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Sth diplwmatik  aut  ergasÐa anaptÔssetai mia arijmhtik  mejìdoc energoÔ e-
lègqou thc ro c gÔrw apì memonwmènh aerotom  me efarmog  thc teqnik c suneqoÔc
anarrìfhshc. Par�llhla, efarmìzetai mia mèjodoc beltistopoÐhshc twn paramè-
trwn thc parap�nw teqnik c se aerotom  me mia   perissìterec opèc anarrìfhshc.
Basikì tm ma kai suneisfor� thc ergasÐac aut c eÐnai h an�ptuxh miac pl rouc kai
automatopoihmènhc diadikasÐac dhmiourgÐac op¸n desm¸n anarrìfhshc   ègqushc reu-
stoÔ, arijmhtik c prosomoÐwshc thc mejìdou kai beltistopoÐhshc twn antÐstoiqwn
paramètrwn se aerotomèc. H diadikasÐa efarmìzetai kai epideiknÔetai se aerotom 
tÔpou NACA 4415. Me dedomèna ta qarakthristik� thc dèsmhc, kataskeu�zetai mh�
domhmèno upologistikì plègma gÔrw apì thn aerotom  kai akoloujeÐ h arijmhtik 
epÐlush thc ro c me logismikì tou ErgasthrÐou Jermik¸n Strobilomhqan¸n (epÐlush
twn exis¸sewn Navier-Stokes se k�rtec grafik¸n Nvidia). H qr sh kart¸n grafi-
k¸n èqei wc apotèlesma thn epit�qunsh thc epÐlushc twn exis¸sewn ro c perÐpou
40 forèc se sqèsh me thn epÐlush touc se epexergast  monoÔ pur na. H gènesh thc
gewmetrÐac kai tou upologistikoÔ plègmatoc eÐnai pl rwc automatopoihmènh dÐnontac
th dunatìthta efarmog c algorÐjmou beltistopoÐhshc me paramètrouc sqediasmoÔ
ta qarakthristik� thc dèsmhc. Aut� eÐnai h jèsh thc op c anarrìfhshc, h gwnÐa
thc dèsmhc me to toÐqwma thc aerotom c, to mègejoc tou anoÐgmatoc thc op c kai h
paroq  anarrìfhshc. Gia thn eÔresh twn proanaferjeis¸n bèltistwn tim¸n qrhsi-
mopoieÐtai logismikì beltistopoÐhshc tou EJS (EASY) basismèno se exeliktikoÔc
algìrijmouc. Ta apotelèsmata thc ergasÐac eÐnai arket� enjarruntik� afoÔ gia th
sugkekrimènh aerotom  kai k�tw apì sugkekrimènec sunj kec ro c upologÐsthke aÔ-
xhsh tou suntelest  �nwshc kai meÐwsh tou suntelest  antÐstashc 59% kai 75%,
antÐstoiqa.
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In this diploma thesis a numerical method of active flow control around isolated
airfoil, using steady suction technique, is developed. Furthermore, an optimization
procedure is applied on the aforementioned technique for an airfoil with one or
more suction slots. The main contribution of this thesis is the development of a
fully automated procedure of designing slots with blowing or suction jets, numerical
simulation of the method and optimization of the control variables, around airfoils.
The procedure is applied on a NACA 4415 airfoil. Given the design parameters of
the jet, an unstructured grid is generated around the airfoil and the Navier-Stokes
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of Thermal Turbomachines (LTT). The use of GPUs results in accelerating the
solving of Navier-Stokes equations around 40 times compared with the solving of
the equations on a single core CPU. The geometry building and grid generation
are fully automated, which enables the use use of optimization algorithm taking as
design variables the jet attributes. These are the position of the suction slot, the
angle between jet and airfoil surface, the width of the slot and the suction mass
flow. The optimal values of these design variables are found using optimization
software of LTT (EASY) based on evolutionary algorithms. The results of the work
done are extremely positive since, for the specific airfoil and under specific flow
conditions, the lift coefficient increased and the drag coefficient decreased 59% and
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Kef�laio 1

Eisagwg 

H sqediasmìc thc ptèrugac tou aerosk�fouc epidr� shmantik� sto m koc apogeÐ-
wshc, sthn taqÔthta prosèggishc, ston rujmì anìdou, sthn katan�lwsh kausÐmou
all� kai sta ekpempìmena epÐpeda jorÔbou kai rÔpwn tou aerosk�fouc kaj¸c èna
apodotikì anwstikì sÔsthma mei¸nei thn apaitoÔmenh ¸sh [1]. H apìdosh thc ptèru-
gac suqn� mei¸netai lìgw thc apokìllhshc thc ro c, h opoÐa aux�nei thn antÐstash
kai par�llhla mei¸nei thn �nwsh. Gia thn kajustèrhsh   akìmh kai thn anaÐresh
thc apokìllhshc mia suqn� qrhsimopoioÔmenh teqnik  eÐnai h efarmog  mejìdwn e-
nerghtikoÔ   pajhtikoÔ elègqou thc ro c (active–passive flow control). Pajhtikèc
diat�xeic elègqou, gia par�deigma, genn triec din¸n (vortex generators)[2], apodeÐ-
qthkan na eÐnai apotelesmatikèc sthn kajustèrhsh thc apokìllhshc ro c k�tw apì
sugkekrimènec sunj kec. Parìla aut�, dÔnatai na epifèroun aÔxhsh thc antÐstashc
ìtan h ro  den apokoll�tai. Tic teleutaÐec dekaetÐec, poikÐlec diat�xeic energhtikoÔ
elègqou èqoun protajeÐ gia thn aÔxhsh thc apotelesmatikìthtac kai thc eust�jeiac
twn anwstik¸n susthm�twn. Pollèc apì autèc tic teqnikèc sumperilamb�noun thn
anarrìfhsh  /kai thn ègqush reustoÔ, oi opoÐec epifèroun apotelesmatikì èlegqo
thc ro c. Oi duskolÐec efarmog c touc se pragmatikèc efarmogèc, kurÐwc exaitÐac
kataskeuastik¸n lìgwn, teÐnoun plèon na exaleifjoÔn kai plèon efarmìzontai se
ereunhtikèc all� kai emporikèc kataskeuèc.

1.1 Energhtikìc 'Elegqoc Ro c

O energhtikìc èlegqoc ro c stoqeÔei ston periorismì   thn anaÐresh thc apokìl-
lhshc thc ro c apì thn epif�neia aerodunamik¸n swm�twn. O ìroc energhtikìc
upodeiknÔei thn Ôparxh exwterik c phg c enèrgeiac pou apaiteÐtai gia thn efarmog 
tou. Antijètwc, o pajhtikìc èlegqoc ro c efarmìzetai gia ton Ðdio skopì all� h
arq  sthn opoÐa sthrÐzetai eÐnai diaforetik . Sugkekrimèna, oi pajhtikèc diat�xeic
teÐnoun na epitaqÔnoun thn met�bash thc ro c apì strwt  se turb¸dh kai na aux -
soun thn an�mixh me skopì thn antallag  enèrgeiac stic di�forec z¸nec thc ro c
qwrÐc dap�nh enèrgeiac gia ton èlegqo autì kajautì. ParadeÐgmata thc teleutaÐac
teqnik c elègqou sunant¸ntai apì tic mp�lec tou gkìlf me thn traqeÐa epif�nei�
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touc mèqri tic diat�xeic pou qrhsimopoioÔntai se aerosk�fh ìpou oi genn triec din¸n
(vortex generators) belti¸noun thn an�mixh me thn gènesh isqur¸n strobÐlwn. Apì
thn �llh pleur�, oi energhtikèc diat�xeic basÐzontai kurÐwc sthn anarrìfhsh   èg-
qush reustoÔ gia th metabol  twn pedÐwn pÐeshc kai taqÔthtac me apotèlesma thn
enÐsqush thc epanakìllhshc strwm�twn reustoÔ   thn apofug  apokìllhshc   thn
kajustèrhsh thc met�bashc se turb¸dh ro  me skopì th meÐwsh thc epifaneiak c
trib c. Oi pio diadedomènec teqnikèc energhtikoÔ elègqou sunoyÐzontai wc ex c:

