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PerÐlhyh

H diplwmatik  aut  ergasÐa asqoleÐtai me to sqediasmì poluj�lamwn fouskwt¸n
pterÔgwn me sqoini� st rixhc, me b�sh thn aerotom  NACA4318, kai basikì ergale-
Ðo, mejìdouc kai logismikì upologistik c reustodunamik c kai upologistik c domik c
an�lushc, all� kai teqnikèc allhlepÐdras c touc. 'Enac stìqoc thc ergasÐac aut c
eÐnai o emploutismìc thc klasik c gewmetrÐac fouskwt c ptèrugac pollapl¸n ja-
l�mwn me sqoini� elègqou pou prosdènontai se eidik� rammènec epekt�seic sta �kra
thc ptèrugac kont� stic akmèc prìsptwshc kai ekfug c. H logik  thc gewmetrÐac me
tic rammènec epekt�seic eÐnai ìti oi t�seic tou sqoinioÔ prìsdeshc proc thn ptèruga
epimerÐzontai sthn epif�neia thc st rixhc kai ìqi mìno sta shmeÐa prìsdeshc. Me
autìn ton trìpo anamènetai h apofug  morfologik c alloÐwshc thc aerotom c lìgw
meg�lwn aerodunamik¸n fortÐwn me skopì th diat rhsh thc aerodunamik c apìdoshc
all� kai th meÐwsh twn paramorf¸sewn. Mia akìmh gewmetrÐa pou sqedi�zetai kai
analÔetai domik� kai aeroelastik� eÐnai h perÐptwsh fouskwt c ptèrugac me diamper 
eswterik  fouskwt  r�bdo pou eÐnai rammènh stic diaqwristikèc epif�neiec metaxÔ
twn diadoqik¸n jal�mwn. H r�bdoc aut  èqei megalÔterh tim  eswterik c pÐeshc
pepiesmènou aèra se sqèsh me thn upìloiph fouskwt  ptèruga. Aut  h sqediastik 
parallag  èqei stìqo thn ekmet�lleush thc r�bdou wc mèsou epiplèon stibarìthtac
thc morf c. Akìmh, me tautìqronh qr sh leptìterou ulikoÔ eÐnai dunat  h antist�j-
mish enìc mèrouc tou sunolikoÔ b�rouc thc kataskeu c me to epiplèon pepiesmèno
aèra pou brÐsketai entìc thc r�bdou. Stic proanaferjeÐsec gewmetrÐec-peript¸seic
dieureunoÔntai oi idiìthtec ulikoÔ kataskeu c, all� kai o rìloc thc tim c thc e-
swterik c pÐeshc pepiesmènou aèra kai tou p�qouc tou ulikoÔ thc ptèrugac. Sto
tèloc, pragmatopoioÔntai sugkrÐseic me b�sh ta domik� dedomèna pou epilèqjhkan
gia ptèrugec me   qwrÐc epekt�seic, qrhsimopoi¸ntac wc mètra sÔgkrishc th mègisth
metatìpish twn kìmbwn thc ptèrugac kai th sÔgklish (kìstoc) thc aeroelastik c
an�lushc. AntÐstoiqec sugkrÐseic pragmatopoioÔntai gia th gewmetrÐa me th fou-
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skwt  r�bdo me epiplèon krit rio sÔgkrishc to sunolikì b�roc thc ptèrugac. Kat�
to sqediasmì twn analuìmenwn poluj�lamwn gewmetri¸n, prostÐjentai ìso to duna-
tìn perissìtera kuklik� profÐl sthn aerotom  NACA4318 diamorf¸nontac se aut 
suneq  aulak¸dh exwterik  epif�neia gia th mègisth aerodunamik  thc apìdosh. H a-
eroelastik  an�lush pragmatopoieÐtai me sunduastik  qr sh tou logismikoÔ PUMA
(Parallel solver for Unstructured grids for Multi-Blade row computations, including
Adjoint) thc Mon�dac Par�llhlhc Upologistik c Reustodunamik c & Beltistopo-
Ðhshc tou EMP (MPURB/EMP) gia thn epÐlush twn Reynolds-Averaged Navier
Stokes (RANS) exis¸sewn gia sumpiest  ro  kai tou emporikoÔ k¸dika MAPDL
(Mechanical ANSYS Parametric Design Language, o opoÐoc apoteleÐ tm ma tou e-
mporikoÔ logismikoÔ ANSYS) gia thn epÐlush twn exis¸sewn thc domik c an�lushc.
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Abstract

This diploma thesis is dealing with the design of caterpillar-shaped inflatable wings
with supporting tethers based on the airfoil NACA4318, using Computational Fluid
Dynamics (CFD) and Computational Solid Mechanics (CSM) software and Fluid
Structure Interaction methods. The first goal of this thesis is the enrichment of the
classic caterpillar-shaped wing’s geometry with supports sewn to areas close to the
leading and trailing edges of the wing where tethers would be attached. The key
concept is that the structural loads exerted from the tether to the wing’s fastening
surface, would scatter to the fastening area, not only the junction points between
tethers and wing. As a result, shape deformation caused by large aerodynamic lo-
ads, which might damage the aerodynamic performance of the airfoil is avoided, and
the maximum wing deformation is reduced. Then, a new caterpillar-shaped wing
geometry is designed and subjected to structural and aeroelastic analysis. This wing
consists of an internal hollow inflatable bar which is sewn on the transversal baffles
that separate the wing into multiple airtight compartments. This bar is inflated at
a higher pressure than the wing compartments. This design variation, aims to use
the inflatable bar as an extra structural reinforcement tool. Additionally, using th-
inner structural material and larger internal pressure value, an amount of the total
weight can be counterbalanced by the extra inflation. In all the cases mentioned a-
bove, studies on the material properties, the internal pressure value and the material
thickness are carried out. Then comparisons are performed based on the same stru-
ctural data, between the cases with and without sewn tether overgrowth supports,
using as criterion measures the maximum deformation and the aerodynamic beha-
vior of the wing (lift) throughout the aeroelastic cycles. Additional comparisons are
made among wings enhanced with and without the inflatable bar, with the overall
wing’s weight as an additional criterion. During the studies, full exploitation of the
airfoil NACA4318 profile is made, since the circular profiles of the caterpillar-shaped
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wing make the wing’s surface bumpy and affect the aerodynamic performance. In
order to perform the aeroelastic analysis, the PUMA (Parallel solver, for Unstructu-
red grids, for Multi-blade row computations, including Adjoint) GPU-enabled CFD
solver by the Parallel CFD & Optimization Unit (PCOpt/NTUA) is used for the
flow prediction and the aerodynamic load computation. For the structural analysis,
the commercial s/w MAPDL (Mechanical ANSYS Parametric Design Language by
ANSYS) is used, since this can be executed in batch mode from a script and can
readily be integrated into an aeroelastic analysis loop.
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Kef�laio 1

Eisagwg 

1.1 Fouskwtèc Kataskeuèc

Fouskwt  (inflatable) kataskeu  orÐzetai aut  pou eswterik� fèrei pepiesmèno a-
èrio, sun jwc aèra, ètsi ¸ste na apokt sei sq ma kai mègejoc. Oi kataskeuèc autèc
sun jwc apoteloÔntai apo dÔo str¸seic membr�nhc sundedemènec mazÐ, me eswterikèc
diam keic   egk�rsiec epif�neiec ftiagmènec apì to Ðdio ulikì. Autèc oi epif�neiec
qwrÐzoun tic kataskeuèc se diaforetik� aerosteg  diamerÐsmata, ta opoÐa eÐnai gemi-
smèna me aèrio. To foÔskwma tètoiou tÔpou dhmiourgeÐ thn aparaÐthth akamyÐa kai
epitrèpei thn kataskeu  meg�lwn kataskeu¸n. Kaj¸c to pepiesmèno aèrio prosfèrei
st rixh kai sq ma, h membr�nh prèpei na eÐnai lept  me monadikì thc rìlo na steg�zei
to pepiesmèno aèrio qwrÐc na katalamb�nei epiplèon q¸ro. Aut  h kataskeu  èqei wc
apotèlesma th sunolik  meÐwsh tou b�rouc kai tou kìstouc pou me thn aposumpÐe-
sh tou aèriou apo thn kataskeu  to mègejoc mei¸netai dramatik� dieukolÔnontac th
metafor� kai thn apoj keush thc. MporoÔn na qrhsimopoihjoÔn se èna polu eurÔ
f�sma efarmog¸n kurÐwc thc aerodiasthmik c ìpwc aerodunamikoÐ epibraduntèc, ke-
raÐec, fwtoboltaikèc sustoiqÐec, fouskwtèc ptèrugec kai pollèc �llec efarmogèc.
Parìla aut�, oi fouskwtèc kataskeuèc èqoun èna basikì meionèkthma, kaj¸c an se
k�poia perÐptwsh h membr�nh trup sei, ja up�rxei diarro  tou pepiesmènou aerÐou me
apotèlesma h kataskeu  na astoq sei.

1.2 Fouskwtèc Ptèrugec

MÐa apo tic pio kaÐriec qr seic twn fouskwt¸n kataskeu¸n apoteloÔn oi fouskwtèc
ptèrugec pou metafèrontai kai parat�ssontai gia apogeÐwsh apì anjr¸pino dunami-
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kì. H asfal c apogeÐwsh kai prosgeÐwsh qwrÐc th bo jeia enaèriou plhr¸matoc
  exwterik c bo jeiac all� kai h beltistopoÐhsh thc aerodunamik c sumperifor�c
an�loga tic sunj kec pt shc, apotèlesan ta basik� kÐnhtra gia thn kataskeu  fou-
skwt¸n aeroskaf¸n. To basikì skeptikì eÐnai, h ptèruga na eÐnai stibagmènh ìtan
den qrhsimopoieÐtai kai na fousk¸netai ek nèou gia na diex�gei apostolèc. To ek-
pètasma thc ptèrugac prèpei na eÐnai sqetik� mikrì apì 15cm mèqri kai 10m gia LTA
(Land Transport Authority) oq mata. Oi ptèrugec kataskeu�zontai se diat�xeic mi-
soÔ ekpet�smatoc gia na mporoÔn, sth sunèqeia, na prosdejoÔn sthn �trakto tou
aerosk�fouc. Up�rqoun dÔo kÔria skeptik� kataskeu c fouskwt¸n pterÔgwn.
To pr¸to apaiteÐ suneqèc foÔskwma afoÔ èqei l�bei sq ma apo thn pr¸th f�sh fou-
sk¸matoc, ìpou up�rqei kai ènac rujmist c pÐeshc aèra gia na diathreÐ thn eswterik 
pÐesh stajer  kat� thn pt sh, o opoÐoc lìgw twn fortÐwn endèqetai na trup sei kai
na k�nei thn ptèruga na astoq sei.
Enallaktik  lÔsh apoteleÐ h �kampth pl rwc fouskwmènh ptèruga. Lìgw thc akam-
yÐac aut c eÐnai polÔ ligìtero pijanì na trup sei h membr�nh thc ptèrugac kai gia
autì protim�tai [1].
Oi fouskwtèc ptèrugec èqoun antÐstoiqa dÔo kÔria meionekt mata. Arqik� den dia-
jètoun pterÔgia klÐsewc aèroc, pou kajist� thn plo ghsh sqedìn adÔnath. To
prìblhma autì mporeÐ na antimetwpisteÐ mèsw thc allag c thc gewmetrÐac thc ptèru-
gac kata thn pt sh. DeÔteron, lìgw tou ulikoÔ thc membr�nhc, h ptèruga dèqetai
uyhl� fortÐa, �ra kai paramorf¸seic, alloi¸nontac thn aerodunamik  sumperifor�
twn pterugÐwn thc. Parìla aut�, me th dhmiourgÐa nèwn ulik¸n, to prìblhma autì
mporeÐ merik¸c na epilujeÐ.
'Ena par�deigma morf c aerosk�fouc me fouskwtèc ptèrugec pou apogei¸jhke qei-
rokÐnhta apo anjr¸pino dunamikì prin kai met� to foÔskwma faÐnetai sto sq ma 1.1.

(aþ) Fouskwtèc ptèrugec prin to fo-
Ôskwma , [1]

(bþ) Fouskwtèc ptèrugec met� to fo-
Ôskwma, [1]

Sq ma 1.1: Par�deigma morf c fouskwt c ptèrugac prin kai met� to foÔskwma

1.2.1 Qr seic Fouskwt¸n PterÔgwn

Oi qr seic elafri¸n aeroskaf¸n me fouskwtèc ptèrugec sumperilamb�noun duna-
tìthta exereun sewn se sunj kec ìpou h eÔkolh metafor� eÐnai shmantikìc par�go-
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ntac thc apostol c, ìpwc h metafor� mikroÔ aerosk�fouc se uyhl� uyìmetra sth
Gh   se atmìsfairec �llwn planht¸n. 'Ena par�deigma enìc aerosk�fouc pou pet�
me fouskwtèc ptèrugec eÐnai sto sq ma 1.2. Sthn ergasÐa aut , kaj¸c montelopoio-
Ôntai ptèrugec me prosj kh sqoini¸n sugkr�thshc, oi ptèrugec pou ja melethjoÔn
den proorÐzontai gia qr sh aeroskaf¸n tÔpou UAV.

Sq ma 1.2: Aerosk�foc UAV pou pet� me fouskwtèc ptèrugec,[1]

Ektìc apo tic proanaferjeÐsec qr seic, ta aerosk�fh me fouskwtèc ptèrugec mpo-
roÔn na qrhsimopoihjoÔn wc mèsa anane¸simwn phg¸n enèrgeiac, ìpwc h prìsdesh
fwtoboltaðk¸n p�nel gia thn �ntlhsh hliak c enèrgeiac se meg�la uyìmetra. Sth
diplwmatik  aut  ergasÐa, melet�tai h aerodunamik  sumperifor� kai apìdosh fou-
skwt¸n aeroskaf¸n me sqoini� prìsdeshc pou an koun se sust mata Ground-Gen
Airborne Wind Energy Systems (GG-AWESs). Oi ptèrugec sugkrat¸ntai apo pol-
lapl� sqoini� elègqou ta opoÐa mporoÔn na prosdejoÔn se diaforetik� shmeÐa thc
ptèrugac ìpou ta �lla �kra touc eÐnai sundedemèna se suskeuèc kinoÔmenec   pa-
ktwmèna sto èdafoc ìpwc faÐnetai sto sq ma 1.3. Pijan  qr sh tètoiou eÐdouc
fouskwt¸n pterug¸n eÐnai h paragwg  hlektrik c enèrgeiac, ekmetalleuìmenec ta
aerodunamik� fortÐa pou metadÐdontai apo thn ptèruga sth Gh mèsw twn sqoini¸n
sugkr�thshc 1.4. Parìla aut�, aut� ta project diaful�ssoun kai pollèc dokimasÐec
ìpwc h diat rhsh twn pterÔgwn aèroc se meg�la uyìmetra ètoimec na antapokri-
joÔn se dÔskolec kairikèc sunj kec. Ed¸, shmantikìc par�gontac epituqÐac eÐnai
h prìbleyh apo th f�sh sqediasmoÔ thc sumperifor�c thc kataskeu c kai kurÐwc
thc ptèrugac kaj¸c ta aerodunamik� fortÐa pou efarmìzontai se aut n all�zoun
suneq¸c kai ìpwc èqoun deÐxei èreunec, oi fouskwtèc kataskeuèc eÐnai euaÐsjhtec se
aeroelastik� probl mata [2].
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Sq ma 1.3: Di�taxeic susthm�twn GG-AWESs fouskwt¸n pterÔgwn me sqoini�
elègqou, [2]

Sq ma 1.4: Paragwg  enèrgeiac. Kat�llhloc kinht rac metatrèpei thn enèrgeia
twn parag¸menwn aerodunamik¸n fortÐwn apì thn ptèruga se hlekrik , ìpou ta sqoini�
elègqou leitourgoÔn wc foreÐc thc paragìmenhc enèrgeiac, [3]
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1.2.2 Fouskwtèc Ptèrugec me Fouskwtèc Eswterikèc

R�bdouc

AutoÔ tou tÔpou oi ptèrugec apoteloÔntai apo trÐa basik� kataskeuastik� mèrh :
th fouskwt  r�bdo, ta fouskwt� toiq¸mata pou sthrÐzoun thn ptèruga kai to exw-
terikì perÐblhma, ìpou fousk¸nontai me diaforetikèc pièseic to kajèna antÐstoiqa
1.5. Kai ta trÐa aut� basik� domik� mèrh kataskeu�zontai apo lept  membr�nh gia
na dieukolÔnetai to foÔskwma touc. To epÐpedo thc eswterik c pÐeshc twn fouskw-
t¸n dok¸n ofeÐlei na eÐnai uyhlì, twn fouskwt¸n toiqwm�twn mètrio, kai to epÐpedo
èntashc pou dèqetai to exwterikì perÐblhma ofeÐlei na eÐnai sqetik� qamhlì. Oi e-
swterikoÐ fouskwtoÐ r�bdoi eÐnai kÔlindroi monwmènoi sta �kra touc me t�pec Ðdiou
ulikoÔ, sundedemènoi me ta fouskwt� toiq¸mata st rixhc thc ptèrugac. Ta fou-
skwt� sthrÐgmata kataskeu�zontai me diampereÐc kuklikèc fl�tzec gia na mporeÐ h
r�bdoc na pern� an�mesa touc kai pakt¸netai me kìlla, boulkanismì, r�yimo, jermik 
sugkìllhsh   sunduasmì twn mejìdwn aut¸n an�loga to ulikì pou qrhsimopoieÐtai.
H axiolìghsh thc kataskeuastik c shmasÐac miac eswterik c fouskwt c r�bdou o-
rÐzetai apo thn tim  thc diamètrou thc, kaj¸c ìso megalÔterh eÐnai tìso megalÔtero
fortÐo mporeÐ na uposthrÐxei [4].

Sq ma 1.5: Domik� mèrh ptèrugac me eswterik  fouskwt  dokì, [4]

1.2.3 Poluj�lamec Fouskwtèc Ptèrugec

H epif�neia poluj�lamwn pterÔgwn, apoteleÐ mÐa epif�neia me aulak¸seic, kaj¸c to
kèntro k�je jal�mou epekteÐnetai perissìtero sto kèntro sugkritik� me tic gwnÐec
tou. SÔmfwna me prosomoi¸seic sthn aerotom  NACA4318, oi aulak¸seic autèc mpo-
roÔn na ephre�soun kajoristik� thn apìdosh thc aerotom c. To kalokaÐri tou 2007,
sto BIG BLUE PROJECT tou panepisthmÐou Kentucky, dokim�sthkan 7 diafore-
tik� montèla fouskwt¸n pterÔgwn ìpou sqedi�sthkan kai èginan èlegqoi pt shc.
To BIIG BLUE UAV’s  tan apì ta pr¸ta montèla pou sqedi�sthkan, kai parist�
èna fouskwtì-�kampto profÐl ptèrugac me ambleÐa akm  prìsptwshc ìpou apaitoÔse
leÐo 'kèlufoc' p�nw apo thn aulak¸dh epif�neia kai lÐgo pio muter  akm  ekfug c [5].
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Se qamhloÔc arijmoÔc Reynolds, emfanÐsthkan diataraqèc sthn epif�neia thc aula-
k¸douc epif�neiac gia na belti¸sei th ro  sugkritik� me th leÐa ptèruga mei¸nontac
thn apokìllhsh ro c ìpwc faÐnetai kai sto sq ma 1.6. Sth diplwmatik  aut  erga-

(aþ) leÐa epif�neia (bþ) aulak¸dhc epif�neia

Sq ma 1.6: SÔgkrish apokìllhshc thc ro c metaxÔ leÐac kai aulak¸douc epif�neiac,
[5]

sÐa, melet¸ntai mìno poluj�lamec ptèrugec me jal�mouc oi opoÐoi den epikoinwnoÔn
metaxÔ touc.

1.3 Aeroelastikìthta

H basik  arq  thc aeroelastikìthtac eÐnai ìti h ro  enìc reustoÔ gÔrw apì èna
stereì dhmiourgeÐ aerodunamikèc dun�meic oi opoÐec prokaloÔn thn paramìrfwsh tou.
Aut  h paramìrfwsh èqei wc apotèlesma thn anakatanom  twn aerodunamik¸n for-
tÐwn gegonìc pou ephre�zei thn aerodunamik  apìdosh tou s¸matoc. Sunep¸c gia thn
epÐteuxh thc kat�stashc isorropÐac apaiteÐtai h tautìqronh epÐlush tìso twn exi-
s¸sewn ro c ìso kai twn exis¸sewn pou dièpoun th domik  sumperifor� tou stereoÔ
s¸matoc [6]. Up�rqoun dÔo tÔpoi aeroelastik¸n problhm�twn. O pr¸toc perilam-
b�nei thn adr�neia thc dom c kaj¸c kai aerodunamikèc kai elastikèc dun�meic, dhlad 
dunamik� sust mata fortÐwn sta opoÐa oi ripèc aèra mporoÔn na prokalèsoun tala-
nt¸seic twn domik¸n stoiqeÐwn. Se aut n thn kathgorÐa melet¸ntai o pterugismìc,
h rÐpish kai h dunamik  apìkrish [7]. O deÔteroc tÔpoc perilamb�nei thn allhle-
pÐdrash aerodunamik¸n kai domik¸n fortÐwn, pou prokaloÔn apoklÐnousec t�seic se
mÐa polÔ eÔkampth dom , me apotèlesma thn astoqÐa   se epark¸c �kamptec domèc
thn duskolÐa sÔgklishc mèqri na epèljei isorropÐa [7]. Thn ergasÐa aut , apasqoleÐ
o deÔteroc tÔpoc aeroelastikoÔ probl matoc, qwrÐc apoklÐnousec t�seic, me stìqo
thn aeroelastik  stajeropoÐhsh �kamptwn dom¸n. To aeroelastikì prìblhma autì,
apasqoleÐ thn allhlepÐdrash metaxÔ thc paramìrfwshc enìc elastikoÔ s¸matoc se
reÔma aèra kai thc paragìmenhc aerodunamik c dÔnamhc. H qrhsimìthta aut  eÐnai
shmantik  gia to sqediasmì aeropl�nwn, elikoptèrwn, puraÔlwn, kremast¸n gefu-
r¸n ktl. Ta kÔria qarakthristik� pou epizhtoÔntai ìtan melet¸ntai aeroelastik�
probl mata eÐnai h èlleiyh astajei¸n, o èlegqoc kai ta domik� fortÐa apì tic al-
lagèc kateÔjunshc kai tic turb¸deic roèc pou dhmiourgoÔntai gÔrw apì to montèlo.
Gia thn an�lush ipt�menwn montèlwn (ìpwc ptèrugec) ìpou anaptÔssontai domik� kai
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aerodunamik� fortÐa, ìpou sta aerodunamik� all�zoun sqetik� arg�, kai mporoÔn na
qrhsimopoihjoÔn statikèc mèjodoi. Se autou tou eÐdouc probl matoc, statik� su-
st mata aerodunamik¸n kai elastik¸n dun�mewn par�goun aeroelastik� fainìmena
ìpwc eÐnai h apìklish kai o èlegqoc thc anastrof c [7]. To flutter [8], apoteleÐ èna
apì ta pio shmantik� pedÐa thc aeroelastikìthtac. OrÐzetai wc h dunamik  ast�jeia
tou s¸matoc lìgw twn exwterik¸n fortÐwn. To fainìmeno sumbaÐnei wc apotèle-
sma allhlepidr�sewn metaxÔ twn aerodunamik¸n kai adraneiak¸n dun�mewn p�nw sto
s¸ma se sunduasmì me th sklhrìthta tou ulikoÔ tou. Kat� th pt sh, stic ptèru-
gec tou aerosk�fouc anaptÔssontai uyhlèc timèc dunamik c pÐeshc, �ra kai isqur�
aerodunamik� fortÐa pou aux�nontai suneq¸c sto s¸ma. Sunep¸c, an den èqei gÐnei
swstìc domikìc sqediasmìc (topologÐa, plegmatopoÐhsh peperasmènwn stoiqeÐwn,
ulikì kataskeu c ptèrugac, ulikì kataskeu c sqoini¸n prìsdeshc) up�rqei kÐndunoc
na alloiwjeÐ h gewmetrÐa thc ptèrugac. To sen�rio autì mporeÐ na apobeÐ katastro-
fikì, giautì kai prèpei na apofeuqjeÐ nwrÐc apì th f�sh tou domikoÔ sqediasmoÔ tou
aerosk�fouc [9].
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1.4 Dom  Diplwmatik c ErgasÐac

Ta kef�laia thc diplwmatik c ergasÐac aut c eÐnai ta ex c:

� Kef�laio 2: ParousÐash twn Reynolds Averaged Navier Stokes (RANS)
exis¸sewn thc ro c qrhsimopoioÔmenec apo to PUMA logismikì pou trèqei se
epexergastèc kart¸n grafik¸n GPUs, gia ton upologismì twn aerodunamik¸n
fortÐwn.

