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IEVADS

Teémas aktualitate

Tapat ka citi transporta lidzekli, helikopteri savu sarezgito dinamisko sistému
del rada argjas vibracijas un trok$nus, ka ar izdala NOx gazes. Tapéc ir loti
svarigi, lai jaunas paaudzes helikopteriem §1 situacija tiktu uzlabota, padarot tos
apkartgjai videi nekaitigakus un cilvékiem pienemamakus. Miisdienu sabiedribai
sadi transporta Iidzekli ir nepiecieSami, jo lauj veikt mediciniskas palidzibas,
glabsanas un citas piespiedu misijas pa gaisu cilveku apdzivotas teritorijas.

Vibraciju slodzes un trok$nus helikopteros rada dazadi avoti — galvenais
rotors, astes rotors, motors, atrumkarba un fizelaza. DomingjoSais vibraciju un
trok$nu avots ir galvenais rotors, j0 mainiga argja aerodinamiska vide iedarbojas uz
loti lokanajam rotora lapstinam. Augstas svarstibas helikopteri rada diskomfortu
pasazieriem, paaugstina pilota darba slodzi, samazina helikoptera komponensu
ilgizturibu, ierobezo lidoSanas atrumu un palielina ekspluatacijas izmaksas.

Tradicionali vibracijas samazindja ar pasivo metodi — izmantojot vibraciju
izolatorus un absorbé&tajus, tacu $adi pasakumi palielina lidaparata svaru un nav
pietiekami efektivi. Vélak tika izstradatas jaunas aktivas metodes, pieméram,
augsto harmoniku kontrole (HHC) un lapstinu individuala kontrole (IBC). So
koncepciju negativas puses ir liels energijas patérins, ierobezojumi uz ierosmes
frekvencém (HHC) un hidraulisko slidgredzenu loti liela mehaniska sarezgitiba.

Tiklidz paradijas tadi efektivi materiali ka stiegrotie kompoziti, tika izstradata
aktiva verpes rotora koncepcija. Jaunajai metodei ir vajadziga elektriska energija,
bet tai nav nepiecieSamas sarezgitas mehaniskas ierices rot€josaja sistéma.

Aktivas vérpes reguléSanas priekSrociba ir tas vienkarSiba salidzinajuma ar
aizsparna darbina$anu. ST tehnika laus novérst gaisa virpulu rasanos uz lapstinu
malam, kas rada troksni; k@ ar izmantot lapstinas ar smailiem galiem, tadejadi
aizkavgjot gaisa pliismas atrausanos lielu lapstinas pagrieziena lenku gadijumos,
kas, savukart, samazina energijas patérinu un generé sekundaras ierosmes slodzes.
Sis slodzes darbojas preti sakotngjiem mainigajiem spekiem un momentiem —
rotora rumba. Visbeidzot — pjezoelektriskie aktuatori rada rotora lapstinu
dinamisku savérpi un izlieci, pielagojoties lidoSanas apstakliem, un uzlabo
lidojuma kvalitati.

Darba merkis

Promocijas darba galvenais mérkis ir izstradat jaunu modeléSanas un
optimizacijas metodologiju rotora lapstinu konstrukcijai ar aktivo savérpi, lai
uzlabotu to sp&ju samazinat vibracijas un troksni. Sis metodologijas pamata ir
jauns 3D galigo elementu modelis, eksperimentu plano$ana un atbildes virsmas



tehnika, kas lauj sasniegt lielus pjezoelektriskas iedarbibas spekus un
parvietojumus ar minimalu aktuatora svaru un minimalu pievadito energiju.

Pétijuma uzdevumi

e [zveidot realus 3D galigo elementu modelus helikoptera rotora lapstinam pilna
izmera, lai veiktu to analizi un optimalo projektésanu.

e Veikt parametriskos pétljumus rotoru lapstipam ar C un D lonZeroniem, lai
noskaidrotu to $kérsgriezuma parametru ietekmi uz aktivo savérpi un analiz&tu
uzvedibas funkciju atkaribu no konstrukcijas parametriem.

o Atrisinat optimizacijas problému modela méroga rotora lapstinam ar C un D
lonZeroniem un izstradat divus pjezoelektrisko aktuatoru pielietojumus.

o |zstradat projekteSanas instrumentu maksligo kompozita deveju optimalai
izvietoSanai helikoptera rotora lapstinas.

o Atrisinat optimizacijas problému pilnizméra rotora lapstinam ar C lonzeronu un
izstradat pjezoelektrisko aktuatoru pielietojumus.

Pétijuma metodes un lidzekli

Promocijas darba izmantotas p&tisanas metodes:
e eksperimentalas projektésanas un atbildes virsmas metodes;
e galigo elementu programmatiira ANSYS;
e APDL programmésana,
o Excel programmas grafiskie riki rezultatu att€lo$anai un analizei;
e EdaOpt programmatiira eksperimentalai projekté$anai, pétniecibai un
daudzmerku optimizacijai.

Darba zinatniska novitate

Promocijas darba ir piedavata jauna metodologija ar aktivu savérpi aprikotu
rotora lapstinu projekteSanai. Lai veiktu izpéti ar galigo elementu metodi,
helikoptera rotora lapstinam ir radits jauns reals 3D galigo elementu modelis.
Rotora lapstinu apvalks un makrostiegru kompozita aktuatori ir model&ti ar
lineariem slapainiem caulu elementiem. Lai aktivizé€tu pjezoelektrisko efektu,
galigo elementu programma ANSYS ir izmantota termala analogija. Sis
vienkarSojums dod iesp&u samazinat galigo elementu modela dimensijas un
skait]oSanas laiku. Helikoptera rotora lapstinu galigo elementu modelis ir aprobéts
ar statiska eksperimenta rezultatiem, salidzinot l1apstinu savérpes lenkus. Modela
meéroga un pilnizméra rotora lapstipam ar C— un D— lonZeroniem ir iegditi jauni
optimali risindjumi, ka arT uzraditi divi iesp&amie pjezoelektrisko aktuatoru
pielietojumi. Veikti salidzinoSie pétljumi un novertéta piedavato modelu
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efektivitate. Izmantojot jauno metodologiju, ir radits projekt€Sanas instruments
makrostiegru  kompozita aktuatoru optimalai izvietoSanai rotora lapstina.
Projektetajs var lietot gan optimalos rezultatus, gan izmantot jauno projektesanas
instrumentu.

Darba praktiska vertiba

Promocijas darba rezultati ir ieklauti Eiropas Savienibas 6. Ietvarprogrammas
projekta «Integration of technologies in support of a passenger and
environmentally friendly helicopter» (FRIENDCOPTER) zinatniskajas atskaitgs.
Projekta galvenais uzdevums ir radit videi nekaitigus helikopterus ar pazeminatu
impulsveida trokSpu ITmeni bez parmérigam kabines vibracijam un bez liela
degvielas patSrina lapstinu aktivai regulSanai. Petfjuma iegiitie rezultati ir
paredz&ti izmantoSanai vadoSajas Eiropas kompanijas, pétniecibas institlitos un
akadémiskajas institiicijas, kas strada pie helikoptera rotora lapstinu projektesanas.
Izstradata modelésanas un optimizacijas metodologija ar aktivo savérpi aprikotu
rotora lapstinu projekt€sana laus paplasinat petjumu loku $aja virziena.

Jaatzime, ka Eiropas projekta veiktie p&tijumi pasreiz tiek turpinati Clean Sky
programma. Tie attiecas uz pilnizméra rotora lapstinpam, kuru saverpi regulé ar
integrétiem pjezoelektriskiem aktuatoriem.

Darba aprobacija un publikacijas

Promocijas darba rezultati ir zinoti 16 starptautiskas konferenc€s un astonas
projekta FRIENDCOPTER darba sanaksmé&s. Darba apspriesana veikta divos
zinatniskajos seminaros — Latvijas Universitates Polimeru mehanikas institita un
Rigas Tehniskas universitates Materialu un konstrukciju institata. Galvenie darba
rezultati ir atspoguloti 14 publikacijas starptautiskos Zurnalos un zinatnisko rakstu
krajumos.

Promocijas darba struktiira

Promocijas darba ir septinas dalas.

1. dala ir literattiras apskats par vibracijam un to samazinasanu helikopteriem
ar aktivi regulg&jamu lapstinu saverpi.

2. dala ir aprakstita helikoptera modela méroga un pilnizméra rotora lapstinu
konstrukcija ar C— un D— lonZeroniem. Ir dotas $o lapstinu dimensijas un materialu
Tpasibas.

3. dala ir veltita ar C— un D— lonzeroniem aprikotu rotora lapstinu modeléSanai
ar galigiem elementiem un parametriskiem pétfjumiem, lai varétu noformulét
optimizacijas problému.



4. dala ir aprakstita optimizacijas metodologija, kuras pamata ir eksperimentu
planosana un atbildes virsmas tehnika, kas domata jaunu, ar makrostiegru
kompozita aktuatoriem aprikotu rotora lapstinu projektesanai. Ir dota optimizacijas
problémas matematiska nostadne un detalizeti aprakstita jauna metodologija.