• Suneq c anarrìfhsh   ègqush reustoÔ (Steady suction or blo-
wing)
Epitugq�netai mèsw op¸n sthn epif�neia aerodunamik¸n swm�twn kai th su-
neq  anarrìfhsh/ègqush reustoÔ diamèsou aut¸n. K�tw apì sugkekrimènec
sunj kec, èqei wc apotèlesma ton èlegqo tou oriakoÔ str¸matoc me thn afaÐ-
resh strwm�twn reustoÔ qamhl c orm c (anarrìfhsh)   thn eisro  strwm�twn
uyhl c orm c (ègqush).

• Periodik  anarrìfhsh kai ègqush - sÔnjetec dèsmec (Periodic
suction and blowing - synthetic jets)
H periodik  anarrìfhsh kai ègqush reustoÔ mèsw op¸n èqei wc apotèlesma th
dhmiourgÐa strobÐlwn, oi opoÐoi prosdÐdoun/afairoÔn orm  sto/apì to oriakì
str¸ma me skopì th stajeropoÐhs  tou. O mhqanismìc pou par�gei touc strì-
bilouc sun jwc apoteleÐtai apì mia koilìthta me op , h opoÐa prosarmìzetai
sthn epif�neia tou s¸matoc, kai èna kinoÔmeno toÐqwma (membr�nh), to opoÐo
diegeÐretai apì ènan epenerght  (sq ma 1.1).

• Akoustik  diègersh (Acoustic excitation)
H sugkekrimènh teqnik  sthrÐzetai sto gegonìc ìti  qoc sugkekrimènhc èntashc
kai suqnìthtac èqei th dunatìthta na aux sei thn antallag  orm c se èna
oriakì str¸ma kai sunep¸c na all�xei th jèsh met�bashc thc ro c apì strwt 
se turb¸dh kai sunep¸c thn sumperifor� tou oriakoÔ str¸matoc. Sun jwc,
hqhtik� kÔmata ekpèmpontai sto stereì toÐqwma apì phg  ektìc tou oriakoÔ
str¸matoc [3].

• Epenerght c pl�sma (Plasma actuator)
Oi epenerghtèc pl�sma prokaloÔn ionismì sto kÔrio reÔma tou reustoÔ p�nw
apì thn epif�neia tou s¸matoc kai aux�noun topik� thn orm  tou reustoÔ mèsw
sugkroÔsewn twn metaferìmenwn fortismènwn swmatidÐwn me ta oudètera mìria
tou reustoÔ. Pleonèkthm� touc eÐnai o mikrìc qrìnoc apìkris c touc kai h
apousÐa kinoÔmenwn mer¸n [4].

• Prosarmog  sq matoc (Adaptive shape)
Perilamb�nei allag  thc gewmetrÐac enìc aerodunamikoÔ s¸matoc gia th rÔjmi-
sh thc klÐshc thc pÐeshc sthn epif�neia tou s¸matoc. H efarmog  thc mejìdou
eunoeÐ thn an�ptuxh strwt¸n oriak¸n strwm�twn.
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Sq ma 1.1: Paragwg  sÔnjethc dèsmhc

1.2 Episkìphsh Sqetik c BibliografÐac

H ènarxh thc èreunac epÐ twn mejìdwn elègqou ro c topojeteÐtai qronik� sqedìn
apì thn anak�luyh tou oriakoÔ str¸matoc apì ton Prandtl [5] stic arqèc tou 20oυ

ai¸na. O Prandtl  tan o pr¸toc pou asqol jhke me th sugkekrimènh mèjodo prospa-
j¸ntac na kajuster sei thn apokìllhsh se èna kÔlindro qrhsimopoi¸ntac suneq 
anarrìfhsh. Argìtera, o Glauert [6] prosp�jhse to Ðdio, qrhsimopoi¸ntac thn Ðdia
teqnik , aut  th for� se lept  aerotom . Sthn perÐodo pou mesol�bhse mèqri kai
kat� th di�rkeia tou 2oυ PagkosmÐou Polèmou, h jewrÐa tou elègqou ro c melet jh-
ke ekten¸c kai efarmìsthke gia pr¸th for� se stratiwtik� sust mata. Analutik 
anafor� kai perigraf  twn mèqri tìte mejìdwn ègine apì ton Lachman [7] kai pio
prìsfata apì touc Gad-el-Hak et al. [8]. O energìc èlegqoc ro c se aerotomèc èqei
per�sei apì arketèc f�seic exèlixhc ta teleutaÐa qrìnia. Parak�tw sunoyÐzontai
merikèc apì tic ergasÐec stic opoÐec ègine qr sh twn teqnik¸n thc suneqoÔc anarrì-
fhshc   ègqushc reustoÔ kai twn sÔnjetwn desm¸n kaj¸c sqetÐzontai �mesa me to
jèma thc paroÔshc ergasÐac. Profan¸c, oi ergasÐec stic opoÐec anaferìmaste eÐnai
endeiktikèc, lìgw thc plhj¸rac twn sqetik¸n ergasi¸n.

Efarmogèc suneqoÔc anarrìfhshc   ègqushc reustoÔ

Oi Huang k.a. [9, 10] me th bo jeia mejìdwn upologistik c reustomhqanik c pro-
sp�jhsan na elègxoun, me mejìdouc suneqoÔc anarrìfhshc kai ègqushc, to oriakì
str¸ma gÔrw apì mÐa aerotom  NACA 0012. Sthn pr¸th ergasÐa touc me mia para-
metrik  an�lush twn qarakthristik¸n thc dèsmhc prospajoÔn na katano soun touc
mhqanismoÔc pou krÔbontai pÐsw apì thn anarrìfhsh kai thn ègqush reustoÔ en¸
sth deÔterh upologÐzontai oi bèltistec timèc twn paramètrwn me qr sh enìc geneti-
koÔ algìrijmou beltistopoÐhshc. O arijmìc Reynolds thc ro c isoÔtan me 500.000
kai h gwnÐa prìsptwshc  tan 18o.

Oi par�metroi tou probl matoc gia th melèth euaisjhsÐac kat� thn anarrìfhsh
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  ègqush reustoÔ  tan:

• H jèsh Lj topojèthshc thc dèsmhc kat� m koc thc qord c c thc aerotom c.

• O lìgoc A thc taqÔthtac thc dèsmhc wc proc thn ep' �peiro taqÔthta.

• H gwnÐa j pou sqhmatÐzei h dèsmh me to toÐqwma thc aerotom c.

Sq ma 1.2: H jèsh Lj topojèthshc thc dèsmhc kai h gwnÐa j pou sqhmatÐzei h dèsmh
me to toÐqwma thc aerotom c [9].