� Kef�laio 3: ParousÐash twn basik¸n domik¸n exis¸sewn, pou mèsw tou e-
mporikoÔ logismikoÔ ANSYS MAPDL upologÐzontai oi domikèc paramorf¸seic.

� Kef�laio 4: AllhlepÐdrash Aerodunamik c-Domik c an�lushc

� Kef�laio 5: Aeroelastikèc efarmogèc se diaforetikèc gewmetrÐec fouskw-
t¸n pterÔgwn.

� Kef�laio 6: Sqìlia kai sumper�smata me b�sh ta apotelèsmata twn aeroe-
lastik¸n analÔsewn.
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Kef�laio 2

Aerodunamik  An�lush

Arqik� parousi�zetai to montèlo ro c gia ton upologismì twn aerodunamik¸n for-
tÐwn pou dèqontai oi poluj�lamec ptèrugec pou melet¸ntai kat� thn pt sh touc. To
montèlo thc ro c apoteleÐtai apo tic Reynolds-Averaged Navier Stokes (RANS) exi-
s¸seic mìnimhc ro c gia sumpiest  ro  kai to Spalart-Allmaras montèlo tÔrbhc [10].
O epilÔthc CFD mazÐ me ton suzug  epilÔth tou, onom�zetai PUMA (Parallel solver
for Unstructured grids, for Multiblade row computations, including Adjoint). H
dhmiourgÐa tou k¸dika xekÐnhse dÔo dekaetÐec prin, sto plaÐsio poll¸n didaktorik¸n
diatrib¸n sth MPURB/EMP, kai thn teleutaÐa dekaetÐa o k¸dikac èqei metaferjeÐ
se k�rtec grafik¸n NVIDIA-GPUs emploutismènoc me nèec dunatìthtec. 'Ola ta
trexÐmata sth diplwmatik  aut  ergasÐa ektelèsthkan qrhsimopoi¸ntac thn GPU-
enabled parallag  tou PUMA [11] [12].

2.1 Oi RANS Exis¸seic gia Sumpiest  Ro 

Oi 3D RANS exis¸seic gia sumpiest  ro  se dianusmatik  morf  eÐnai [10]:

∂Un
∂t

+
∂f invnk

∂xk
− ∂f visnk

∂xk
= 0 (2.1)
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Sthn exÐswsh 2.1, to Un antiproswpeÔei tic sunthrhtikèc metablhtèc:

~U =


ρ
ρu1

ρu2

ρu3

ρE

 (2.2)

ìpou r eÐnai h puknìthta tou reustoÔ, um(m = 1, 2, 3) eÐnai oi sunist¸sec thc ta-
qÔthtac kai E h enèrgeia an� mon�da m�zac, en¸ t eÐnai o yeudoqrìnoc, miac kai to
qronik� mìnimo prìblhma lÔnetai me thn teqnik  thc qrono-proèlashc ston yeudo-

qrìno (epanalhptik�). Ta dianÔsmata twn atrib¸n ~fnk
inv

kai twn sunektik¸n ro¸n
~fnk

vis
orÐzontai wc [10]:

~fnk
inv

=


ρuk

ρu1uk + pδ1k

ρu2uk + pδ2k

ρu3uk + pδ3k

uk(Et + p)

 (2.3)

~fnk
vis

=


0
τ1k

τ2k

τ3k

ulτ1k + qk

 (2.4)

pou o ìroc δnk eÐnai to sÔmbolo tou Kronecker, Et = p
γ−1
− 1

2
ρu2 h sunolik  enèrgeia

ana mon�da ìgkou kai o ìroc qk oi sunist¸sec thc jermik c ro c en¸ τik eÐnai o ta-
nust c twn t�sewn. To di�nusma thc taqÔthtac sumbolÐzetai me ~u. Gia tic exis¸seic
2.3, 2.4:

� o tanust c twn t�sewn τi,j

τi,j =
µ+ µt
Re

(
∂ui
∂xj

+
∂uj
∂xj
− 2

3
δij
∂uk
∂xk

)
(2.5)

� arijmìc Reynolds Re

Re =
ρul

µ
(2.6)

ìpou l to qarakthristikì m koc pou sthn perÐptws  mac isoÔtai me th qord 
thc aerotom c NACA4318, kai µ h dunamik  sunektikìthta tou reustoÔ.
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� k sunist¸sa thc ro c jermìthtac qk:

qk =
Cp
Re

(
µ

Pr
+

µt
Prt

)
∂T

∂xk
(2.7)

ìpou Cp h eidik  jermoqwrhtikìthta tou reustoÔ upì stajer  pÐesh.

� T eÐnai h statik  jermokrasÐa. Kaj¸c to reustì jewreÐtai tèleio aèrio h
jermokrasÐa T exart�tai apo thn puknìthta ρ kai thn pÐesh p mèsw thc sqèshc:

p = ρRgT (2.8)

ìpou Rg h pagkìsmia stajer� twn aerÐwn.

� Arijmìc Prandtl (Pr)

Pr =
Cpµ

k
(2.9)

ìpou k h jermik  agwgimìthta

� Turb¸dhc Arijmìc Prandlt Prt

� Eidikìc lìgoc jermìthtac (γ)

γ =
Cp
Cv

(2.10)

ìpou Cv h eidik  jermoqwrhtikìthta tou reustoÔ upì stajerì ìgko.

� Olik  enjalpÐa ht

ht = E +
p

ρ
(2.11)

ìpou gia tèleia aèria h olik  enjalpÐa exart�tai apo thn puknìthta ρ, thn pÐesh
p kai thn taqÔthta (um):

ht =
γp

ρ(γ − 1)
+

1

2
u2
m (2.12)

� Olik  jermokrasÐa Tt:

Tt = T +
umum
2Cp

(2.13)
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� Olik  pÐesh pt:

pt = p

(
1 +

γ − 1

2
M2

) γ
γ−1

(2.14)

H turb¸dhc sunektikìthta µt upologÐzetai mèsw thc exÐswshc tou montèlou tÔrbhc
Spalart-Allmaras [13].

∂(ρν̃)

∂t
+
∂(ρν̃uk)

∂xk
=

ρ

Reoσ

{
∂

∂xk

[
(ν̃ + ν)

∂ν̃

∂xk

]
+ cb2

∂ν̃

∂xk

∂ν̃

∂xk

}
+ ρcb1(1− ft2)S̃ν̃ −

ρ

Re0

(
cw1fw −

cb1
κ2
ft2

)( ν̃
∆

)2

(2.15)

ìpou ∆ eÐnai h apìstash tou k�je shmeÐou tou pedÐou ro c apo to plhsièstero stereì
ìrio.
LÔnontac thn exÐswsh 2.15 upologÐzetai to µt apo to ν̃ mèsw thc µt = ρν̃fυ1. H
exÐswsh 2.15 apoteleÐtai apo touc ex c par�gontec:

χ =
ν̃

ν
fu1 =

χ3

χ3 + c3
υ1

S =

√
εklmεkqr

∂um
∂xl

∂ur
∂xq

S̃ = S +
ν̃fu2

Re0κ2∆
fw = g

(
1 + cw3

6

g6 + cw3
6

) 1
3

g = r + cw2

(
r6 − r

)
r = min

(
10,

ν̃

Re0S̃κ2∆2

)
µ̃ = ρν̃ ft2 = ct3e

ct4χ
2

cv1 = 7.1 cb1 = 0.1355 cb2 = 0.622

cw1 =
cb1
κ2

+
1 + cb2
σ

cw2 = 0.3 cw3 = 2.0

σ =
2

3
κ = 0.41 ct3 = 1.2 ct4 = 0.5 (2.16)

Oi parap�nw exis¸seic lÔnontai se 3D mh-domhmèna plègmata ìpou ta stoiqeÐa tou
plègmatoc mporoÔn na èqoun morf  tetr�edrwn, puramÐdwn, prism�twn kai exaèdrwn.
To grammikopoihmèno sÔsthma epilÔetai me th mèjodo Jacobi.
Sth diplwmatik  aut  ergasÐa, to montèlo tÔrbhc Spalart-Allmaras qrhsimopoieÐtai
wc Low-Reynolds montèlo, ìpou ta megèjh oloklhr¸nontai mèqri kai to stereì ìrio,
ìpou apaiteÐtai meg�lh pÔknwsh tou plègmatoc kont� sta toiq¸mata.

12



2.2 Oriakèc Sunj kec Sumpiest c Ro c

Gia ton upologismì tou probl matoc thc ro c, prèpei na oristoÔn kat�llhlec oriakec
sunj kec stic exis¸seic 2.1, 2.15. Kat� th aeroelastik  melèth thc ergasÐac aut c
epikrateÐ sumpiest  ro .

2.2.1 Oriakèc Sunj kec Stere¸n Toiqwm�twn

Ta stere� toiq¸mata antistoiqoÔn sthn exwterik  epif�neia thc ptèrugac. Pio su-
gkekrimèna, sta stere� toiq¸mata isqÔoun oi sunj kec mh-olÐsjhshc thc ro c dh-
lad  h taqÔthta eÐnai mhdèn. Akìmh h metablht  tÔrbhc ν̃ orÐzetai mhdèn, kaj¸c
efarmìzetai montèlo tÔrbhc qamhl¸n arijm¸n Reynolds. Tèloc, ta stere� toiq¸ma-
ta jewroÔntai adiabatik� epomènwc qknk = 0 kai gia thn pÐesh efarmìzetai mhdenik 
sunj kh Neumann. SunoyÐzontai oi oriakèc sun kec stere¸n toiqwm�twn stic pa-
rak�tw exis¸seic:

uk = 0 (2.17)

ν̃ = 0 (2.18)

qknk = 0 (2.19)

2.2.2 Oriakèc Sunj kec thc Ep'�peiro Ro c

Sto ep'�peiron ìrio (Far field) thc ro c dÐnontai ta megèjh thc adiat�rakthc ro c 2.1.
'Otan h ro  eisèrqetai sto upologistikì qwrÐo, tìte wc oriakèc sunj kec eisìdou
orÐzontai ta dianÔsmata thc taqÔthtac, o lìgoc turb¸douc proc kinhmatik  sunekti-
kìthta en¸ h statik  pÐesh anane¸netai se k�je epan�lhyh. Se perÐptwsh pou h
ro  exèrqetai apo to upologistikì qwrÐo h pÐesh apoteleÐ thn oriak  sunj kh en¸
kat� th qronoepèlash thc an�lushc anane¸nontai ta dianÔsmata thc taqÔthtac kai
h puknìthta [14].

Sunj kec ep'�peiro ro c Tim 
Puknìthta aèra 0.4135 kg/m3

Mètro taqÔthtac 40 m/s
GwnÐa prìneushc α 2 deg

GwnÐa ektrop c β(yaw) 0 deg
JermokrasÐa 223.25 K

Lìgoc turb¸douc proc dunamik c sunektikìthtac 0.8134
Dunamik  sunektikìthta aèra 1.458× 10−5

PÐnakac 2.1: Dedomèna gia ton CFD epilÔth
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2.3 DiakritopoÐhsh Exis¸sewn me Peperasmènouc

'Ogkouc

Gia thn epÐlush tou sust matoc twn exis¸sewn 2.1, 2.15 efarmìzetai mèjodoc qrono-
epèlashc. SÔmfwna me aut n, ìtan epilÔetai ena qronik� mìnimo prìblhma, oi qroni-
kèc par�gwgoi antikajÐstantai apo yeudo-qronikèc. Se k�je yeudo-qronikì b ma thc
mejìdou aut c, to sÔsthma diakritopoieÐtai, grammikopoieÐtai kai sto tèloc epilÔetai.

Gia th diakritopoÐhsh tou sust matoc, efarmìzetai h mèjodoc twn kentrokombik¸n
peperasmènwn ìgkwn, oi opoÐoi dhmiourgoÔntai gÔrw apo k�je kìmbo P tou plègmatoc
ìpwc faÐnetai gia èna 2-D par�deigma sto sq ma2.1.

Sq ma 2.1: KentrokombikoÐ peperasmènoi ìgkoi, pou P o exetazìmenoc kìmboc kai
Qi oi geitonikoÐ tou kìmboi. H maÔrh perioq  apoteleÐ ton ìgko elègqou

Gia touc mh-sunektikoÔc ìrouc, efarmìzetai to je¸rhma Green-Gauss se k�je ìgko
elègqou kai ta dianÔsmata sunektik c ro c sth diepif�neia twn peperasmènwn ìgkwn
upologÐzontai me to sq ma tou Roe [15]. Stouc sunektikoÔc ìrouc, met� thn efarmog 
tou jewr matoc Green-Gauss, efarmìzetai sq ma deÔterhc t�xhc kentrik¸n diafor¸n
pou proteÐnetai sthn ergasÐa [16].
H arijmhtik  epÐlush twn diakritopoihmènwn exis¸sewn gÐnetai gia th diìrjwsh twn
metablht¸n, efarmìzontac th legìmenh Dèlta DiatÔpwsh (Delta Formulation):

VP
∆tP

~∆Qn

P
= − ~Rn

GE,P
(2.20)

pou ~Q sumbolÐzei eÐte to ~U eÐte to µ, GE thn antÐstoiqh exÐswsh (Governing E-
quation) gia to MF   to SA kai ∆tP to yeudo-qronikì b ma, to opoÐo upologÐzetai
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topik� gia k�je kìmbo tou plègmatoc, [17], wc:

∆tP = CFL
VP

T inv,P + T vis,P
(2.21)

ìpou

T inv,P =
(
|ukR|+ c

)P
Sk

P (2.22)

T vis,P =
2 (µ+ µt)VP

ρP
(
S1

P + S2
P + S3

P
) (2.23)

Sk
P =

1

2

∑
∀QεN(P )

|nkPQ| (2.24)

ìpou Q oi geitonikoÐ kìmboi tou exetazìmenou kìmbou P , en¸ o arijmìc CFL orÐzetai
apo to qr sth. Kat� th diakritopoÐhsh thc exÐswshc 2.20, to di�nusma twn apoklÐse-

wn k�je yeudoqronik c epan�lhyhc ~Rn, diasp�tai se ìrouc pou an koun sth diag¸nio
~Dn, kai se ìrouc pou den an koun se aut  ~Zn kai upologÐzontai me th mèjodo Jacob.

Sto sq ma 2.2, parousi�zetai to di�gramma thc diadikasÐac pou ekteleÐtai gia thn
epÐlush twn exis¸sewn RANS gia mia qronik� mìnimh ro , ìpou o deÐkthc MF sum-
bolÐzei th mèsh ro , o deÐkthc SA to montèlo tÔrbhc (Spalart-Allmaras), o metrht c
j ta yeudo-qronik� b mata.
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Sq ma 2.2: Di�gramma ro c epilÔth qronik� mìnimwn turbwd¸n ro¸n
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2.4 Qr sh Epexergast¸n Kart¸n Grafik¸n

Gia th ragdaÐa aÔxhsh thc taqÔthtac epÐlushc thc ro c, to logismikì ekteleÐtai apì
epexergastèc kart¸n grafik¸n (GPU), ènanti tou kentrikoÔ epexergast  (CPU).
Stouc epexergastèc GPUs, ìloi oi pur nec touc douleÔoun par�llhla, me b�sh thn
Ðdia mn mh RAM. Par� th meg�lh upologistik  touc isqÔ ìmwc, oi k�rtec grafik¸n
diajètoun mikrìterh mn mh se sÔgkrish me touc kentrikoÔc epexergastèc. Gia na
perioristoÔn oi arnhtikèc epidr�seic aut¸n, apaiteÐtai h meÐwsh tou ìgkou plhrofo-
ri¸n pou qrei�zetai to logismikì. To parap�nw epitugq�netai me thn efarmog  thc
mejìdou MPA (Mixed Precision Arithmetics) [18]. Pio sugkekrimèna gia thn epÐlush
tou 3-D aerodunamikoÔ montèlou (RANS) se sunduasmì me to montèlo tÔrbhc mÐac
exÐswshc, qrhsimopoi¸ntac th mèjodo MPA sumbaÐnei to ex c. To aristerì mèroc
(left-hand-side) twn diakritopoihmènwn exis¸sewn (RANS, tÔrbhc), ulopoieÐtai me
mejìdouc mon c akrÐbeiac SPA (Single Precision Arithmetics), en¸ to dexÐ mèroc twn
exis¸sewn (right-hand-side), pou aforoÔn tic apoklÐseic (residuals), ulopoioÔntai
me dipl c akrÐbeiac DPA (Double Precision Arithmetics). Me autìn ton trìpo h
ulopoÐhsh MPA stic GPUs, katal gei se meg�lec taqÔthtec epÐlushc, kaj¸c kai
meÐwsh tou sunolikoÔ ìgkou plhrofori¸n (ekmet�lleush SPA ulopoÐhshc) sugkri-
tik� me ton kentrikì epexergast  CPU, qwrÐc na ephre�zei arnhtik� thn ulopoÐhsh
DPA twn GPUs.
H qr sh GPU’s, mporeÐ na mei¸sei shmantik� to upologistikì kìstoc thc prìlexhc
thc aeroelastik c sumperifor�c mÐac ptèrugac, gia autì qrhsimopoioÔntai sth paro-
Ôsa ergasÐa. [14]. Sth diplwmatik  ergasÐa aut , qrhsimopoieÐtai h k�rta grafik¸n
NVIDIA Tesla P100.
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Kef�laio 3

Domik  An�lush

Ektìc apo to roðkì montèlo, gia thn aeroelastik  an�lush qrei�zetai kai domik 
an�lush pou perigr�fetai se autì to kef�laio. Pio sugkekrimèna, parousi�zontai
oi basikèc arqèc thc qrhsimopoioÔmenhc mejìdou peperasmènwn stoiqeÐwn apo to
logismikì. To logismikì pou qrhsimopoieÐtai wc kataskeuastikìc epilÔthc eÐnai to
ANSYS kai pio sugkekrimèna to MAPDL (Mechanical ANSYS Parametric Design
Language)[19]. Sthn ergasÐa aut  ja qrhsimopoihjoÔn dÔo tÔpoi ulik¸n: orjotro-
pikì sunjetikì ulikì kai isìtropo elastikì ulikì.

3.1 Basikèc Sqèseic Domik c An�lushc

3.1.1 Orjotropikì Sunjetikì Ulikì

Ta orjotropik� katat�ssontai sthn kathgorÐa twn anisìtropwn kai, pio sugkekri-
mèna, èqoun diaforetikèc idiìthtec stic dÔo k�jetec dieujÔnseic tou k�je epipèdou.
Oi sqèseic pou perigr�foun th domik  sumperifor� tou orjotropikoÔ ulikoÔ peri-
gr�fontai apo tic sqèseic pou perigr�foun genikìtera ta elastik� ulik�. Arqik�
orÐzontai oi ent�seic, oi paramorf¸seic kai oi sqèseic allhlepÐdrashc metaxÔ touc,
kaj¸c h katanìhsh touc eÐnai shmantik  gia th mèjodo twn peperasmènwn stoiqeÐwn
gia ton upologismì twn metatopÐsewn sta domik� probl mata. Me b�sh to sÔsthma
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suntetagmènwn (x,y,z) oi t�seic gia k�je �xona 3.1 orÐzontai apo ton tanust  [20]:

~σ =


σx
σy
σz
τxy
τyz
τxz

 (3.1)

Sq ma 3.1: An�lush orj¸n kai diatmhtik¸n t�sewn , [21]

To di�nusma thc olik c paramìrfwshc se k�je kìmbo ~ε eÐnai to [20]:

~ε =


εx
εy
εz
γxy
γyz
γxz

 (3.2)

ìpou εi eÐnai oi paramorf¸seic apo orjèc t�seic kai γij paramorf¸seic apo diatmhti-
kèc t�seic.