5. dala izklastiti optimizacijas rezultati modela meroga rotora lapstinpam ar C—
un D— lonzeroniem un uzraditi divi iesp&jamie pjezoelektrisko aktuatoru lietojumi.
Ar galigo elementu modelesanu iegiitie helikoptera lapstinu savérpes lepki ir
salidzinati ar eksperimentu rezultatiem, un tie apstiprinaja modelésanas precizitati.
Makrostiegru kompozita aktuatoru optimalai izvietosanai helikoptera rotora
lapstinas tika radits Tpa$s projektéSanas instruments.

6. dala aprakstiti optimizacijas rezultati pilnizméra rotora lapstinam un doti
divi iesp&jamie pjezoelektrisko aktuatoru lietojumi. Pirms optimalas projektésanas
ir izp&tita arT attieciga meroga palielinasanas probléma.

Promocijas darba pétijuma gaita, rezultati un secinajumi ir apkopoti 7. dala.

1. Literatiiras apskats

Pirmaja nodala ir veikta literatiiras analize par vibraciju un trok$nu
samazina$anu helikopteriem ar aktivi reguléjamu lapstinu savérpi. Saja apskata ir
apliikotas divas t€mas. Pirma attiecas uz vibraciju samazinaSanu, izmantojot
dazadas metodologijas, bet otra — uz koncepciju par helikoptera lapstinu aktivo
saverpi. Esosa literatira ir iedalita trijas nodalas: eksperimentalas parbaudes,
skaitliska modeléSana un savérpes optimizacija.

2. Helikoptera rotora lapstina konstrukcija

Saja dala ir aprakstiti ar C— un D— lonZeroniem aprikota lapstinu konstrukcija
modela méroga un pilna izméra gadfjumi. P&titas lapstinas, kas redzamas 1. un
2. attela, ir labi zinamas pasivas BO105 modela méroga rotora lapstinas ar NACA
23012 aerodinamisko virsmu. Lapstinai ir taisnstira forma ar aktivo garumu
1,56 m un hordas garumu 0,121 (3. att.). Lapstipas sastav no GFRP C- un D-—
lonZeroniem, +45° GFRP apSuvuma, putumaterialu pildjjumu, apSuvuma
iestradatiem makrostiegru kompozita (MK) aktuatoriem un lidzsvara balasta.

19 mm MFC actuators

.A
4x0.125 mm/ply

21 mm

42 mm

- >

116 mm 5 mm
- S -

1. att. Skérsgriezums modela méroga rotora lapstinas ar C— lonZeronu
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MFC actuators

1 4x0.125 mm/ply

116 mm S mm

2. att. Modela méroga rotora lapstinu virsskats

Center of rotation Blade chord ¢ = 116 mm +Tab 5 mm MFC actuators
T

it

B Active Part Length Ra = 1560 mm
I >

Rotor Radius R- = 2000 mm

3. att. Modela méroga rotora lapstinas virskats

Polyamide
film

R
N
AR
NN
Q?\\\\\
RN
\\\\i\ Piczoceramic
\ fibre
N
L

4. att. Makrostiegru kompozita aktuators

26.7 mm MFC actuators

56.1 mm t 4x0.125 mm/ply

128.2 mm

310 mm 10 mm
T
Center of rotation Blade chord ¢ = 310 mm +Tab 10 mm MFC actuator
A
128 mm
366.4 mn bz ] Blade Length R = 4528 mm
458 mm Rotor Radius R- = 4900 mm

«
5. att. Pilnizméra rotora lapstinas ar C— lonzeronu $kérsgriezums un virskats

Aktuators sastav no taisnstiira veida pjezokeramikas stiegram pildita epoksida

matricas slana, kas atrodas starp poliamida filmam (plévém) ar piestiprinatiem
elektrodiem (4. att.). Elektrodi piegada elektrisko slanu pjezoelektriska efekta

10



radiSanai stiegras visa to garuma, lai maksimizetu bides deformacijas slanainaja
apSuvuma, kas rada izkliedétu saverpes momentu pa lapstinds garumu.
Pjezoelektrisko stiegru virziens sakrit ar argja GFRP apSuvuma slanu virzienu.

Lai demonstrétu aktivas savérpes darbibu ar kompozitiem aktuatoriem, ir
izveleta pilnizmera rotora lapstina ar C— lonzeronu. Realaja konstrukcija $is
lapstinas pamata ir pasiva BO105 modela méroga lapstina ar C— lonzeronu.
Modela méroga lapstinas Skersgriezuma parametri tiek reizinati ar meroga
koeficientu 2,67 (5. att.).

3. Helikoptera rotora lapstinu modelésana ar GEM

Saja dala tiek veikta ar C— un D- lonZeroniem aprikota rotora lapstinu
modeléSana ar galigo elementu metodi (GEM) un skaitliskie parametriskie
petijumi. 3D galigo elementu modelis ir veidots, izmantojot komercialo GEM
programmu ANSYS. Atskirigo lapstinu komponentu modelésanai tika lietoti
SHELL99 un SOLID186  galigie elementi (6. att). Tika ieviests viens
vienkar§ojums, izslédzot putu materialu no lapstinu galu zonas. Kompozitos
aktuatorus modelgja ar SHELL99 cCaulas galigiem elementiem, kas apSuvuma
veidoja papildu slangus. Starpiba starp modela méroga un pilnizméra lapstinam
slépjas pilnizméra lapstinas astes dala, kas tieck model&ta ar lineariem slanainiem
SHELL99 elementiem. No vienas puses galigo elementu modeli ierobezo
iespiléjuma nosacijums.

Lai noskaidrotu, kada ietekme ir lapstinas Skérsgriezuma parametriem uz
saverpes lenki (¢), un izpétitu, ka sist€mas uzvedibas funkcija ir atkariga no Siem
parametriem, tika veikta parametriska analize (7. un 8. att.). P&tjjuma izmantotie
parametri bija lonZerona «tisu» biezums un garums, lonzeronu cirkularais fitings,
apSuvuma biezums, aktuatora garums, Skérssienas biezums un S$k&rssienas un
lonZerona «iisu» vienadais biezums. Sist€mas uzvedibas funkcijas ietver smaguma
centra poziciju, elastigas ass novietojumu, lapstinas vienibas garuma masu, pirmo
veérpes frekvenci un deformacijas.

(tail modelling)

Spa
(SHELL99)

6. att. Rotora lapstinas 3D galigo elementu modelis
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10 mm L
-

7. att. Modela méroga rotora lapstinas ar C— lonZeronu $kérsgriezums

10 mm L

“re »

|
8. att. Modela méroga rotora lapstinas ar D— lonzeronu $k&rsgriezums

Lai aprakstitu saveérptas lapstinas uzvedibu, ir veikta analize ar mérki noteikt
lapstinas saverpes lenki, elastigas ass novietojumu un pirmo verpes paSsvarstibu
formas TpaSveértibu. Papildu parametri — smaguma centra atrasanas vieta un
lapstinas masa tika nemti atrasti no galigo elementu modela.

Lai noteiktu rotora lapstinas savérpes lenki un deformacijas, tika izmantota
termala analogija. Termalo analogiju starp pjezoelektriskam un termiski inducétam
deformacijam lieto, lai modelétu pjezoelektriskos efektus, kad aktuatoru
raksturojosos pjezoelektriskos koeficientus uzskata par termiskas izpleSanas
ekvivalentiem, bet spriegumu — par temperatiiras ekvivalentu.

Pirms parametriskas analizes tika pétita galigo elementu metodes rezultatu
konvergence dazadiem galigo elementu tikliem, un iegiitais optimalo elementu
skaits tika lietots turpmakajos aprékinos un pétijumos.

Parametriska analize lapstinai ar C— lonzeronu paradija, ka vismazaka ietekme
uz savérpes lenki (zem 5 %) ir lonzerona garumam. Lapstinai ar D— lonzeronu
vismazaka ietekme uz saveérpes lenki (zem 5 %) ir «iisu» garumam un $kerssienas
biezumam.

4. Konstrukcijas optimizacijas metodologija

Saja dala, balstoties uz eksperimentu planosanu un atbildes virsmas tehniku, ir
izstradata metodologija ar makrostiegru kompozita aktuatoriem aprikotas jaunas
rotora lapstinas projektéSanai. Izmantojot rezultatus, kas iegiti, veicot
parametrisko analizi rotora lapstinam ar C— un D- lonZeroniem, un nemot véra
razotaju prasibas, ir formulta optimizacijas probléma par aktuatoru optimalu
izvietojumu helikoptera rotora lapstina.
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Merka funkcija  f(X)=>max

:f]g?jltgri ':‘C”as X = {1, tyin, topar, L } TerobeZojumi: 22 <Y, <30 %C
16,0<1<24,0 mm 10 < Yea <25 %c
0,25 <tgin < 1,25 mm m < 1,35 kg/m
0,50 < typar < 2,50 mm fr1>59,1 Hz

16,0 <L <100,0 mm

Meérka funkcija f(x) ir savérpes lenkis. Lapstinai ar D— lonzeronu konstrukcijas
mainigais te,r ir Skerssienas un lonzerona «Gisu» vienadais biezums (tspar = tyen)-
Lai nodroSinatu aeroelastigo stabilitati, ir npemti vE€ra ierobeZojumi uz
Skersgriezuma smaguma centru un elastigas ass novietojumiem. VEl viens
uzdevums ar makrostiegru kompozitu aktuatoriem aprikotu rotora lapstinu
konstrukcijas ir minimizet attalumu starp smaguma centru un elastigo asi, lai
palielinatu savérpes lenki un uzlabotu lapstinas aktivo reguléSanu. Lai panaktu
velamo lapstinas dinamiku, ir pemti v&ra ar1 ierobezojumi uz lapstinas garuma
vienibas masu un uz tas pirmo vérpes passvarstibu frekvenci.