EpÐshc to mègejoc tou anoÐgmatoc thc k�je op c isoÔtan me to 2.5% thc qord c,
ìpwc upagoreÔei h ergasÐa tou Dannenberg [11], sÔmfwna me thn opoÐa aÔxhsh tou
anoÐgmatoc thc op c pèra tou 2.5% tou m kouc thc qord c den proxeneÐ shmantik 
aÔxhsh thc �nwshc thc aerotom c. Anaforik� me thn perÐptwsh thc anarrìfhshc,
h parametrik  an�lush èdeixe ìti sthn perÐptwsh pou eÐnai k�jeth sto toÐqwma thc
aerotom c parousi�zei th megalÔterh epÐdrash sthn aÔxhsh tou suntelest  �nwshc.
Sto sq ma 1.5 parousi�zontai ta apotelèsmata thc èreunac [9] gia thn k�jeth dèsmh
anarrìfhshc.

To sumpèrasma pou prokÔptei apì thn an�lush twn apotelesm�twn tou sq ma-
toc 1.5 upodeiknÔei ìti h anarrìfhsh sth jèsh Lj = 0.1 parousi�zei th megalÔterh
apotelesmatikìthta ènanti twn �llwn jèsewn gia aut  th meg�lh gwnÐa prìsptw-
shc ìpou ek twn pragm�twn h apokìllhsh anamènetai na arqÐsei arket� mprost�.
Epiplèon, h �nwsh aux�nei kaj¸c o lìgoc A thc taqÔthtac anarrìfhshc me thn ap'
�peiro taqÔthta paÐrnei timèc megalÔterec apì 0.01. K�tw apì thn oriak  tim  aut ,
h ro  den faÐnetai na ephre�zetai shmantik� apì thn anarrìfhsh. Qarakthristik� na
anafèroume ìti gia reustì anarrof¸meno me taqÔthta Ðsh me to misì thc ep' �peiro
taqÔthtac (A = 0.5) se jèsh kont� sthn akm  prìsptwshc (Lj = 0.1)prokaleÐtai
aÔxhsh sto suntelest  �nwshc thc aerotom c kat� 50% kai meÐwsh tou suntelest 
antÐstashc kat� 30%.
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b)Sq ma 1.3: Apotelèsmata tou elègqou me anarrìfhsh se diaforetikèc jèseic gia
A = 0.173 kai θ = −90o [9]. ApeikonÐzetai kai h kat�stash anafor�c (baseline),
dhlad  h kat�stash qwrÐc thn efarmog  dèsmhc elègqou.
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Sq ma 1.4: Apotelèsmata tou elègqou me anarrìfhsh gia diaforetikèc taqÔthtec
anarrìfhshc gia Lj = 0.1 kai θ = −90o [9].ApeikonÐzetai kai h kat�stash anafor�c
(baseline), dhlad  h kat�stash qwrÐc thn efarmog  dèsmhc elègqou.
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Sq ma 1.5: Apotelèsmata elègqou me anarrìfhsh kai gwnÐa dèsmhc θ = −90o (dhl.
me k�jeth dèsmh en¸ to arnhtikì prìshmo shmaÐnei anarrìfhsh) [9]. Arister�: sun-
telest c �nwshc CL sunart sei thc jèshc thc dèsmhc Lj adiastatopoihmènoc me thn
tim  anafor�c CLB (dhlad  qwrÐc dèsmh elègqou ìpou CLB = 0.875) . Dexi�: sun-
telest c antÐstashc Cd sunart sei thc jèshc thc dèsmhc Lj adiastatopoihmènoc me
thn tim  anafor�c CdB (dhlad  qwrÐc dèsmh elègqou ìpou CdB = 0.1662).
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Anaforik� me thn perÐptwsh ègqushc reustoÔ, ta apotelèsmata upodeiknÔoun ì-
ti h epÐdrash thc sugkekrimènhc teqnik c eÐnai m�llon anapotelesmatik  miac kai,
sthn pleioyhfÐa twn peript¸sewn, oi timèc thc �nwshc kai antÐstashc prokÔptoun
qeirìterec apì autèc thc perÐptwshc qwrÐc èlegqo. H tim  thc gwnÐac θ pou dÐnei
ta kalÔtera apotelèsmata eÐnai 30o (to jetikì prìshmo upodeiknÔei ègqush) kai gia
aut n parousi�zontai ta apotelèsmata sto sq ma 1.6. H mình perÐptwsh pou bel-
ti¸nontai el�qista oi prohgoÔmenec timèc eÐnai kat� thn ègqush reustoÔ me mikrèc
taqÔthtec kont� sthn akm  ekfug c. H ègqush reustoÔ sthn perioq  thc akm c prì-
sptwshc aux�nei epÐshc thn �nwsh aux�nontac thn kukloforÐa gÔrw apì th fusalÐda
apokìllhshc kai gÔrw apì thn aerotom , all� me antÐktupo th meg�lh aÔxhsh thc pÐ-
eshc sthn perioq  aut . Gia to lìgo autì h ro  parousi�zei megalÔterh apokìllhsh
kai h antÐstash aux�netai. UpenjumÐzetai ìti o arijmìc Reynolds thc ro c isoÔtan
me 500.000 kai h gwnÐa prìsptwshc  tan 18o.

Sq ma 1.6: Apotelèsmata elègqou me ègqush gia θ = 30o [9]. Arister�: suntelest c
�nwshc sunart sei thc jèshc thc dèsmhc. Dexi�: suntelest c antÐstashc sunart sei
thc jèshc thc dèsmhc. Kai oi dÔo suntelestèc an qjhsan wc proc touc antÐstoiqouc
thc perÐptwshc qwrÐc dèsmh (CLB = 0.875,CdB = 0.1662).

Epìmeno b ma kai jèma thc deÔterhc ergasÐac twn Huang k.a., met� thn parame-
trik  an�lush tou elègqou thc ro c kai katanìhsh twn fainomènwn pou sundèontai
me autìn  tan h beltistopoÐhsh twn antÐstoiqwn paramètrwn se diaforetikèc peri-
pt¸seic elègqou. Pr¸th perÐptwsh beltistopoÐhshc apotèlese h Ôparxh dÔo desm¸n
tautìqrona, h mÐa gia anarrìfhsh kai h �llh gia ègqush reustoÔ. Sunolik� oi me-
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tablhtèc thc beltistopoÐhshc  tan pènte, ta ìria twn opoÐwn dÐnontai parak�tw. H
taqÔthta anarrìfhshc tèjhke stajer  kai Ðsh me 0.03. Kat� seir� faÐnontai ta ìria
thc jèshc thc dèsmhc anarrìfhshc ekfrasmèna se posost� tou m kouc thc qord c,
thc gwnÐac anarrìfhshc ekfrasmèna wc proc thn epif�neia thc aerotom c kai me
arnhtikì prìshmo (antÐstoiqa jetikì gia th gwnÐa ègqushc), thc jèshc thc dèsmhc
ègqushc ekfrasmèna ìmoia me ekeÐna thc dèsmhc anarrìfhshc, thc gwnÐac ègqushc
ìmoia me ekeÐna thc anarrìfhshc kai tou mètrou thc taqÔthtac tou reustoÔ sthn op 
ègqushc ekfrasmèna wc proc thn taqÔthta tou ep' �peiron reÔmatoc. Ta en lìgw
ìria kajorÐsthkan apì ta apotelèsmata thc parap�nw an�lushc (oi deÐktec S kai B
qarakthrÐzoun thn anarrìfhsh (suction) kai thn ègqush (blowing), antÐstoiqa).

