(q(3)+q(13)) 4872*(p(2)-p(14))+48*(q(2)+q(14)) 56"2*(p(1)-
p(15))+56*(q(1)+q(15)) 6472*(2*p0-p(16))+64*(2*g0+q(16)) -16*q(8) 8"3;

-2*%q(1) -4*q(2) -6*q(3) -8*q(4) -1o*q(5) -12*q(6) -14*q(7) -16*q(8) 4*q0 O;

-173 273 -373 473 -5A3 673 -773 843 0 0 ]

B=[10000000 -20;...
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01000000 10;...

00100000 -2/30;...

00010000 1/20;...

00001000 -2/50;...

00000100 1/30;...

00000010 -2/70;...

00000001 1/40;...

-21-2/31/2 -2/5 1/3 -2/7 1/4 2*pi~2/3 0;...
000000000 0]

Al=inv(A)*B

latroots=eig(Al)

I=eye(10,10)

oml= (I/(2.*latroots(2,1)*r0))"(1/2)
om2= (I/(2.*latroots(3,1)*re))"(1/2)
om3= (I/(2.*latroots(4,1)*re))"(1/2)

I2=eye
11=1

J%wynl=(I2*(2*om1”2*re)~-1)\Al

%wynla=(A*transpose(a))\(2*om1*2*re*B*transpose(a))

wyn1l=A\B

%wyn3=A\ (2*om372*r@*B)

[phi, lambda] = eig(A1l)

[lambda, idx] = sort(diag(lambda), 'descend');
lambda=(1./(2.*lambda*re)).~(1/2)

for k=1:7
y =@(x) phi(9,k)*x

n=8
syms X
for i = 1:n
y =@(x) y(x) + (phi(i,k).*sin(i*x))

end

norm=max(abs(y(0:pi)))
phin=phi./norm

yn =@(x) phin(9,k)*x
for 1 = 1:n

yn =@(x) yn(x) + (phin(i,k).*sin(i*x))
end

%yn(x) = y(x) / max(abs(y(@:pi)));
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% Wykresy drgan wlasnych

figure

hold on;

xlabel('Radial position x')

ylabel('Relative displacement y')

11=11+1

if k==2

11=1

end

title([ 'Mode shape - ',num2str(double(lambda(l1l,1))),"' Hz'])
fplot(@(x) yn(x/pi), [0 pi], 'b-', 'LineWidth', 1.5);

yn3=yn(x);

if k==1
ynl=cell(8,1);
end

ynl{k}=yn3;

%hold on;

%xlabel('Radial position x")

%ylabel('Relative displacement')

%fplot(@(x) y(x), [0 pi], 'r-', 'LineWidth', 1.5);

syms r psi xx

hold off;
yn2=subs(yn(x),x, (pi*r/R))

m3=subs (mx, XX, X)

coe=int(yn272*m2,r,0,R);

%yn2=subs (yn(x),x, (pi*r/R))

g(k,1)=int(dF*yn2,r,0,R)/coe

xxx=diff(yn(x),x,1)"2

yyy=double(int((m2*yn2.72),r,0,R))

coealf(k,1)=double(int(m3*x.*int(xxx,x,0,x),x,0,1)./yyy) %%% check
lamnr(11l,1)=double((lambda(1ll,1)”2-coealf(k,1)*om*2)"(1/2))
%A(n,k)=(lambda(n,1)*(ga(n,k)"2+gb(n,k)*2))/()

end

exitFLAG=0

n=1

while ~exitFLAG

if n< 3 % find collective loop
exitFLAG=0

else

exitFLAG=1

162



end

ga(1l,n)=2/pi*int(g(2,1)*cos((2*n)*psi),psi,0,pi)
gb(1,n)=2/pi*int(g(2,1)*sin((2*n)*psi),psi,0,pi)
ga(2,n)=2/pi*int(g(3,1)*cos((2*n)*psi),psi,o,pi)
gbh(2,n)=2/pi*int(g(3,1)*sin((2*n)*psi),psi,0,pi)
ga(3,n)=2/pi*int(g(4,1)*cos((2*n)*psi),psi,0,pi)
gb(3,n)=2/pi*int(g(4,1)*sin((2*n)*psi),psi,0,pi)

n=n+1
end

g9(1:1)=1/pi*int(g(2:1):9:2*pi)
ge(2:1)=1/pi*int(g(311):0:2*pi)
g9(3:1)=1/pi*int(g(4:1):9:2*pi)
damp=1/(0.79*R)*int(ro*c*r*a/(m2*2),r,0,R)

for n=1:3

for k=1:3
Ain(n,k)=double((lamnr(n,1)*(ga(n,k)*2+gb(n,k)~2)~(1/2))/(((lambda(n,172)-
k~2*om”2)~2+kr2*¥dampr2*¥om”r4)~(1/2)))
Ai@(n,1)=double(lamnr(n,1)*g0(n,1)/lambda(n,1))
psiin(n,k)=double(atan(k*damp*om~2/(lambda(n,1)-k~2*om"2)))
phiin(n,k)=double(atan(gb(n,k)/ga(n,k)))

end

end

for n=1:3

Mix(n,1)=m2.*yn1{n+1}.*(Ai@(n,1)+Ain(n,1).*cos(psi-psiin(n,1)-
phiin(n,1))+Ain(n,2).*cos(2.*psi-psiin(n,2)-phiin(n,2))+Ain(n,3).*cos(3.*psi-
psiin(n,3)-phiin(n,3)))