Balstoties uz modela méroga rotora lapstinas ar C— lonzeronu parametriskas
analizes rezultatiem, ir formuléta probléma par makrostiegru kompozita aktuatoru
optimalu izvietojumu pilnizméra rotora lapstina. Konstrukcijas mainigo robezas
pilnizme@ra rotora lapstinam ir atrastas, pareizinot modela lapstinu mainigo robezas
ar koeficientu 2,67.

Merka funkcija  f(X)=>max

rl;g?jitgrilfcuas X = {1, taan tipars L} IerobeZzojumi: Yeg = 30 %C
42,7 <1<64,1 mm 10 <Yea <25 %
0,25 < tgyin < 1,25 mm m <11 kg/m
1,34 < tgpar < 6,68 mm fr1>21 Hz

42,7<L <267 mm

Optimizacijas metodologijas vispariga blokshéma ir paradita 9. attéla. Pirmaja
posma (Experimental Design) tiek izveidots eksperimentu plans atkariba no
konstrukcijas mainigo un eksperimentu skaita. Otraja posma (Simulation) tiek
konstruets konstrukcijas skaitliskais modelis, lai aprakstitu tas reakciju, un tad
eksperimenta plana punktos tiek veikta analize ar galigo elementu metodi. Tre$aja
posma (Response Surface), izmantojot skaitliskos datus, kas eksperimenta plana
punktos ir iegifiti ar galigo elementu metodi, tiek konstruétas aproksimacijas
funkcijas. No eksperimentaliem datiem ieglitos vienkar$os matematiskos modelus
lieto ka mérka funkcijas un ierobezojumus optimalaja projektésana. Nelinearo
optimizésanu (Optimisation) veic ar stohastiskas mekléSanas metodi, izmantojot
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iepriek§gja posma iegiitas atbildes virsmas. Nelinearas optimizéSanas rezultatus
piektaja posma (Result Validation) parbauda ar galigo elementu metodi. Optimalie
konstrukcijas mainigie tiek izmantoti skaitliskaja modelt, lai optimizacijas
rezultatus salidzinatu ar skaitliskajiem. Ja starpiba parsniedz 5 %, jauzlabo
aproksimgjoso funkciju korelacijas vai daziem parametriem jamaina definicijas
apgabals. Sis procediiras veic pirms galigas optimizéanas.

Experimental Design |
Sample points for simulation [

v

Simulation
Numerical model

v

Response Surface |

v

Optimisation
Random search method

Optimum Result

9. att. Rotora lapstinas konstrukcijas optimizacijas metodologijas blokshéma

5. Modela méroga rotora lapstinu optimala projekteSana

Saja dala ir doti optimizacijas rezultati modela méroga lapstinam ar C— un D—
lonZeroniem, ka arT uzraditi divi iesp&jamie pjezoelektrisko aktuatoru pielietojumi.
Lai atrisinatu optimizacijas problému, rotora lapstinam tika izveidots eksperimentu
plans ar Cetriem mekl&jamiem parametriem (n = 4) un 30 eksperimentu punktiem
(k = 30) (10. att).

gloo g100 + )4 o £ +
* £ g +
S e + e : . . f *
S . B * *
= $ v e + .
El <+ g * ¢ B @ *
R I & * + 5 ¢ *
o 58 > 4 g3 T L 2 s 4 5 58
= * * z Z ¢ *
A J * * F * *
=TS * g 2 > 23 *
=3 v 2 EE + +
= * * 0 * S e *
4 +* ¢+ + * SR 3 *
S 16 =16 + + +* * =16
0.25 0.50 075 100 1.25 16 18 20 22 24 0.5 1.0 15 20 25

Spar circular fitting [ mm

Skin thickness ¢, mm Spar thickness {ypg, mm

10. att. Eksperimentu plani: 2D skats
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i

Approach 1 Approach 2

Skin

MEFC actuator

11. att. MC aktuatoru izvietojuma konstruktivie risinajumi

Approach 1:[,=16 mm, £,5,=0.25 mm, £,,,=0.5 mm Approach 2: =24 mim, £, 1.25 mm, §,,,=2.5 mm

o

Torsion angle ¢.°
N
=

(5]

Center of Gravity .. %

@ FEM

0.0 | @FEM
0

20 40 60 80 100 120 280
0 20 40 60 80 100 120

MFC actuator chordwise length L mm MFC actuator chordwise length [, mm
a) b)
12. att. Atbildes virsmu verifikacija ar galigo elementu metodi rotora lapstinam ar C—

lonZeronu: savérpes lenkis (a) un smaguma centra novietojums (b) atkariba no MC aktuatora
hordas garuma

Lai uzlabotu saveérpes kvalitati rotora lapstinam ar C— un D- lonzeroniem,
pétijuma tika izmantoti divi makrostiegru kompozita aktuatoru izvietojuma
konstruktivie risinajumi (11. att.): ar aktuatoriem augs€ja apsSuvuma (1. pieeja) un
ar aktuatoriem gan augs€ja, gan apaksgja apsuvuma (2. pieeja).

Punktos, kas bija atSkirigi no eksperimentu planos izmantotajiem, $is atbildes
virsmas tika verificgtas ar galigo elementu risinagjumiem (12. att.).

Nelinearas optimizacijas probléma tika risinata ar stohastiskas meklgsanas
metodi EdaOpt programma. Optimizacijas rezultati rotora lapstinam ar C— un D—
lonZeroniem ir redzami 1. un 2. tabula. Pie 1000 V sprieguma tika aprékinati
maksimalie saverpes lenki. Ar linearas interpolacijas palidzibu tika atrasts, ka pie
2000 V spriegumu maksimalais savérpes lenkis palielinas divas reizes.

Ar atbildes virsmas modeli (AVM) iegiitie optimalie rezultati tika salidzinati ar
galigo elementu metodes (GEM) risinagjumiem. Vairuma gadijumu atSkiribas
neparsniedza 3 %, kas liecina par aproksimacijas funkciju labu korelaciju.

No optimizacijas rezultatiem ir redzams, ka D— un C— lonZeroni dod apméram
vienu un to pasu maksimalo saverpes lenki abas pieejas. Bet attieciba uz minimalo
attalumu starp smaguma centru un elastigo asi D— lonzerons ir efektivaks, pasi
1. pieeja.
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1. tabula
Optimizacijas rezultati l1apstinam ar C— un D— lonZeronu

Konstrukcija mainigie Ierobezojumi fMirl,(_e_l
1. pieeja unkcya
| Lskin tspar L Yeg Yea m le ]
mm mm mm mm % % kg/m Hz °
C— lonzerons
AVM 24,0 0,25 0,50 91,0 26,5 16,3 0,99 59,15 7,82
GEM 24,0 0,25 0,50 90,0 26,7 16,6 0,99 57,90 7,76
A% — — — — 0,7 1,8 0 2,1 0,7

D— lonZerons

AVM 16,0 0,25 1,00 89,0 29,7 221 0,96 59,15 8,02
GEM 16,0 0,25 1,00 88,0 294 219 0,95 58,10 8,08

A% — — — — 1,0 0,9 1,0 18 0,7
2. tabula
Optimizacijas rezultati 1apstinam ar C— un D— lonZeronu
Konstrukcija mainigie Ierobezojumi Merl,(_g
2. pieeja funkcija
' | tskin tspar L Yeg Yea m le ]
mm mm mm mm % % kg/m Hz °

C— lonZerons

AVM 16,0 0,25 1,50 77,0 289 15,7 1,16 59,30 11,04
GEM 16,0 0,25 1,50 76,0 29,2 16,0 1,14 59,82 11,12
A% — — — — 1,0 1,8 1,7 0,9 0,7

D— lonZerons

AVM 22,0 0,25 0,50 82,0 29,4 18,1 1,20 59,77 10,78
GEM 22,0 0,25 0,50 82,0 29,0 17,7 1,23 58,88 10,78

A% — — — — 14 2,3 2,5 15 0
C- spar design C- spar design
Approach 1: tgjn = 0.75 mm, tgpay = 0.75 mm Approach 1: tgyjn = 0.75 mm, tgpay = 0.75 mm

a) b)
13. att. Savérpes lenkis (a) un pirma vérpes frekvence (b) atkariba no konstrukcijas
mainigajiem
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Lai izpétitu dazadu konstrukcijas parametru ietekmi uz uzvedibas funkcijam
un noskaidrotu konstrukcijas jutibu, papildus tika veikta praktiska analize ar
atbildes virsmam helikoptera rotora lapstinai ar C— lonZeronu 1. pieejas gadijuma
(13. att).