0.05 ≤ LjS ≤ 0.8
−90o ≤ ϑS ≤ 0o

0.05 ≤ LjB ≤ 0.8
0o ≤ ϑB ≤ 90o

0 ≤ AB ≤ 0.02

H sun�rthsh katallhlìthtac pou qrhsimopoi jhke  tan thc morf c (prìblhma me-
gistopoÐhshc):

F = a · Cl/ClB + b · CdB/Cd

me touc suntelestèc barÔthtac a, b na isoÔntai me th mon�da, en¸ oi suntelestèc
ClB, CdB na antistoiqoÔn stouc suntelestèc �nwshc kai opisjèlkousac thc aero-
tom c qwrÐc thn parousÐa k�poiou elègqou. Ta apotelèsmata thc beltistopoÐhshc
sunhgoroÔn sth topojèthsh thc dèsmhc anarrìfhshc sthn perioq  10 - 15% thc
qord c kai me gwnÐa eisro c tou reustoÔ kont� stic 90o, dhlad  k�jeta sto toÐqwma.
AntÐjeta, bèltisth jèsh thc dèsmhc ègqushc eÐnai sto 74 - 80% thc qord c, me gw-
nÐa exagwg c reustoÔ wc proc thn epif�neia thc aerotom c 45o me 55o kai me mètro
taqÔthtac reustoÔ to mègisto dunatì sÔmfwna me ta ìria pou èqoun eisaqjeÐ.

SÔgkrish twn apotelesm�twn pou proèkuyan apì thn tautìqronh parousÐa kai
twn dÔo elègqwn, me apotelèsmata apì prohgoÔmenouc upologismoÔc pou sumperi-
l�mbanan mìno èna eÐdoc energhtikoÔ elègqou deÐqnoun taÔtish aut¸n. EpÐshc apì
touc upologismoÔc pou èlaban q¸ra faÐnetai ìti shmantikìteroc par�gontac eÐnai h
jèsh apì th gwnÐa anarrìfhshc. Par�llhla, sunèpeia thc efarmog c tou elègqou a-
narrìfhshc eÐnai h meÐwsh thc apokollhmènhc z¸nhc kai h diolÐsjhsh thc katanom c
tou suntelest  pÐeshc (Cp) sthn pleur� upopÐeshc thc aerotom c proc mikrìterec
timèc. Ta parap�nw sunep�gontai aÔxhsh thc �nwshc thc aerotom c kai tautìqronh
meÐwsh thc aerodunamik c antÐstashc.

'Omoia, apotelèsmata apì upologismoÔc parousÐac mìno ègqushc m�zac reustoÔ
sumfwnoÔn me th jèsh eisagwg c reustoÔ sto qwrÐo ro c, pou upologÐsthke apì
ton genetikì algìrijmo kai dìjhke lÐgo parap�nw. AntÐjeta, trexÐmata pou èginan
me mìno èlegqo ègqushc reustoÔ upodeiknÔoun ìti gia thn epÐteuxh mègisthc aÔxhshc
thc �nwshc thc aerotom c qrei�zetai sqedìn efaptomenik  sthn aerotom  exagwg 
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reustoÔ, me sqetik� mikroÔ mètrou taqÔthta. AntÐjeta, exagwg  reustoÔ se kateÔ-
junsh k�jeth sthn epif�neia thc aerotom c, me sqetik� meg�lou mètrou taqÔthta,
odhgeÐ se el�qisth opisjèlkousa. FaÐnetai, loipìn, to giatÐ proèkuye apì to gene-
tikì algìrijmo gwnÐa ègqushc 45o me 55o kai me to mègisto dunatì mètro taqÔthtac
kaj¸c sthn ousÐa ègine ènac sumbibasmìc metaxÔ twn dÔo me skopì th megalÔterh
aÔxhsh thc sun�rthshc kìstouc.

Telik� mporoÔme na poÔme ìti h qr sh enìc elègqou me dÔo dèsmec suneqoÔc
anarrìfhshc kai ègqushc reustoÔ se mia aerotom  eÐnai ousiastik� to apotèlesma
thc sumbol c miac dèsmhc suneqoÔc anarrìfhshc kai mÐac dèsmhc suneqoÔc ègqushc,
me ton èlegqo anarrìfhshc na diadramatÐzei ton prwtarqikì rìlo akìma kai ìtan
h paroq  m�zac pou exèrqetai apì thn op  ègqushc eÐnai polÔ megalÔterh se sqè-
sh me thn paroq  m�zac pou eisèrqetai sthn op  anarrìfhshc (sthn ergasÐa [10]
o sqetikìc lìgoc eÐnai megalÔteroc tou 6). H parousÐa tou elègqou anarrìfhshc
sunep�getai th meÐwsh thc apokollhmènhc perioq c all� kai tou suntelest  pÐeshc
sthn pleur� upopÐeshc thc aerotom c, me apotèlesma thn aÔxhsh tou suntelest 
�nwshc thc aerotom c kai thn pt¸sh tou suntelest  opisjèlkousac. H tautìqro-
nh parousÐa ìmwc tou elègqou ègqushc sunèbale sthn akìma megalÔterh pt¸sh tou
suntelest  antÐstashc (bèbaia h pt¸sh aut  eÐnai arket� mikrìterh se sqèsh me aut 
pou prokaleÐ h �bèltisth� anarrìfhsh), all� kai th meÐwsh tou suntelest  �nwshc,
me telikì apotèlesma ìmwc jetikì gia thn sun�rthsh kìstouc pou qrhsimopoi jh-
ke. Epiplèon, apotèlesma thc meÐwshc thc �nwshc thc aerotom c eÐnai h metakÐnhsh
thc katanom c tou suntelest  pÐeshc sthn pleur� upopÐeshc thc aerotom c se lÐgo
uyhlìterec timèc se sqèsh me thn kampÔlh pou ja prìsdide h parousÐa mìno enìc
elègqou anarrìfhshc.

KleÐnontac thn anafor� sthn en lìgw ergasÐa na anafèroume ìti h efarmog  twn
bèltistwn sunjhk¸n sth sunÔparxh twn dÔo montèlwn energhtikoÔ elègqou thc ro c,
sumb�llei sthn aÔxhsh tou suntelest  �nwshc kat� 4%, kai meÐwsh tou suntelest 
antÐstashc kat� perÐpou 12%. Ta posost� aut� ekfr�zontai p�nta se sqèsh me thn
efarmog  apousÐac k�poiac teqnik c elègqou.
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Efarmogèc sÔnjetwn desm¸n

To 2005 oi Duvigneau, Visonneau [12] dokÐmasan upologistik� na aux soun ton
suntelest  �nwshc mÐac aerotom c NACA 0015. H dèsmh �topojet jhke� se apì-
stash Ðsh me to 12% tou m kouc thc qord c apì thn akm  prosbol c, en¸ o arijmìc
Reynolds thc ep' �peiron ro c  tan 8.96·105. Sugkekrimèna ègine prosp�jeia upo-
logismoÔ twn bèltistwn paramètrwn thc dèsmhc gia gwnÐec thc ep' �peiro taqÔthtac
thc ro c metaxÔ 12o kai 24o. Oi par�metroi thc dèsmhc pou l fjhkan upìyh  tan: h
suqnìthta kai h gwnÐa klÐshc wc proc to toÐqwma thc aerotom c thc dèsmhc, ìpwc
epÐshc kai h mègisth taqÔthta pou emfanÐzei h katanom  aut c sto epÐpedo thc op c.
Gia thn ulopoÐhsh twn parap�nw epilÔjhkan arijmhtik� oi mh�mìnimec Reynolds ave-
raged exis¸seic Navier Stokes gia asumpÐesto reustì, se sunergasÐa me to montèlo
tÔrbhc k-w (Menter [13]) kai ènan algìrijmo beltistopoÐhshc pou den apaiteÐ ton
upologismì k�poiac parag¸gou.