Mx(n,1)=int(Mix(n,1),x,0,pi)
end

M(psi)=Mx(1,1)+Mx(2,1)+Mx(3,1)
dM=Mix(1,1)+Mix(2,1)+Mix(3,1)

figure

%tiledlayout(2,4)

hold on

for n=1:8

dMx2(x)=subs(dM, psi,2*pi*n/8)
dMx(r)=subs(dMx2,x, (pi*r/R))

%nexttile

fplot(@(x) dMx(x), [@ R], 'LineWidth',

1.5, 'DisplayName’, [num2str(360*n/8),char(176)]);

%title([ 'Bending moment for - ',num2str(360*n/8),char(176),"' azimuth position'])
end
xlabel('Radial position x")

ylabel('Bending moment [Nm]")
title([ 'Bending moment for azimuth position'])
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legend('Location’, "northwest")
hold off

dM=subs (dM, x, pi*r/R)

moment (x)=int(dM, psi,0,2*pi)
moment180(x)=subs(dM,psi,pi)
moment360(x)=subs(dM,psi,2*pi)
for n=1:16

moment2(n,1)=double(subs(moment,r,R*n/16))
moment3(n,1)=double(subs(moment180,r,R*n/16))
moment4(n,1)=double(subs(moment360,r,R*n/16))

end

writematrix(moment2, "moment.txt")

writematrix(moment3, 'momentl180.txt")

writematrix(moment4, 'moment360.txt")

figure

hold on;

xlabel('Azimuth")

ylabel( 'Bending moment")

title([ 'Bending moment'])

fplot(@(x) moment(x), [© pi], 'b-', 'LineWidth', 1.5);

B2. Kody zrédiowe GRIP
Program C — parametryczny model jednolopatowej symulacja CFD

ENTITY/PT0(6001),PT1(200),PT2(100),PT3(100),PT4(100),SPL1(20),SPL2(20),$
SPL3(20),SPL4(20),SPLC(3),LN(20),LN1(20),SSRF(5),SOL(5),BLD(5),PLN,CYL(2)
STRING/FNAM(50)
NUMBER/x1,y1,x2,y2,R(8),NUM,MAT(12),A(3),B(3),R0,CO,R 1 ,cf,rf,xm,fi(6),dfi,z$

DELETE/ALL

C0=0.44
R0=7.75
R1=0.21
xm=0
z=4

PARAM/'ENTER DATA','C=,C0,'/R=",R0,RSP1
BCK10:
PARAM/'Enter blade begining position',’'R1=",R1,RSP1

$$ Radius polonymal $$
R(7)=-184.82
R(6)=641.23
R(5)=-912.87
R(4)=683.5
R(3)=-284.18
R(2)=62.234
R(1)=-4.6044
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PARAM/'Enter polynomial coefficients',$
"6 R(7),15 ,R(6), 14" R(5),$
'3 R(4),12,R(3),r',R(2),’X"R(1),RSP1

$$ Pitch polonymal $$

fi(4)=0

fi(3)=0

fi(2)=-11.814

fi(1)=8.2364

PARAM/'Enter polynomial coefficients',$
A3 fi(4), A2 Fi(3), fi,fi(2), X", fi(1),RSP1

BCK20:
FNAM='G:\praca doktorska\artykuly\23015.txt'

M=16
dr=(1-R1yM
K=0

L10:

N=0
FETCH/TXT,1,FNAM
RESET/1

L20:
N=N+1
READ/1,LINNO,N*10,IFEND,L30:,x1,y1,x2,y2

$$ current radius $$
cr=(K*dr)+R1

$$ delta chord $$
dc=R(7)*cr**6--R(6)*cr** 5+R(5)*cr*4-+R(4)*crt*3+R (3)*cr**2+R(2)*cr+R(1)

PRINT/USING,'Warto$¢ wyliczona de=#@@@@.@@',dc
PRINT/USING,'Warto$¢ wyliczona cr=#@@@@.@@',cr

IFTHEN/K>(M/2)
IF/dc<1, xm=(C0*(1-dc))/2
ENDIF

PTO(N)=POINT/x1*C0*dc+xm,y1*C0*dc,cr*R0
PT1(N)=POINT/x2*C0*dc+xm,y2*C0*dc,cr*R0
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JUMP/L20:

L30:
$$ PT3(K+1)=POINT/x1*C0*dc+xm,y1*C0*dc,cr*R0O

$$ Airfoil geometry
SPL3(K+1)=SPLINE/PTO(1..N-1) $$ upper surface
SPL4(K+1)=SPLINE/PT1(1..N-1) $$ lower surface
$$ LN1(K+1)=LINE/PTO(N-1),PTI(N-1)

dfi=fi(4)*cr+fi(3)*cr+fi(2)*er+fi(1)

PRINT/USING,'value de=#@@@@.@@',dc
PRINT/USING,'Wartos¢ wyliczona cr=#@@@@.@@',cr
PRINT/USING,'Warto$¢ wyliczona dfi=#@@@@.@@',dfi

MAT=MATRIX/XYROT,-dfi

SPL1(K+1)=TRANSF/MAT,SPL3(K+1)
SPL2(K+1)=TRANSF/MAT,SPL4(K+1)
$$ LN(K+1)=TRANSF/MAT,LN1(K+1)