Lai wverificétu modeléSanas precizitati, tika salidzinats parauglapstinu
eksperimentalie saverpes lenki ar iegiitajiem 3D skaitliskas modeléSanas lepkiem.
Parauglapstina tika projektéta un izgatavota Vacijas Aerokosmiskaja centra (DLR).
3. tabula ir redzams, ka atSkiribas starp eksperimentalajiem un modeléSana
ieglitajiem savérpes lenkiem bija 5,9 % DLR lapstinai un 3,2 % RTU lapstinai.
RTU lapstinu iegttie rezultati liecina, ka pjezoelektriskas aktuacijas modelis ar
termalo analogiju adekvati prognozé aktuatora funkcion&$anas kvalitati un
apstiprina RTU izstradatas model&Sanas precizitati.

Beidzot, liekot lieta izp&tito metodologiju MC aktuatoru optimalai izvietoSanai
rotora lapstinas, tika izstradats projekt€Sanas instruments, kas sastav no Cetriem
galvenajiem blokiem un cetriem konstruktiviem risinagjumiem MK aktuatoru
pielietosanai. Konstruktors var izvéléties optimalo risinajumu vai izstradato
projektéSanas instrumentu.

3. tabula
Eksperimentalo un apléses rezultatu salidzinajums
Skaitliska modeléSana

Nosaukums Simbols  Meérvieniba Eksperiments DLR RTU
Saveérpes lenkis o [°pp] 3,93 3,70 4,06
Verpes intensitate o/Ra [°pp/m] 2,87 2,70 2,94

Optimisation probless

R

14. att. Projekt&sanas instrumentu optimizacijas bloks
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6. Pilnizméra rotora lapstinu optimala projektéSana

Saja dala ir aprakstita pilnizméra rotora lapstinas ar C— lonZeronu optimala
konstrukcija. ST lapstina ir izvélta, lai demonstrétu vél citas optimizacijas procesa
sp&jas. Optimizacijas rezultati ir iegiiti diviem iesp&jamiem MK aktuatoru
pielietojumiem.

Pirms pilnizméra rotora lapstinas optimizacijas tika palielinats merogs
problémai par aktuatoru optimalu izvietojumu modela un pilna izméra rotora
lapstinam ar C— lonZeronu bez astes dalas. Sim noliikam dazi modela méroga
lapstinas parametri, proti, lonZerona cirkularais fitings, lonzeronu «su» biezums
un MK hordas garums, tika reizinats ar méroga koeficientu 2,67. Tika izmainiti arT
dazi ierobezojumi saskana ar konstruktora prasibam. Meroga palielinasanas
problémas atrisinasanai tika izv€léta 1. pieeja. Rotora lapstinam tika izveidots
eksperimentu plans ar Cetriem mekl§jamiem parametriem (n=4) un
30 eksperimenta punktiem (k =30). Optimalie rezultati, kas ieguti ar atbildes
virsmas modeli (AVM) pilnizméra rotora lapstinai bez astes dalas un modela
meéroga lapstinai, ir doti 4. tabula.

4. tabula
Optimizacijas rezultati modela méroga un pilnizméra
Konstrukcija mainigie Ierobezojumi fﬂ/riré’(i?a
| Lskin tspa\r L Yeg Yea m fT1 [
mm mm mm mm % %  kg/m Hz °
Modela lapstina
22 <Yy <30 %cC 59,
f11>59.15 Hz 240 025 050 910 265 163 0,99 5 391

Pilnizm@ra lapstina
275<y4<325%c 427 050 134 2670 289 178 446 215 2,68
Yeg = 30 %cC 46,2 0,75 134 2670 300 179 498 224 2,16

27,5 <yeq< 32,5 %cC

f1,> 210 Hz 641 0,75 556 2630 282 155 6,75 235 1,94
Yeg = 30 %cC

f,> 210 Hz 521 1,00 375 2520 300 170 620 235 1,70

Pilnizmera rotora lapstinai tika analizétas Cetras ierobezojumu konstrukcijas.
No optimizacijas rezultatiem ir redzams, ka méroga palielinaSanu var lietot tikai
tad, ja pilnizméra helikoptera rotora lapstinas optimizacija nem vera visus
ierobezojumus. Tada gadijuma rotora lapstinas saverpes lenkis samazinas tikpat
reizes, cik palielinas tas konstrukcijas parametru vertibas.

Nakamaja soll tika optimiz€ta pilnizm&ra rotora lapstina ar astes dalas. Lai
atrisinatu So optimizacijas problému, tika izv€lets eksperimentu plans ar Cetriem
mekl&jamiem parametriem (n =4) un 30 eksperimentu punktiem (k = 30). Plana

18



skaitliskas vertibas pilnizméra rotora lapstinai nému no modela méroga lapstinas
eksperimenta plana, pareizinot tas ar koeficientu 2,67 (15. att.). Saja pétijuma par
MK aktuatoru lietojumu tika izmantoti divi konstruktivie risinajumi.
Eksperimenti plana punktos ar galigo elementu metodi tika atrasti risinajumi.

Skaitliskos rezultatus izmantoju aproksimacijas funkciju noteikSanai. Visam
sistémas uzvedibas funkcijam atbildes virsmas tika iegitas ar Kkorelacijas
koeficientiem virs 90 %. Rezultatu verifikacija ir att€lota 16. attéla, kur starp
aproksimacijam un galigo elementu metodes atrisinajumiem ir redzama loti laba
korelacija. Nelinearas optimizacijas probléma tika atrisinata ar stohastiskas
mekléSanas metodi, izmantojot atrastas atbildes virsmas. Pilnizméra rotora
lapstinas optimizacijas rezultati, kas iegti ar divam pieejam pie sprieguma

1000 V, ir doti 5. tabula. Redzams, ka starpiba starp optimalajiem (AVM) un
skaitliskajiem rezultatiem (GEM), kas ieglti, izmantojot optimizacijas
geometriskos datus, neparsniedz 2 %. Sis rezultats liecina par aproksimacijas
funkciju labu korelaciju.

mm

)

IS

w

Spar thickness tgpar

7 DJ.
\ /60§
21 L ®)ss S
1/ L 3 / <
T TETE
12 T fas &
08 05 o a0 &
, % 04
SKin thickpeg, fy 02 S
: mm

15. att. Eksperimentu plans: 3D skats

Approach 13 1,=48 mm, 1, ~0.50 mm, 1,,,,~2.67 nmm

Approach 1: 1,=5% mm, f,,,=1.00 mm, 1,,=534 mm

Torsion angle @ *

Frequency J;,. Hz

@ FEM
200
0 60 120 180 240

60 120

180 240
MFC actuator chordwise length L, mm

MFC actuator chordwise length L mm
a)

b)
16. att. Atbildes virsmu verifikacija ar galigo elementu metodi rotora lapstinam ar C—

lonZeronu 1. Pieeja: savérpes lenkis (a) un pirmas verpes frekvences (b) atkariba no MC
aktuatora hordas garuma
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5. tabula
Pilnizméra rotora lapstinas optimizacijas rezultati, kas iegiti ar divam pieejam

Konstrukcija mainigie Ierobezojumi fﬁ/rllekrtlz’(i?a
| tskin tspar L Yeg Yea m le @
mm mm mm mm % % kg/m Hz °
1. pieeja
AVM 47,7 1,0 37 2580 300 238 6,1 21,1 3,56
GEM 47,7 1,0 3,7 262,0 29,9 23,6 6,1 21,0 3,62
A% — — — — 0,3 0,8 0 0.5 1,7
2. pieeja
AVM 42,8 0,75 4,9 2440 30,0 21,6 6,7 21,1 6,62
GEM 42,8 0,75 49 2460 302 219 6,7 20,9 6,70
A% — — — — 0,3 0,8 0 0,5 1.2
6. tabula
Optimizacijas rezultati pilnizméra rotora lapstinai ar jauniem ierobezojumiem
Konstrukcija mainigie lerobezojumi Merlg_e_l
funkcija
| tskin tspar L Yeg Yea m fr1 (7]
mm mm mm mm % % kg/m Hz °
1. pieeja
AVM 47,7 0,75 3,6 258,0 28,9 22,7 57 21,1 4,18
GEM 47,7 0,75 3,6 2620 288 223 57 20,8 4,18
A% — — — — 04 18 0 14 0
2. pieeja
AVM 42,7 0,5 13 2270 284 220 53 211 7,84
GEM 42,7 05 13 225,0 28,5 22,8 53 20,1 7,94
A% — — — — 1,0 0,9 0 1.8 0,7

Risinot méroga palielinasanas problému, tika novérots, ka savérpes lenkis, kas
iegiits, lietojot 30 % smaguma centra novietojuma ierobezojumu, ir mazaks neka
gadljuma ar Y., = 27,5..32,5 % smaguma centra novietojuma ierobeZojumu. Lai
maksimizetu saverpes lenki, tika papildus pétiti arT jauni Smaguma centra
novietojuma ierobezojumi (6. tabula).

Veicot salidzino$u pétijumu par optimalajiem rezultatiem pilnizméra rotora
lapstinai ar dazadiem ierobezojumiem, atklajas, ka jaunu smagumu centra
novietojuma ierobezojumi palielina saveérpes lenki un samazina lapstinas garuma
vienibas masu. Minimalais attalums starp smaguma centru un elastigas asi
saglabajas vienads abas pieejas. Sie rezultati pierada, ka jaunie ierobezojumi ir
efektivaki.