Sto sq ma 1.7 faÐnetai h exèlixh tou suntelest  �nwshc thc aerotom c me thn
gwnÐa prosbol c. Kajemi� apì tic treic kampÔlec antiproswpeÔei antÐstoiqa tic peri-
pt¸seic qwrÐc èlegqo, me èlegqo ìpou oi par�metroi thc dèsmhc paÐrnoun tic arqikèc
timèc touc kat� thn epanalhptik  diadikasÐa beltistopoÐhshc aut¸n, kai me èlegqo
ìpou oi endiaferìmenoi par�metroi paÐrnoun tic bèltistec timèc touc. EpishmaÐnetai
ed¸ ìti oi timèc tou �mhdenikoÔ� b matoc thc diadikasÐac beltistopoÐhshc pro ljan
apì thn ergasthriak  melèth thc ereunhtik c om�dac tou Gilarranz [14]. Apì to
sq ma 1.7 eÐnai emfanèc ìti  dh oi arqikèc timèc twn paramètrwn thc dèsmhc aux�noun
to mègisto emfanizìmeno suntelest  �nwshc 16% se sqèsh me thn perÐptwsh qwrÐc
èlegqo. En¸ h emf�nish ap¸leiac st rixhc èqei kajuster sei kat� 3o (apì tic 16o

pou emf�nize ap¸leia st rixhc h aerotom  qwrÐc èlegqo thc ro c, stic 19o). Ta
apotelèsmata ìmwc pou prokÔptoun apì th beltistopoÐhsh dÐnoun akìma megalÔterh
aÔxhsh sth tim  tou mègistou suntelest  �nwshc (h opoÐa emfanÐzetai stic 22o),
afoÔ shmei¸netai aÔxhsh kat� 52% se sqèsh me thn perÐptwsh apousÐac elègqou.
Akìmh, ap¸leia st rixhc emfanÐzetai gia gwnÐec megalÔterec twn 22o se antÐjesh
me thn perÐptwsh qwrÐc èlegqo ìpou h aerotom  leitourgeÐ �epijumht�� gia gwnÐec
prosbol c mèqri 16o.

Sto sq ma 1.8 ektìc tou suntelest  �nwshc faÐnetai kai o suntelest c opisjèl-
kousac gia k�je gwnÐa prosbol c, tìso gia tic peript¸seic me èlegqo (bèltistec
kai arqikèc timèc paramètrwn), ìso kai apousÐac elègqou. TonÐzetai ed¸ ìti h bel-
tistopoÐhsh pou prohg jhke ègine me gn¸mona thn aÔxhsh tou suntelest  �nwshc
kai mìno, dhlad  sth diadikasÐa beltistopoÐhshc den l fjhke upìyh o suntelest c
opisjèlkousac. Gia to lìgo autì, gia merikèc gwnÐec prosbol c o suntelest c
opisjèlkousac twn bèltistwn paramètrwn èqei megalÔterh tim  apì ekeÐnon pou pro-
kÔptei ìtan oi par�metroi thc dèsmhc paÐrnoun tic arqikèc timèc touc,   akìma kai se
sÔgkrish me thn perÐptwsh qwrÐc èlegqo. Peraitèrw melèth tou en lìgw sq matoc
mac deÐqnei ìti oi treic kampÔlec sqedìn tautÐzontai mèqri tic 16o. Gia gwnÐec prosbo-
l c 18o kai 20o o suntelest c opisjèlkousac twn peript¸sewn parousÐac elègqou
eÐnai kat�ti megalÔteroc apì ekeÐnon qwrÐc èlegqo. Aut  h sumperifor� mporeÐ na
dikaiologhjeÐ apì to gegonìc ìti stic sugkekrimènec gwnÐec h aerotom  (qwrÐc èleg-
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Sq ma 1.7: Exèlixh tou suntelest  �nwshc me th gwnÐa prosbol c [12].

qo) den sunodeÔetai apì th dhmiourgÐa din¸n sthn pleur� upopÐeshc. AntÐjeta, h
ro  gÔrw apì aut n qarakthrÐzetai wc mìnimh me suneq¸c auxanìmenh apokollhmènh
perioq  kaj¸c aux�nei kai h gwnÐa prosbol c. Apì thn �llh pleur�, eÐnai gnwstì
ìti h parousÐa mÐac sÔnjethc dèsmhc sunodeÔetai apì thn periodik  èklush din¸n.
Stic 22o k�nei thn emf�nish tou ìti perigr�yame sthn arq  thc paragr�fou sqetik�
me to skopì thc beltistopoÐhshc pou èlabe q¸ra. Blèpoume ìti jètontac tic exe-
tazìmenec paramètrouc Ðsec me tic arqikèc timèc touc o suntelest c opisjèlkousac
eÐnai arket� mikrìteroc se sqèsh me thn perÐptwsh efarmog c twn bèltistwn para-
mètrwn. Autì sumbaÐnei exaitÐac thc gèneshc din¸n meg�lhc èktashc se antÐjesh me
tic dÐnec pou prokaleÐ o èlegqoc me tic arqikèc timèc twn paramètrwn. 'Oson afor�
th ro  gÔrw apì thn aerotom  qwrÐc thn parousÐa elègqou, aut  èqei gÐnei mh mìnimh
kai qarakthrÐzetai apì dÐnec meg�lhc èktashc. Oi grammèc ro c twn parap�nw ro¸n
(dhlad  parousÐa elègqou kai apousÐa autoÔ) faÐnontai sta sq mata 1.10, 1.11 1.13.
Tèloc, stic 24o o èlegqoc sÔmfwna me tic arqikèc timèc twn paramètrwn den proka-
leÐ k�poia allag  sth sumperifor� thc aerotom c kaj¸c oi suntelest c �nwshc kai
opisjèlkousac den metab�llontai. AntÐjeta o èlegqoc me tic bèltistec paramètrouc
gia gwnÐa thc ep' �peiro taqÔthtac thc ro c Ðsh me 24o èqei saf¸c pio epijumht�
apotelèsmata tìso gia ton suntelest  �nwshc (aÔxhsh) ìso kai gia ton suntelest 
opisjèlkousac (meÐwsh).