PT2(K+1)=POINT/ENDOF,XSMALL,SPL1(K+1)
PT3(K+1)=POINT/ENDOF,XLARGE,SPL1(K+1)
PT4(K+1)=POINT/ENDOF,XLARGE,SPL2(K+1)
LN(K+1)=SPLINE/PT3(K+1),PT4(K+1)

DELETE/PTO,PT1,SPL3,SPL4,LN1

IFTHEN/K<M
K=K+1
JUMP/L10:
ELSE
JUMP/LA40:
ENDIF

L40:
A=&POINT(PT3(1))
B=&POINT(PT4(1))

SPLC(1)=SPLINE/PT2(1..K+1)

SPLC(2)=SPLINE/PT3(1..K+1)
SPLC(3)=SPLINE/PT4(1..K+1)

SSRF(1)=BSURF/MESH,SPLC(1..2),WITH,SPL1(1..K+1),TYPE,3,TOLER,.01,.01
SSRF(2)=BSURF/MESH,SPLC(1),SPLC(3),WITH,SPL2(1..K+1),TYPE,3,TOLER,.01,.01
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SSRF(3) = RLDSRF/SPLC(2),,SPLC(3)

SSRF(4) =RLDSRF/SPL1(1),,SPL2(1)
SSRF(5) =RLDSRF/SPL1(K+1),,SPL2(K+1)
BLD(1)=SEW/SSREF(1..5)

DELETE/PT2,PT3,PT4,LN,SPLC

PT2(1)=POINT/4*R0-1,0,R1*R0

PT2(2)=POINT/4*R0-1,2*R0,R1*R0
PT2(3)=POINT/-R0/2-1,2*R0O,R1*R0
PT2(4)=POINT/-R0/2-2*R0-1,0,R1*R0
PT2(5)=POINT/-R0/2-1,0,R1*R0

LN(1)=LINE/PT2(4),PT2(1)

LN(2)=LINE/PT2(1..2)

LN(3)=LINE/PT2(2..3)
LN(4)=CIRCLE/CENTER,PT2(5),RADIUS,2*R0,START,90,END, 180
CYL(1)=SOLREV/LN(1..4),0RIGIN,0,0,R 1*R0,ATANGL,180,AXIS,1,0,0
CYL(2)= SUBTRA/CYL(1),WITH,BLD(1),CNT,c

HALT

Program D — parametryczny model n-lopatowej symulacja CFD

ENTITY/PT0(6001),PT1(200),PT2(100),PT3(100),PT4(100),SPL1(20),SPL2(20),$
SPL3(20),SPL4(20),SPLC(3),LN(20),LN1(20),SSRF(5),SOL(5),BLD(8),PLN,$
DISK(6),LN2(5),DOM(10),CYL(10),CENT

STRING/FNAM(50)
NUMBER/x1,y1,x2,y2,R(8),NUM,MAT(12),MAT2(12),A(3),B(3),R0,CO,R1,cf,rf,xm,fi(6),$
dfi,z,c,A1,B1,a0,MAT3(12),D(3),E(3),Frad

DELETE/ALL

C0=0.44
R0=7.75
R1=0.21
xm=0
z=4
pitch=5
Al1=0
B1=0
BCK10:
PARAM/ENTER DATA','C=',C0,R="R0,b=",z,RSP1
a0=7

PARAM/'Enter blade begining position','/R1=",R1,RSP1

PARAM/ENTER ROTOR TRIM ANGLES', Pitch="pitch, A1=",A1, B1=",B1,'a0=',a0,RSP1
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PARAM/'Enter blade begining position','/R1=",R1,RSP1

C0=C0*1000
R0O=R0*1000

$$ Radius polonymal $$
R(7)=-184.82
R(6)=641.23
R(5)=-912.87
R(4)=683.5
R(3)=-284.18
R(2)=62.234
R(1)=-4.6044

PARAM/'Enter polynomial coefficients',$
'™6',R(7),™5" R(6),'"4',R(5),$
'3 R(4),12,R(3),,R(2),’X"R(1),RSP1

$$ Pitch polonymal $$

fi(4)=0

fi(3)=0

fi(2)=-11.814

fi(1)=8.2364

PARAM/'Enter polynomial coefficients',$
'fi*3',fi(4),'fi"2',£i(3),'fi",fi(2),'X",fi(1),RSP1

BCK20:

FNAM='g:\praca doktorska\artykuly\23015.txt'
M=16

dr=(1-R1)/M

K=0

L10:

N=0

FETCH/TXT,1,FNAM

RESET/1

L20:

N=N+1
READ/1,LINNO,N*10,IFEND,L30:,x1,y1,x2,y2

$$ current radius $$
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cr=(K*dr)+R1

$$ delta chord $$
dc=R(7)*cr**6-R(6)*cr** 5+R(5)*cr*4-+R(4)*cr**3+R (3)*cr**2+R(2)*cr+R(1)

PRINT/USING,'Wartos¢ wyliczona de=#@@@@.@@',dc
PRINT/USING,'Wartos¢ wyliczona cr=#@@@@.@@',cr