Kad konstrukcijas optimizacija bija sekmigi pabeigta, var€ja atrast sakaribu
starp savérpes lenki un izmantoto elektrisko spriegumu (17. att). Parasti
nepiecieSsamais aktuacijas +2° saveérpums ir minimalais veiktsp&jas Itmenis
pjezoelektriski aktuacijai. Ka redzams, lai iegiitu planoto + 2° aktuaciju, optimalam
lapstinam dazadam pieejam vajadzigs dazads elektriskais spriegums. Redzams, ka
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2. pieeja lauj samazinati helikoptera vibracijas un troksni, izmantojot zemaku
spriegumu neka 1. pieeja.

Torsion angle @, ©

A
\
Torsion angle o, °
\
\

00 = 0.0
400 600 800 1000 a 200

400 600 800 1000

Voltage V. Volt Voltage V. Volt

[=~ Approwch 1 = — Approseh s —— Target st | = Ao = = Approwh —— Turget v ]

a) b)
17. att. Minimizgtais elektriskais spriegums 1. un 2. pieeja:
(a) yeg = 30 %, (b) 27,5 <y¢q < 32,5 %C

Secinajumi un rezultati

Promocijas darba aprakstitais pétijums ir veikts, lai izstradatu jaunu modelésanas
un optimizacijas metodologiju ar aktivo saveérpi aprikoto rotora lapstinu projektésanai
ar noliiku samazinat vibracijas un radito troksni. Atbilstosi raZotaju prasibam modela
meéroga un pilnizméra helikoptera rotora lapstinam ir izveidoti 3D galigo elementu
modeli, kas ir verificéti ar statisko eksperimentu rezultatiem, salidzinot lapstinu
saverpes lenkus. Modela méroga un pilnizméra lapstindm ar C— un D— lonZeroniem
ir atrasti jauni optimali risinajumi, un ir doti divi iesp&jami pjezoelektrisko aktuatoru
pielietojumi. legiitie rezultati lauj izdarit $adus secinajumus.

Balstoties uz parametriskas analize rezultatiem, kas iegiti ar galigo elementu
metodi, ir formuléta probléma par MK aktuatoru optimalo izvietojumu rotora
lapstinas. Modela méroga rotora lapstinam ar C— un D— lonzeroniem ir veikta
parametriska analize, lai noteiktu Sk€rsgriezuma parametru ietekmi uz saveérpes
lenki un izpetitu sisttmas uzvedibas funkciju atkaribu no konstrukcijas
parametriem. Pirms skaitlojumu veikSanas tika analiz€ta galigo elementu
metodes rezultatu konvergence dazadu galigo elementu ftiklu gadijumos.
Lapstinu parametriskie pétijumi paradija, ka salidzinajuma ar citiem
konstrukcijas parametriem, lonZeronu «tisu» garumam un $k€rssienu biezumam
ir vismazaka ietekme uz savérpes lenki (neparsniedz 5 %).

Lai atrisinatu optimizacijas problémas rotora lapstinam ar C- un D-
lonzeroniem mode]a méroga, tika izmantoti Cetri konstrukcijas mainigie un divi
iesp&jami pjezoelektrisko aktuatoru lietojumi. Balstoties uz optimizacijas
analizes rezultatiem, ir atrasts, ka C— un D— lonzeroniem abi pieeju gadijumi
dod apm@ram vienadus maksimalais saverpes lepkus. Tacu attaluma
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VI.

VII.

minimizgSana starp smaguma centru un elastigo asi efektivaks ir D— lonzerons,
Ipasi — izmantojot 1. pieeju.

Konstruktoru &rtibai tika veikta ari parametriska analize ar atbildes virsmu, lai
noskaidrotu dazadu konstrukcijas parametru ietekmi uz sistémas uzvedibas
funkcija. ST analize veikta helikoptera rotora lapstinai ar C— lonZeronu,
izmantojot 1. pieeju.

Salidzinajums starp eksperimentalam un skaitliski atrastam saverpes lepka
vertibam paradija, ka pjezoelektriskas aktuacijas modelis adekvati prognoze
statisko aktuacijas kvalitati, ja izmanto termisko analogiju, un apstiprina darba
izstradatas modelESanas precizitati.

Sekojot jaunajai projektésanai metodologijai, ir izveidots jauns instruments MK
aktuatoru optimalai izvieto$anai rotora lapstinas. Konstruktors var vai nu lietot
ieglitos optimalos rezultatus, vai izmantot piedavato projektesanas instrumentu
ar Cetriem risinajumiem MK aktuatoru pielietoSanai.

Pirms pilnizméru rotora lapstinas optimizacijas tika veikta méroga palielinasana
uzdevums par aktuatoru optimalu izvietojumu modela un pilna izméra rotora
lapstinas ar C— lonzeronu bez astes dalas. Pilnizméra rotora lapstinai ir
analizétas Cetras ierobezojumu kombinacijas. Optimizacijas rezultati paradija,
ka m@roga palielinasanu var lietot tikai tad, ja pilnizméra rotora lapstinas
optimizacija nem vera visus ierobezojumus.

Lai demonstrétu citas jauna optimizacijas procesa spgjas, ir izvéléta optimala
projektésana pilnizméra rotora lapstinai ar C— lonzeronu. Papildus tika izpétita
ari smaguma centra novietojuma ietekme. Ir pieradits, ka ierobezojumu
diapazona paplasinasana palielina savérpes lenki un samazina lapstinas masu.

VIII. Ir atrasta sakariba starp savérpes lenki un vajadzigo spriegumu, kas nodrosina

rezultéjoso aktuaciju *2° robezas pilnizméra rotora lapstinpai ar MK
aktuatoriem divu pieeju gadijumos.

Petijumos iegiitie dati ir paredzeti izmantoSanai Eiropas vadosajas kompanijas,

pétniecibas institiitos un akadeémiskajas iestades, kas nodarbojas ar helikoptera rotora
lapstinu projektesanu. Jauna modelé$anas un optimizacijas metodologija ar aktivu
saverpi aprikotas lapstinas projekt€Sanai laus izverst turpmakus petijumus aktivas
saverpes konstrukciju joma. Talakiem petjjumiem ir ieteicams palielinat
konstrukcijas mainigo skaitu optimizacijas procediira.
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INTRODUCTION
Topicality of the Theme

Like other transport systems, helicopters generate external vibration and noise
due to the complex nature of their dynamic systems and suffer from NOx emission.
It is therefore very essential that in the design of the new generation of rotorcrafts
these issues are addressed to improve the situation, to make them environmentally
friendly and acceptable to the general public. Modern society needs these
indispensable systems due to their ability to complete medical, rescue and law
enforcement missions. These missions require flight profiles close to the populated
areas.

Vibratory loads and noise in helicopters arise from a variety of sources such as
the main rotor, tail rotor, engine, gearbox, and fuselage. However, the main rotor is
the most dominant source of vibration and noise, when the unsteady aerodynamic
environment acts on highly flexible rotating blades. High vibration in the
helicopter leads to discomfort of the passengers, increases pilot workload, reduces
component fatigue life, limits forward flight speeds, and increases maintenance
costs.

Application of the passive approach was the traditional vibration reduction
technique, based on the usage of vibration isolators and absorbers. However, this
methodology imparts undesirable weight penalties and yields insufficient vibration
reduction. Later, new control techniques were developed. This strategy involves
active approach such as Higher Harmonic Control (HHC) and Individual Blade
Control (IBC). Disadvantages of these methods are adverse power requirements,
limitation on excitation frequencies in HHC and extreme mechanical complexity of
hydraulic sliprings in IBC.

With an emergence of active materials, such as Active Fibre Composites and
Macro Fibre Composites, the Active Twist Rotor concept was proposed. These
new actuators only required electrical power to operate and did not require
complicated mechanical devices in the rotating system.

The advantage of active twist actuation is simplicity of its actuation
mechanism compared with that of flap actuation. This technology will allow
ensuring the following: to blow away the blade tip vortices responsible for the
blade slap noise, use thin blade tips but delay flow separation through high blade
incident angles leading to lower power requirements and generate secondary
excitation loads counteracting the original unsteady forces and moments at the
rotor hub. Finally, the piezoceramic actuators integrated and distributed into the
rotor blade skin generate dynamic blade twist and camber adapted to the flight
condition at any given time, which leads to significant vibration and noise
reduction and improves flight performance.
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Aims of the Thesis

The main aim of the present Thesis is to develop new modelling and optimisation
methodology for the design of a rotor blade with an active twist to enhance its
capability for vibration and noise reduction. This methodology is based on the new
3D finite element model, planning of experiments and response surface technique
to obtain high piezoelectric actuation forces and displacements with the minimal
actuator weight and energy applied.

Research Objectives of the Thesis

¢ Development of the realistic 3D finite element models of the helicopter rotor
blades in model-scale and full-scale for their analysis and optimal design;

o Parametric studies of the rotor blades with C— and D- spars in order to
determine the influences of the cross-sectional design parameters on the active
twist and study of the dependence of the behaviour functions on the design
parameters;

o Solution of the optimisation problem for the model-scale rotor blades with C-
and D- spars and two possible applications of the piezoelectric actuators;

¢ Development of the Design Tool for the optimum placement of Macro Fibre
Composite actuators in the helicopter rotor blades;

o Solution of the optimisation problem for the full-scale rotor blade with C— spar
and two possible applications of the piezoelectric actuators.