Sthn ed¸ efarmog , den up�rqoun jermikèc paramorf¸seic. Wc apotèlesma, pro-
kÔptei ìti h elastik  isoÔtai me thn olik  t�sh. Mèsw tou nìmou tou Hooke gia
elastik� ulik� dÐnontai oi sqèseic metaxÔ t�sewn kai twn antÐstoiqwn paramorf¸se-
wn [20]:
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σx =
Ex
h

(
1− ν2

yz
Ez
Ey

)
εx +

Ey
h

(
νxy + νxzνyz

Ez
Ey

)
εy +

Ez
h

(νxz + νyzνxy) εz

σy =
Ey
h

(
νxy + νxzνyz

Ez
Ey

)
εx +

Ey
h

(
1− ν2

xz
Ez
Ey

)
εy +

Ez
h

(
νxz + νyzνxy

Ey
Ex

)
εz

σz =
Ez
h

(
νxz + νyzνxy

Ez
Ey

)
εx +

Ey
h

(
νyz + νxzνxy

Ey
Ex

)
εy +

Ez
h

(
1− ν2

xy
Ey
Ex

)
εz

(3.3)

τxy = Gxyγxy

τyz = Gyzγyz

τxz = Gxzγxz

(3.4)

ìpou

h = 1− νxy2Ey
Ex
− νyz2Ez

Ey
− νxz2Ez

Ex
− 2νxyνyzνxz

Ez
Ex

(3.5)

Sq ma 3.2: Metabolèc gewmetrÐac lìgw orj¸n kai diatmhtik¸n t�sewn: Arister�:
Metabol  gewmetrÐac lìgw orj¸n t�sewn. Dexi�: Metabol  gewmetrÐac lìgw diatmh-
tik¸n t�sewn

Stic parap�nw sqèseic:

� σi eÐnai oi orjèc t�seic gia k�je dieÔjunsh.

� εi eÐnai oi orjèc paramorf¸seic gia k�je dieÔjunsh lìgw twn σi orj¸n t�sewn.

� τi,j eÐnai oi diatmhtikèc t�seic sth j dieÔjunsh tou epipèdou an�loga thn pe-
rÐptwsh, kaj¸c h i eÐnai h k�jeth dieÔjuns  tou kai antistoiqeÐ sto epÐpedo
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twn orj¸n t�sewn.

� γi,j eÐnai oi diatmhtikèc paramorf¸seic lìgw twn τi,j diatmhtik¸n t�sewn.

� Ei eÐnai to mètro elastikìthtac (Young Modulus) kata ton i �xona pou orÐzetai
sun jwc peiramatik� gia to ulikì. Sta isìtropa ulik� up�rqei mìno èna mètro
elastikìthtac koinì gia k�je �xona, en¸ sta orjotropik� ulik� up�rqoun trÐa
mètra elastikìthtac gia k�je �xona (x, y, z).

� νi,j eÐnai o lìgoc Poisson kai orÐzetai apo th sqèsh νi,j = − εj
εi

� Gi,j eÐnai to mètro di�tmhshc sth j dieÔjunsh tou epipèdou, kaj¸c h i eÐnai h
k�jeth dieÔjuns  tou. Sta isìtropa ulik� exart�tai apì to mètro elastikìth-
tac kai den qrei�zetai na oristeÐ kata thn domik  an�lush. Sta orjotropi-
k� ulik�, prèpei na oristoÔn oi timèc tou mètrou di�tmhshc gia k�je epÐpedo
(xy, yz, xz) .

Oi exis¸seic 3.3 kai 3.4 mporoÔn na grafoÔn se mhtrwik  morf :

~σ =
[
E
]
~ε (3.6)

ìpou [E] to mhtr¸o elastik c akamyÐac gia k�je kìmbo [20]:

[
E
]

=



1−νxyνyz
EyEz∆

νxy+νxzνzy
EyEz∆

νzx+νyxνzy
EyEz∆

0 0 0
νxy+νxzνzy
EzEx∆

1−νzxνzy
EzEx∆

νzy+νxzνxy
EzEx∆

0 0 0
νxz+νxyνyz
ExEy∆

νyz+νxzνyx
ExEy∆

1−νxyνyx
ExEy∆

0 0 0

0 0 0 2Gyz 0 0
0 0 0 0 2Gyz 0
0 0 0 0 0 2Gyz


(3.7)

ìpou to ∆ dÐnetai apì th sqèsh:

∆ =
1− νxyνyx − νyzνzy − νzxνxz − 2νxyνyzνzx

ExEyEz
(3.8)

3.1.2 Isìtropo Elastikì Ulikì

Ta isìtropa ulik� èqoun koinèc idiìthtec se k�je kateÔjunsh tou 3-D sust matoc
suntetagmènwn. AfoÔ orÐsthkan oi t�seic, oi paramorf¸seic kai oi sqèseic pou tic
sundèoun gia ta elastik� ulik�, orÐzontai parak�tw oi aplopoihmènec sqèseic touc
gia ta isìtropa ulik� pou qrhsimopoioÔntai sth diplwmatik  ergasÐa. Ta isìtropa
ulik� èqoun parìmoiec idiìthtec se k�je dieÔjunsh touc.
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� Sthn perÐptwsh aut  oi orjèc paramorf¸seic (strain) dÐnontai apo touc tÔpouc
[20] :

εx =
∂u

∂x
εy =

∂υ

∂y
εz =

∂w

∂z
(3.9)

ìpou u, υ, w eÐnai oi metatopÐseic (displacements) stic dieujÔnseic x,y,z antÐstoi-
qa.

� Oi diatmhtikèc paramorf¸seic orÐzontai wc:

γxy =
∂u

∂y
+
∂υ

∂x
γyz =

∂υ

∂z
+
∂w

∂y
γzx =

∂w

∂x
+
∂u

∂z
(3.10)

Oi exis¸seic apì 3.3 kai 3.4 sta isìtropa ulik� aplopoioÔntai:

εx =
1

E
[σx − ν (σy + σz)]

εy =
1

E
[σy − ν (σx + σz)]

εz =
1

E
[σz − ν (σx + σy)]

(3.11)

γxy =
τxy
G

γyz =
τyz
G

γzx =
τzx
G

(3.12)

Oi ìroi twn exis¸sewn apì 3.11 wc 3.12 orÐzontai wc ex c:

� E eÐnai to mètro elastikìthtac gia k�je ènan kìmbo , pou sthn perÐptwsh mac
eÐnai stajerì kai Ðso se ìlec tic dieujÔnseic.

� ν o lìgoc Poisson ìpou ν = νxy = − εy
εz

kai eÐnai Ðdioc se ìlec tic dieujÔnseic.

� G eÐnai to mètro di�tmhshc pou sta isìtropa ulik� to G lamb�nei mìno mÐa

tim , h opoÐa dÐnetai apo th sqèsh G = E(1−ν)
2(1+ν)

. Kaj¸c sta isìtropa ulik� to
mètro di�tmhshc exart�tai apo to mètro elastikìthtac kai ton lìgo Poisson,
den qrei�zetai na eisaqjeÐ tim  tou ston CSM epilÔth.
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Wc apotèlesma, o nìmoc tou Hooke se mhtrwik  morf  mporeÐ na grafeÐ [20]:

σ =


σx
σy
σz
τxy
τyz
τzx

 =


ν µ µ 0 0 0
µ ν µ 0 0 0
µ µ ν 0 0 0
0 0 0 G 0 0
0 0 0 0 G 0
0 0 0 0 0 G




εx
εy
εz
γxy
γyz
γzx

 (3.13)

ìpou ν, µ oi stajerèc tou Lame kai dÐnontai apo tic exis¸seic:

ν =
E (1− ν)

(1 + ν) (1− 2ν)
µ =

Eν

2 (1 + ν)
(3.14)

oi sqèseic twn teleutaÐwn dÔo kefalaÐwn, perigr�foun th sumperifor� twn isìtropwn
elastik¸n ulik¸n kai twn orjotropik¸n sunjetik¸n ulik¸n ìson afor� tic t�seic,
tic paramorf¸seic kai ta mètra elastikìthtac touc.

3.2 Mèjodoc Peperasmènwn StoiqeÐwn mèsw

LogismikoÔ MAPDL

3.2.1 ParousÐash Probl matoc

H mèjodoc peperasmènwn stoiqeÐwn [19] ulopoieÐtai mèsw tou logismikoÔ MAPDL
tou ANSYS. H mèjodoc aut  qrhsimopoieÐtai gia to upologismì twn domik¸n t�sewn
kai paramorf¸sewn thc kataskeu c apo ta fortÐa pou dÐnei h aerodunamik  epÐlush.
H idèa efarmorg c thc mejìdou mèsw tou logismikoÔ eÐnai, ìti mÐa mikr  eikonik 
kombik  metatìpish, ofeÐletai se èna mikrì eikonikì exwterikì èrgo δW pou prokaleÐ
mikr  metabol  thc enèrgeiac paramìrfwshc δU :

δW = δU (3.15)

ìpou

� U eÐnai h enèrgeia paramìrfwshc (eswterik )

� W eÐnai to exwterikì èrgo proerqìmeno apo ta exwterik� fortÐa pou askoÔntai
sthn kataskeu .
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Sta 3D elastik� montèla thc gewmetrÐac pou parousi�zontai argìtera, epib�lletai
pÐesh ~p pou askeÐtai stic epif�neiec twn stoiqei¸n, kai an�loga thn epif�neia tou
stoiqeÐou, to di�nusma thc pÐeshc èqei mìno mÐa mh-mhdenik  sunist¸sa (eswterik 
pÐesh lìgw fousk¸matoc):

~p = [px py pz] (3.16)

kai oi k�jetec (oi diatmhtikèc t�seic den lamb�nontai upìyin) sunolikèc dun�meic

(sunektikì kai mh sunektikì komm�ti thc dÔnamhc) ~F pou dèqetai to stoiqeÐo:

~F = [Fx Fy Fz] (3.17)

Epiprìsjeta, orÐzontai sugkekrimènec sthrÐxeic stic epif�neiec tou montèlou pou me-
let�tai. Gia ta dosmèna fortÐa, oriakèc sunj kec kai nìmouc t�sewn-paramorf¸sewn
ulik¸n, stìqoc eÐnai o upologismìc twn metatopÐsewn tou s¸matoc.

H mikr  eikonik  metatìpish, prokaleÐ mikr  metabol  thc eswterik c enèrgeiac pa-
ramìrfwshc pou perigr�fetai apo thn exÐswsh:

δU = Udis − Ueq (3.18)

ìpou Ueq eÐnai h enèrgeia paramìrfwshc se isorropÐa kai Udis h telik  enèrgeia
paramìrfwshc lìgw twn fortÐwn. Arqik�, h enèrgeia paramìrfwshc se isorropÐa
orÐzetai mèsw thc 3.6 wc:

Ueq =
1

2

∫∫∫
V

~σT~εdV =
1

2

∫∫∫
V

~εT [E] ~εdV (3.19)

Apì th mikr  aut  metatìpish, ephre�zetai olìklhroc o ìgkoc tou stoiqeÐou (V ) kai
h epif�neia pou (S) pou epibl jhkan ta epifaneiak� fortÐa kai prokÔptei h telik 
enèrgeia paramìrfwshc:

Udis =
1

2

∫
V

~σT
(
~ε+ ~δε

)
dV =

1

2

∫
V

(
~ε+ ~δε

)T
[E]
(
~ε+ ~δε

)
dV (3.20)

Antikajist¸ntac tic 3.20 kai 3.19 sthn 3.18, paraleÐpontac ton ìro (δε)2 prokÔptei
h metabol  thc eswterik c enèrgeiac:

δU =

∫∫∫
V

~δε
T

[E] ~εdV (3.21)
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AfoÔ orÐsthke mèsw exis¸sewn to pwc to logismikì (MAPDL) antilamb�netai thn
eswterik  metabol  thc enèrgeiac, mèsw twn fortÐwn kai twn antÐstoiqwn kombik¸n
metatopÐsewn, orÐzetai pwc antilamb�netai to exwterikì èrgo:

δW = δWsurf + δWbody (3.22)

Lìgw twn k�jetwn epifaneiak¸n fortÐwn (eswterik  pÐesh lìgw tou fousk¸matoc)
kai twn fortÐwn apo to perib�llonta rèonta aèra (aerodunamik� fortÐa pou epib�l-
lontai sto montèlo):

δWsurf =

∮
S

~δu
T
~pdS (3.23)

ìpou ~p 3.16, to di�nusma thc efarmosmènhc pÐeshc, pou askeÐtai stic epif�neiec twn
stoiqeÐwn tou montèlou, kai sunÐstatai apo mìno mÐa sunist¸sa, ìpwc h pÐesh pou
epib�lletai gia thn prosomoÐwsh tou fousk¸matoc thc ptèrugac (eswterik  pÐesh).
To èrgo apo th sunolik  suneisfor� dÔnamhc sto stoiqeÐo eÐnai:

δWbody =

∫∫∫
V

~δu
T ~FdV (3.24)

ìpou ~F 3.17, to di�nusma twn k�jetwn sunolik¸n (mh sunektik¸n, sunektik¸n) du-
n�mewn pou askoÔntai ston ìgko tou stoiqeÐou. Se autèc sumperilamb�nontai kai oi
dun�meic twn sqoini¸n sugkr�thshc sthn epif�neia thc ptèrugac kai antÐstrofa kai
ta aerodunamik� fortÐa pou askoÔntai sto montèlo. Sundu�zontac tic exis¸seic 3.15
3.24 3.23 3.22 prokÔptei:

∫∫∫
V

~δε
T

[E] ~εdV =

∮
S

~δu
T
~pdS +

∫∫∫
V

~δu
T ~FdV (3.25)

'Ara to sunolikì exwterikì èrgo proerqìmeno apo exwterik� fortÐa orÐzetai apo to
�jroisma 3.25 kai orÐzetai apo tic kombikèc metatopÐseic.

3.2.2 Exis¸seic Peperasmènwn StoiqeÐwn

Gia thn katanìhsh tou domikoÔ probl matoc, gÐnetai perigraf  thc metatìpishc twn
kìmbwn twn peperasmènwn stoiqeÐwn ìtan lamb�noun fortÐa (aerodunamik�, domik�).
Oi metatopÐseic autèc ekfr�zontai mèsw exis¸sewn kai twn sunart sewn morf c
pou mèsw aut¸n katal goume ston orismì tou mhtr¸ou duskamyÐac gia k�je tÔpo
peperasmènou stoiqeÐou (4-kombikoÔ kelÔfouc, stoiqeÐou morf c dokoÔ) pou qrh-
simopoieÐtai sthn aeroelastik  an�lush. Gia par�deigma orÐzetai èna tuqaÐo (3D)
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peperasmèno stoiqeÐo (kelÔfouc, dokoÔ, ktl).
H metatìpish k�je kìmbou (i=1,2,3...) orÐzetai apo to parak�tw di�nusma:

~unode = [u1 υ1w1 u2 υ2w2 · · · ] (3.26)

Oi metatopÐseic entìc tou peperasmènou stoiqeÐou mporeÐ na oristoÔn me th qr sh
twn kombik¸n metatopÐsewn ~unode kai tic sunart seic morf c Ni. Oi sunart seic
autèc, eÐnai ousiastik� poluwnumikèc sunart seic pou kajorÐzoun th suneisfor� k�je
kìmbou sth sunolik  eswterik  metatìpish tou peperasmènou stoiqeÐou kai mporeÐ
na grafeÐ se mhtrwðk  morf  wc: [20]

[N ] =

N1 0 0 N2 · · ·
0 N1 0 0 · · ·
0 0 N1 0 · · ·

 (3.27)

Sthn diplwmatik  ergasÐa èqoume sunart seic morf c Ni gia grammik�, trigwnik�
kai tetrapleurik� stoiqeÐa an�loga to eÐdoc tou stoiqeÐou pou efarmìzetai. To
di�nusma thc paramìrfwshc 3.11 3.26, mporeÐ na oristeÐ kai sunart sei twn kombik¸n
metatopÐsewn:

~ε = [B] ~unode (3.28)

ìpou

[B] = [L] [N ] (3.29)

ìpou [B] eÐnai to mhtr¸o metasqhmatismoÔ metatopÐsewn-paramorf¸sewn kai orÐzetai
apo thn exÐswsh 3.27 kai [L] eÐnai o diaforikìc telest c kai orÐzetai wc:

[L] =



∂
∂x

0 0
0 ∂

∂y
0

0 0 ∂
∂z

∂
∂y

∂
∂x

0

0 ∂
∂z

∂
∂y

∂
∂z

0 ∂
∂x


(3.30)

Sth mèjodo peperasmènwn stoiqeÐwn, k�je stoiqeÐo kai kìmboi tou melet¸ntai xe-
qwrist�. 'Etsi gia na brejeÐ h suneisfor� k�je kìmbou (i), orÐzetai to [B] gia k�je
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kìmbo me sunduasmì twn 3.29,3.30,3.27 wc:

[Bi] =



∂Ni
∂x

0 0
0 ∂Ni

∂y
0

0 0 ∂Ni
∂z

∂Ni
∂y

∂Ni
∂x

0

0 ∂Ni
∂z

∂Ni
∂y

∂Ni
∂z

0 ∂Ni
∂x


(3.31)

EpÐshc, me efarmog  tou orismoÔ twn sunart sewn morf c, to di�nusma metatìpishc
opoioud pote shmeÐou entìc tou stoiqeÐou ~u, mporeÐ na grafeÐ wc:

~u = [N ] ~unode (3.32)

Antikajist¸ntac thn parap�nw exÐswsh sthn 3.25 sÔmfwna me tic metatopÐseic twn
kìmbwn 3.28 katal gei se:

(∫∫∫
V

[B]T [E] [B] dV

)
~unode =

∮
S

[N ]T~pdS +

∫
V

[N ]T ~FdV (3.33)

ìpou V o ìgkoc tou stoiqeÐou kai S h diatom  pou epidr� to fortÐo sto stoiqeÐo,  

[K] ~unode =

∮
S

[N ]T~pdS +

∫
V

[N ]T ~FdV (3.34)

ìpou

[K] =

∫∫∫
V

[B]T [E] [B] dV (3.35)

ìpou [K] to mhtr¸o duskamyÐac kai dÐnetai apo thn genikeumènh exÐswsh gia tuqaÐo
stoiqeÐo 3.35. H exÐswsh 3.34, perigr�fei ìti to montèlo enìc tuqaÐou stoiqeÐou

(kelÔfouc, dokoÔ, ktl) kataponeÐtai mhqanikèc dun�meic ~p, ~F me trìpo an�logo ìpwc
èna elat rio (ku = f), me f na eÐnai h antÐstoiqh fìrtish, u oi metatopÐseic twn
kìmbwn kai k h stajer� tou elathrÐou pou ed¸ antistoiqeÐ sto mhtr¸o duskamyÐac
se tanustik  morf  (3-D montèlo). Gia k�je tÔpo stoiqeÐou (kelÔfouc,dokoÔ), to
mhtr¸o stibarìthtac eÐnai diaforetikì an�loga twn arijmì twn kìmbwn touc kaj¸c
sqetÐzetai me to mhtr¸o [B] pou sqetÐzetai me tic sunart seic morf c Ni (diaforetik 
sun�rthsh an�loga ton arijmì kìmbwn tou stoiqeÐou).
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3.3 Montèlo Peperasmènwn StoiqeÐwn DokoÔ

Sth diplwmatik  aut  ergasÐa, ta sqoini� prìsdeshc stic akmèc prìsfushc kai ekfu-
g c thc fouskwt c ptèrugac, montelopoioÔntai wc stoiqeÐa dokoÔ (beam element)
kai oi basikèc sqèseic tou sugkekrimènou montèlou paratÐjentai parak�tw. Prèpei
na oristeÐ katarq�c mÐa sqèsh pou perigr�fei tic paramorf¸seic thc dokoÔ. Ta mo-
ntèla peperasmènwn stoiqeÐwn dÔo kìmbwn (2-node element) paremb�llontai apo thn
poluwnumik  sqèsh 3.36 me anhgmènec suntetagmènec (s, t) sto m koc thc dokoÔ. [20]
Ta sÔnola twn sunart sewn b�shc, prokÔptoun apì an�ptuxh tou tÔpou Taylor. Me
logik  ìti h metatìpish metab�lletai grammik�, gia 2-D stoiqeÐa 2-kombik� stoiqeÐa
oi paramorf¸seic thc dokoÔ ekfr�zontai wc:

u(s) = a0 + a1s (3.36)

Efarmìzontac thn exÐswsh 3.36 gia ta �kra tou m kouc tou stoiqeÐou-dokoÔ I, J
prokÔptei: [

uI
uJ

]
=

[
1 −1
1 1

] [
a0

a1

]
⇒ (3.37)

[
a0

a1

]
=

1

2

[
1 1
−1 1

] [
uI
uJ

]
(3.38)

Sq ma 3.3: 3D 2-kombikì stoiqeÐo morf c dokoÔ, [6]
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Apo tic exis¸seic 3.37, 3.38:

u(s) = uI
(1− s)

2︸ ︷︷ ︸
N1

+uJ
(1 + s)

2︸ ︷︷ ︸
N2

(3.39)

u(s) =
2∑
i=1

Ni(s)ui (3.40)

O ìroc Ni(s) anafèretai stic sunart seic morf c kai perigr�foun th metatìpish kat�
m koc thc dokoÔ. H paramìrfwsh mporeÐ na oristeÐ wc 3.39:

~ε =
∂u(s)

∂s
=
uJ − uI

2
(3.41)

To mhtr¸o [B] apo th genikeumènh exÐswsh 3.29, sth sugkekrimènh perÐptwsh, orÐze-
tai wc [B] = [−1 1]. To mhtr¸o duskamyÐac mporeÐ na oristeÐ wc 3.35:

[K] =
1

L

∫ 1

0

[B]TE [B] ds =
A

L

∫ 1

0

[−1 1]TE [−1 1] ds =
AE

L

[
1 −1
−1 1

]
(3.42)

ìpou A h diatom  thc dokoÔ. H exÐswsh 3.42, perigr�fei th mhqanik  katapìnhsh thc
dokoÔ se axonik  fìrtish ìpwc to grammikì elat rio. H axonikèc metatopÐseic eÐnai
ousiastik� u ≡ ∆L twn dÔo �krwn tou stoiqeÐou. AfoÔ brejeÐ o tanust c duskam-
yÐac thc dokoÔ sto topikì sÔsthma suntetagmènwn, mporeÐ eÔkola na tropopoihjeÐ
sto sÔsthma suntetagmènwn (x, y, z) me ton kat�llhlo pÐnaka tropopoÐhshc ìpwc
parousi�zetai parak�tw.