IFTHEN/K>(M/2)
IF/de<1, xm=(C0*(1-dc))/2
ENDIF

PTO(N)=POINT/x1*C0*dct+xm,y1*C0*dc,cr*R0
PT1(N)=POINT/x2*C0*dc+xm,y2*C0*dc,cr*R0O

$$ IF/N==1, PT2(K+1)=POINT/x1*C0*dc+xm,y1*CO0*dc,cr*R0O

JUMP/L20:

L30:
$$ PT3(K+1)=POINT/x1*C0*dc+xm,y1*CO0*dc,cr*R0O

$$ Airfoil geometry
SPL3(K+1)=SPLINE/PTO(1..N-1) $$ upper surface
SPL4(K+1)=SPLINE/PT1(1..N-1) $$ lower surface
$$ LN1(K+1)=LINE/PTO(N-1),PT1(N-1)

dfi=fi(4)*cr+fi(3)*cr-Hfi(2) *cr-+fi(1)

PRINT/USING,'value de=#@@@@.@@',dc
PRINT/USING,'Warto$¢ wyliczona cr=#@@@@.@@',cr
PRINT/USING,'Warto$¢ wyliczona dfi=#@@@@.@@',dfi

MAT=MATRIX/XYROT,-dfi

SPL1(K+1)=TRANSF/MAT,SPL3(K+1)
SPL2(K+1)=TRANSF/MAT,SPL4(K+1)
$$ LN(K+1)=TRANSF/MAT,LN1(K+1)

PT2(K+1)=POINT/ENDOF,XSMALL,SPL1(K+1)
PT3(K+1)=POINT/ENDOF,XLARGE,SPL1(K+1)
PT4(K+1)=POINT/ENDOF,XLARGE,SPL2(K+1)
SLN(K+1)=SPLINE/PT3(K-+1),PT4(K+1)

D=&POINT(PT3(K+1))
E=&POINT(PT4(K+1))
Frad=ABSF((D(2)-E(2))/2)
CENT=POINT/D(1)+Frad/2,(D(2)+E(2))/2,D(3)
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LN(K+1)= CIRCLE/PT3(K+1),CENT,PT4(K+1)
CRVTRM/LN(K+1),REF,PT4(K+1),FIRST,SPL1(K+1),$

STATUS,STAT,IFERR,ERI:

CRVTRM/LN(K+1),REF,PT3(K+1),FIRST,SPL2(K+1),$

STATUS,STAT,IFERR,ERI:
SLN(K+1)=FILLET/SPL2(K+1),SPL1(K+1),CENTER,CENT,RADIUS,FRAD,NOTRIM

ERI1:

A=&POINT(PT2(1))
B=&POINT(PT4(1))

DELETE/PTO,PT1,SPL3,SPL4,LN1

I[FTHEN/K<M
K=K+1
JUMP/L10:
ELSE
JUMP/LA0:
ENDIF

L40:

SPLC(1)=SPLINE/PT2(1..K+1)
SPLC(2)=SPLINE/PT3(1..K+1)
SPLC(3)=SPLINE/PT4(1..K+1)

SSRF(1)=BSURF/MESH,SPLC(1..2),WITH,SPL1(1..K+1),TYPE,3,TOLER,.01,.01
SSRF(2)=BSURF/MESH,SPLC(1),SPLC(3),WITH,SPL2(1..K+1),TYPE,3,TOLER,.01,.01

SSRF(3) =BSURF/MESH,SPLC(2..3), WITH,LN(1..K+1), TYPE,3,TOLER,.01,.01
SSRF(4) =AUTOSF/SPL1(1),LN(1),SPL2(1)

SSRF(5) =AUTOSF/SPL1(K+1),LN(K+1),SPL2(K+1)

BLD(8)=SEW/SSRF(1..5)

DOM(8)= SOLCYL/ORIGIN,(A(1)+B(1))/2-C0/2,(A(2)+B(2))/2,-400+(A(3)+B(3))/2,$
HEIGHT, 1.2*R0,DIAMTR,3*C0,AXIS,0,0, 1

MAT=MATRIX/TRANSL,-C0/2,0,0
BLD(1)=TRANSF/MAT,BLD(8)
MAT=MATRIX/XYROT,-pitch
BLD(2)=TRANSF/MAT,BLD(1)
DOM(9)=TRANSF/MAT,DOM(8)
$SCYL(9)=TRANSF/MAT,CYL(8)
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DOM(9)= SUBTRA/DOM(9),WITH,BLD(2),CNT,c

DELETE/BLD(8),DOM(8),CYL(8)

DELETE/PT2,PT3,PT4,LN,SPLC

$$ blade multiplication
ang=360/z

70=1
B10:

MAT=MATRIX/ZXROT,z0*ang

MAT2=MATRIX/XYROT,-(-A1*COSF(90+z0*ang)-B1*SINF(90+z0*ang))

MAT3=MATRIX/YZROT,-a0

DOM(8)=TRANSF/MAT2,DOM(9)
DOM(7)=TRANSF/MAT3,DOM(8)
DOM(z0+1)=TRANSF/MAT,DOM(7)
DELETE/DOM(7..8)

IFTHEN/z0<z-1

z0=z0+1

JUMP/B10:

ELSE

JUMP/B20:

ENDIF

B20:
MAT2=MATRIX/XYROT,-(-A1*COSF(90*ang)-B1*SINF(90*ang))