Epeid  ìmwc praktik� eÐnai dÔskolo na metab�llontai oi par�metroi thc dèsmhc me
th gwnÐa prosbol c oi R. Duvigneau, M. Visonneau èkanan touc parap�nw upologi-
smoÔc diathr¸ntac stajerèc tic timèc twn exetazìmenwn paramètrwn. Di�lexan dÔo
tri�dec proc dokim . H pr¸th tri�da apotèlese ton arijmhtikì mèso twn bèltistwn
tim¸n pou upologÐsthkan prohgoumènwc, en¸ h deÔterh tri�da  tan h bèltisth tri�da
pou proèkuye gia gwnÐa prosbol c Ðsh me 22o. To sq ma 1.7 deÐqnei thn exèlixh tou
suntelest  �nwshc me th gwnÐa prosbol c. H qr sh twn mèswn tim¸n twn bèlti-
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Sq ma 1.8: Exèlixh twn suntelest¸n �nwshc kai opisjèlkousac me th gwnÐa pro-
sbol c [12].

stwn paramètrwn od ghse se akìma megalÔterh kajustèrhsh emf�nishc ap¸leiac
st rixhc, kaj¸c o suntelest c �nwshc aux�netai mèqri kai tic 24o. H mègisth tim 
autoÔ, parìlo pou eÐnai aisjht� megalÔterh thc perÐptwshc qwrÐc èlegqo (41% me-
galÔterh), eÐnai emfan¸c mikrìterh thc antÐstoiqhc tim c twn bèltistwn paramètrwn
(upenjumÐzetai ìti efarmìzontac se k�je gwnÐa prosbol c th bèltisth tri�da tim¸n
gia tic paramètrouc, o mègistoc suntelest c �nwshc pou proèkuye eÐnai kat� 52%
megalÔteroc sugkrinìmenoc me thn antÐstoiqh tim  apì thn efarmog  qwrÐc èlegqo).
Apì thn �llh pleur�, faÐnetai ìti h kampÔlh pou prokÔptei efarmìzontac stajer�
tic bèltistec timèc pou proèkuyan gia gwnÐa prosbol c 22o, eÐnai pio kont� se ekeÐnh
twn ek�stote bèltistwn paramètrwn, èqontac aÔxousa kateÔjunsh gia gwnÐec pro-
sbol c mikrìterec twn 22o. Arnhtikì miac tètoiac efarmog c eÐnai h sugkritik� pio
apìtomh pt¸sh tou suntelest  �nwshc gia gwnÐa thc ep' �peiro taqÔthtac thc ro c
megalÔterh twn 22o.

Tèloc, sto sq ma 1.9 faÐnontai oi katanomèc pÐeshc (sth morf  tou suntelest 
pÐeshc Cp) sthn epif�neia thc aerotom c gia gwnÐa prosbol c 22o èpeita thc efarmo-
g c elègqou (arqikèc timèc paramètrwn, arijmhtik� mèswn tim¸n twn bèltistwn kai
bèltistec par�metroi gia gwnÐa prosbol c 22o) kai qwrÐc. FaÐnetai ìti h efarmog 
twn bèltistwn tim¸n gia tic 22o uperèqei elafr¸c apì touc �llouc dÔo elègqouc.
SÐgoura p�ntwc h diafor� an�mesa stic kampÔlec me èlegqo kai sthn kampÔlh qwrÐc
èlegqo eÐnai arket� emfan c, dikaiolog¸ntac kai thn aÔxhsh tou suntelest  �nwshc
thc aerotom c.

Sta sq mata 1.10, 1.11, 1.12 kai 1.13 faÐnontai oi grammèc ro c gÔrw apì thn
aerotom  qwrÐc èlegqo kai me èlegqo antÐstoiqa. Kat� seir� eikonÐzontai oi grammèc
ro c upì èlegqo efarmìzontac tic arqikèc timèc twn paramètrwn, tic arijmhtik� mèsec
timèc twn bèltistwn tim¸n kai tic bèltistec gia tic 22o. 'Olec oi eikìnec autèc èqoun
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Sq ma 1.9: Katanom  pÐeshc sthn perifèreia thc aerotom c [12].

prokÔyei gia gwnÐa prosbol c Ðsh me 22o. H ro  gÔrw apì thn aerotom  qwrÐc thn
parousÐa elègqou ìpwc èqei proanaferjeÐ gia th sugkekrimènh gwnÐa thc ep' �peiro
taqÔthtac (profan¸c kai gia megalÔterec) qarakthrÐzetai wc mh�mìnimh. Sugkekri-
mèna, èqei periodikì qarakt ra kai m�lista ènac sqediasmìc twn diadoqik¸n tim¸n tou
suntelest  �nwshc me to qrìno ja èdine mÐa kampÔlh hmitonoeidoÔc morf c. 'Omoia
periodikì qarakt ra emfanÐzei kai h ro  upì èlegqo. H aitÐa thc periodikìthtac stic
peript¸seic autèc eÐnai h parousÐa thc dèsmhc. Opìte h ro  emfanÐzei periodikìthta
me suqnìthta Ðsh me th suqnìthta aut c. Sto shmeÐo autì prèpei na tonisteÐ ìti
ìlec h kampÔlec pou parousi�sthkan prohgoumènwc aforoÔn qronik� mèsa megèjh.
Dhlad  ìpou èqei gÐnei anafor� se suntelest  �nwshc, opisjèlkousac,   pÐeshc
prìkeitai sthn ousÐa gia th qronik� mèsh tim  aut¸n kaj¸c oi antÐstoiqec roèc eÐnai
mh�mìnimec. Mìnimec eÐnai mìno oi roèc qwrÐc èlegqo gia gwnÐec prosbol c mikrì-
terec twn 20o, ìpou dhmiourgeÐtai mÐa apokollhmènh perioq  sthn p�nw pleur� thc
aerotom c stajer c èktashc. Sta sq mata 1.10, 1.11, 1.12 kai 1.13 loipìn faÐnontai
tèsseric qronikèc stigmèc k�je periìdou. Sta trÐa teleutaÐa, oi pr¸tec eikìnec (F
= 0) antistoiqoÔn sth stigm  me mhdenik  eisro /ekro  reustoÔ apì thn op . AntÐ-
stoiqa oi deÔterec (F = p/2) sth stigm  me mègisth ègqush, oi trÐtec (F = p) sth
stigm  epÐshc me mhdenik  eisro �ekro  reustoÔ apì thn op , en¸ oi tètartec (F =
3·p/2) sth stigm  me mègisth eisro .

Parìmoiec ergasÐec me qr sh thc teqnik c twn sÔnjetwn desm¸n èginan apì touc
You, Moin [15] kai touc Deng, Jiang, Liu [16].
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Sq ma 1.10: Grammèc ro c qwrÐc èlegqo [12].

Sq ma 1.11: Grammèc ro c parousÐa elègqou me b�sh tic arqikèc timèc twn exetazì-
menwn paramètrwn [12].
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Sq ma 1.12: Grammèc ro c parousÐa elègqou me b�sh tic mèsec timèc twn bèltistwn
twn paramètrwn [12].

Sq ma 1.13: Grammèc ro c parousÐa elègqou me b�sh tic bèltistec timèc twn para-
mètrwn gia gwnÐa prosbol c 22o [12].
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1.3 Sqetik  'Ereuna sto EJS

Sto Ergast rio Jermik¸n Strobilomhqan¸n (EJS) tou EjnikoÔ MetsobÐou Polute-
qneÐou (EMP) up�rqei h dunatìthta sqedÐashc aerodunamik¸n swm�twn me bèltisth
sumperifor�. Stic ereunhtikèc drasthriìthtec tou sugkatalègetai kai o èlegqoc
thc ro c gÔrw apì tètoia s¸mata. Oi dÔo kuriìterec ergasÐec pou èqoun ekponhjeÐ
aforoÔn thn efarmog  thc mejìdou se kampÔlec diamorf¸seic.