3.4 Peperasmèna StoiqeÐa KelÔfouc 4 Kìm-

bwn

Sth diplwmatik  aut  ergasÐa, ta peperasmèna stoiqeÐa thc epif�neiac thc fouskw-
t c ptèrugac, montelopoieÐtai apo digrammik� peperasmèna stoiqeÐa kelÔfouc 4 kìm-
bwn (shell elements) morf c 3.4, kai ed¸ parousi�zontai oi basikèc sqèseic pou ta
dièpoun. Ta stoiqeÐa aut� eÐnai digrammik� isoparametrik�, oi idiìthtec touc dhlad 
bohjoÔn sthn �rsh tou probl matoc thc kinhmatik c sumbibastìthtac twn tetrakom-
bik¸n stoiqeÐwn, dhlad  k�je kìmboc epidr� mìno stic dÔo pleurèc pou suntrèqoun
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se autìn kai ìqi stic apènanti pleurèc. 'Etsi tètoiou eÐdouc stoiqeÐa orÐzontai apì a-
nhgmènec suntetagmènec (s,t) pou proèrqontai apo thn anagwg  twn (x,y) sto m koc
k�je pleur�c. Sto nèo sÔsthma suntetagmènwn, oi tèsseric akmèc k�je pleur�c
tou stoiqeÐou ìpwc faÐnetai sto sq ma eÐnai sunepÐpedec 3.4. H pr¸th metatìpish
ekfr�zetai apo thn parak�tw poluwnumik  sqèsh [19]:

u(s, t) = a0 + a1s+ a2t+ a3st (3.43)

Gia tic tèsseric akmèc tou stoiqeÐou ìpwc faÐnetai sto sq ma 3.4 isqÔei:


uI
uJ
uK
uL

 =


1 −1 −1 1
1 1 −1 −1
1 1 1 1
1 −1 1 −1



a0

a1

a2

a3

⇒ (3.44)


a0

a1

a2

a3

 =
1

4


1 1 1 1
−1 1 1 −1
−1 −1 1 1
1 −1 1 −1



uI
uJ
uK
uL

 (3.45)

Sq ma 3.4: 4-kombikì peperasmèno stoiqeÐo , [6]
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Apo tic 3.43 , 3.45:

u(s) = uI
(1− s)(1− t)

4︸ ︷︷ ︸
N1

+uJ
(1 + s)(1− t)

4︸ ︷︷ ︸
N2

+uK
(1 + s)(1 + t)

4︸ ︷︷ ︸
N3

+uL
(1− s)(1 + t)

4︸ ︷︷ ︸
N4

(3.46)

u(s) = uIN1(s, t) + uJN2(s, t) + uKN3(s, t) + uLN4(s, t) (3.47)

u(s) =
4∑
i=1

Ni(s, t)ui (3.48)

Kaj¸c tètoiou eÐdouc stoiqeÐa, analÔontai se 3-D epÐpeda ìtan an�gontai xan� se
(x, y, z) suntetagmènec, antÐstoiqec sunart seic morf c isqÔoun gia ìlec tic peri-
strofèc kai metabolèc tou stoiqeÐou[u, v, w, θx, θy, θz]. Me b�sh thn 3.35, o pÐnakac
duskamyÐac orÐzetai sta digrammik� isoparametrik� 4-kombik� stoiqeÐa wc:

[K] =

∫∫
A

[B]T [E] [B] dxdy (3.49)

O pÐnakac [B] apo thn 3.29 kai o pÐnakac [L] apo thn 3.30 se digrammikì 4-kombikì
stoiqeÐo eÐnai:

[L] =

 ∂
∂x

0 0
0 ∂

∂y
0

∂
∂y

∂
∂x

0

 (3.50)

To mhtr¸o [N ] gia digramikì 4-kombikì stoiqeÐo apo thn 3.27 aplopoieÐtai:

[N ] =

N1 0 0 N2 0 0 N3 0 0 N4 0 0
0 N1 0 0 N2 0 0 N3 0 0 N4 0
0 0 N1 0 0 N2 0 0 N3 0 0 N4

 (3.51)

Oi sunart seic morf c orÐzontai b�sh twn anhgmènwn suntetagmènwn (s, t) pou pro-
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èkuyan me ton kanìna thc alusÐdac apo tic (x, y) orÐzoun:

[
∂N
∂s
∂N
∂t

]
=

[
∂x
∂s

∂y
∂s

∂x
∂t

∂y
∂t

]
︸ ︷︷ ︸

[J ]

[
∂N
∂x
∂N
∂y

]
(3.52)

ParagwgÐzontac tic sunart seic morf c thc 3.51 prokÔptoun:

∂x

∂s
=

4∑
i=1

Ni(s, t)

∂s
xi

∂y

∂s
=

4∑
i=1

Ni(s, t)

∂s
yi

∂x

∂t
=

4∑
i=1

Ni(s, t)

∂t
xi

∂y

∂y
=

4∑
i=1

Ni(s, t)

∂t
yi

(3.53)

kai antistrèfontac thn 3.52,

[
∂N
∂x
∂N
∂y

]
= [J ]−1

[
∂N
∂s
∂N
∂t

]
(3.54)

pou [J ]−1 eÐnai h antÐstrofh Iakwbian  orÐzousa. Qrhsimopoi¸ntac tic parap�nw
sqèseic katal goume ìti o [K] dÐnetai apo th sqèsh:

[K] =
1

L

∫∫
A

[B]T [E] [B] dxdy =

∫ 1

−1

∫ 1

−1

[B]T [E] [B]︸ ︷︷ ︸
f(s,t)

detJdsdt (3.55)

ìpou [E] eÐnai to mhtr¸o elastik c akamyÐac 3.7 kai to mhtr¸o [B] dÐnetai apo thn
3.55. 'Etsi, orÐzetai to mhtr¸o duskamyÐac [K] gia digrammik� 4-kombik� stoiqeÐa
kelÔfouc sunart sei twn suntetagmènwn (x, y) kai twn antÐstoiqwn anhgmènwn (s, t).
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Kef�laio 4

AllhlepÐdrash

Aerodunamik c-Domik c

An�lushc

H allhlepÐdrash aerodunamik c kai domik c an�lushc (FSI) emperièqei th sÔzeuxh
twn reustodunamik¸n kai twn domik¸n plhrofori¸n, se sust mata pou emperièqoun
domikèc kataskeuèc kai reust� pou tic perirrèoun. Opoiad pote ro  reustoÔ gÔrw a-
po mÐa kataskeu , askeÐ aerodunamik� fortÐa se aut n kai prokaleÐ antÐstoiqec para-
morf¸seic. To nèo paramorfwmèno montèlo pou èqei profan¸c nèo allagmèno sq ma
ephre�zei th ro  me apotèlesma ta aerodunamik� fortÐa na all�zoun xan�, k.o.k. To
sÔsthma (aeroelastikì-domikì) lÔnetai epanalhptik� (aeroelastikoÐ kÔkloi) mèqri
na epèljei isorropÐa twn antÐstoiqwn paramorf¸sewn (sÔgklish). Ta ergaleÐa allh-
lepÐdrashc aerodunamik c-domik c an�lushc, Fluid-Structure Interaction (FSI) eÐnai
aparaÐthta sto sqediasmì pterÔgwn.

4.1 Mèjodoi SÔndeshc metaxÔ Plegm�twn

Sta probl mata aerodunamik c-domik c an�lushc (FSI), oi mèjodoi sÔndeshc twn
CFD kai CSM plegm�twn eÐnai shmantikìc par�gontac thc upologistik c diadikasÐac.
Pio sugkekrimèna, se autì to tm ma tou probl matoc, skopìc eÐnai h metatrop  twn
aerodunamik¸n fortÐwn se domik� fortÐa kai h metatrop  twn domik¸n metatopÐsewn
se metatopÐseic tou CFD plègmatoc. Kaj¸c lÔnetai h ro  me tic exis¸seic RANS kai
to domikì tm ma me to CSM solver (MAPDL), to plègma thc ro c eÐnai polÔ puknì
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kont� sto s¸ma gia lìgouc kalÔterhc montelopoÐhshc thc turb¸douc ro c kai to
domikì plègma eÐnai pio araiì, sq ma 4.1.

Sq ma 4.1: SÔgkrish puknìthtac twn dÔo diaforetik¸n plegm�twn: Arister�: CSM
plègma me stoiqeÐa kelÔfouc (shell) kai dokoÔ (beam), Dexi�: CFD plègma megalÔterhc
puknìthtac me stoiqeÐa tetraedrik�, prÐsmata, puramÐdec

4.2 Parembol  Dedomènwn apo to CFD sto

CSM plègma

AfoÔ upologistoÔn ta aerodunamik� fortÐa sto CFD plègma mèsw tou logismikoÔ
PUMA, aut� prèpei na metaferjoÔn sto CSM plègma tou montèlou. 'Ara kaj¸c
sto pr¸to b ma thc aeroelastik c an�lushc upologÐzontai pr¸ta ta aerodunamik�
fortÐa, to CFD plègma apoteleÐ to phgaÐo plègma.

Parìla aut� ta dÔo plègmata den eÐnai èqoun koinì arijmì kìmbwn kai h metafor�
den eÐnai mia apl  antigraf -antistoÐqish. Gia autì, qrhsimopoieÐtai ènac algìrijmoc
basismènoc sthn idèa twn sunart sewn aktinik c b�shc (radial basis functions), RBF
thc diatrib c [6], me stìqo thn parembol  twn aerodunamik¸n fortÐwn apì to CFD
plègma stoÔc kìmbouc tou CSM plègmatoc. Ston algìrijmo autì, phgaÐo plègma
dhlad  to plègma me ta dedomèna eisìdou, jewreÐtai to CFD, en¸ to CSM plègma,
ja jewreÐtai to deÔtero. Profan¸c, o algìrijmoc autìc mporeÐ na qrhsimopoihjeÐ
kai antÐstrofa dhlad  to CSM plègma na eÐnai plèon phgaÐo kai na gÐnetai parembol 
twn domik¸n metatopÐsewn tou CSM plègmatoc stoÔc kìmbouc tou CFD plègmatoc.

H diadikasÐa metafor�c twn dedomènwn apo to CFD (phgaÐo) sto CSM plègma [6],
sunÐstatai apo trÐa b mata: (a) thn eÔresh tou plhsièsterou stoiqeÐou tou phgaÐou
plègmatoc gia k�je kìmbo tou deÔterou plègmatoc, (b) ton upologismì twn sunte-
lest¸n apeikìnishc gia k�je kìmbo tou deÔterou plègmatoc kai tou antÐstoiqou
(plhsièsterou) stoiqeÐou tou phgaÐou plègmatoc kai (g) thn parembol  apo to stoi-
qeÐo tou phgaÐou plègmatoc ston kìmbo tou deÔterou plègmatoc. Me b�sh th mèjodo
pou efarmìzetai, epilègetai to phgaÐo stoiqeÐo pou apèqei thn mikrìterh apìstash
apo ton antÐstoiqo kìmbo. Me th mèjodo aut , paremb�llontai oi pièseic twn CFD
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stoiqeÐwn stouc CSM kìmbouc 4.3. Me antÐstoiqo trìpo paremb�llontai oi metato-
pÐseic twn CSM stoiqeÐwn stouc CFD kìmbouc. H epif�neia tou CFD plègmatoc
sqhmatÐzetai apì tetr�edra, pou sth diadikasÐa thc parembol c, oi tetrapleurikèc
pleurikèc epif�neièc touc diasp¸ntai se trÐgwna ìpwc faÐnetai sto sq ma 4.2 me to
ABG to diasp¸meno CFD trÐgwno kai K o CSM kìmboc. Gia na brejeÐ h antistoiqÐa
twn CFD stoiqeÐwn se CSM kìmbouc akoloujeÐtai h diadikasÐa thc diatrib c [6].

Sq ma 4.2: TrÐgwno ABG CFD kai o kìmboc K tou CSM, [6]

Sq ma 4.3: Arister�: Diaforetik  puknìthta kìmbwn metaxÔ twn dÔo plegm�twn
CFD kìmboi (mple), CSM kìmboi(kìkkino). Dexi�: H mèjodoc metafor�c tou kìmbou sto
peperasmèno stoiqeÐo gia thn parembol  tou aerodunamikoÔ fortÐou sto CSM plègma,
[22]

4.3 Metatìpish tou CFD Plègmatoc mèsw Er-

galeÐou RBF

Gia thn automatopoihmènh FSI an�lush, ektìc apo ton domikì kai aerodunamikì epi-
lÔth, eÐnai aparaÐthth mÐa diadikasÐa pou ja uiojeteÐ kai ja par�gei ton ìgko tou CFD
plègmatoc gia k�je aeroelastikì kÔklo. Sth diplwmatik  ergasÐa aut , ja qrhsi-
mopoihjeÐ èna ergaleÐo metatìpishc plègmatoc, basismèno stic sunart seic aktinik c
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b�shc (RBF) [23][6]. 'Ena RBF dÐktuo eÐnai ènac stajmismènoc grammikìc sunduasmìc
RBF pur nwn, pou paremb�llei diakrit� dedomèna se n-dianusmatikì q¸ro. Sthn FSI
an�lush, h posìthta pou paremb�lletai, eÐnai oi gnwstèc 3D metatopÐseic sthn epi-
f�neia S tou CFD plègmatoc kai ta aerodunamik� fortÐa, pou paremb�llontai apo
to RBF. 'Enac 3D RBF pur nac perigr�fetai apo mÐa sun�rthsh pragmatik c tim c
[6], exart¸menoc apo thn apìstash r tou shmeÐou stìqou xε<3 pou an kei sto CFD
plègma, kai apì thn RBF phg  parembol c xsε<3 (kìmboi thc metatopismènhc CFD
epif�neiac tou plègmatoc). Gia thn parembol  metatopÐsewn tri¸n kateujÔnsewn (3D
q¸roc), h RBF parembol  ja efarmosteÐ xeqwrist� gia kajemÐa apo autèc. H RBF
sun�rthsh metatìpishc d : <3 → < eÐnai ènac grammikìc sunduasmìc pur nwn ϕs,
sto kèntro twn N phgaÐwn kìmbwn kai stajmÐzontai apo ta b�rh wsε<3 [6]. Ta b�rh
ws upologÐzontai ètsi ¸ste na anapar�goun me akrÐbeia tic epiballìmenec metato-
pÐseic δs stouc phgaÐouc kìmbouc. Autì proôpojètei th lÔsh tou N ×N grammikoÔ
sust matoc gia k�je stoiqeÐo [6]. AfoÔ lujeÐ to sÔsthma, oi metatopÐseic gia ìlouc
touc kìmbouc-stìqouc upologÐzontai apo tic RBF sunart seic pur nwn [6]. Profa-
n¸c, o upologismìc twn bar¸n eÐnai h pio upologistik� akrib  diergasÐa, afoÔ to
mègejoc tou phgaÐou plègmatoc ephre�zei �mesa to upologistikì kìstoc. To erga-
leÐo RBF emperièqei poikÐlec teqnikèc gia th meÐwsh tou upologistikoÔ kìstouc, oi
opoÐec analÔontai sth diatrib  [23].

4.4 MejodologÐa EpÐlushc AeroelastikoÔ Pro-

bl matoc

Se aut n thn enìthta, parousi�zetai h mejodologÐa pou akolouj jhke sto aeroe-
lastikì prìblhma thc diplwmatik c aut c ergasÐac. O CFD k¸dikac PUMA pou
trèqei sthn k�rta grafik¸n GPU anafèrjhke sto Kef�laio 2 kai qrhsimopoieÐtai
gia na problèyei to pedÐo ro c gÔrw apo thn ptèruga. O k¸dikac MAPDL CSM pou
perigr�fhke sto Kef�laio 3 qrhsimopoieÐtai gia na upologÐsei tic metatopÐseic thc
ptèrugac. To ergaleÐo parembol c RBF pou anafèrjhke sthn prohgoÔmenh enìth-
ta, qrhsimopoieÐtai gia thn parembol  twn upologismènwn domik¸n metatopÐsewn kai
twn upologismènwn aerodunamik¸n fortÐwn, metaxÔ twn dÔo diaforetik¸n plegm�twn
kai sthn morfopoÐhsh tou CFD plègmatoc. Me b�sh aut� ta ergaleÐa orÐzontai ta
b mata ergasÐac ulopoÐhshc tou aeroelastikoÔ probl matoc.

Arqik� sqedi�zetai h basik  gewmetrÐa thc ptèrugac, me b�sh thn aerotom  NA-
CA4318 sto emporikì logismikì CAD (Solidworks). Sth sunèqeia, gÐnetai exagwg 
tou arqeÐou CAD se morf  Initial Graphics Exchange Specification (IGES file). E-
pìmeno b ma eÐnai h dhmiourgÐa tou CFD plègmatoc mèsw tou emporikoÔ logismikoÔ
Pointwise. Sth sunèqeia, dhmiourgeÐtai to CFD arqeÐo eisìdou, emperièqontac tic
sunj kec ro c. Sth diplwmatik  ergasÐa, jewreÐtai ìti parìlo pou èqoume fouskw-
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t  ptèruga, sthn arq  h ptèruga eÐnai aparamìrfwth kai, sto mhdenikì kÔklo, h
diadikasÐa tou fousk¸matoc prosomoi¸netai mèsw epibol c eswterik c pÐeshc sthn
(eswterik ) epif�neia thc ptèrugac.

Ta b mata thc aeroelastik c diadikasÐac sto mhdenikì kÔklo perigr�fontai para-
k�tw:

� To arqeÐo IGES eis�getai sto perib�llon tou CSM solver (Ansys MAPDL).

� OrÐzetai o tÔpoc twn peperasmènwn stoiqeÐwn gia thn exwterik  epif�neia thc
ptèrugac, ta sqoini� sugkr�thshc, thn eswterik  r�bdo, tic rammènec epe-
kt�seic (4-kombik� peperasmèna stoiqeÐa kelÔfouc) kai twn sqoini¸n sugkr�th-
shc (2-kombik� stoiqeÐa dokoÔ), h puknìthta tou plègmatoc, oi idiìthtec twn
ulik¸n kai to p�qoc twn stoiqeÐwn thc kataskeu c, kai afetèrou dhmiourgeÐtai
to plègma.

� OrÐzontai oi sthrÐxeic (shmeÐa tom c epif�neiac ptèrugac me ta sqoini� su-
gkr�thshc kai o koinìc kìmboc twn k�tw �krwn twn sqoini¸n) kai to epÐpedo
summetrÐac thc kataskeu c.

� OrÐzetai omoiìmorfh eswterik  pÐesh sta stoiqeÐa thc epif�neiac thc ptèrugac,
prosomoi¸nontac thn pÐesh fousk¸matoc entìc thc ptèrugac kai lÔnetai to
domikì prìblhma.

� Ta dedomèna thc lÔshc aut c (kombikèc metatopÐseic), qrhsimopoioÔntai gia thn
antÐstoiqh metatìpish tou CFD plègmatoc mèsw tou ergaleÐou RBF [6].

� Oi t�seic pou upologÐzontai paramorf¸noun to CFD plègma kai oi metatopÐseic
k�je kìmbou lìgw aut¸n apojhkeÔontai gia ton pr¸to aeroelastikì kÔklo se
èna antÐstoiqo arqeÐo.

� Tèloc, to arqeÐo pou emperièqei tic upologismènec kombikèc paramorf¸seic,
qrhsimopoieÐtai apo ton algìrijmo parembol c [6] gia na paramorf¸sei to CFD
plègma antistoÐqwc.

Met� thn paramìrfwsh tou arqikoÔ CFD plègmatoc, sÔmfwna me tic upologismènec
CSM paramorf¸seic, h diadikasÐa pou akoloujeÐtai stouc metagenèsterouc kÔklouc
eÐnai h parak�tw 4.4

� To paramorfwmèno CFD plègma apo ton prohgoÔmeno kÔklo qrhsimopoieÐtai
wc dedomèno gia ton CFD epilÔth gia na upologÐsei to pedÐo ro c gÔrw apo th
gewmetrÐa, en¸ to FEM montèlo apojhkeÔetai apo ton prohgoÔmeno kÔklo kai
qrhsimopoieÐtai wc arqikì st�dio gia ton epìmeno kÔklo. Me autìn ton trìpo,
den qrei�zetai na kataskeuasteÐ to CSM plègma   na oristeÐ xan� o tÔpoc twn
stoiqeÐwn, ta ulik� kai to p�qoc twn stoiqeÐwn thc kataskeu c.

� Kaj¸c lÔnetai se k�je kÔklo to domikì prìblhma, oi upologismènec CSM
metatopÐseic gr�fontai sto arqeÐo twn kombik¸n metatopÐsewn kai autì qrhsi-
mopoieÐtai gia thn paramìrfwsh tou CFD plègmatoc apì ton algìrijmo parem-
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bol c [6], ìpou oi kombikèc autèc metatopÐseic apojhkeÔontai gia ton epìmeno
aeroelastikì kÔklo k.o.k.

� H upologismènh mègisth paramìrfwsh apo ton CSM epilÔth kai h �nwsh apo
ton CFD epilÔth, elègqontai an èqei epèljei sÔgklish stic timèc touc. An den
èqei epèljh sÔgklish, epilègontai diaforetik� CSM dedomèna eisìdou (ulikì,
p�qoc ulikoÔ di�metroc sqoini¸n), mèqri na stajeropoioÔntai sto pèrac twn
aeroelastik¸n kÔklwn.