DOM(8)=TRANSF/MAT2,DOM(9)
$$CYL(8)=TRANSF/MAT2,CYL(9)
DOM(1)=TRANSF/MAT3,DOM(8)
DELETE/DOM(S..9),CYL(8..9)

CANCEL:
CHOOSE/'Choose flight conditions',$

'Hover',$

'Forward flight',$

DEFLT,1,RSP
JUMP/B20:,CANCEL:,,,HOVER: ,FFLIGHT:,RSP

HOVER:
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DISK(2)= SOLCYL/ORIGIN,0,-0.5*(10*R0),0,HEIGHT,10*R0,DIAMTR,20*R0,$
AXIS,0,1,0
JUMP/NEXT:

FFLIGHT:

DISK(2)= SOLBLK/ORIGIN,-0.4*16*R0,-0.5*(8*R0),-0.5*(8*R0),SIZE,16*R0,8*R0,8*R0O
$$DISK(3)= SUBTRA/DISK(2),WITH,DISK(1),CNT,c $$ enclosure

JUMP/NEXT:

NEXT:

DISK(4)= SOLCYL/ORIGIN,0,-0.25*(9*C0),0,HEIGHT,9*C0,DIAMTR,1.5*¥R0*2,$
AXIS,0,1,0

DELETE/BLD

HALT

Program E — parametryczny model strukturalny

ENTITY/PT0(6001),PT1(200),PT2(100),PT3(100),PT4(100),SPL1(20),SPL2(20),$
SPL3(20),SPL4(20),SPLC(6),LN(20),LN1(20),SSRF(10),SOL(5),BLD(8),PLN(20),$
LN2(5), OFSPL1(20),0FSPL2(20),PT(100),PT5(100),PT6(100),SPR,SEC(100),BND(20),$
CENT,PTS1(200),PTS2(100),PTS3(100),PTS4(100),LNS1(200),LNS2(100),LNS3(100),$
LNS4(100),PTS5(200),PTS6(100),PTS7(100),PTS8(100),LNS5(10),SPAR(8),$
PTS9(100),PTS10(100),BND2(20),PLAN

STRING/FNAM(50)
NUMBER/x1,y1,x2,y2,R(8),NUM,MAT(12),MAT2(12),A(3),B(3),R0,CO,R1,cf,rf,xm,fi(6),$
dfi,z,c,A1,B1,STAT,w,h,wyn(42),wyn2(32),wyn3(32),ctrl(20),D(3),E(3),Frad,DIST,$
wall,moment(20),hgh,width(20),height(20),str,Ix,F(3),G(3),CHECK(20),SF,XC1(50),$
XC2(50),YC1(50),YC2(50)

DELETE/ALL

C0=0.44
R0=7.75
R1=0.21
xm=0
z=4
pitch=5
Al1=0
B1=0
BCK10:
PARAM/'ENTER DATA','C=',C0,'R=",R0,'b=",z,RSP1
SF=1.3

PARAM/'Enter blade begining position','/R1=",R1,RSP1
PARAM/'Enter safety factor','SF=',SF,RSP1

172



C0=C0*1000
R0=R0*1000

$$ Radius polonymal $$
R(7)=-184.82
R(6)=641.23
R(5)=-912.87
R(4)=683.5
R(3)=-284.18
R(2)=62.234
R(1)=-4.6044

PARAM/'Enter polynomial coefficients',$
"6, R(7),1°5 ,R(6), 14" R(5),$
't3' R(4),r2",R(3),T',R(2),’X",R(1),RSP1

$$ Pitch polonymal $$

fi(4)=0

fi(3)=0

fi(2)=-11.814

fi(1)=8.2364

PARAM/'Enter polynomial coefficients',$
A3 Fi(4), M2 Fi(3), i, fi(2), X' £i(1),RSP1
M=16

i=0

LOOP:
IFTHEN/i<M
width(i+1)=30
height(i+1)=1
ctrl(i+1)=-4
i=i+1
JUMP/LOOP:
ELSE

ENDIF
wall=-28

OPTI:
$$wall=wall-0.1
FNAM='g:\praca doktorska\artykuly\202303\moment.txt'

dr=(1-R1yM

K=0
LABI10:

N=0
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FETCH/TXT,1,FNAM
RESET/1

LAB20:

N=N+1
READ/1,LINNO,N*10,IFEND,LAB30:,moment(N)
JUMP/LAB20:

LAB30:

BCK20:

FNAM='g:\praca doktorska\artykuly\23015.txt'

L10:

xm=0

N=0
FETCH/TXT,1,FNAM
RESET/1

L20:
N=N+1
READ/1,LINNO,N*10,IFEND,L30:,x1,y1,x2,y2

$$ current radius $$
cr=(K*dr)+R1

$$ delta chord $$

de=R(7)*cr**6+R(6)*cr**5+R(5)*cr**4+R (4)*cr**3+R(3)*cr**2+R(2)*cr+R(1)

XCI1(N)=x1
XC2(N)=x2
YCI(N)=y1
YC2(N)=y2

IFTHEN/K>(M/2)
IF/dc<1, xm=(C0*(1-dc))/2

ENDIF

PTO(N)=POINT/x1*C0*dc+xm,y1*C0*dc,cr*R0
PT1(N)=POINT/x2*C0*dc+xm,y2*C0*dc,cr*R0

$$ IF/N==1, PT2(K+1)=POINT/x1*C0*dc+xm,y1*CO0*dc,cr*R0O
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JUMP/L20:

L30:
$$ PT3(K+1)=POINT/x1*C0*dc+xm,y1*C0*dc,cr*R0O

A=&POINT(PTO(1))
B=&POINT(PTI(1))

w=C0%*dc/3.5 $$+width
h=C0*dc/20 $$+height

$$ Airfoil geometry
SPL3(K+1)=SPLINE/PTO(1..N-1) $$ upper surface
SPL4(K+1)=SPLINE/PT1(1..N-1) $$ lower surface

dfi=fi(4)*cr+fi(3)*cr+fi(2)*cr+fi(1)

MAT=MATRIX/XYROT,-dfi
SPL1(K+1)=TRANSF/MAT,SPL3(K+1)
SPL2(K+1)=TRANSF/MAT,SPL4(K+1)

$$$SSSSSSSSSPAR $33333538$

PT2(K+1)=POINT/ENDOF,XSMALL,SPL1(K+1)
PT3(K+1)=POINT/ENDOF,XLARGE,SPL1(K+1)
PT4(K+1)=POINT/ENDOF,XLARGE,SPL2(K+1)
SLN(K+1)=SPLINE/PT3(K+1),PT4(K-+1)

D=&POINT(PT3(K+1))

E=&POINT(PT4(K+1))

Frad=ABSF((D(2)-E(2))/2)
CENT=POINT/D(1)+Frad/2,(D(2)+E(2))/2,D(3)
LN(K+1)= CIRCLE/PT3(K+1),CENT,PT4(K+1)
CRVTRM/LN(K+1),REF,PT4(K+1),FIRST,SPL1(K+1),$
STATUS,STAT,IFERR,ERI:
CRVTRM/LN(K+1),REF,PT3(K+1),FIRST,SPL2(K+1),$
STATUS,STAT,IFERR,ERI:

$$$$$$$ OFFSET
PT(K+1)=POINT/C0/2,0,cr*R0
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TH=1
OFSPL1(K+1)=OFFCRV/SPL1(K+1), TH,PT(K+1)
OFSPL2(K+1)=OFFCRV/SPL2(K+1), TH,PT(K+1)

CRVTRM/OFSPL1(K+1),REF,PT3(K+1),FIRST,0FSPL2(K+1),$
INT,PT3(K+1),STATUS,STAT,IFERR,ER1:
CRVTRM/OFSPL1(K+1),REF,PT2(K+1),FIRST,0FSPL2(K+1),$
INT,PT2(K+1),STATUS,STAT,IFERR,ER1:

LNS1(K+1)=OFFCRV/SPL1(K+1), TH+2+height(K+1),PT(K+1)
LNS3(K+1)=OFFCRV/SPL2(K+1), TH+2+height(K+1),PT(K+1)

CRVTRM/LNS1(K+1),REF,PT3(K+1),FIRST,LNS3(K+1),$
INT,PT3(K+1),STATUS,STAT,IFERR,ER:
CRVTRM/LNS1(K+1),REF,PT2(K+1),FIRST,LNS3(K+1),$
INT,PT2(K+1),STATUS,STAT,IFERR,ER:

PLAN=PLANE/YZPLAN,C0/3-width(K+1)

CRVTRM/LNSI1(K+1),REF,PT3(K+1),FIRST,PLAN,$
INT,PT3(K+1),STATUS,STAT,IFERR,ER1:
CRVTRM/LNS3(K+1),REF,PT3(K+1),FIRST,PLAN,$
INT,PT3(K+1),STATUS,STAT,IFERR,ER1:

PTS4(K+1)=POINT/ENDOF,XSMALL,LNS3(K+1)
PTS5(K+1)=POINT/ENDOF,XLARGE,LNS1(K+1)
PTS6(K+1)=POINT/ENDOF,XLARGE,LNS3(K+1)

LNS4(K+1)=LINE/PTS5(K+1),PTS6(K+1)
DELETE/PLAN

ERI:

$EFSETFSSESS
PT5(K+1)=POINT/ENDOF,XSMALL,OFSPL1(K+1)
PT6(K+1)=POINT/ENDOF,XLARGE,OFSPL1(K+1)

A=&POINT(PT2(1))
B=&POINT(PT4(1))
DELETE/PTO,PT1,SPL3,SPL4,LN1,PT
IFTHEN/K<M

K=K+1

JUMP/L10:
ELSE
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JUMP/LA40:
ENDIF

L40:

LNS5(1)=SPLINE/PTS5(1..K)
LNS5(2)=SPLINE/PTS4(1..K)
LNS5(3)=SPLINE/PTS6(1..K)
$SLNS5(4)=SPLINE/PTS4(1..K)

SPLC(1)=SPLINE/PT2(1..K+1)
SPLC(2)=SPLINE/PT3(1..K+1)
SPLC(3)=SPLINE/PT4(1..K+1)
SPLC(4)=SPLINE/PT5(1..K+1)
SPLC(5)=SPLINE/PT6(1..K+1)

SSRF(1)=BSURF/MESH,SPLC(1..2),WITH,SPL1(1..K+1),TYPE,3,TOLER,.01,.01
SSRF(2)=BSURF/MESH,SPLC(1),SPLC(3),WITH,SPL2(1..K+1),TYPE,3,TOLER,.01,.01