Research Tools and Methods

Research methods used in the present Thesis include the following:
e The methods of experimental design and response surface;
o Finite element software ANSYS;
e APDL programming;
¢ Graphical tools of Excel program for display and analysis of the results;
o EdaOpt software for Experimental Design, Analysis and Multiobjective Robust
Optimisation.

Scientific Novelty of the Thesis

In the present Thesis, new optimal design methodology of rotor blades with an
active twist is proposed. To perform finite element analysis, new realistic 3D finite
element model of the helicopter rotor blades with skin of the rotor blade and Macro
Fibre Composite actuators modelled by the linear layered structural shell elements
is created. To activate piezoelectric effect, the thermal analogy is used. This
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simplification gives the possibility to decrease the dimensions of the finite element
model and considerably reduce the time of calculations. The finite element model
of the helicopter rotor blade is validated successfully by using the results of an
active twist experiment. New optimal solutions are obtained for the rotor blades
with C— and D- spars in the model and full scales and two possible applications of
the piezoelectric actuators. Comparative study is presented and effectiveness of the
models is evaluated. Following the new design methodology, the Design Tool for
the optimum placement of Macro Fibre Composite actuators in the helicopter rotor
blades is developed. Using the Design Tool, designers can find a compromise
between different optimal solutions to be used in the active twist control of
helicopter rotor blades.

Practical Value of the Thesis

The results of this Thesis are the part of the collaborative European project
“Integration of technologies in support of a passenger and environmentally friendly
helicopter” (FRIENDCOPTER) under FRAMEWORK 6 program. The main aim
of the project is to obtain environmentally friendly helicopters lowering impulsive
exterior noise, excessive cabin vibrations and high fuel consumption by an active
blade control. The researcher data obtained from the investigations are intended for
the most experienced European companies, research institutes and academic
institutions working in the field of helicopter rotor blade design. The development
of new modelling and optimisation methodologies for the design of rotor blades
with an active twist will allow further expansion of investigations in this field.

It should be noted that investigations on this topic are continued at present time
within the Clean Sky program. It concerns the development of a full-scale active
twist blade segment based on integrated piezoelectric actuators to allow the blade
shape to be changed in a flight to improve performance and reduce rotor generated
noise and vibrations.

Approbation of Thesis Results and Publications

Results of the present Thesis were reported at 15 international conferences and
8 working meeting within the project FRIENDCOPTER.

The Doctoral Thesis has been presented and discussed at 2 scientific meetings
— at the Institute of Polymer Mechanics of the University of Latvia and at the
Institute of Materials and Structures of Riga Technical University. Main results of
the Thesis were disclosed in 14 publications published in international journals and
conference proceedings.
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Structure of the Thesis

This thesis consists of seven chapters, which are organized as follows:

Chapter 1 provides literature review on the vibration and noise reduction in
helicopters with actively controlled twist blades.

Chapter 2 describes the structure of helicopter rotor blades with C— and D—
spars in the model-scale and full-scales rotor blade. The dimensions and material
properties of these blades are presented.

Chapter 3 presents the finite element modelling and numerical parametric
study of the rotor blades with C— and D- spars. Parametric study is used to
formulate an optimisation problem.

Chapter 4 describes an optimisation methodology, based on the planning of
experiments and response surface technique for the design of new rotor blade with
MFC actuators. The mathematical statement of the optimisation problem is
presented and each component of the methodology is described in details.

Chapter 5 presents the optimisation results for the model-scale rotor blades
with C— and D- spars and two possible applications of the piezoelectric actuators.
Torsion angle obtained from the finite element simulation of helicopter rotor blade
is compared with the experimental value to confirm modelling accuracy. The
Design Tool was produced for the optimum placement of Macro Fibre Composite
actuators in the helicopter rotor blades.

Chapter 6 presents the optimisation results for the full scale rotor blade and
two possible applications of the piezoelectric actuators. Before optimal design
solution of full-scale rotor blade, the numerical upscaling problem is investigated.

Finally, the research efforts and achievements of this Thesis are summarized in
Chapter 7.

1. Literature Review

This chapter presents a comprehensive literature review on the vibration and
noise reduction in helicopters with actively controlled twist blades. Two main
topics are covered in the review. The first issue addressed is literature overview on
helicopter vibration reduction by using different methodologies. The second
provides literature review about active twist concepts in helicopter blades. The
existing literature is classified into three following sections: experimental testing,
numerical simulation and active twist optimisation.

2. Structure of Helicopter Rotor Blades

The structure of helicopter rotor blades with C— and D— spars in model-scale
and full-scale rotor blade with C-spar were described in this chapter. The
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investigated helicopter rotor blades presented in Fig. 1,2 were taken from the well-
known passive BO105 model-scale rotor blade and are equipped with NACA23012
airfoil and have a rectangular shape with active part length 1.56 m and chord
length 0.121 m (Fig. 3). The rotor blades consist of C-spar and D-spar made of
unidirectional Glass Fibre Reinforced Polymer (GFRP), skin made of + 45° GFRP,
foam core, Macro Fibre Composite (MFC) actuators embedded into the skin and
balance weight. MFC actuators consist of rectangular piezoceramic fibres
embedded in an epoxy matrix and sandwiched between polyamide films that have
attached interdigitated electrode patterns as shown in Fig. 4.

10 mm

MFC actuators

+ /,
21 mm | 1 4x0.125 mm/ply
42 mm

116 mm

S mm

Fig. 1. Cross—section and planform of the model-scale rotor blade with C— spar.

10 mm

MFC actuators

y
21 mm 1 4x0.125 mm/ply

116 mm | |5mm

Fig. 2. D-shaped spar design variables.

Center of rotation Blade chord ¢ = 116 mm +Tab 5 mm MEFC actuators
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Active Part Length R = 1560 mm

) Rotor Radius R- = 2000 mm

Fig. 3. Cross-section and planform of the model-scale rotor blade with C— spar.
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Fig. 4. Macro Fiber Composite actuator.
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MFC actuators
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-
Fig. 5. Cross-section and planform of the full-scale rotor blade.

The interdigitated electrodes deliver the electric field required to activate the
piezoelectric effect in the fibres and allow invoking stronger longitudinal
piezoelectric effect along the length of the fibres, which aims to maximize the
shear deformations in the laminated skin producing a distributed twisting moment
along the blade. The direction of piezoceramic fibres in MFC coincides with the
direction of outside GFRP skin layers.

The full-scale rotor blade with C—spar is chosen as an actual rotor blade to
demonstrate the active twisting actuation performance using MFC actuators. In the
real construction, this full-scale rotor blade is based on the passive BO105 model-
scale rotor blade with C— spar. The cross-section parameters of the model-scale
rotor blade are multiplied by the scale factor 2.67 (Fig. 5).

3. Finite Element Simulation of Helicopter Rotor Blades

This chapter presents the finite element modelling and numerical parametric
studies of the rotor blades with C— and D- spars. 3D finite element model of the
rotor blades were produced by commercial finite element software ANSYS (see
Fig. 6). It comprised two different types of finite elements: SHELL 99 and SOLID
186 which were used to model different components of the blade. Some model
simplifications were done, namely, foam material was removed from the rotor
blade tail. The MFC actuators are modelled by shell elements SHELL99 and
embedded as an additional layer in the skin. Difference between model-scale and
full-scale blades is a root in the full-scale rotor blade. The root is modelled by
linear layered structural shell elements SHELL99. The finite element model was
constrained at one side of the blade with a clamped boundary condition.
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(spar modelling)
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(tail modelling)

(SHELL99)

Fig. 6. 3D finite element model of the rotor blade.

Parametric study of the rotor blades with C— and D— spars was carried out in
order to determine the influence of the cross-sectional design parameters on the
torsion angle (¢) and study the dependence of the behaviour functions on the
design parameters (see Fig. 7,8). The design parameters used for this study are spar
“moustaches” thickness (tyar) and length (ly), spar circular fitting (l;), skin
thickness (txin), MFC actuator chordwise length (L), web thickness (t,e,), the same
thickness of the web and spar “moustaches” (tspar = twen). The behaviour functions
have included the chordwise location of the centre of gravity (y,) and elastic axis
(Yea), blade mass per unit span length (m), first torsional frequency (fr;) and strain

(e).

Fig. 7. C—spar design parameters.
L "

>

1
Fig. 8. D—spar design parameters.

To describe the behaviour of the twisted rotor blade, a structural static analysis
is carried out to determine the torsion angle of the rotor blade, static torsion
analysis to determine the location of the elastic axis and modal analysis to
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determine the first torsion eigenfrequency. As additional parameters, the location
of the centre of gravity and the mass of rotor blade are found from the finite
element model.

The thermal analogy is involved in the static structural analysis to determine
the torsion angle and strains arising in the helicopter rotor blade. Thermal analogy
between piezoelectric strains and thermally induced strains is used to
modelpiezoelectric effects, when piezoelectric coefficients characterizing an
actuator are introduced as thermal expansion coefficients and voltage is equivalent
to temperature.