Sq ma 4.4: Brìqoc aeroelastik c an�lushc
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Kef�laio 5

Aerodomik  An�lush

Fouskwt¸n PterÔgwn me

Aerotom  NACA4318

5.1 Perigraf  twn Exetazìmenwn Peript¸se-

wn

Oi exetazìmenec peript¸seic aerodomik c an�lushc fouskwt c ptèrugac faÐnontai
ston pÐnaka 5.1. Gia k�je exetazìmenh perÐptwsh tou pÐnaka 5.1, pragmatopoioÔntai
dÔo aeroelastikèc analÔseic, mÐa me isìtropo elastikì ulikì kai mÐa me orjotropikì
sunjetikì ulikì. Sth sunèqeia, pragmatopoioÔntai sugkrÐseic me krit ria, th mègisth
paramìrfwsh thc ptèrugac, thn aerodunamik  sumperifor� thc kai to upologistikì
kìstoc thc aeroelastik c an�lushc. Sth diplwmatik  aut  ergasÐa, h gewmetrÐa
ptèrugac pou analÔetai, eÐnai h ptèruga "morf c-k�mpiac� (pollapl¸n jal�mwn) pou
eÐnai ousiastik� h prosèggish mÐac aerotom c me kuklik� profÐl ìpwc faÐnetai sto
sq ma 5.1. Pio sugkekrimèna, melet¸ntai tèsseric gewmetrÐec, gia fouskwtèc ptèru-
gec me kai qwrÐc rammènec epekt�seic ìpou katal goun ta sqoini� prìsdeshc, kai
gia fouskwtèc ptèrugec me eswterik  fouskwt  r�bdo me kai qwrÐc rammènec epe-
kt�seic antÐstoiqa. Oi sunj kec ro c pou qrhsimopoioÔntai gia ìlec tic parap�nw
peript¸seic faÐnontai ston pÐnaka 5.2. Stic analÔseic pou gÐnontai, qrhsimopoioÔntai
dÔo tÔpoi ulik¸n O pr¸toc tÔpoc ulikoÔ, eÐnai isìtropo elastikì ulikì kai oi
idiìthtèc tou parousi�zontai ston pÐnaka 5.3. O deÔteroc tÔpoc ulikoÔ, eÐnai orjo-
tropikì sunjetikì ulikì, kai oi idiìthtèc tou parousi�zontai ston pÐnaka 5.4.
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Me b�sh to perÐgramma gewmetrÐac tou sq matoc 5.1, ja sqediastoÔn oi gewmetrÐec
k�je perÐptwshc pou ja analujoÔn parak�tw. Lìgw twn kuklik¸n profÐl thc po-
luj�lamhc gewmetrÐac, sthn akm  ekfug c sqhmatÐzetai ambleÐa gwnÐa. Profan¸c
lìgw aut c thc morfologik c idiaiterìthtac kajist�tai dÔskolo na thrhjeÐ pist� h
tim c thc qord c thc aerotom c NACA4318 (1000.00mm). 'Opwc faÐnetai sto sq ma
5.1, sth diplwmatik  ergasÐa h gewmetrÐa sqedi�sthke gia ìso to dunatìn megalÔterh
tim  qord c, kai pio sugkekrimèna epiteÔqjhke mèqri kai tim  qord c 974.47mm, ka-
j¸c gia kataskeuastikoÔc lìgouc ja  tan dÔskolh h peraitèrw aÔxhsh tim c qord c
�ra kai tou sunolikoÔ arijmoÔ jal�mwn.

Sq ma 5.1: PerÐgramma gewmetrÐac poluj�lamhc ptèrugac.

Exetazìmenec Peript¸seic Fouskwt¸n Pterug¸n
PerÐptwsh 1: Ptèruga qwrÐc epekt�seic kai qwrÐc eswterik  r�bdo
PerÐptwsh 2: Ptèruga me eswterik  r�bdo kai qwrÐc epekt�seic
PerÐptwsh 3: Ptèruga me epekt�seic kai qwrÐc eswterik  r�bdo

PerÐptwsh 4: Ptèruga me epekt�seic kai eswterik  r�bdo

PÐnakac 5.1: Exetazìmenec peript¸seic aerodomik c an�lushc ptèrugac me aerotom 
NACA 4318

Se ìlec tic exetazìmenec peript¸seic, sth CSM an�lush, ta trÐa sqoini� prìsdeshc
sugkratoÔn thn hmiptèruga kai sundèontai eÐte �mesa me thn epif�neia thc ptèrugac
5.2 (prìsdesh stic akmèc prìsptwshc kai ekfug c) eÐte èmmesa mèsw rammènwn epe-
kt�sewn. To pr¸to sqoinÐ eÐnai kont� sthn akm  prìsptwshc, to deÔtero kont� sthn
akm  ekfug c kai to teleutaÐo sto epÐpedo summetrÐac thc ptèrugac dhlad  sth mèsh
apìstash tou ekpet�smatoc.

Ektìc apì to montèlo thc ptèrugac, orÐzontai kai oi idiìthtec ulikoÔ twn sqoini¸n
prìsdeshc kai oi tÔpoi stoiqeÐwn pou ta prosomoi¸noun ìpwc faÐnetai stouc pÐnakec
5.5, 5.6.

H b�sh twn sqoini¸n (to k�tw shmeÐo tom c twn 6 sunolik� sqoini¸n olìklhrhc
thc ptèrugac) jewreÐtai paktwmènh, desmeÔontac ìlouc touc bajmoÔc eleujerÐac sto
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Sunj kec ro c Tim 
Puknìthta aèra 0.4135 kg/m3

Statik  pÐesh 26500 Pa
Mègejoc taqÔthtac aèra 40 m/s

GwnÐa prosbol c α 2 deg
GwnÐa ektrop c β(yaw) 0 deg

JermokrasÐa 223.25 K
Dunamik  Sunektikìthta aèra 1.458× 10−5

Uyìmetro 10000m

PÐnakac 5.2: Dedomèna gia ton CFD epilÔth

Isìtropo elastikì ulikì
Puknìthta 700 kg/m3

Mètro elastikìthtac E 1.5 ∗ 109Pa
Lìgoc Poisson 0.3

PÐnakac 5.3: Idiìthtec elastikoÔ ulikoÔ

Orjotropikì sunjetikì ulikì
Mètro Elastikìthtac Q 2.6 ∗ 109Pa
Mètro Elastikìthtac U 2.5 ∗ 109Pa
Mètro Elastikìthtac Z 2.5 ∗ 109Pa
Mètro di�tmhshc QU 1.16 ∗ 109Pa
Mètro di�tmhshc UZ 1.12 ∗ 109Pa
Mètro di�tmhshc ZQ 1.12 ∗ 109Pa
Lìgoc Poisson QU 0.3
Lìgoc Poisson UZ 0.3
Lìgoc Poisson ZQ 0.3

PÐnakac 5.4: Idiìthtec orjotropikoÔ sunjetikoÔ ulikoÔ

shmeÐo tom c touc 5.3. Ta sqoini� prìsdeshc kont� stic akmèc prìsptwshc kai ekfu-
g c, desmeÔoun th metafor� kat� touc �xonec x kai y, en¸ to pÐsw sqoinÐ prìsdeshc
desmeÔei th metafor� kat� ton �xona y mìno. Ta sqoini� aforoÔn mìno thn CSM
an�lush kaj¸c den ephre�zoun th CFD an�lush, kat� thn opoÐa paraleÐpontai ¸ste
na mh prokalèsoun qronikèc mh-monimìthtec sth ro .

TÔpoc stoiqeÐou Beam188
Diatom  stoiqeÐou Kuklik 
AktÐna Beam188 8mm

PÐnakac 5.5: Basik� dedomèna twn sqoini¸n prìsdeshc gia ton FEM epilÔth

Sth diplwmatik  ergasÐa, montelopoieÐtai mìno h hmiptèruga. Mèsw kat�llhlwn
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Sq ma 5.2: AkribeÐc jèseic twn sqoini¸n prìsdeshc anaforik� me tic akmèc prìsptw-
shc kai ekfug c: Arister�: SqoinÐ prìsdeshc kont� sthn akm  prìsptwshc, Dexi�:
SqoinÐ prìsdeshc kont� sthn akm  ekfug c

Sq ma 5.3: Paktwmèno shmeÐo tom c twn 3 sqoini¸n prìsdeshc

rujmÐsewn stouc epilÔtec CSM, CFD orÐzetai epÐpedo summetrÐac, pou anapar�gei
thn aeroelastik  an�lush sth sumplhrwmatik  hmiptèruga 5.5. Me autìn ton trìpo,
upodiplasi�zontai oi kìmboi twn CSM kai CFD epilut¸n mei¸nontac shmantik� ton
upologistikì qrìno (kìstoc) thc an�lushc.
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Puknìthta 1000kg/m3

Lìgoc Poisson 0.3
Mètro Elastikìthtac 2 ∗ 1011kg/ms2

PÐnakac 5.6: Idiìthtec ulikoÔ sqoini¸n prìsdeshc

Sq ma 5.4: 3D montèlo hmiptèrugac demènh me ta 3 sqoini� st rixhc. To epÐpedo
summetrÐac brÐsketai sthn pleur� thc ptèrugac pou katal gei to èna sqoinÐ antÐ thc
pleur�c ìpou katal goun ta sqoini� stic akmèc prìsptwshc kai ekfug c

Sq ma 5.5: KÐtrinh Epif�neia: EpÐpedo summetrÐac hmiptèrugac, epÐpedo pou brÐske-
tai sto misì tou ekpet�smatoc. Me b�sh autì wc epÐpedo summetrÐac, oi epilÔtec CSM,
CFD upologÐzoun to aeroelastikì montèlo thc sumplhrwmatik c hmiptèrugac
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5.2 Melèth Diaforetik¸n Peript¸sewn

O koinìc stìqoc ìlwn twn peript¸sewn eÐnai o sqediasmìc fouskwt c ptèrugac,
ètsi ¸ste na pet� kai na stajeropoieÐtai kat� thn pt sh thc. Oi sugkrÐseic pou
ekteloÔntai an�mesa stic parap�nw peript¸seic analÔontai parak�tw.

'Opwc proanafèrjhke, o stìqoc twn fouskwt¸n pterÔgwn me eswterik  fouskw-
t  r�bdo sugkritik� me tic aplèc fouskwtèc ptèrugec eÐnai h exoikonìmhsh b�rouc
(meiwmèno p�qoc kataskeu c) apo thn epiplèon pÐesh tou pepiesmènou aèra entìc thc
r�bdou. Se aut n th sÔgkrish, prèpei na upologisteÐ to sunolikì b�roc thc ka-
raskeu c kai, sth sunèqeia, na gÐnei èlegqoc an h �nwsh uperisqÔei tou sunolikoÔ
b�rouc, ¸ste na eÐnai aerodunamik� orj  h lÔsh tou probl matoc (W < L).

EkteleÐtai sÔgkrish gia tic ptèrugec me rammènec epekt�seic me tic antÐstoiqec qwrÐc.
H logik  qr shc twn rammènwn epekt�sewn eÐnai h ex c: 'Otan ta sqoini� prìsde-
shc katal goun stic rammènec epekt�sewn antÐ twn akm¸n prìsptwshc kai ekfug c
antÐstoiqa, paramorf¸nontai polÔ ligìtero oi akmèc autèc, me apotèlesma na mhn
ephre�zetai h aerodunamik  apìdosh thc aerotom c. To domikì autì pleonèkthma,
epitrèpei thn epilog  leptìterou ulikoÔ �ra kai meÐwsh tou sunolikoÔ b�rouc thc
ptèrugac antÐ thc perÐptwshc qwrÐc rammènec epekt�seic. Me b�sh ta montèla au-
t�, pragmatopoioÔntai sugkrÐseic me krit ria, th sunolik  paramìrfwsh twn akm¸n
prìsptwshc kai ekfug c, thn aerodunamik  sumperifor� thc ptèrugac, all� kai ton
arijmì twn aeroelastik¸n kÔklwn mèqri na epèljei sÔgklish.

Tèloc, pragmatopoioÔntai sugkrÐseic metaxÔ twn upopeript¸sewn k�je perÐptwshc
ìson afor� touc tÔpouc twn ulik¸n (elastikì-sunjetikì). Pio sugkekrimèna elèg-
qontai h telik  mègisth metatìpish, h aerodunamik  sumperifor� kai o arijmìc twn
aeroelastik¸n kÔklwn mèqri na epèljei sÔgklish sthn ptèruga.

5.3 PerÐptwsh 1: Melèth qwrÐc Rammènec E-

pekt�seic

H pr¸th perÐptwsh anafèretai sto aeroelastikì prìblhma thc apl c fouskwt c
ptèrugac NACA4318 (qwrÐc eswterik  fouskwt  r�bdo), ìpou ta sqoini� prìsde-
shc, katal goun sthn epif�neia thc ptèrugac (qwrÐc rammènec epekt�seic). Gia to
foÔskwma thc ptèrugac eÐnai aparaÐthth h stègash tou pepiesmènou aèra. Autì
epitugq�netai me diaqwrismì thc ptèrugac se aerosteg  diamerÐsmata ìpou ja fi-
loxeneÐtai o pepiesmènoc aèrac. H ptèruga epilègetai na qwristeÐ se 15 aerosteg 
diamerÐsmata qwrizìmenh apo 14 egk�rsiec epif�neiec antÐstoiqa 5.7. To CFD plègma
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dhmiourgeÐtai mèsw tou logismikoÔ Pointwise kai afoÔ qrhsimopoieÐtai mh su-
nektik  ro , h apìstash twn pr¸twn kìmbwn apo ta oriak� toiq¸mata, epilègetai
na eÐnai 0.00001m. To ep'�peiro ìrio tou pedÐou ro c eÐnai mÐa sfaÐra me di�metro
Ðsh me 50m, ìpou to m koc thc qord c eÐnai 1m. Gia na prosomoiwjeÐ to pedÐo ro c,
dhmiourgeÐtai èna ubridikì plègma 1.5 ∗ 106 kìmbwn 5.6, apo tetr�edra, prÐsmata, pu-
ramÐdec kai exaedrik� stoiqeÐa gÔrw apo thn hmiptèruga. 'Opwc faÐnetai sto sq ma

Sq ma 5.6: To epifaneiakì CFD plègma pou qrhsimopoi jhke gia th lÔsh twn RANS
exis¸sewn. To maÔro plègma eÐnai to plègma sthn epif�neia thc ptèrugac. To mplè
eÐnai to plègma sto epÐpedo summetrÐac thc ptèrugac. Kai to mple kai to kìkkino plègma
anaparistoÔn to plègma (volume grid) gÔrw apo thn hmiptèruga

.

5.7, ta sqoini� prìsdeshc den katal goun akrib¸c sthn akm  prìsptwshc kai sthn
akm  ekfug c diìti lìgw thc elastikìthtac tou ulikoÔ, h epif�neia thc ptèrugac
paramorf¸netai, bl sq ma 5.8, paramorf¸nontac ètsi th gewmetrÐa tou montèlou
stic akmèc ekfug c kai ektrop c, me kÐnduno thn astoqÐa thc CFD aerodunamik c
an�lushc.

5.3.1 PerÐptwsh 1: Melèth me Elastikì Ulikì

K�poia epiplèon domik� dedomèna ektìc aut¸n tou pÐnaka 5.3 tou aeroelastikoÔ pro-
bl matoc parousi�zontai ston pÐnaka 5.7. Ta parak�tw dedomèna epilègontai met�
apo dokimèc kaj¸c me �llec timèc to aeroelastikì prìblhma apèkline. Me thn aÔxhsh
thc tim c tou mètrou elastikìthtac, h tim  thc mègisthc paramìrfwshc meiwnìtan.
Parìla aut�, to montèlo ginìtan pio dÔskampto, me to foÔskwma na gÐnetai ligìte-
ro apotelesmatikì, kai telik�, h fouskwt  ptèruga adunatoÔse na stajeropoihjeÐ
aeroelastik�. AntÐstoiqa, me th meÐwsh tou p�qouc twn stoiqeÐwn thc ptèrugac kai
twn sqoini¸n prìsdeshc antÐstoiqa, meg�lwnan ta aerodunamik� fortÐa pou deqìtan
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Sq ma 5.7: Arister�: 3-D montèlo fouskwt c hmiptèrugac pollapl¸n jal�mwn,
Dexi�: PÐsw ìyh montèlou fouskwt c hmiptèrugac pollapl¸n jal�mwn, ìpou faÐnontai
ta 15 aerosteg  diamerÐsmata qwrizìmena apo 14 egk�rsiec epif�neic.

Sq ma 5.8: Arister�: Morfologik  alloÐwsh epif�neiac thc ptèrugac ìtan to sqoinÐ
prìsdeshc katal gei akrib¸c sthn akm  prìsptwshc. Dexi�: Epif�neia thc ptèrugac
ìtan to sqoinÐ prìsdeshc den katal gei akrib¸c sthn akm  prìsptwshc.

h ptèruga, �ra kai h mègisth paramìrfwsh thc, kai lìgw thc uperpÐeshc kai thc
meg�lhc �nwshc eperqìtan aeroelastik  ast�jeia.

Sto sq ma 5.9, parathreÐtai h exèlixh thc apìklishc thc mègisthc paramìrfwshc kai
twn tim¸n thc �nwshc kai opisjèlkousac thc ptèrugac gia k�je aeroelastikì kÔklo.
To aeroelastikì prìblhma praktik� sugklÐnei met� apo 8 aeroelastikoÔc kÔklouc kai
h apìklish thc mègisthc paramìrfwshc tou teleutaÐou kÔklou apo ton prohgoÔmeno
isoÔtai me 5.69 ∗ 10−5m. 'Opwc faÐnetai, h paramìrfwsh sto mhdenikì kÔklo eÐnai
0.0962m kai katal gei ston telikì kÔklo se paramìrfwsh Ðsh me 0.10193m. H telik 
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Ulikì Elastikì
TÔpoc StoiqeÐou Ptèrugac Shell181

P�qoc Shell181 3mm
TÔpoc StoiqeÐou Sqoini¸n Beam188

AktÐna Beam188 8mm
Eswterik  PÐesh 60000Pa

PÐnakac 5.7: Basik� dedomèna dedomèna eisìdou gia ton epilÔth CSM

tim  thc �nwshc eÐnai 65.767N , to b�roc thc ptèrugac eÐnai 59.36N , en¸ to sunolikì
b�roc twn sqoini¸n gia aktÐna 8mm eÐnai 4.88N . 'Ara akìmh kai oriak�, h sunj kh
W < L isqÔei kai h aeroelastik  sÔgklish eÐnai orj .
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Sq ma 5.9: PerÐptwsh 1: Exèlixh thc aeroelastik c prosomoÐwshc montèlou me
qr sh isìtropou elastikoÔ ulikoÔ. Arister�: Mègisth paramìrfwsh gia k�je aeroela-
stikì kÔklo. Dexi�: 'Anwsh kai opisjèlkousa gia k�je aeroelastikì kÔklo

Epiprìsjeta, sto sq ma 5.9, parousi�zetai kai h exèlixh thc �nwshc kai thc opi-
sjèlkousac kat� thn aeroelastik  an�lush, wc apìdeixh ìti to prìblhma ìntwc
sugklÐnei kai h ptèruga èqei stajeropoihjeÐ. Apì to sq ma 5.10, parathreÐtai, ìti

Sq ma 5.10: PerÐptwsh 1: Paramìrfwsh poluj�lamhc fouskwt c ptèrugac me
qr sh isìtropou elastikoÔ ulikoÔ. P�nw : Paramìrfwsh ston 1o aeroelastikì kÔklo
(kìkkino) sugkritik� me ton mhdenikì (maÔro). K�tw: Paramìrfwsh ston 7o aeroela-
stikì kÔklo (mple) sugkritik� me ton 1o (kìkkino)
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h paramìrfwsh ston 1o aeroelastikì kÔklo eÐnai uyhl , en¸ sto tèloc thc aeroe-
lastik c an�lushc h ptèruga stajeropoieÐtai. Apì to sq ma 5.9, parathreÐtai ìti h
diafor� tim¸n metaxÔ �nwshc kai opisjèlkousac eÐnai mikr  me lìgo L/D sto tèloc
twn aeroelastik¸n kÔklwn Ðso me 1.2. Gia ton lìgo autì ja gÐnei aeroelastik  me-
lèth me megalÔterh gwnÐa prosbol c α, me aÔxhsh tic tim c thc apo 2 se 8 moÐrec:
Parìlo pou upologÐzontai megalÔterec timèc �nwshc gia k�je aeroelastikì kÔklo
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Sq ma 5.11: PerÐptwsh 1: Exèlixh thc aeroelastik c prosomoÐwshc montèlou me
qr sh isìtropou elastikoÔ ulikoÔ. Arister�: Mègisth paramìrfwsh gia k�je aeroela-
stikì kÔklo gia 2 kai 8 moÐrec gwnÐac prosbol c. Dexi�: 'Anwsh kai opisjèlkousa gia
k�je aeroelastikì kÔklo gia α = 8 moÐrec

me aÔxhsh thc gwnÐac prosbol c, askoÔntai megalÔtera aerodunamik� fortÐa, kai h
ptèruga me ta parìnta dedomèna eisìdou adunateÐ stajeropoihjeÐ aeroelastik�. Gia
to lìgo autì, dokim�zetai na auxhjeÐ h aktÐna twn sqoini¸n sugkr�thshc apì 8mm
se 13mm: 'Ara, me qr sh sqoini¸n sugkr�thshc megalÔterhc aktÐnac, epitugq�netai
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Sq ma 5.12: PerÐptwsh 1: Exèlixh thc aeroelastik c prosomoÐwshc montèlou me
qr sh isìtropou elastikoÔ ulikoÔ. Arister�: SÔgkrish mègisthc paramìrfwshc gia
k�je aeroelastikì kÔklo gia aktÐna sqoini¸n sugkr�thshc 8mm kai 13mm. Dexi�:
SÔgkrish tim¸n �nwshc gia k�je aeroelastikì kÔklo gia aktÐna sqoini¸n sugkr�thshc
8mm kai 13mm.

aeroelastik  sÔgklish gia α = 8 moÐrec, me telikì lìgo L/D Ðso me 3.06. Me aut 
thn parallag , me aÔxhsh thc aktÐnac twn sqoini¸n, aux�netai kai to sunolikì touc
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b�roc pou eÐnai Ðso me 14.715N . Parìla aut�, me thn meg�lh aÔxhsh thc telik c
tim c �nwshc Ðsh me 159.2N , h aeroelastik  stajeropoÐhsh jewreÐtai orj .

5.3.2 Epanexètash PerÐptwshc 1 me Sunjetikì Ulikì

Sthn prohgoÔmenh upoperÐptwsh ègine qr sh isìtropou elastikoÔ ulikoÔ, me uyh-
lèc timèc mègisthc paramìrfwshc, gia autì ton lìgo, ja dokimasteÐ èna ulikì pio
dÔskampto, gia na elegqjeÐ h aeroelastik  sumperifor� thc ptèrugac me thn efar-
mof  mÐac tètoiac domik c parallag c. Sthn paroÔsa upoperÐptwsh, gÐnetai epane-
xètash thc aeroelastik c an�lushc ptèrugac qwrÐc rammènec epekt�seic, me qr sh
orjotropikoÔ sunjetikoÔ ulikoÔ, me tic idiìthtec tou na dÐnontai apì ton pÐnaka 5.4
me ta epiplèon domik� qarakthristik� tou pÐnaka 5.8. H aeroelastik  prosomoÐwsh

Ulikì Sunjetikì
TÔpoc StoiqeÐou Ptèrugac Shell181

P�qoc Shell181 3mm
TÔpoc StoiqeÐou SqoinioÔ Beam188

AktÐna Beam188 8mm
Eswterik  PÐesh 60000Pa

PÐnakac 5.8: Basik� dedomèna dedomèna eisìdou gia ton epilÔth CSM

katal gei se mègisth paramìrfwsh mikrìterh apo aut  tou elastikoÔ ulikoÔ thc
prohgoÔmenhc upoperÐptwshc. H sÔgkrish twn mègistwn paramorf¸sewn kat� thn
aeroelastik  an�lush metaxÔ twn dÔo peript¸sewn faÐnetai sto sq ma 5.13. Analu-
tikìtera, to aeroelastikì prìblhma me qr sh sunjetikoÔ ulikoÔ praktik� sugklÐnei
met� apo 9 aeroelastikoÔc kÔklouc, me telik  apìklish mègisthc paramìrfwshc tou
pro-teleutaÐou kÔklou apì ton teleutaÐo Ðsh me 5.022 ∗ 10−5m. 'Opwc faÐnetai, h
paramìrfwsh gia sunjetikì ulikì sto mhdenikì kÔklo eÐnai 0.0951m kai katal gei
ston telikì kÔklo se paramìrfwsh Ðsh me 0.1005m.