O upoy fioc did�ktorac X. TrompoÔkhc [17] anèptuxe mia oloklhrwmènh diadika-
sÐa gia th dhmiourgÐa op¸n sÔnjetwn desm¸n. H diadikasÐa aut  efarmìsthke se èna
summetrikì agwgì �peirou pl�touc pou fèrei kampÔlh diamìrfwsh sta pleurik� tou
toiq¸mata. Tm ma thc ergasÐac tou  tan h dhmiourgÐa logismikoÔ gia thn kataskeu 
tou plègmatoc thc koilìthtac tou epenerght  kai thc pÔknwshc thc perioq c p�nw
apì thn op  thc dèsmhc reustoÔ, stoiqeÐa pou qrhsimopoi jhkan (afoÔ prosarmì-
sthkan kat�llhla kai exelÐqjhkan - emploutÐsthkan ìpou autì krÐjhke anagkaÐo)
kai sthn paroÔsa diplwmatik  ergasÐa. Par�llhla, qrhsimopoi¸ntac teqnikèc kai
logismikì upologistik c reustodunamik c pou èqei anaptuqjeÐ sto EJS (in–house
software) melèthse thn teqnik  twn sÔnjetwn desm¸n kai, sugkekrimèna thn pa-
rallag  thc suneqoÔc anarrìfhshc, gia ton èlegqo thc apokìllhshc tou oriakoÔ
str¸matoc. Sugkekrimèna, melèthse parametrik� thn epÐdrash tou elègqou me pa-
ramètrouc th jèsh thc op c anarrìfhshc, th gwnÐa prìsdeshc thc koilìthtac pou
akoloujeÐ thn op  me to toÐqwma tou agwgoÔ, to mègejoc tou anoÐgmatoc thc op c
kai thn paroq  anarrìfhshc tou reustoÔ dia mèsou thc op c.

Sth didaktorik  diatrib  [18], anaptÔqjhkan suzugeÐc mèjodoi gia ton prosdio-
rismì parag¸gwn sunart sewn kìstouc wc proc tic taqÔthtec desm¸n anarrìfh-
shc/ègqushc reustoÔ, lvecvm, stic di�forec jèseic m tou diakritopoihmènou orÐou
thc gewmetrÐac (kìmboi epifaneiakoÔ plègmatoc). Oi parap�nw par�gwgoi euaisjh-
sÐac mporoÔn na apotelèsoun ergaleÐo prosdiorismoÔ twn plèon shmantik¸n jèsewn
stic opoÐec endeÐknutai h topojèthsh desm¸n anarrìfhshc/ègqushc reustoÔ. Oi
par�gwgoi euasijhsÐac δF

δ−→v m
(F eÐnai h sun�rthsh kìstouc), upologÐzontai gia thn

perÐptwsh ìpou −→v m = 0, dhlad  gia thn perÐptwsh qwrÐc dèsmh�ec elègqou ro c.
Sunep¸c, sthn kathgorÐa aut¸n twn problhm�twn, oi par�metroi elègqou den eÐnai me-
tablhtèc sqediasmoÔ pou kajorÐzoun th gewmetrÐa thc aerodunamik c/udrodunamik c
morf c all� oi Ðdiec oi oriakèc sunj kec sta (stere�) ìria thc morf c. Oi roèc oi
opoÐec parousi�zontai aforoÔn roèc se agwgoÔc. Upologistik�, o èlegqoc thc ro c
epib�lletai mèsw epibol c diaforetik c oriak c sunj khc p�nw sto ìrio qwrÐc na
tropopoieÐtai h gewmetrÐa. H suzug c mèjodoc lamb�nei upìyh thc tic metabolèc
twn posot twn thc tÔrbhc mèsw thc eisagwg c sto suzugèc prìblhma (a) epiplèwn
suzug¸n exis¸sewn kai oriak¸n sunjhk¸n, autèc tou suzugoÔc montèlou thc tÔrbhc
kai (b) epiplèon ìrwn stic suzugeÐc oriakèc sunj kec thc suzugoÔc mèshc ro c.
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Kef�laio 2

Gènesh plègmatoc

Sto parìn kef�laio parousi�zetai o trìpoc dhmiourgÐac tou perigr�mmatoc thc mele-
toÔmenhc gewmetrÐac, me   qwrÐc thn parousÐa desm¸n elègqou thc ro c, kai o trìpoc
gèneshc tou upologistikoÔ plègmatoc gia thn epÐlush twn exis¸sewn ro c. Sugke-
krimèna, antimetwpÐzontai treic diaforetikèc peript¸seic. Pr¸th perÐptwsh apoteleÐ
h gènesh plègmatoc gÔrw apì memonwmènh aerotom  dedomènhc gewmetrÐac qwrÐc thn
efarmog  elègqou. H deÔterh kai trÐth perÐptwsh aforoÔn th gènesh plègmatoc
gÔrw apì thn Ðdia aerotom  ìtan efarmìzetai èlegqoc me dèsmh reustoÔ se èna  
perissìtera shmeÐa. EpÐshc, gÐnetai perigraf  tou trìpou beltÐwshc thc gewmetrÐac
me thn kataskeu  kampÔlhc diamìrfwshc (�r�dio�) se perioq  tou plègmatoc me oxeÐa
gwnÐa. H gewmetrÐa thc aerotom c pou epilèqjhke gia thn prosomoÐwsh kai melèth
tou elègqou thc ro c sthn paroÔsa ergasÐa apoteleÐ prosèggish thc gewmetrÐac thc
aerotom c NACA 4415.

2.1 Gènesh plègmatoc gÔrw apì memonwmènh

aerotom 

O genèthc plègmatoc, pou qrhsimopoieÐtai sthn perÐptwsh thc apomonwmènhc aeroto-
m c, èqei anaptuqjeÐ sto pareljìn apì ereunhtèc tou EJS. To plègma pou prokÔptei
eÐnai mh-domhmèno kai qarakthrÐzetai wc ubridikì, afoÔ apoteleÐtai apì trigwnik� kai
tetraedrik� stoiqeÐa. Sta pleonekt mata twn mh�domhmènwn plegm�twn, se antÐjesh
me ta domhmèna, an kei h euelixÐa wc proc th gewmetrÐa tou qwrÐou kaj¸c mporoÔme
na diakritopoi soume qwrÐa arket� sÔnjetwn gewmetri¸n. Epiplèon orismènec fo-
rèc eÐnai aparaÐthth h epèmbash sto plègma me skopì thn pÔknwsh k�poiac perioq c
autoÔ, mÐa diadikasÐa pou mporeÐ na pragmatopoihjeÐ arket� pio eÔkola se èna mh�
domhmèno plègma. Meionèkthma aut¸n apoteleÐ o upologismìc thc apìstashc twn
geitonik¸n kìmbwn sto toÐqwma apì touc kìmbouc tou toiq¸matoc, k�ti pou apaiteÐ-
tai apì poll� montèla tÔrbhc.

O sugkekrimènoc genèthc plègmatoc akoloujeÐ ta parak�tw b mata:
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1. DhmiourgÐa domhmènou plègmatoc se mikr  apìstash gÔrw apì thn aerotom .

2. Eklèptunsh tou domhmènou plègmatoc (Refinement).

3. DhmiourgÐa mh�domhmènou plègmatoc sto upìloipo upologistikì qwrÐo.

B ma 1: DhmiourgÐa domhmènou plègmatoc se mikr  apìstash gÔrw
apì thn aerotom 

GÔrw apì thn aerotom  kataskeu�zetai domhmèno plègma meg�lhc puknìthtac.
H meg�lh puknìthta eÐnai aparaÐthth gia th swst  prìlexh thc sumperifor�c tou
oriakoÔ str¸matoc kai thc exwterik c z¸nhc kont� sto stereì toÐqwma thc aerotom c
(dhlad  th sunektik  z¸nh).