Convergence of the finite element results was examined for different meshes
before parametric study. From the results of mesh analysis, a finite element model
with optimal number of elements was chosen for future calculations and research.

The parametric study of the blade with C—spar has shown that the spar
“moustaches” length has the smallest influence on the torsion angle (less than
5 %). The parametric study of the blade with D—spar has shown that the spar
“moustaches” length and web thickness have the smallest influence on the torsion
angle (less than 5 %).

4. Design Optimisation Methodology

This chapter presents the development of an optimisation methodology, based
on the planning of experiments and the response surface technique for the design
of new rotor blade with MFC actuators. An optimisation problem for the optimum
placement of actuators in the helicopter rotor blade was formulated based on the
results of parametric study of the rotor blades with C— and D- spar and taking into
account the producers requirements:

Objective function  f(x)=>max

Design variables: X = {I, tsin, tspars L } Constraints: 22 <y, <30 %c
16 <1 <24 mm 10 < Yea <25 %cC
0.25 <tyin < 1.25 mm m < 1.35 kg/m
0.50 < teper < 2.50 mm fr1>59.1 Hz

16 <L <100 mm

where the objective function f(x) is the torsion angle and in the D—spar, the design
variable ty, means the same thickness for the web and spar “moustaches”
(tspar = twen). The constraints for the chordwise locations of the cross-sectional
center of gravity and elastic axis are taken into account for aeroelastic stability.
Another concern in the helicopter rotor design with MFC actuators is an attempt to
minimize the distance between the center of gravity and elastic axis in order to
increase the torsion angle and to improve active control of the rotor blade. The
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constraints for the blade mass per unit span length and the first torsional frequency
of the blade are accounted for desirable blade dynamics.

The optimisation problem for the optimum placement of MFC actuators in the
full-scale rotor blade is formulated on the results of parametric study of model-
scale rotor blade with C— spar described above. The bounds of the design variables
for the full-scale rotor blade are determined multiplying the bounds of the design
variables for the model-scale rotor blade by the scale coefficient 2.67:

Objective function  f(x)=>max

Design variables: X = {1, toin, tspars L } Constraints:  y,, = 30 %C
42.7<1<64.1 mm 10 < Yyea <25 %c
0.25 < tyin < 1.25 mm m<11 kg/m
1.34 < tgpar <6.68 mm fri>21 Hz
42.7<L <267 mm

Experimental Design
Sample points for simulation

v

Simulation
Numerical model

v

Response Surface |

v

Optimisation
Random search method

A

Optimum Result

Fig. 9. The flowchart of optimisation methodology for the design of the rotor blade.

The general flowchart of the optimisation methodology is shown in Fig. 9. In
the first stage (Experimental Design), a plan of experiments is produced in
dependence on the number of design variables and the number of experiments. In
the second stage (Simulation), the numerical model is created in order to model the
response of a structure and then finite element analysis is performed in the
reference points of experimental design. In the third stage (Response Surface), the
numerical data obtained by the finite element calculations in the sample points is
used in order to build approximating functions using response surface method.
These simple mathematical models obtained from the data of experiments are used
as objective functions and constraints in the optimal design problem. The non-
linear optimisation problem is executed by the random search method using the
obtained response surfaces in the next stage (Optimisation). The optimal result of
non-linear optimisation is checked using the finite element solution in the fifth
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stage (Result validation). The optimal design variables are used in the numerical
model in order to compare the difference between the optimisation result and the
numerical solution. If the difference between the optimal result and the finite
element solution is higher than 5 %, there is a need to improve the correlations of
the approximating functions or change the design space for some parameters. The
procedures are executed before obtaining the final optimal solution.

5. Optimal Design of Model-Scale Rotor Blades

In this chapter, optimisation results were presented for the model-scale rotor
blades with C— and D- spars and two possible applications of the piezoelectric
actuators. For the optimisation problem solution, the plan of experiment with four
unknown parameters (n = 4), and 30 experiment points (k = 30) were selected for
rotor blades (Fig. 10). To improve the twist actuation performance of rotor blades
with C— and D- spars, two design solutions for the application of MFC actuator
were used in this study (Fig. 11): application of MFC active material on the top of
the skin (Approach 1); application of MFC active material on the top and bottom of
the skin (Approach 2).

Subsequently, in the points of plan of experiments the finite element solutions
were performed. The numerical data obtained by the finite element calculations in
the points of plan of experiments were used in order to build the approximating
functions. Response surfaces for all behaviour functions were obtained with the
correlation coefficients around 90 % and higher. These response surfaces were
verified by the finite element solutions in the points different from the points taken
in the plan of experiments (Fig. 12).

Non-linear optimisation problem was solved by the random search method
using the obtained response surfaces in the corresponding program EdaOpt. The
optimisation results obtained for the rotor blade with C— and D- spars are listed in
Table 1 and Table 2. The maximum torsion angles were calculated; when voltage
is 1000 V. Using a linear interpolation of twist deflection with the maximum
voltage 2000 V, the maximum torsion angles increases 2 times.
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Fig. 10. Plans of experiments: 2D-view.
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Fig. 11. Application of MFC actuators.
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Fig. 12. Verification of the response surfaces for rotor blade with C—spar and Approach 1:
the torsion angle (a) and centre of gravity (b) dependence on the MFC actuators chordwise
length.

The optimal results obtained with the response surface model (RSM) are
compared with the finite element solutions (FEM). Mostly residuals do not exceed
3 %, which show good correlation of the approximating functions.

From the optimisation results it is seen that D—spar and C-—spar have
approximately the same results of maximal torsion angle for two approaches.
However, the minimal distance of the centre of gravity and elastic axis
demonstrates that D—spar is more effective, especially for the first approach.

Table 1
Optimisation results of the rotor blade with C— and D— spar (Approach 1)
Design Constraints Objegtive
Symbol/ function
Units | tskin tspar L Yeg Yea m fr1 [
mm mm mm mm % % kg/m Hz °
C-spar
RSM 24.0 0.25 0.50 91.0 265 163  0.99 59.15 7.82
FEM 24.0 0.25 0.50 90.0 26.7 166  0.99 57.90 7.76
A% — — — — 0.7 18 0 21 0.7
D-spar

RSM 16.0 0.25 1.00 89.0 29.7 221 0.96 59.15 8.02
FEM 16.0 0.25 1.00 88.0 294 219 0.95 58.10 8.08
A% — — — — 1.0 0.9 1.0 1.8 0.7
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Table 2
Optimisation results of the rotor blade with C— and D— spar (Approach 2)

. . Objective
symbol/ Design Constraints function
Units | tekin tspar L Yeg Yea m fn ®
mm mm mm mm % % kg/m Hz °
C-spar

RSM 16.0 0.25 1.50 77.0 28.9 15.7 116  59.30 11.04

FEM 16.0 0.25 1.50 76.0 29.2 16.0 114  59.82 11.12

A% — — — — 1.0 1.8 17 0.9 0.7
D-spar

RSM 22.0 0.25 0.50 82.0 29.4 18.1 120 59.77 10.78

FEM 22.0 0.25 0.50 82.0 29.0 17.7 123  58.88 10.78

A% — — — — 1.4 2.3 2.5 15 0
C- spar design C- spar design
Approach 1: tgin = 0.75 mm, tgpay = 0.75 mm Approach 1: tgyjn = 0.75 mm, tgpay = 0.75 mm

Fig. 13. The torsion angle (a) and first torsional frequency (b) dependency on the design
variables.

Parametric study by response surfaces was carried out additionally for a
designer convenience to investigate the influence of different design parameters on
the behaviour functions and to study sensitivities of the structure. Analysis was
performed for the helicopter rotor blade with C—spar and Approach 1 (Fig. 13).

Comparison of torsion angles for the 3D numerical simulation and
experimental test of the demonstrator blade was made to confirm modelling
accuracy. The demonstrator blade was designed and manufactured in the German
Aerospace Center (DLR). From Table 3, it can be seen that the difference between
the experiment and simulation results of torsion angles is 5.9 % for DLR and 3.2 %
for RTU. The comparison of the torsion angles between the experimental test and
the numerical result of RTU shows that the piezoelectric actuation model
adequately predicts the static actuation performance by using the thermal analogy
and confirms the modelling accuracy developed by RTU.
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Table 3
Comparison of the measured and calculated data

- . Experimental Numerical simulation

Title Symbol Units result by DLR by RTU
Torsion angle 0 [°pp] 3.93 3.70 4,06
Twist rate /R, [°pp/m] 2.87 2.70 2.94

Fig. 14. Optimisation block in the Design Tool.

Finally, Design Tool (Fig. 14) was produced using the examined
methodology developed for the optimum placement of MFC actuators in the
helicopter rotor blades. Design Tool includes four general blocks and four design
solutions for theapplication of MFC actuators. Using the Design Tool, designers
can find a compromise between different optimal solutions to be used in the active
twist control of helicopter rotor blades.