Epiprìsjeta, apo to sq ma 5.13, akìmh kai me koin  CFD arqikopoÐhsh kai plègma,
faÐnetai ìti to elastikì ulikì dèqetai uyhlìtera aerodunamik� fortÐa, kaj¸c aut�
prokaloÔn pio aulakwt  epif�neia kai petuqaÐnetai mikrìterh apokìllhsh thc ro c
(bl. sq ma 5.14). Stic epìmenec peript¸seic pou to ulikì ja eÐnai pio leptì, to
fainìmeno ja eÐnai pio èntono. Mèsw tou sq matoc 5.42, epibai¸netai h epiplèon
duskamyÐa tou sunjetikoÔ ulikoÔ ìpwc faÐnetai kai sto sq ma 5.13.
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Sq ma 5.13: PerÐptwsh 1: SÔgkrish exèlixhc thc aeroelastik c prosomoÐwshc
montèlou metaxÔ qr shc isìtropou elastikoÔ kai orjotropikoÔ sunjetikoÔ ulikoÔ. A-
rister�: Mègisth paramìrfwsh gia k�je aeroelastikì kÔklo. Dexi�: 'Anwsh gia k�je
aeroelastikì kÔklo

Sq ma 5.14: PerÐptwsh 1: Katanom  pÐeshc kai grammèc ro c sto epÐpedo summe-
trÐac ston teleutaÐo kÔklo, metaxÔ qr shc isìtropou elastikoÔ (arister�) kai orjotro-
pikoÔ sunjetikoÔ (dexi�) ulikoÔ.

Sq ma 5.15: PerÐptwsh 1: SÔgkrish paramìrfwshc poluj�lamhc fouskwt c ptèru-
gac ston 1o kÔklo, metaxÔ qr shc isìtropou elastikoÔ (kìkkino) kai orjotropikoÔ sun-
jetikoÔ (mplè) ulikoÔ antÐstoiqa se sqèsh me thn arqik  gewmetrÐa (maÔro).

5.4 PerÐptwsh 2: Melèth me Fouskwt  Esw-

terik  R�bdo qwrÐc Rammènec Epekt�seic

Sthn perÐptwsh aut , parousi�zetai to aeroelastikì prìblhma thc fouskwt c ptèru-
gac NACA4318 me eswterik  fouskwmènh r�bdo ìpou ta sqoini� prìsdeshc thc

52



ptèrugac katal goun sthn epif�neia thc ptèrugac (qwrÐc rammènec epekt�seic). 'O-
pwc èqei anaferjeÐ kai sto Kef�laio 1, sth sugkekrimènh gewmetrÐa ìpwc faÐnetai
sto sq ma 5.16, sqedi�zetai mÐa r�bdoc rammènh stic diaqwristikèc epif�neic metaxÔ
twn diadoqik¸n aerosteg¸n jal�mwn. H r�bdoc aut  eÐnai ènac kÔlindroc monwmènoc
sta �kra tou me t�pec (gia na eÐnai dunatì to foÔskwm� thc), kai eÐnai apì Ðdio ulikì
me thn ptèruga. Tèloc, h tim  thc eswterik c pÐeshc pepiesmènou aèra eÐnai mega-
lÔterh antÐ thc exwterik c epif�neiac thc ptèrugac. 'Opwc faÐnetai sto sq ma 5.17,
h di�metroc thc r�bdou eÐnai stajer  kaj'ìlo to m koc thc Ðsh me 8mm. 'Opwc èqei

Sq ma 5.16: PerÐptwsh 2: 3D montèlo ptèrugac me fouskwt  eswterik  r�bdo:
P�nw: PÐsw ìyh gewmetrÐac fouskwt c r�bdou. K�tw: R�yimo thc r�bdou stic diaqw-
ristikèc epif�neiec metaxÔ twn diadoqik¸n aerosteg¸n jal�mwn

anaferjeÐ, gia thn ekmet�lleush thc epiplèon posìthtac pepiesmènou aèra entìc thc
r�bdou mporeÐ na meiwjeÐ to p�qoc ulikoÔ thc exwterik c epif�neiac thc ptèrugac
¸ste na meiwjeÐ to b�roc. Sthn perÐptwsh aut , to p�qoc mei¸netai apo 3mm se
2mm. Me th qr sh pio leptoÔ ulikoÔ (meiwmèno b�roc), se sunduasmì me to epi-
plèon foÔskwma entìc thc r�bdou, h ptèruga katal gei se diaforetik  aeroelastik 
apìkrish me timèc megalÔterhc �nwshc. 'Etsi h ptèruga teÐnei na mhn mporeÐ na mporeÐ
na stajeropoihjeÐ eÔkola ìpwc faÐnetai sta sq mata 5.18 5.19, me sqoini� prìsdeshc
aktÐnac r = 0.008m gia ton lìgo autì stic peript¸seic thc ptèrugac me eswterik 
fouskwt  r�bdo, prèpei na auxhjeÐ h aktÐna twn sqoini¸n. Sthn perÐptwsh aut , h
aktÐna twn sqoini¸n prìsdeshc aux jhke se r = 0.013m. Ta domik� qarakthristik�
thc sugkekrimènhc gewmetrÐac all� kai oi diaforetikèc pièseic pou efarmìzontai sthn
ptèruga me thn eswterik  r�bdo dÐnontai ston pÐnaka 5.9. 'Opwc kai sthn prohgoÔme-
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Sq ma 5.17: GewmetrÐa kai diast�sh eswterik c fouskwt c r�bdou diamètrou Ðsh
me 8mm
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Sq ma 5.18: PerÐptwsh 2: SÔgkrish tim c �nwshc k�je aeroelastikoÔ kÔklou a-
n�mesa sthn ptèruga me kai qwrÐc eswterik  fouskwt  r�bdo (timèc apo to sq ma 5.9)
gia koin  aktÐna sqoini¸n prìsdeshc (8mm) qrhsimopoi¸ntac elastikì ulikì. Para-
threÐtai ìti lìgw tou epiplèon fousk¸matoc ta aerodunamik� fortÐa eÐnai arket� mega-
lÔtera. Parìla aut�, h ptèruga den mporeÐ na stajeropoihjeÐ.

nh perÐptwsh par�getai èna ubridikì CFD plègma 1.55 ∗ 106 kìmbwn, apo tetr�edra,
prÐsmata, puramÐdec kai exaedrik� stoiqeÐa.
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Sq ma 5.19: PerÐptwsh 2: ApostajeropoÐhsh fouskwt c ptèrugac me fouskwt 
r�bdo: P�nw: Ptèruga me aktÐna sqoini¸n prìsdeshc 0.008m. K�tw: Ptèruga me
aktÐna sqoini¸n prìsdeshc 0.013m

TÔpoc StoiqeÐou Ptèrugac & R�bdou Shell181
P�qoc Shell181 2mm

TÔpoc StoiqeÐou Sqoini¸n Beam188
AktÐna Beam188 13mm

Eswterik  pÐesh ptèrugac 60000Pa
Eswterik  pÐesh r�bdou 80000Pa

PÐnakac 5.9: PerÐptwsh 2: Basik� dedomèna eisìdou gia ton epilÔth CSM

5.4.1 PerÐptwsh 2: Melèth me Elastikì Ulikì

Ta dedomèna thc domik c an�lushc gia ton CSM epilÔth dÐnontai apo touc pÐnakec
5.9, 5.3, 5.5. Sth perÐptwsh thc ptèrugac me kai qwrÐc fouskwt  r�bdo efarmìsth-
ke ìpwc anafèrjhke aktÐna sqoini¸n sugkr�thshc Ðsh me 13mm. 'Opwc faÐnetai sto
sq ma 5.20, to aeroelastikì prìblhma thc ptèrugac me r�bdo sunèkline meta apo 5
aeroelastikoÔc kÔklouc me telik  apìklish mègisthc paramìrfwshc 3.98∗10−5m. 'O-
pwc faÐnetai, h paramìrfwsh gia elastikì ulikì sto mhdenikì kÔklo eÐnai 0.0154m kai
katal gei ston telikì kÔklo se paramìrfwsh Ðsh me 0.01902m. To b�roc thc ptèru-
gac, lìgw meÐwshc p�qouc tou ulikoÔ, eÐnai Ðso me 45N . O sunolikìc qrìnoc (kìstoc)
epÐlushc tou aeroelastikoÔ probl matoc met� apo 5 aeroelastikoÔc kÔklouc eÐnai
kont� sthn mÐa ¸ra se k�rta grafik¸n NVIDIA Tesla K40 me mn mh RAM 12 GB.
Oi peript¸seic ptèrugac pou analÔontai sto sq ma 5.20, èqoun koinì p�qoc ulikoÔ
Ðso me 2mm kai aktÐna sqoini¸n Ðsh me 13mm, kai ètsi faÐnetai ìti me th fouskwt 
r�bdo petuqaÐnetai kalÔterh aeroelastik  sÔgklish kai stajeropoÐhsh thc ptèrugac
apo thn perÐptwsh qwrÐc (telik  apìklish mègisthc paramìrfwshc qwrÐc r�bdo Ðsh
me 7.95 ∗ 10−5m). Apo to sq ma 5.20, faÐnetai ìti akìmh kai me pio paqi� sqoini�
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Sq ma 5.20: PerÐptwsh 2: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc mo-
ntèlou me qr sh isìtropou elastikoÔ ulikoÔ metaxÔ ptèrugac me kai qwrÐc fouskwt 
r�bdo. Arister�: Mègisth paramìrfwsh gia k�je aeroelastikì kÔklo. Dexi�: 'Anwsh
kai opisjèlkousa gia k�je aeroelastikì kÔklo

prìsdeshc to montèlo me thn fouskwt  r�bdo, petuqaÐnei Ðdia tim  �nwshc me to mo-
ntèlo qwrÐc. Akìmh qr zei endiafèron h sÔgkrish thc aerodunamik c sumperifor�c
twn dÔo montèlwn kata ton 2o aeroelastikì kÔklo, kaj¸c qwrÐc th r�bdo parath-
reÐtai meg�lh apìtomh pt¸sh thc �nwshc thc t�xhc twn 60N , en¸ qrhsimopoi¸ntac
thn r�bdo h apìklish thc tim c �nwshc eÐnai 8N . Me autìn ton trìpo sumperaÐnetai
ìti to epiplèon foÔskwma mèsw thc r�bdou, bohj� sthn pio gr gorh stajeropoÐhsh
thc ptèrugac k�ti to opoÐo epibebai¸netai apo to gegonìc ìti h tim c thc �nwshc
sugklÐnei kat� ton 5o aeroelastikì kÔklo, en¸ qwrÐc th r�bdo apo ton 7o aeroela-
stikì kÔklo. Sto sq ma 5.21, parathreÐtai h kalÔterh proskìllhsh thc ro c sthn

Sq ma 5.21: PerÐptwsh 2: Katanom  pÐeshc kai grammèc ro c sthn epif�neia thc
ptèrugac ston 2o aeroelastikì kÔklo. Arister�: Katanom  pÐeshc kai grammèc ro c sth
ptèruga me fouskwt  r�bdo. Dexi�: Katanom  pÐeshc kai grammèc ro c sth ptèruga
qwrÐc fouskwt  r�bdo.

ptèruga me fouskwt  r�bdo gegonìc pou dikaiologeÐ th mikrìterh pt¸sh pÐeshc ston
2o aeroelastikì kÔklo. 'Opwc kai sthn PerÐptwsh 1, gÐnetai melèth gia diaforeti-
kèc timèc gwnÐac prosbol c: Apì to sq ma 5.23, faÐnetai ìti ìso aux�netai h tim c
thc gwnÐac prosbol c, aux�nontai antÐstoiqa kai ta aerodunamik� fortÐa pou asko-
Ôntai sthn epif�neia thc ptèrugac, me apotèlesma thn aÔxhsh twn paramorf¸sewn
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Sq ma 5.22: PerÐptwsh 2: SÔgkrish paramìrfwshc apo ton mhdenikì (maÔro) ston
1o aeroelastikì kÔklo gia ptèruga me r�bdo (mple) kai qwrÐc (kìkkino) me koinì p�qoc
ulikoÔ Ðso me 2mm

 0.015

 0.016

 0.017

 0.018

 0.019

 0.02

 0.021

 0.022

 0.023

 0.024

 0.025

 0  1  2  3  4  5  6  7

M
a

x
 d

e
fo

rm
a

ti
o

n
(m

)

Aeroelastic cycles

2 degrees
8 degrees

10 degrees
 60

 80

 100

 120

 140

 160

 180

 200

 1  2  3  4  5  6  7  8

L
if
t 

(N
)

Aeroelastic cycles

2 degrees
8 degrees

10 degrees

Sq ma 5.23: PerÐptwsh 2: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc mo-
ntèlou me qr sh isìtropou elastikoÔ ulikoÔ me gwnÐa probol c Ðsh me 2, 8, 10 moÐrec.
Arister�: Mègisth paramìrfwsh gia k�je tim  gwnÐa prosbol c se k�je aeroelastikì
kÔklo. Dexi�: 'Anwsh gia k�je tim  gwnÐac prosbol c se k�je aeroelastikì kÔklo

se aut n 5.24,5.25.
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Sq ma 5.24: PerÐptwsh 2: Arijmìc Mach sto epÐpedo summetrÐac thc ptèrugac me
qr sh isìtropou elastikoÔ ulikoÔ me gwnÐa probol c Ðsh me 2, 5, 8, 10 moÐrec. P�nw
arister�: 2 moÐrec. P�nw dexi�: 5 moÐrec. K�tw arister�: 8 moÐrec. K�tw dexi�: 10
moÐrec.
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Sq ma 5.25: PerÐptwsh 2: AuxomeÐwsh tou lìgou L/D gia diaforetikèc timèc gwnÐac
prosbol c.

59



5.4.2 Epanexètash PerÐptwshc 2 me Sunjetikì Ulikì

'Opwc kai sth melèth thc perÐptwshc 2 me to elastikì ulikì, ètsi kai sth melèth
me to sunjetikì ulikì, h ptèruga kai h r�bdoc eÐnai apo to Ðdio ulikì twn pin�kwn
5.10 5.4. Sto sq ma 5.26, parathreÐtai ìti kai me ta dÔo ulik�, petuqaÐnetai parìmoia
poreÐa kai sugklÐnoun aeroelastik� ston 8o aeroelastikì kÔklo. Parìla aut� ìpwc
anamenìtan sthn perÐptwsh tou sunjetikoÔ ulikoÔ h telik  sunolik  mègisth para-
mìrfwsh, eÐnai lÐgo mikrìterh apo thn antÐstoiqh tou elastikoÔ ulikoÔ kai me telik 
apìklish mègisthc paramìrfwshc Ðsh me 3.04 ∗ 10−5m antÐ thc antÐstoiqhc me ela-
stikì ulikì Ðsh me 3.98∗10−5m. 'Opwc faÐnetai, h paramìrfwsh gia sunjetikì ulikì
sto mhdenikì kÔklo eÐnai 0.0151m kai katal gei ston telikì kÔklo se paramìrfwsh
Ðsh me 0.01839m. 'Opwc faÐnetai sto sq ma 5.27, oi grammèc ro c eidik� met� to

TÔpoc StoiqeÐou Ptèrugac & R�bdou Shell181
P�qoc Shell181 2mm

TÔpoc StoiqeÐou Sqoini¸n Beam188
AktÐna Beam188 13mm

Eswterik  pÐesh ptèrugac 60000Pa
Eswterik  pÐesh r�bdou 80000Pa

PÐnakac 5.10: PerÐptwsh 2: Basik� dedomèna eisìdou gia ton epilÔth CSM me
sunjetikì ulikì
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Sq ma 5.26: PerÐpwsh 2: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc montèlou
metaxÔ qr shc isìtropou elastikoÔ ulikoÔ kai orjotropikoÔ sunjetikoÔ ulikoÔ. Ariste-
r�: Mègisth paramìrfwsh gia k�je aeroelastikì kÔklo. Dexi�: 'Anwsh kai gia k�je
aeroelastikì kÔklo

misì thc qord c sto sunjetikì ulikì apokolloÔntai lÐgo perissìtero se sqèsh me to
elastikì ulikì. Lìgw thc eukamyÐac tou elastikoÔ ulikoÔ, h ro  askeÐ megalÔtera
aerodunamik� fortÐa sthn ptèruga dhmiourg¸ntac pio èntonh aulakwt  epif�neia, pou
h ro  proskoll�tai kalÔtera all� prokaloÔntai megalÔterec paramorf¸seic sthn
epif�neia thc ptèrugac.
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Sq ma 5.27: PerÐptwsh 2: Katanom  pÐeshc kai grammèc ro c sto epÐpedo summe-
trÐac ston 7o aeroelastikì kÔklo gia ta diaforetik� ulik�. Arister�: Katanom  pÐeshc
kai grammèc ro c sth ptèruga me isìtropo elastikì ulikì. Dexi�: Katanom  pÐeshc kai
grammèc ro c sth ptèruga me orjotropikì sunjetikì ulikì.
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5.5 PerÐptwsh 3: Melèth me Rammènec Epe-

kt�seic

Oi rammènec epekt�seic qrhsimopoioÔntai gia thn prìlhyh uyhl¸n paramorf¸sewn
stic akmèc prìsptwshc kai ekfug c, ìtan h ptèruga ektÐjetai se uyhl� aerodunamik�
fortÐa me kÐnduno na alloiwjeÐ h morfologÐa touc kai katèpèktash, h aerodunamik 
apìdosh thc aerotom c ìpwc faÐnetai sto sq ma 5.28. AntÐ na dènontai ta 2 sqoi-
ni� prìsdeshc thc hmiptèrugac stic akmèc prìsptwshc kai ekfug c, katal goun se
2 rammènec epekt�seic, kai leitourgoÔn wc sthrÐxeic metaxÔ twn sqoini¸n kai thc
hmiptèrugac ìpwc faÐnetai kai sto sq ma 5.29.

Me autì to domikì pleonèkthma pou prosdÐdoun oi rammènec epekt�seic, mporeÐ na
gÐnei epilog  leptìterou ulikoÔ qwrÐc na up�rqei kÐndunoc morfologik c alloÐwshc
thc epif�neiac thc ptèrugac, �ra kai sunolik  meÐwsh tou b�rouc. Ed¸, ja gÐnei
epilog  mikrìterou p�qouc ulikoÔ thc exwterik c epif�neiac thc ptèrugac kai su-
gkekrimèna meÐwsh apo 3mm se 1.8mm. PragmatopoioÔntai sugkrÐseic me krit rio
th mègisth paramìrfwsh, thn aerodunamik  sumperifor� kai thn aeroelastik  eu-
st�jeia thc ptèrugac, antÐ thc perÐptwsh qwrÐc rammènec epekt�seic. Sqedi�zontai
kampulìgrammec rammènec epekt�seic, gia na mhn alloi¸netai h aerodunamik  apìdo-
sh kont� stic akmèc prìsfushc kai ekfug c. H rammènh apìfush kont� sthn akm 
prìsfushc èqei aktÐna Ðsh me 25.5mm kai h antÐstoiqh sthn akm  ekfug c èqei aktÐna
Ðsh me 6.34mm 5.29. Ta basik� dedomèna eisìdou gia ton epilÔth CSM gia elastikì
ulikì thc PerÐptwshc 3 dÐnontai ston pÐnaka 5.11.

Ulikì Elastikì
TÔpoc StoiqeÐou Ptèrugac & Rammènwn epekt�sewn Shell181

P�qoc Shell181 1.8mm
TÔpoc StoiqeÐou SqoinioÔ Beam188

AktÐna Beam188 8mm
Eswterik  PÐesh 60000Pa

PÐnakac 5.11: PerÐptwsh 3: Basik� dedomèna eisìdou gia ton epilÔth CSM gia
elastikì ulikì

H logik  thc gewmetrÐac me tic rammènec epekt�seic eÐnai ìti ta domik� fortÐa twn
sqoini¸n prìsdeshc proc thn ptèruga diamoir�zontai sthn epif�neia st rixhc kai ìqi
mìno sta shmeÐa tom c touc me thn epif�neia thc ptèrugac. Me autìn ton trìpo
anamènetai, apofug  morfologik c alloÐwshc thc ptèrugac lìgw meg�lwn aerodu-
namik¸n fortÐwn me skopì th diat rhsh thc aerodunamik c apìdoshc alla kai th
meÐwsh twn paramorf¸sewn stic perioqèc autèc.
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Sq ma 5.28: PerÐptwsh 3: Apeikìnish prìlhyhc morfologik c alloÐwshc, ìtan
ta sqoini� sugkr�thshc katal goun stic rammènec epekt�seic me to meiwmèno p�qoc
(1.8mm): P�nw: Morfologik  alloÐwsh akm c prìsptwshc lìgw twn domik¸n fortÐwn
pou askoÔn ta sqoini� sugkr�thshc kat� thn pt sh thc ptèrugac. K�tw Arister�:
Morf  akm c prìsptwshc ìtan to sqoinÐ sugkr�thshc katal gei se rammènh epèktash.
K�tw Dexi�: Morf  akm c ekfug c ìtan to sqoinÐ sugkr�thshc katal gei se rammènh
epèktash.

5.5.1 PerÐptwsh 3: Melèth me Elastikì Ulikì

Se aut  thn upoperÐptwsh, qrhsimopoieÐtai to elastikì ulikì tou pÐnaka 5.3, me thn
ptèruga na èqei Ðdia eswterik  pÐesh all� me diaforetikì p�qoc ulikoÔ epif�neiac
thc ptèrugac me b�sh ton pÐnaka 5.12.