SSRF(3) =BSURF/MESH,SPLC(2..3),WITH,LN(1..K+1),TYPE,3,TOLER,.01,.01
SSRF(4) =AUTOSF/SPL1(1),LN(1),SPL2(1)

SSRF(5) =AUTOSF/SPL1(K+1),LN(K+1),SPL2(K+1)
SSRF(6)=BSURF/MESH,SPLC(4..5), WITH,OFSPL1(1..K+1),TYPE,3,TOLER,.01,.01
SSRF(7)=BSURF/MESH,SPLC(4..5),WITH,OFSPL2(1..K+1),TYPE,3,TOLER,.01,.01
SSRF(8) =AUTOSF/OFSPL1(1),0FSPL2(1)

SSRF(9) =AUTOSF/OFSPL1(K+1),0FSPL2(K+1)

BLD(8)=SEW/SSRF(1..5)

DELETE/LN,PT2,PT3,PT4,SPLC,LN,PTS1,PTS2,PTS3,PTS4,PTS5,PTS6

SPAR(2)=BSURF/MESH,LNS5(1..2), WITH,LNS1(1..K),TYPE,3,TOLER,.01,.01
SPAR(3)=BSURF/MESH,LNS5(2..3), WITH,LNS3(1..K),TYPE,3,TOLER,.01,.01
SPAR(4)=BSURF/MESH,LNS5(3),LNS5(1), WITH,LNS4(1..K),TYPE,3,TOLER, .01,.01
$$SPAR(5)=BSURF/MESH,LNS5(4),LNS5(1),WITH,LNS4(1..K), TYPE,3,TOLER,.01,.01
SPAR(5)=AUTOSF/LNS1(1),LNS3(1),LNS4(1)
SPAR(6)=AUTOSF/LNS1(K),LNS3(K),LNS4(K)

SPAR(8)=SEW/SPAR(2..6)

BLD(7)=SEW/SSRF(6..9)
MAT=MATRIX/TRANSL,0,0,0
BLD(5)=TRANSF/MAT,BLD(7)
SPAR(1)=TRANSF/MAT,SPAR(S)

BLD(6)= SUBTRA/BLD(8),WITH,BLD(7),CNT,c $$ enclosure
&COLOR(BLD(6))=100

DELETE/LN,PT2,PT3,PT4,PT5,PT6,SPLC

177



PLN(1)=PLANE/YZPLAN,C0/3+wall
BLD(1..2)= SPLIT/BLD(5), WITH,PLN(1)

PLN(2)=PLANE/XYPLAN,A(3)+1
SEC(1..3)= SECT/BLD(1), WITH,PLN(2)
BND(1)=BOUND/SEC(1..3)
BND(2)=BOUND/LNS1(1),LNS3(1),LNS4(1)
ANLSIS/TWOD,BND(1),MMETER,wyn2
ANLSIS/TWOD,BND(2), MMETER, wyn3

PRINT/'-------- Spar Cross section analysis-----------
PRINT/USING,'Cross section area Fdz=#@@@@@@.@@ [mm"2]',wyn2(2)-wyn3(2)
PRINT/USING,Moment of Intertia [dz=#@@@@@@@.@@ [mm”4]',wyn2(9)-wyn3(9)

PRINT/USING,' center of mass: X=#@@@@@@@@@@@Q.@@@ mm',wyn2(3)

PRINT/USING,’ Y-#2@@Q@Q@QQ@QQ@.Q@@ mm',wyn2(4)
PRINT/USING,' center of mass: X=#@@@@@@@@@@@Q.@@@ mm',wyn3(3)
PRINT/USING,' Y=#H@@@@@@@@@@@@.@@@ mm',wyn3(4)
PRINT/USING,' Principal axis: X=#@@@@@@@@@@@@.@@@ mm',wyn2(17)
PRINT/USING,' Y=#H@@@@@@@@@@@@.@@@ mm',wyn2(18)
PRINT/USING,' Principal axis: X=#@@@@@@@@@@@@.@@@ mm',wyn3(17)
PRINT/USING,' Y=#H@@@@@@@@@@@@.@@@ mm',wyn3(18)
DIST=0

N=0

K=3*(N+1)

PLAN_ CREATE:

K=3*(N+1)

DIST=0

IF/N==M,DIST=5

IF/N==0,DIST=-1
PLN(N+1)=PLANE/XYPLAN,A(3)+(R0-R1*R0)*N/M-DIST
SEC(K-2..K)= SECT/BLD(1),WITH,PLN(N+1),CNT,c
BND(N+1)=BOUND/SEC(K-2..K)
BND2(N+1)=BOUND/LNS1(N+1),LNS3(N+1),LNS4(N+1)
ANLSIS/TWOD,BND(N+1),MMETER, wyn2
ANLSIS/TWOD,BND2(N+1),MMETER,wyn3

IFTHEN/N+1<M
N=N+1

JUMP/PLAN CREATE:
ELSE
JUMP/END_PLAN:

178



ENDIF
END PLAN:

str=800
N=0

hgh=(0.15*C0)/2

K=7

OPT2:

IFTHEN/K<M

$SIFTHEN/CHECK(M)==

$$JUMP/OPT_END:
IFTHEN/CHECK(K+1)==0
JUMP/FRWD:
ELSE
K=K+1
JUMP/OPT?2:
ENDIF

ELSE

JUMP/OPT_END:

ENDIF

FRWD:
IFTHEN/N<M

[FTHEN/CHECK(N+1)==0

ANLSIS/TWOD,BND(N+1), MMETER,wyn2

ANLSIS/TWOD,BND2(N+1),MMETER,wyn3

Ix=wyn2(9)-wyn3(9)

tens=ABSF(moment(N+1)*1000*hgh/Ix)

PRINT/USING,'Section nr #@@',N+1

PRINT/USING,Moment is M=#@@@@@@@.@@ [Pa],moment(N+1)

PRINT/USING,'Cross section area Fdz=#@@@@@@.@@ [mm"2]',wyn2(2)-
wyn3(2)

PRINT/USING,'Moment of Intertia [dz=#@@@@@@@.@@ [mm”4]',wyn2(9)-
wyn3(9)

PRINT/USING,'Stress is sigl=H@@@@@@@@.@@ [MPa]'tens

[IFTHEN/ABSF(SF*tens-str)>0.08*str
IFTHEN/str-SF*tens>0

$SIFTHEN/N+1>=7

$SIF/(str-SF*tens)>0.2*str,height(N+1)=height(N+1)-0.5

$SIF/(str-SF*tens)<=0.2*str,height(N+1)=height(N+1)-0.1
IFTHEN/ABSF(width(N+1))<=wall-4
IF/ABSF(str-SF*tens)>0.2*str,width(N+1)=width(N+1)-2
[F/ABSF(str-SF*tens)<=0.2*str,width(N+1)=width(N+1)-1
ELSE
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JUMP/RED:

ENDIF
$SENDIF
$SIFTHEN/N+1<7
$$height(N+1)=height(N+1)-0.1

$SENDIF
ELSE

[F/ABSF(str-SF*tens)>0.2*str,height(N+1)=height(N+1)+1
[F/ABSF(str-SF*tens)<=0.2*str,height(N+1)=height(N+1)+0.1
IF/ABSF(str-SF*tens)>0.2*str,width(N+1)=width(N+1)+10
IF/ABSF(str-SF*tens)<=0.2*str,width(N+1)=width(N+1)+1

ENDIF

N=N+1
JUMP/FRWD:
ELSE
RED:
CHECK(N+1)=1
N=N+1
JUMP/FRWD:
ENDIF
ELSE
ANLSIS/TWOD,BND(N+1), MMETER,wyn2
ANLSIS/TWOD,BND2(N+1),MMETER,wyn3
Ix=wyn2(9)-wyn3(9)
tens=ABSF(moment(N+1)*1000*hgh/Ix)
PRINT/USING,'Section nr #@@',N+1
PRINT/USING,'Moment is M=#@@@@@@@.@@ MPa]',moment(N+1)
PRINT/USING,'Cross section area Fdz=#@@@@@@.@@ [mm"2]',wyn2(2)-
wyn3(2)
PRINT/USING,'Moment of Intertia [dz=#@@@@@@@.@@ [mm”4]',wyn2(9)-
wyn3(9)
PRINT/USING,'Stress is sig=#H@@@@@@@@.@@ [MPa]',tens
N=N+1
JUMP/FRWD:
ENDIF
ELSE
DELETE/BLD,SPAR,SPLC,SEC,BND,BND2,LNS5,PLN
$SMESSG/' End of iteration'
JUMP/OPT1:
ENDIF
ANLSIS/TWOD,BND(M),MMETER,wyn2
ANLSIS/TWOD,BND2(M),MMETER,wyn3
Ix=wyn2(9)-wyn3(9)
tens=ABSF(moment(M)*1000*hgh/Ix)
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PRINT/USING,'Section nr #@@'.M
PRINT/USING,'Moment is M=#@@@@@@@.@@ [Pa]',;moment(N+1)

PRINT/USING,'Cross section area Fdz=#@@@@@@.@@ [mm"2]',wyn2(2)-

wyn3(2)

PRINT/USING,'Moment of Intertia [dz=#@@@@@@@.@@ [mm™4]',wyn2(9)-

wyn3(9)
PRINT/USING,'Stress is sigl=#@@@@@@@@. @@ [MPa]',tens

OPT END:

MAT=MATRIX/TRANSL,0,0,0
BLD(3)=TRANSF/MAT,SPAR(8)
SPR=SUBTRA/BLD(1),WITH,SPAR(8),CNT,c

&DUNIT=1
&SDUNIT=3

&SDENS(SPR)=1.8 $$g/cm”3

&SDENS(BLD(6))=1.8

&SDENS(BLD(2))=0.08 $$g/cm”3
&SDENS(BLD(3))=0.08 $$g/cm”3
ANLSIS/SOLID,SPR,BLD(2),BLD(6),BLD(3),GCM,wyn

PRINT/'---------- Blade mass analysis ------------ '

PRINT/USING,' volume: #@@@@@Q@Q@QQ@QQ@QQ@Q@Q@Q@.@@@ cm”"3',wyn(2)
PRINT/USING,' mass: #@@@@@@@@@@@@.@ g',wyn(3)
PRINT/USING,' center of mass: X=#@@@@@.@@@ mm',wyn(4)*10
PRINT/USING,' Y=#H@@@@@.@@@ mm',wyn(5)*10
PRINT/USING,' 7=#H@@@@@.@@@ mm',wyn(6)*10

HALT
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