6. Optimal Design of Full-Scale Rotor Blade

This chapter presents the optimal design of the full-scale rotor blade with C—
spar. This blade was chosen to show further capabilities of the optimization
process. The optimization results are obtained for two possible applications of
MFC actuators

Before optimisation of the full-scale rotor blade, the upscaling of optimisation
problem was made for the optimum placement of actuators in the model and full-
scale rotor blade with C— spar without root. For this purpose, some design
parameters of the model-scale blade, namely, spar circular fitting, spar
“moustaches” thickness and MFC chordwise length, are multiplied by the scale
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coefficient 2.67. In this connection, some constraints are changed also according to
the designer requirements. Approach 1 was chosen for the solution of the upscaling
problem. The plan of experiments is formulated for 4 design parameters and 30
experiment points. The optimal results obtained with the response surface model
(RSM) for the full-scale rotor blade without root and model scale are listed in
Table 4. The actuation voltage is 1000 V.

Four combinations of constraints for the full-scale rotor blade were analysed.
From optimisation results it is seen that upscaling can be applied only when all
constraints in the optimisation problem for the full-scale helicopter rotor blade are
taken into consideration. In this case, the rotor blade torsion angle decreases with
the same coefficient as its design parameters increase.

In the next step, optimisation of the full-scale rotor blade with root was
performed. For the solution of the optimisation problem, the plan of experiment
with four parameters (n=4) and 30 experiment points (k=30) was selected.
Numerical values of the experimental plan for the full-scale rotor blade were taken
from the plan of experiment for the model-scale blade with the scale coefficient
2.67 (Fig. 15). Two design solutions for the application of MFC actuators were
used in this study.

In the points of plan of experiments, the finite element solutions were
performed. The numerical results were employed to determine the approximating
functions. Response surfaces for all behaviour functions were obtained with the
correlation coefficients around 90 % and higher. The results of verification are
presented in Figure 16, where a very good correlation is observed for the
approximations and finite element solutions. Non-linear optimisation problem is
executed by the random search method using the determined response surfaces.

Table 4
Optimisation results of model and full-scale rotor blades
Design Constraints Cf)bjec'tlve
Symbol/Units unction
| tskin tspar L Yeg Yea m fr1 [
mm_  mm mm mm % % kg/m Hz °

Model scale blade
22 <Yey <30 %cC
fr1 >59.15 Hz
Full scale blade
275<y< 325%c 427 0.0 1.34 2670 289 178 4.46 215 2.68
Yeg = 30 %cC 462 075 134 2670 300 179 498 224 2.16

240 025 050 91 265 163 099 59.2 3.91

275< Yeg <32.5%c
fr, > 21.0 Hz 64.1 0.75 5.56 2630 282 155 6.75 235 1.94
Yeg = 30 %cC
fr, > 21.0 Hz 52.1 1.00 3.75 2520 300 170 6.20 235 1.70
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Fig. 15. Plan of experiments: 3D-view.
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Fig. 16. Verification of the response surfaces: the dependence of torsion angle (a) and first
torsional frequency (b) on the MFC actuators chordwise length.

The optimisation results obtained for the full-scale rotor blade and two
approaches are listed in Table 5, when the applied voltage is 1000 V. It is seen that
the differences between the optimal (RSM) and numerical results (FEM) using
geometrical data determined by the optimisation do not exceed 2 % that speaks about
good correlation of the approximating functions.

Considering the upscaling problem, it was observed that the torsion angle
obtained with the constraint “the location of the centre of gravity 30 %c” is
consistently lower than the obtained with the constraint “the location of the centre of
gravity yeg=27.5...32.5%”. With the purpose to maximize torsion angle, new
constraints of the location of the centre of gravity were studied additionally (Table 6).

The comparative study of optimal results obtained for the full-scale rotor blade
with different constraints shows that the new constraints on the location of the
centre of gravity increases the torsion angle and decreases the blade mass per unit
span length. The minimal distance between the location of the centre of gravity and

elastic axis remains the same for both approaches. The obtained results
demonstrate that the new constraints are more effective.
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Table 5
Optimisation results of the full-scale rotor blade with two approaches

Design Constraints ?bje(_:tlve
unction
| tskin tspar L Yeg Yea m le @
mm mm mm mm % % kg/m Hz °
Approach 1
RSM 47.7 1.0 3.7 2580 300 238 6.1 211 3.56
FEM 47.7 1.0 3.7 262.0 29.9 23.6 6.1 21.0 3.62
A% — — — — 0.3 0.8 0 0.5 1.7
Approach 2
RSM 42.8 0.75 49 244 30.0 21.6 6.7 21.1 6.62
FEM 42.8 0.75 49 246 302 219 6.7 20.9 6.70
A% — — — — 0.3 0.8 0 0.5 1.2
Table 6

Optimisation results of the full-scale rotor blade with two approaches and new constraints

Design Constraints fObJegtlve
unction
| tskin tspar L Yeg Yea m le ]
mm mm mm mm % % kg/m Hz °
Approach 1
RSM 47.7 0.75 3.6 258.0 28.9 22.7 5.7 211 4.18
FEM 47.7 0.75 3.6 2620 288 223 5.7 20.8 4.18
A% — — — — 0.4 1.8 0 14 0
Approach 2
RSM 42.7 0.5 13 227.0 28.4 22.0 5.3 211 7.84
FEM 42.7 0.5 13 225.0 28.5 22.8 5.3 20.1 7.94
A% — — — — 1.0 0.9 0 1.8 0.7
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Fig. 17. Minimized input voltage for the Approach 1 and Approach 2:
(a) yeg = 30 %, (b) 27.5<y4<32.5 %c.

When design optimisation is completed successfully, the relationship between
the torsion angle and the required input voltage was found (Figure 16). The target
twist actuation + 2° is generally required as the minimum level of performance
needed from the piezoelectric actuation. As it can be seen, to obtain the target

38



actuation of +2°, the optimal rotor blades require different voltage for different
approaches. It is seen that Approach 2 has more capability to reduce vibration of
the helicopter with a much lower input voltage than Approach 1.

7. Conclusions

The work conducted within the framework of the present thesis was carried out
to develop new modelling and optimisation methodology for the design of a rotor
blade with an active twist to enhance its capability for vibration and noise
reduction. 3D finite element models of the helicopter rotor blades in the model and
full scales were built according to the producer’s requirements. The finite element
model of the helicopter rotor blade was validated against the result of static
experiment by comparison of torsion angles. New optimal solutions were found for
rotor blades with C— and D- spars in the model and full scales and two possible
applications of the piezoelectric actuators. The following general conclusions can
be drawn based on the results presented in the Thesis:

I.  The optimisation problems for the optimum placement of MFC actuators in
the helicopter rotor blades were formulated on the results of the parametric
study using the finite element method. Parametric study of the rotor blades
with C— and D- spars in the model scale was carried out in order to determine
the influence of the cross-sectional design parameters on the torsion angle and
study the dependence of the behaviour functions on the design parameters. To
start calculations, convergences of the finite element results were examined
for different meshes. The parametric study of the blades have demonstrated
that the spar “moustaches” length and web thickness have the smallest
influence on the torsion angle in comparison with other design parameters
(less than 5 %).

Il.  Four design variables and two possible applications of the piezoelectric
actuators were used for solution of the optimisation problems in the rotor
blades with C— and D- spars in the model scale. From the optimisation
results, it was found that the D— and C—spars have approximately the same
results of maximal torsion angle for two approaches. However, the minimal
distance between the centre of gravity and elastic axis demonstrates that
D—spar is more effective, especially for Approach 1.

I1l. Parametric study by response surfaces was carried out additionally for a
designer convenience to investigate an influence of different design
parameters on the behaviour functions. Analysis was performed for the
helicopter rotor blade with C—spar and Approach 1.

IV. The comparison of the torsion angles between the experimental test and
numerical results demonstrated that the piezoelectric actuation model
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VI.

VII.

adequately predicts the static actuation performance by using the thermal
analogy and confirms the modelling accuracy developed in this Thesis.
Following the new design methodology, the Design Tool for the optimum
placement of MFC actuators in the helicopter rotor blades was developed.
Designer can find a compromise between the required solutions using the
optimal results obtained or applying the developed Design Tool with four
design solutions for application of MFC actuators.

Before optimisation of the full-scale rotor blade, the upscaling of optimisation
problem was made for the optimum placement of actuators in the model and
full-scale rotor blade with C— spar without root. Four combinations of
constraints for the full-scale rotor blade were analysed. The optimisation
results have shown that upscaling can be applied only when all constraints in
the optimisation problem for the full-scale helicopter rotor blade are taken
into consideration.

The optimal design of the full-scale rotor blade with C— spar was chosen to
show further capabilities of the optimization process. Additionally, the
influence of the location of the centre of gravity was studied. It has been
demonstrated that the torsion angle increases and the blade mass decreases
when the centre of gravity location is changed within the specified range of
constraints.

VIII. The relationship between the torsion angle and the required input voltage to

obtain the target actuation of + 2° was found for the full-scale rotor blade and
two approaches of MFC actuators.

The research data obtained from the investigations are intended for the most

experienced companies, research institutes and academic institutions in the field of
helicopter rotor blade design. The development of new modelling and optimisation
methodology for the design of a rotor blade with an active twist will allow further
expansion of the research of active twist design. In future research and design
studies, the number of design variables accounting for the optimisation problem
could be increased according to future design requirements, new engineering
approaches developed for active control of helicopter rotor blades could be
analysed and optimised as well.
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