AkoloujeÐ h exèlixh thc aeroelastik c sumperifor�c thc ptèrugac me rammènec a-
pofÔseic me meiwmèno paqìc ulikoÔ Ðso 1.8mm. Akìmh akoloujeÐ kai h sÔgkrish
thc aeroelastik c eust�jeiac thc perÐptwshc aut c se sqèsh me thn ptèruga qw-
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Sq ma 5.29: Rammènec epekt�seic poluj�lamhc fouskwt c hmiptèrugac: P�nw:
Sqoini� sugkr�thshc sundedemèna me tic antÐstoiqec rammènec epekt�seic. K�tw a-
rister�: Rammènh epèktash kont� sthn akm  prìsfushc aktÐnac 25.5mm. K�tw dexi�:
Rammènh epèktash kont� sthn akm  ekfug c aktÐnac 6.34mm

TÔpoc StoiqeÐou Ptèrugac & epekt�sewn Shell181
P�qoc Shell181 1.8mm

TÔpoc StoiqeÐou Sqoini¸n Beam188
AktÐna Beam188 8mm

Eswterik  pÐesh ptèrugac 60000Pa

PÐnakac 5.12: PerÐptwsh 3: Basik� dedomèna eisìdou gia ton epilÔth CSM me
sunjetikì ulikì

rÐc rammènec epekt�seic (PerÐptwsh 1 me p�qoc ulikoÔ 3.0mm). Sto sq ma 5.30,
parathreÐtai ìti sthn perÐptwsh thc ptèrugac me rammènec epekt�seic, h telik  a-
pìklish thc mègisthc paramìrfwshc eÐnai Ðsh me 6.64 ∗ 10−4m kai sugklÐnei kat�
ton 7o aeroelastikì kÔklo. 'Opwc faÐnetai, h paramìrfwsh gia elastikì ulikì sto
mhdenikì kÔklo eÐnai 0.0569m kai katal gei ston telikì kÔklo se paramìrfwsh Ðsh
me 0.0692m. To b�roc thc ptèrugac, lìgw meÐwshc p�qouc tou ulikoÔ, eÐnai Ðso
me 40.5N . H qr sh leptìterou ulikoÔ sth ptèruga me epekt�seic, dikaiologeÐ th
megalÔterh telik  apìklish mègisthc paramìrfwshc, kaj¸c dèqetai megalÔtera a-
erodunamik� fortÐa. Parìla aut�, ìpwc faÐnetai h exèlixh thc �nwshc sto sq ma
5.30, h ptèruga me tic epekt�seic, stajeropoieÐtai apodotikìtera me mikrìterh pt¸sh
�nwshc ston 2o kÔklo, kai katal gei se perÐpou Ðdia tim  �nwshc me thn perÐptwsh
dÐqwc epekt�seic me to pio paqÔ ulikì.
Sthn perÐptwsh prosj khc rammènwn epekt�sewn sthn ptèruga, eÐnai profanèc ìti
prèpei na melethjoÔn oi paramorf¸seic stic akmèc ekfug c kai prìsptwshc, gia na
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Sq ma 5.30: PerÐpwsh 3: Exèlixh aeroelastik c prosomoÐwshc montèlou mh sunke-
tik c ro c me qr sh isìtropou elastikoÔ ulikoÔ metaxÔ ptèrugac me kai qwrÐc rammènec
epekt�seic. Sth perÐptwsh me tic epekt�seic qrhsimopoieÐtai ulikì p�qouc 1.8mm. A-
rister�: Mègisth paramìrfwsh gia k�je aeroelastikì kÔklo. Dexi�: 'Anwsh gia k�je
aeroelastikì kÔklo

apodeiqjeÐ to domikì pleonèkthma pou prosfèroun.
Sto sq ma 5.31, parousi�zetai h exèlixh thc sunolik c paramìrfwshc twn akm¸n
prìsptwshc kai ekfug c antÐstoiqa, stic peript¸seic ptèrugac me kai qwrÐc rammènec
epekt�seic. Ston mhdenikì kÔklo, h paramìrfwsh pou dèqetai h akm c prìsptwshc
me tic rammènec apofÔseic eÐnai arket� uyhlìterh apo thn antÐstoiqh qwrÐc. 'O-
mwc kat� thn p�rodo thc aeroelastik c an�lushc, faÐnetai na petuqaÐnei kalÔterh
sugkr�thsh thc akm c prìsptwshc kai na katal gei se mikrìterh sunolik  para-
mìrfwsh me th qr sh epekt�sewn. 'Oson afor� thn akm  ekfug c, sthn perÐptwsh
qwrÐc epekt�seic parathroÔntai megalÔterec paramorf¸seic se sqèsh me autèc sthn
akm  prìsptwshc. Aut  h diafor� eÐnai logik , kaj¸c h tom  twn k�tw �krwn twn
sqoini¸n sugkr�thshc eÐnai sto epÐpedo thc akm c prìsptwshc, kai ètsi oi ropèc kai
antÐstoiqa oi metatopÐseic ekeÐ eÐnai mikrìterec. Parìla aut�, apo to sq ma 5.31,
faÐnetai ìti oi epekt�seic mei¸noun shmantik� thn telik  paramìrfwsh thc akm c
ekfug c kaj'ìlh th aeroelastik  melèth. AkoloujeÐ sÔgkrish tou megèjouc thc
�nwshc thc ptèrugac me kai qwrÐc rammènec epekt�seic gia Ðdio p�qoc ulikoÔ pou
eÐnai Ðso me 1.8mm. Apì to sq ma 5.32, epibebai¸netai h adunamÐa stajeropoÐhshc
thc ptèrugac qwrÐc rammènec epekt�seic me ulikì p�qouc 1.8mm. Apo to sq ma 5.33,
parathreÐtai h morfologik  alloÐwsh thc ptèrugac qwrÐc rammènec epekt�seic, ge-
gonìc pou dikaiologeÐ adunamÐa thc ptèrugac na stajeropoihjeÐ èqontac ephreasteÐ
h aerodunamik  apìdos c thc.

5.5.2 Epanexètash PerÐptwshc 3 me Sunjetikì Ulikì

Gia thn antÐstoiqh sÔgkrish aeroelastik c an�lushc apl c ptèruga me kai qwrÐc
rammènec epekt�seic st rixhc me orjotropikì sunjetikì ulikì, qrhsimopoieÐtai to
sunjetikì ulikì tou pÐnaka 5.4, me Ðdia eswterik  pÐesh kai Ðdio p�qoc ulikoÔ metaxÔ
twn montèlwn me b�sh ton pÐnaka 5.12. Sto sq ma 5.35, parathreÐtai ìti me qr sh
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Sq ma 5.31: PerÐptwsh 3: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc mo-
ntèlou me qr sh isìtropou elastikoÔ ulikoÔ metaxÔ ptèrugac me kai qwrÐc rammènec
epekt�seic. Sth perÐptwsh twn epekt�sewn qrhsimopoieÐtai ulikì p�qouc 1.8mm. Ari-
ster�: Sunolik  paramìrfwsh akm c prìsptwshc gia k�je aeroelastikì kÔklo. Dexi�:
Sunolik  paramìrfwsh akm c ekfug c gia k�je aeroelastikì kÔklo
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Sq ma 5.32: PerÐptwsh 3: SÔgkrish megèjouc thc �nwshc apl c ptèrugac me kai
qwrÐc rammènec epekt�seic st rixhc me koinì p�qoc ulikoÔ Ðso me 1.8mm qrhsimopoi-
¸ntac isìtropo elastikì ulikì

sunjetikoÔ ulikoÔ, sth ptèruga me rammènec epekt�seic, h telik  mègisth paramìr-
fwshc thc eÐnai profan¸c mikrìterh antÐ tou elastikoÔ ulikoÔ me telik  apìklish
mègisthc paramìrfwshc Ðsh me 4.05 ∗ 10−4m. 'Opwc faÐnetai, h paramìrfwsh gia
sunjetikì ulikì sto mhdenikì kÔklo eÐnai 0.0548m kai katal gei ston telikì kÔklo
se paramìrfwsh Ðsh me 0.0645m. Epiprìsjeta, sto sq ma 5.35, h �nwsh me qr sh
elastikoÔ ulikoÔ eÐnai megalÔterh lìgw twn aulak¸sewn pou dhmiourgoÔntai sthn
epif�neia thc ptèrugac lìgw twn aerodunamik¸n fortÐwn se pio eÔkampto ulikì. 'O-
mwc kai stic dÔo peript¸seic ulik¸n, to aeroelastikì prìblhma sugklÐnei met� apo
8 aeroelastikoÔc kÔklouc.
AntÐstoiqh melèth gia thn prosfor� twn rammènwn epekt�sewn kont� stic akmèc
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Sq ma 5.33: PerÐptwsh 3: SÔgkrish paramìrfwshc ptèrugac me kai qwrÐc rammènec
epekt�seic stic akmèc prìsptwshc kai ekfug c me koinì p�qoc ulikoÔ 1.8mm sto tèloc
tèloc thc aeroelastik c an�lushc (7okklo), qrhsimopoi¸ntac elastikì ulikì. Arister�:
Paramìrfwsh sthn akm  prìsptwshc me epekt�seic (kìkkino) kai qwrÐc (mple). Dexi�:
Paramìrfwsh sthn akm  ekfug c me epekt�seic (kìkkino) kai qwrÐc (mple).

prìsptwshc kai ekfug  gÐnetai me qr sh pio dÔskamptou ulikoÔ. 'Opwc anamenìtan,
mèsw tou sq matoc 5.34, parathroÔntai oi meiwmènec paramorf¸seic stic akmèc me
qr sh sunjetikoÔ ulikoÔ antÐ tou isìtropou elastikoÔ. Apo to sq ma 5.36, para-
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Sq ma 5.34: PerÐptwsh 3: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc montèlou
metaxÔ qr shc isìtropou elastikoÔ kai orjotropikoÔ sunjetikoÔ ulikoÔ. Arister�: Su-
nolik  paramìrfwsh akm c prìsptwshc gia k�je aeroelastikì kÔklo. Dexi�: Sunolik 
paramìrfwsh akm c ekfug c gia k�je aeroelastikì kÔklo

threÐtai ìti, h morfologik  alloÐwsh twn akm¸n qrhsimopoi¸ntac isìtropo elastikì
ulikì eÐnai lÐgo megalÔterh se sqèsh me to sunjetikì ulikì ston 1o aeroelastikì
kÔklo. Sto tèloc thc aeroelastik c an�lushc oi akmèc me elastikì ulikì dèqo-
ntai mikrìterec paramorf¸seic, qwrÐc na ephre�zetai h aeroelastik  sumperifor�
thc ptèrugac.
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Sq ma 5.35: PerÐptwsh 3: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc mo-
ntèlou metaxÔ qr shc isìtropou elastikoÔ kai orjotropikoÔ sunjetikoÔ ulikoÔ. Ari-
ster�: Mègisth paramìrfwsh gia k�je aeroelastikì kÔklo. Dexi�: 'Anwsh gia k�je
aeroelastikì kÔklo

Sq ma 5.36: PerÐptwsh 3: SÔgkrish paramìrfwshc ptèrugac stic akmèc prìsptw-
shc kai ekfug c me qr sh elastikoÔ kai sunjetikoÔ ulikoÔ antÐstoiqa ston 1o aero-
elastikì kÔklo, me koinì p�qoc ulikoÔ 1.8mm. Arister�: Paramìrfwsh sthn akm 
prìsptwshc me elastikì (kìkkino) kai sunjetikì ulikì (mple). Dexi�: Paramìrfwsh
sthn akm  ekfug c me elastikì (kìkkino) kai sunjetikì ulikì (mple).

5.6 PerÐptwsh 4: Melèth me Fouskwt  Esw-

terik  R�bdo kai Rammènec Epekt�seic

H gewmetrÐa thc perÐptwshc 4 faÐnetai sto sq ma 5.37. Ousiastik� eÐnai h Ðdia gew-
metrÐa thc perÐptwshc 2 thc ptèrugac me eswterik  fouskwt  r�bdo, mìno pou t¸ra
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prostÐjentai oi rammènec epekt�seic st rixhc ìpwc kai sthn PerÐptwsh 3 ìpwc 5.37.
'Opwc èqei anaferjeÐ to pleonèkthma thc fouskwt c r�bdou eÐnai to epiplèon fo-

Sq ma 5.37: PerÐptwsh 4: Hmitèruga me eswterik  fouskwt  r�bdo kai rammènec
epekt�seic st rixhc

Ôskwma lìgw thc r�bdou, dÐnontac thc th dunatìthta na qrhsimopoihjeÐ leptìtero
ulikì, �ra kai na meiwjeÐ to sunolikì b�roc. Akìmh mèsw twn rammènwn epekt�se-
wn, mporeÐ na apofeuqjeÐ h morfologik  alloÐwsh twn akm¸n prìsptwshc kai ek-
fug c lìgw twn t�sewn pou anaptÔssoun ta sqoini� sugkr�thshc sthn epif�neia
thc ptèrugac lìgw twn auxhmènwn aerodunamik¸n fortÐwn, ìtan qrhsimopoieÐtai le-
ptìtero ulikì. Sundu�zontac ta dÔo aut� domik� pleonekt mata, sthn PerÐptwsh
4, epilègetai akìmh mikrìtero p�qoc ulikoÔ Ðso me 1.5mm. Oi domikèc idiìthtec thc
PerÐptwshc 4 faÐnontai ston pÐnaka 5.13.

TÔpoc StoiqeÐou Ptèrugac & R�bdou Shell181
P�qoc Shell181 1.5mm

TÔpoc StoiqeÐou Sqoini¸n Beam188
AktÐna Beam188 13mm

Eswterik  pÐesh ptèrugac 60000Pa
Eswterik  pÐesh r�bdou 80000Pa

PÐnakac 5.13: PerÐptwsh 4: Basik� dedomèna eisìdou gia ton epilÔth CSM

5.6.1 PerÐptwsh 4: Melèth me Elastikì Ulikì

Oi idiìthtec tou ulikoÔ pou qrhsimopoioÔntai stic parak�tw perÐptwseic pou analÔo-
ntai, eÐnai autèc tou pÐnaka 5.3.
Sto sq ma 5.38, gÐnetai sÔgkrish thc mègisthc paramìrfwshc kai thc poiìthtac
sÔgklishc metaxÔ thc fouskwt c ptèrugac me eswterik  fouskwt  r�bdo me kai qw-
rÐc rammènec epekt�seic st rixhc kai thc apl c ptèrugac qwrÐc r�bdo me rammènec
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epekt�seic. Oi peript¸seic autèc èqoun koinì p�qoc stoiqeÐwn Ðso me 1.5mm.
Sto sq ma 5.38, prob�llontai ta montèla, pou gia meiwmèno p�qoc, b�sh twn su-
mperasm�twn apo tic prohgoÔmenec peript¸seic, katal goun se mikrèc timèc telik c
mègisthc paramìrfwshc. Pio sugkekrimèna, parathreÐtai ìti h apìklÐsh sthn telik 
mègisth paramìrfwsh metaxÔ twn peript¸sewn ìpou up�rqei fouskwt  r�bdoc, eÐnai
mikr , en¸ sthn perÐptwsh thc ptèrugac qwrÐc r�bdo all� me rammènec epekt�seic
upologÐzetai megalÔterh telik  paramìrfwsh. H prosj kh fouskwt c r�bdou sthn
ptèruga, prosfèrei megalÔterh duskamyÐa lìgw thc epiplèon eswterik c pÐeshc gia
autì parathroÔntai mikrèc paramorf¸seic me telik  apìklish mègisthc paramìrfw-
shc Ðsh me 5.79 ∗ 10−5m me r�bdo qwrÐc epekt�seic, Ðsh me 6.63 ∗ 10−5m me r�bdo kai
epekt�seic kai Ðsh me 6.64∗10−4m qwrÐc r�bdo me epekt�seic. 'Opwc faÐnetai, h para-
mìrfwsh (ptèruga me r�bdo kai epekt�seic) gia elastikì ulikì sto mhdenikì kÔklo
eÐnai 0.0187m kai katal gei ston telikì kÔklo se paramìrfwsh Ðsh me 0.0237m. To
b�roc thc ptèrugac, lìgw meÐwshc p�qouc tou ulikoÔ, eÐnai Ðso me 33.75N . H aeroe-
lastik  sumperifor� gia kajemÐa perÐptwsh faÐnetai sto sq ma 5.38. H pio gr gorh
stajeropoÐhsh thc ptèrugac sumbaÐnei sthn perÐptwsh ptèrugac eswterik c r�bdou
me rammènec epekt�seic kai sugklÐnei apì ton 5o aeroelastikì kÔklo sugkritik� me
thn perÐptwsh qwrÐc rammènec epekt�seic (7o kÔklo) kai thn perÐptwsh thc apl c
ptèrugac me rammènec epekt�seic (7o kÔklo) ìpou kai parathroÔntai meg�lec pt¸seic
tim c thc �nwshc. 'Ara h perÐptwsh thc ptèrugac fouskwt c r�bdou me rammènec
epekt�seic gia meiwmèno p�qoc ulikoÔ �ra kai meiwmènou b�rouc, eÐnai arket� idanik 
epilog  sugkritik� me tic upìloipec peript¸seic me meiwmèno sunolikì b�roc, meiw-
mènh telik  mègisth paramìrfwsh kai bèltisth aeroelastik  sumperifor�.
Sto sq ma 5.39, prosomoi¸nontai oi sunolikèc paramorf¸seic twn akm¸n ekfug c
kai prìsptwshc metaxÔ twn parap�nwn peript¸sewn pou analÔontai. Lìgw thc du-
skamyÐac thc epif�neiac thc ptèrugac pou prosfèrei h prosj kh fouskwt c r�bdou,
sumperilambanomènou kai twn akm¸n prìsptwshc kai ekfug c, faÐnontai oi diaforèc
twn telik¸n paramorf¸sewn stic perioqèc autèc, ìpou stic peript¸seic me r�bdo e-
Ðnai arket� mikrìterec apo thn antÐstoiqh qwrÐc akìmh kai qwrÐc epekt�seic. Parìla
aut�, h perÐptwsh me r�bdo kai epekt�seic dÐnei th mikrìterh sunolik  paramìrfwsh
stic akmèc, kai apoteleÐ, sÔmfwna kai me thn paroÔsa melèth, th bèltish perÐptwsh.

Me b�sh ìti h perÐptwsh me r�bdo kai epekt�seic jewreÐtai h bèltish epilog  ìson
afor� th domik  kai aerodunamik  sumperifor� thc ptèrugac, gÐnetai èlegqoc aero-
elastik c stajerìthtac gia uyhlìterec timèc eswterik c pÐeshc. Sto sq ma 5.40,
gÐnetai sÔgkrish gia tic diaforetikèc timèc pÐeshc, thc telik c mègisthc paramìrfw-
shc kai twn aerodunamik¸n fortÐwn pou dèqetai h ptèruga me tic analutikèc timèc
sÔgkrishc ston pÐnaka 5.14. Me b�sh ta dedomèna aut�, parathreÐtai ìti ta mega-
lÔtera aerodunamik� fortÐa askoÔntai sthn perÐptwsh me eswterik  pÐesh Ðsh me p =
80000 Pa, kai ìti apo thn stigm  pou auxhjeÐ peraitèrw h eswterik  pÐesh, h ptèru-
ga gÐnetai uperbolik� dÔskampth kai apokoll�tai megalÔtero mèroc thc ro c, k�ti
to opoÐo epibebai¸netai kai apo tic meg�lec timèc telik¸n apoklÐsewn mègisthc pa-
ramìrfwshc dhl¸nontac qeirìterh aeroelastik  sÔgklish. Parìla aut�, me qr sh
rammènwn epekt�sewn h ptèruga stajeropoieÐtai se k�je exetazìmenh perÐptwsh e-
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Sq ma 5.38: PerÐptwsh 4: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc mo-
ntèlou me qr sh isìtropou elastikoÔ ulikoÔ metaxÔ ptèrugac me me r�bdo kai qwrÐc
rammènec epekt�seic kai thc perÐptwshc qwrÐc r�bdo me epekt�seic. Sth perÐptwsh me
tic epekt�seic qrhsimopoieÐtai ulikì p�qouc 1.5mm. Arister�: Mègisth paramìrfwsh
gia k�je aeroelastikì kÔklo. Dexi�: 'Anwsh gia k�je aeroelastikì kÔklo
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Sq ma 5.39: PerÐptwsh 4: SÔgkrish sunolik c paramìrfwshc twn akm¸n prìsptw-
shc kai ekfug c me qr sh isìtropou elastikoÔ ulikoÔ metaxÔ ptèrugac me me r�bdo
kai qwrÐc rammènec epekt�seic kai thc perÐptwshc qwrÐc r�bdo me epekt�seic. Sth
perÐptwsh thc r�bdou me tic epekt�seic qrhsimopoieÐtai ulikì p�qouc 1.5mm. Ariste-
r�: Sunolik  paramìrfwsh akm c prìsptwshc gia k�je aeroelastikì kÔklo. Dexi�:
Sunolik  paramìrfwsh akm c ekfug c gia k�je aeroelastikì kÔklo.

swterik c pÐeshc.

Eswterik  PÐesh Apìklish mègisthc paramìrfwshc (m) 'Anwsh (N)
p = 60000 Pa 6.63 ∗ 10−5 65.818
p = 80000 Pa 8.08 ∗ 10−5 65.823
p = 100000 Pa 9.94 ∗ 10−5 65.759
p = 120000 Pa 1.11 ∗ 10−4 65.806

PÐnakac 5.14: PerÐptwsh 4: SÔgkrish telik¸n apoklÐsewn mègisthc paramìrfwshc
kai �nwshc gia diaforetikèc timèc eswterik c pÐeshc
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Sq ma 5.40: PerÐpwsh 4: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc montèlou
me qr sh isìtropou elastikoÔ ulikoÔ me diaforetikèc eswterikèc pièseic fousk¸matoc.
Arister�: Mègisth paramìrfwsh gia k�je aeroelastikì kÔklo. Dexi�: 'Anwsh gia k�je
aeroelastikì kÔklo
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5.6.2 Epanexètash PerÐptwshc 4 me Sunjetikì Ulikì

Sthn melèth thc upoperÐptwshc 4 me orjotropikì sunjetikì ulikì, qrhsimopoieÐtai
to sunjetikì ulikì tou pÐnaka 5.4, me ta domik� dedomèna eisìdou tou pÐnaka 5.13.
'Opwc faÐnetai sto sq ma 5.41, h telik  mègisth paramìrfwsh thc ptèrugac qrhsi-
mopoi¸ntac orjotropikì sunjetikì ulikì eÐnai mikrìterh antÐ tou elastikoÔ ulikoÔ,
me telik  apìklish mègisthc paramìrfwshc Ðsh me 4.01 ∗ 10−5m antÐ tou elastikoÔ
ulikoÔ pou eÐnai Ðsh me 6.63 ∗ 10−5m. 'Opwc faÐnetai, h paramìrfwsh gia sunjetikì
ulikì sto mhdenikì kÔklo eÐnai 0.0137m kai katal gei ston telikì kÔklo se paramìr-
fwsh Ðsh me 0.0156m. 'Opwc epibebai¸netai sto sq ma 5.41, h poiìthta sÔgklishc
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Sq ma 5.41: PerÐpwsh 4: SÔgkrish exèlixhc aeroelastik c prosomoÐwshc mo-
ntèlou metaxÔ qr shc isìtropou elastikoÔ kai orjotropikoÔ sunjetikoÔ ulikoÔ. Ari-
ster�: Mègisth paramìrfwsh gia k�je aeroelastikì kÔklo. Dexi�: 'Anwsh gia k�je
aeroelastikì kÔklo

tou aeroelastikoÔ probl matoc me qr sh elastikoÔ ulikoÔ eÐnai kalÔterh kai epi-
tugq�netai apì ton 5o aeroelastikì kÔklo. Pio sugkekrimèna sthn perÐptwsh tou
isìtropou elastikoÔ ulikoÔ, h ptèruga stajeropoieÐtai grhgorìtera, gegonìc pou
dikaiologeÐtai apo thn eukamyÐa tou ulikoÔ, kaj¸c h ro  proskoll�tai kalÔtera p�nw
sthn epif�neia thc ptèrugac. Parìla aut�, qrhsimopoi¸ntac orjotropikì sunjeti-
kì ulikì, h aeroelastik  sumperifor� thc ptèrugac eÐnai omalìterh me mikrìterec
timèc pt¸shc �nwshc ìpwc faÐnetai ston 2o kai 3o aeroelastikì kÔklo. Mèsw tou

Sq ma 5.42: PerÐptwsh 4: SÔgkrish paramìrfwshc poluj�lamhc fouskwt c ptèru-
gac ston 1o kÔklo, metaxÔ qr shc isìtropou elastikoÔ (kìkkino) kai orjotropikoÔ sun-
jetikoÔ (mplè) ulikoÔ antÐstoiqa se sqèsh me thn arqik  gewmetrÐa (maÔro).

sq matoc 5.42, epibai¸netai h epiplèon duskamyÐa tou sunjetikoÔ ulikoÔ.
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5.7 SÔnoyh Apotelesm�twn

Ta apotelèsmata ìlwn twn peript¸sewn qrhsimopoi¸ntac thn ptèruga NACA4318
sunoyÐzontai ston pÐnaka 5.15. H k�je perÐptwsh, ìpwc èqei dieukrinisteÐ sto ke-
f�laio autì, èqei diaforetikì p�qoc ulikoÔ epif�neiac thc ptèrugac, kai oi timèc tou
pÐnaka antistoiqoÔn stic peript¸seic me to antÐstoiqo p�qoc. Ston pÐnaka 5.15 faÐno-
ntai oi diaforèc twn mègistwn paramorf¸sewn metaxÔ twn ulik¸n se k�je perÐptwsh.
ParathreÐtai ìti to sunjetikì ulikì dÐnei kata kanìna mikrìterh telik  paramìrfw-
sh sthn ptèruga sugkritik� me to elastikì. Epiprìsjeta, sumperaÐnetai ìti me th
qr sh twn rammènwn epekt�sewn st rixhc kont� stic akmèc prìsptwshc kai ekfug c
metaxÔ Ðdiwn gewmetri¸n me Ðdio p�qoc ulikoÔ, h sunolik  paramìrfwsh stic perio-
qèc twn akm¸n, mei¸netai se sqèsh me thn apl  prìsdesh twn sqoini¸n stic gwnÐec
prìsptwshc kai ekfug c antÐstoiqa. 'Oson afor� th gewmetrÐa thc ptèrugac me fou-
skwt  eswterik  r�bdo èqoume na anafèroume ta ex c. Katarq�c qrhsimopoi¸ntac
th gewmetrÐa me th r�bdo, lamb�nontai mikrìterec telikèc mègistec paramorf¸seic
sugkritik� me thn ptèruga qwrÐc, kaj¸c to epiplèon foÔskwma entìc thc r�bdou
prosdÐdei epiplèon duskamyÐa sthn epif�neia thc ptèrugac, kaj¸c h ro  den pro-
skoll�tai tìso omal� sthn dÔskampth aut  epif�neia. Lìgw aut c thc duskamyÐac,
oi timèc twn aerodunamik¸n fortÐwn sto tèloc thc aeroelastik c an�lushc eÐnai mi-
krìterec, �ra kai oi telikèc timèc �nwshc stic peript¸seic thc fouskwt c r�bdou.
Parìla aut�, me th meÐwsh p�qouc tou ulikoÔ sth gewmetrÐa me th r�bdo, epitug-
q�netai shmantik  meÐwsh thc m�zac �ra kai tou b�rouc thc ptèrugac, prosfèrontac
meÐwsh tou kìstouc kataskeu c all� kai eukolÐa sth qr sh kai th metafor�. 'Ara h
duskamyÐa aut , an kai mei¸nei el�qista thn aerodunamik  sumperifor� thc ptèrugac,
bohj�ei sthn fjhn  k�luyh tou domikoÔ elleÐmmatoc (leptìtero ulikì) me epiplèon
pepiesmèno aèra, en¸ tautìqrona sumb�llei sthn gr gorh kai omal  aeroelastik 
stajeropoÐhsh thc ptèrugac. Tèloc, apo th melèth twn apoklÐsewn tim¸n mègisthc
paramìrfwshc k�je perÐptwshc, faÐnetai ìti me th qr sh twn rammènwn epekt�sewn,
h aeroelastik  sÔgklish eÐnai pio gr gorh kai omal . Epiplèon, parathreÐtai apì
th sÔgkrish metaxÔ twn ulik¸n k�je perÐptwshc, ìti oi uyhlèc paramorf¸seic, me
qr sh isìtropou sunjetikoÔ ulikoÔ, prokaloÔn uyhl� fortÐa opisjèlkousac, kaj¸c
h ptèruga shk¸netai apo th arqik  thc jèsh kai gèrnei proc ta pÐsw, parìla aut�
h allag  thc jèshc aux�nei kai thn tim c thc �nwshc sugkritik� me to sunjetikì
ulikì. 'Omwc, me qr sh orjotropikoÔ sunjetikoÔ ulikoÔ, epitugq�netai pio gr gorh
kai omal  aeroelastik  sÔgklish. Tèloc, h aeroelastik  stajeropoÐhsh ìlwn twn
exetazìmenwn peript¸sewn, epibebai¸netai apì to gegonìc ìti se k�je perÐptwsh to
sunolikì b�roc (ptèrugac kai sqoini¸n) eÐnai mikrìtero apo thn �nwsh sto pèrac thc
ek�stote aeroelastik c melèthc W < L.
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SÔnoyh apotelesm�twn montèlou sunektik c ro c

PerÐptwsh Ulikì
Mègisth
paramìr-
fwsh (m)

B�roc
W (N)

Lift (N) Drag (N)

PerÐptwsh 1
(qwrÐc
r�bdo/qwrÐc
epekt�seic)

Elastikì 0.10193 59.36 65.767 56.704

Sunjetikì 0.10055 59.39 65.333 56.212

PerÐptwsh 2
(me
r�bdo/qwrÐc
epekt�seic)

Elastikì 0.01902 45 65.732 56.728

Sunjetikì 0.01839 45.07 65.719 56.743

PerÐptwsh
3 (qwrÐc
r�bdo/me
epekt�seic)

Elastikì 0.06922 40.5 65.798 56.651

Sunjetikì 0.06456 40.65 65.271 56.663

PerÐptwsh 4
(me r�bdo/me
epekt�seic)

Elastikì 0.02378 33.75 65.818 56.773

Sunjetikì 0.01567 33.80 65.731 56.785

PÐnakac 5.15: SÔgkrish mègistwn paramorf¸sewn, �nwshc, opisjèlkousac kai
b�rouc stic NACA4318 peript¸seic
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Kef�laio 6

Sumper�smata

H diplwmatik  aut  ergasÐa, epikentr¸jhke sthn aeroelastik  an�lush kai to sqe-
diasmì poluj�lamwn fouskwt¸n pterÔgwn mèsw twn epilut¸n CSM kai CFD. Pio
sugkekrimèna epiteÔqjhkan oi ex c stìqoi:

� H aeroelastik  an�lush poluj�lamwn fouskwt¸n pterÔgwn. Gia thn an�lush
aut  qrei�sthke ènac GPU-enable CFD epilÔthc all� kai enac CSM epilÔthc
gia thn domik  an�lush. H CFD epÐlush mazÐ me th suzug  thc, ègine me
qr sh tou logismikoÔ PUMA, pou anaptÔqjhke sth MPURB/EMP. Gia thn
CSM epÐlush, qrhsimopoi jhke to MAPDL tou ANSYS, afoÔ prosèfere th
dunatìthta na eis�getai ètoimoc k¸dikac.

� AfoÔ orÐsthkan oi dÔo epilÔtec, gia na epituqjeÐ ènac oloklhrwmènoc automa-
topoihmènoc aeroelastikìc brìgqoc, qrei�sthkan k¸dikec gia thn ulopoÐhsh
thc sÔzeuxhc twn dÔo basik¸n logismik¸n an�lushc. Sth diplwmatik  aut 
ergasÐa, protim jhkan ta ergaleÐa thc MPURB/EMP pou pareÐqan kalÔtero
èlegqo sth lÔsh tou probl matoc.

� AxiopoÐhsh megalÔterou mèrouc thc qord c thc aerotom c NACA4318 se sqèsh
me prohgoÔmenh diplwmatik  ergasÐa [6], me anagkastik� perissìterouc aero-
stegeÐc jal�mouc pou qwrÐzontai apì egk�rsiec diaqwristikèc epif�neiec (15
epif�neiec antÐ gia 10).

� Met� thn efarmog  tou ètoimou aeroelastikoÔ brìqou, èginan aeroelastikèc
analÔseic p�nw stic poluj�lamec fouskwtèc ptèrugec kai èreuna ìson afor�
thn topologÐa thc gewmetrÐac thc ptèrugac, to ulikì, th topologÐa thc ge-
wmetrÐac thc fouskwt c r�bdou kai th gewmetrÐa twn rammènwn epekt�sewn
st rixhc pou efarmìsthkan.

� Pragmatopoi jhke o sqediasmìc fouskwt¸n pterug¸n, kai h melèth thc aeroe-
lastik c sumperifor�c touc, prosjètwntac sthn ptèruga, eswterik  fouskwt 

77



r�bdo rammènh stic diaqwristikèc epif�neiec metaxÔ twn diadoqik¸n aeroste-
g¸n jal�mwn. To gewmetrikì kai aeroelastikì montèlo pou dhmiourg jhke
kai stajeropoi jhke aeroelastik�, mporeÐ na qrhsimopoihjeÐ kai na tropopoi-
hjeÐ sto mèllon, me perissìterec eswterikèc r�bdouc   me r�bdo megalÔterhc
diamètrou all� kai me diaforetikèc timèc eswterik c pÐeshc pepiesmènou aèra.

� Pragmatopoi jhke o sqediasmìc fouskwt¸n pterug¸n, kai h melèth thc aero-
elastik c sumperifor�c touc, an topojethjoÔn rammènec epekt�seic kont� stic
akmèc prìsptwshc kai ekfug c. H melèth aut  pragmatopoi jhke me stìqo, th
meÐwsh thc morfologik c alloÐwshc thc epif�neiac thc ptèrugac stic perioqèc
pou sundèetai me ta sqoini� prìsdeshc. To gewmetrikì kai aeroelastikì mo-
ntèlo (poluj�lamh fouskwt  ptèruga me prosj kh rammènwn epekt�sewn) pou
sqedi�sthke kai stajeropoi jhke aeroelastik�, mporeÐ na qrhsimopoihjeÐ kai
tropopoihjeÐ topologik� kai diastasiologik� (diaforetikèc aktÐnec rammènwn
epekt�sewn).

Apì thn epÐteuxh twn parap�nw stìqwn l fjhkan ta ex c sumper�smata:

� Me thn kat�lhxh twn sqoini¸n prìsdeshc stic rammènec epekt�seic, oi akmèc
dèqontai ta katanemhmèna fortÐa apo ta sqoini� se megalÔterh epif�neia (ram-
mènec epekt�seic) antÐ stic akmèc prìsptwshc kai ekfug c kai ètsi akìmh kai
me qr sh ulikoÔ mikrìterou p�qouc, oi epif�neiec twn akm¸n den alloi¸nontai
tìso èntona, kai den up�rqei kÐndunoc na q�sei h ptèruga thn aeroelastik 
thc stajeropoÐhsh kat� thn pt sh, en¸ tautìqrona epitugq�netai mikrìtero
sunolikì b�roc thc ptèrugac. Akìmh mèsw thc melèthc sthn ergasÐa aut , a-
podeÐqthke ìti me th qr sh twn rammènwn epekt�sewn, epitugq�netai pio omal 
kai gr gorh sÔgklish tou aeroelastikoÔ probl matoc antÐ twn peript¸sewn
qwrÐc autèc.

� Sth gewmetrÐa pou emperièqei thn eswterik  fouskwt  r�bdo, eÐnai profanèc
ìti lìgw thc epiplèon posìthtac pepiesmènou aèra entìc twn jal�mwn kai thc
fouskwt c r�bdou, h sunolik  eswterik  pÐesh �ra kai h duskayÐa eÐnai peris-
sìterh apo thn perÐptwsh ptèrugac qwrÐc th r�bdo. H domik  aut  diafor�
sugkritik� me thn perÐptwsh qwrÐc th r�bdo, epitrèpei kat� th montelopoÐhsh
th qr sh ulikoÔ meiwmènou p�qouc, gegonìc pou sumb�llei sth meÐwsh tou su-
nolikoÔ b�rouc kai kìstouc kataskeu c ètsi ¸ste h metafor� se apostolèc na
eÐnai pio eÔkolh, qwrÐc na alloi¸netai h poiìthta thc aeroelastik c eust�jeiac
kai sÔgklishc. O sunduasmìc twn pleonekthm�twn pou prosdÐdei h tautìqronh
prosj kh rammènwn epekt�sewn kai eswterik c fouskwt c r�bdou sto montèlo
poluj�lamhc fouskwt c ptèrugac, dÐnei èna aeroelastik� axiìpisto montèlo
me polÔ meiwmèno b�roc.
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Par�rthma A

ParametropoÐhsh GewmetrÐac Ptèrugac

Sto par�rthma autì analÔetai h diadikasÐa parametropoÐhshc thc gewmetrÐac thc
ptèrugac. Pio sugkekrimèna th 3D gewmetrÐa thc NACA4318 ptèrugac pou qrhsimo-
poieÐtai se ìlec tic peript¸seic thc melèthc. Arqik� lamb�nontai ta shmeÐa parame-
tropoÐhshc (sunetagmènec) thc aerotom c NACA4318 apo to diadÐktuo. H arq  tou
sust matoc suntetagmènwn eÐnai sthn akm  prìsptwshc thc ptèrugac kai dhmiour-
goÔntai ta antÐstoiqa shmeÐa sto XY .

AfoÔ exaqjoÔn ta shmeÐa aut� se XY format, eisèrqontai sto emporikì logismikì
CAD (SolidWorks) kai dhmiourgeÐtai h parametrik  kampÔlh pou pern� apo ìla aut�
ta shmeÐa thc aerotomo c. Ma b�sh aut  thn kampÔlh, dhmiourgeÐtai to exwterikì
mèroc thc ptèrugac kai, sth sunèqeia oi egk�rsiec epif�neiec pou diaqwrÐzoun thn
ptèruga se aerosteg  diamerÐsmata 6.1. 'Etsi dhmiourgeÐtai h gewmetrÐa thc ptèrugac
kai ex�getai se arqeÐo arqeÐo morf c IGES format sumbatì kai gia touc CFD kai gia
touc CSM epilÔtec. Gia to sqediasmì thc gewmetrÐac me eswterik  fouskwt  r�bdo,
se k�je egk�rsia epif�neia diaqwrismoÔ, dhmiourgeÐtai op  Ðdiac diamètrou pou pern�
h r�bdoc me ta �kra thc r�bdou na eÐnai monwmèna 6.2.
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Sq ma 6.1: Kataskeu  GewmetrÐac Fouskwt c Ptèrugac. P�nw: kataskeu  thc
exwterik c epif�neiac thc ptèrugac. K�tw: Kataskeu  egk�rsiwn dok¸n pou th qw-
rÐzoun se pollaploÔc jal�mouc
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Sq ma 6.2: Kataskeu  GewmetrÐac Fouskwt c Ptèrugac Fouskwt c R�bdou.
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Par�rthma B

K¸dikac ArqeÐou .batch ANSYS (MAPDL)

Sto par�rthma autì parousi�zontai oi basikèc entolèc k¸dika .batch arqeÐou pou
qrhsimopoieÐtai sto CSM montèlo. 'Ena deÐgma tou k¸dika autoÔ me k�poia epi-
prìsjeta sqìlia faÐnontai sto sq ma.
Arqik� eis�getai h gewmetrÐa thc sqediasmènhc ptèrugac se morf  arqeÐou IGES sto
perib�llon tou ANSYS (MAPDL).

/AUX15

/UNITS, SI

IOPTN, IGES ,SMOOTH

IOPTN,MERGE,YES

IOPTN, SOLID ,YES

IOPTN,SMALL,YES

IOPTN,GTOLER, DEFA

IGESIN , ’ . arc nosup 2 ’ , ’ i g s ’ , ’ ’

! APLOT

!*

FINISH

Sth sunèqeia orÐzontai oi tÔpoi stoiqeÐwn, oi idiìthtec twn ulik¸n kai to p�qoc twn

stoiqeÐwn pou qrhsimopoioÔntai sthn an�lush .
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ET, 1 , SHELL181

MPTEMP, , , , , , , ,

MPTEMP, 1 , 0

MPDATA,EX, 1 , , 1 . 5 e9

MPDATA,PRXY, 1 , , 0 . 3

MPTEMP, , , , , , , ,

MPTEMP, 1 , 0

MPDATA,DENS,1 , , 700

sect , 1 , s h e l l , ,

secdata , 0 . 0 0 3 , 1 , 0 . 0 , 3

s e c o f f s e t ,MID

sec con t ro l , , , , , , ,

!#######################################################################

ET, 2 ,BEAM188

MPTEMP, , , , , , , ,

MPTEMP, 1 , 0

MPDATA,EX,2 , , 200 e9

MPDATA,PRXY, 2 , , 0 . 3

MPTEMP, , , , , , , ,

MPTEMP, 1 , 0

MPDATA,DENS,2 , , 1000

SECTYPE, 2 , BEAM, CSOLID, , 0

SECOFFSET, CENT

SECDATA, 0 . 0 0 8 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0

!#######################################################################

ET, 3 , SURF154

Epìmeno b ma na oristeÐ to CSM plègma.

AESIZE , P51X , 0 . 0 0 9 ,
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MSHAPE, 0 , 2D

MSHKEY, 0

!*

FLST, 5 , 4 4 , 5 ,ORDE, 2

FITEM,5 ,103

FITEM,5 ,=146

CM, Y ,AREA

ASEL, , , ,P51X

CM, Y1 ,AREA

CHKMSH, ’AREA’

CMSEL, S , Y

!*

AMESH, Y1

!*

CMDELE, Y

CMDELE, Y1

CMDELE, Y2

!*

nummrg , a l l

/UI ,MESH,OFF

TYPE, 2

MAT, 2

REAL,

ESYS, 0

SECNUM, 2

!*

l s e l

! l p l o t

FLST, 5 , 3 , 4 ,ORDE, 2
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FITEM, 5 , 1

FITEM,5 ,=3

CM, Y , LINE

LSEL, , , ,P51X

CM, Y1 , LINE

CMSEL, , Y

!*

LESIZE , Y1 , 0 . 0 0 2 , , , , , , ,1

!*

! /USER, 1

! /FOC, 1 , 0 .539348220460 , =0.434167643121 , 0.541459097083

! /VIEW, 1 , =0.160560075606 , 0.305035396037 , 0.938708617882

! /ANG, 1 , 7.70303924142

FLST, 2 , 3 , 4 ,ORDE, 2

FITEM, 2 , 1

FITEM,2 ,=3

LMESH, P51X

nummrg , a l l

OrÐzontai ta fortÐa kai oi sthrÐxeic gia thn apl  ptèruga pollapl¸n jal�mwn.

/PREP7

ALLSEL

CMSEL, S , Symmetry

DSYM,SYMM, Z ,

ALLSEL

CMSEL, S , Wing

SF , Wing ,PRES,60000

ALLSEL

/INPUT, ’ . / pressure map . dat ’
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ALLSEL

CMSEL, S , Junct ion

D, Junction , ,0 , , , , ,ALL

FINISH

OrÐzontai ta fortÐa kai oi sthrÐxeic gia thn ptèruga me fouskwt  r�bdo pollapl¸n

jal�mwn.

/PREP7

ALLSEL

CMSEL, S , Symmetry

DSYM,SYMM, Z ,

ALLSEL

CMSEL, S , Wing

SF , Wing ,PRES,60000

ALLSEL

CMSEL, S , Spar

SF , Spar ,PRES,=80000

ALLSEL

/INPUT, ’ . / pressure map . dat ’

ALLSEL

CMSEL, S , Junct ion

D, Junction , ,0 , , , , ,ALL

FINISH

Eis�gontai oi t�seic twn prohgoÔmewn epanal yewn:

/SOLU

ALLSEL

!NLGEOM,On
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INISTATE ,SET,CSYS,=2

INISTATE ,SET,DTYP,STRE

INISTATE ,READ, ’ . / f i l e . i s t ’

FINISH

Met� epèrqetai h lÔsh tou CSM montèlou:

/SOLU

ALLSEL

!NLGEOM,On

!NEQIT,8000

INISTATE ,WRITE, 1 , , , ,=2 ,STRE

SOLVE

FINISH

SAVE, f i l e , db ,

Tèloc ta fortÐa kai h paramorfwmèh gewmetrÐa gr�fontai gia na qrhsimopoihjoÔn

ston epìmeno aeroelastikì kÔklo:

/PREP7

ALLSEL

!#UPGEOM, 1 ,LAST,LAST, ’ f i l e ’ , ’ r s t ’ , ’ ’

CDWRITE,DB, ’ f i l e ’ , ’ cdb ’
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