H gewmetrÐa thc aerotom c pou epilèqjhke gia thn prosomoÐwsh kai melèth tou
elègqou thc ro c sthn paroÔsa ergasÐa apoteleÐ prosèggish thc gewmetrÐac thc
aerotom c NACA 4415. H sugkekrimènh aerotom  proseggÐsthke mèsw kampÔlhc
Bezier, me 8 shmeÐa elègqou gia thn pleur� upopÐeshc (suction side) kai 8 gia thn
pleur� uperpÐeshc (pressure side). Sto ex c, h aerotom  pou proseggÐsthke me ta pa-
rak�tw shmeÐa elègqou thc kampÔlhc Bezier (pÐnakac 2.1) ja anafèretai wc �NACA
4415�.

ShmeÐo Elègqou
Pleur� UperpÐeshc Pleur� UpopÐeshc

Q U Q U
1 0.00000 0.00000 0.00000 0.00000
2 0.00000 -0.03774 0.00000 0.05129
3 0.12097 -0.08129 0.12387 0.13645
4 0.33968 -0.01355 0.35516 0.15484
5 0.58161 -0.03000 0.60581 0.09871
6 0.76452 -0.00774 0.71903 0.07548
7 0.93871 -0.00677 0.89323 0.03968
8 1.00000 0.00000 1.00000 0.00000

PÐnakac 2.1: ShmeÐa elègqou thc kampÔlhc Bezier gia thn prosèggish thc gewmetrÐac
thc aerotom cNACA 4415. H gewmetrÐa pou prokÔptei apì ta shmeÐa aut� anafèretai
wc �NACA 4415�.

Sthn k�je pleur� isokatanèmontai, me b�sh ta shmeÐa Bezier, 501 kai 551 kìmboi
antÐstoiqa gia thn kataskeu  tou perigr�mmatoc thc aerotom c �NACA 4415�. Epi-
plèon, gÐnetai pÔknwsh twn shmeÐwn sthn perioq  kont� stic akmèc prìsptwshc kai
ekfug c me th bo jeia miac gewmetrik c katanom c tÔpou Robertson. Wc gnwstìn
oi metabolèc twn upologizìmenwn roðk¸n megej¸n stic perioqèc autèc eÐnai arket�
meg�lec kai h pÔknwsh twn shmeÐwn, kai sunep¸c tou plègmatoc proc kataskeu ,
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Sq ma 2.1: ShmeÐa tou perigr�mmatoc thc aerotom c �NACA 4415�.
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Sq ma 2.2: Domhmèno plègma gÔrw apì thn aerotom .

dÐnei apotelèsmata me megalÔterh akrÐbeia. Ta shmeÐa pou prokÔptoun kai apoteloÔn
to perÐgramma thc aerotom c faÐnontai sto sq ma 2.1.

AfoÔ kajorÐsthke h gewmetrÐa thc aerotom c me ta antÐstoiqa shmeÐa epÐ tou
perigr�mmatoc thc, dhmiourgeÐtai to domhmèno plègma gÔrw apì aut  apoteloÔmeno
apì tetr�pleura (Sq ma 2.2). K�jeta sto perÐgramma thc aerotom c, xekin¸ntac apì
ta shmeÐa tou perigr�mmatoc, topojetoÔntai shmeÐa ta opoÐa apoteloÔn touc kìmbouc
tou plègmatoc. O arijmìc twn kìmbwn tou domhmènou plègmatoc pou ja prokÔyei
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kajorÐzetai èmmesa apì to qr sth me kajorismì twn epipèdwn domhmènou plègmatoc
proc kataskeu . Par�llhla, h kat�llhlh sÔndesh twn kìmbwn an� tèsseric èqei
wc apotèlesma to sqhmatismì twn tetrapleÔrwn. Gia thn epÐteuxh arket� puknoÔ
plègmatoc kont� sto toÐqwma kai thn araÐwsh tou kat� thn apom�krunsh apì autì,
h k�jeth topojèthsh twn shmeÐwn ègine b�sh gewmetrik c proìdou. O lìgoc dÔo
apost�sewn diadoqik¸n kìmbwn kat� thn apom�krunsh apì to toÐqwma tèjhke 1.1
me apotèlesma thn araÐwsh kat� thn apom�krunsh, h pr¸th apìstash kìmbou apì
to toÐqwma Ðsh me 10−6 tou m kouc thc qord c thc aerotom c en¸ apofasÐsthke
na sqhmatistoÔn 91 str¸mata domhmènou plègmatoc gÔrw apì thn aerotom . To
sunolikì Ôyoc tou eÐnai Ðso me 5.84% tou m kouc thc aerotom c.

B ma 2: Eklèptunsh tou domhmènou plègmatoc (Refinement)

Stìqoc tou sugkekrimènou b matoc eÐnai h beltÐwsh tou domhmènou plègmatoc pou
kataskeu�sthke sto prohgoÔmeno st�dio me thn efarmog  algorÐjmou eklèptunshc
(refinement). Kaj¸c apomakrunìmaste apì to stereì toÐqwma, h aÔxhsh tou pl�touc
twn tetr�pleurwn stoiqeÐwn eÐnai kat� polÔ mikrìterh se sqèsh me thn aÔxhsh tou
antÐstoiqou Ôyouc touc lìgw thc gewmetrik c proìdou pou efarmìsthke kat� thn
kataskeu  tou plègmatoc sto prohgoÔmeno st�dio. Apotèlesma tou parap�nw eÐnai
h dhmiourgÐa stoiqeÐwn me polÔ megalÔtero Ôyoc wc proc pl�toc, gegonìc to opoÐo
den sunÐstatai sthn kataskeu  plegm�twn. LÔsh se autì dÐnei o algìrijmoc eklè-
ptunshc pou efarmìzetai, o opoÐoc sar¸nei ta stoiqeÐa, xekin¸ntac apì to str¸ma
tou toÐqwmatoc, kai epembaÐnei sto plègma, ìtan entopistoÔn stoiqeÐa mh epijumhtoÔ
lìgou diast�sewn, diagr�fontac kat�llhla kìmbouc proc enopoÐhsh stoiqeÐwn tou
Ðdiou str¸matoc. H diagraf  den periorÐzetai mìno sto stoiqeÐo pou entopÐsthke
all� epekteÐnetai kai sta upìloipa thc Ðdiac st lhc pou akoloujoÔn kaj' Ôyoc ka-
j¸c anamènetai na parousi�zoun mh epijumhtì lìgo diast�sewn lìgw thc aÔxhshc
tou Ôyouc touc me gewmetrik  prìodo. 'Etsi, geitonik� stoiqeÐa tou Ðdiou str¸matoc
enopoioÔntai, me ta telik� stoiqeÐa na èqoun ton epijumhtì lìgo Ôyouc proc pl�toc.
Lìgw tou trìpou thc diagraf c twn kìmbwn, eÐnai aparaÐthth h sÔndesh twn kìmbwn
an� treic kai h dhmiourgÐa trigwnik¸n stoiqeÐwn se orismènec perioqèc. Oi perioqèc
autèc entopÐzontai sta stoiqeÐa apì ta opoÐa xekin� k�je for� h diagraf  twn kìm-
bwn kai suneqÐzei kaj' Ôyoc. H diadikasÐa aut  efarmìzetai se ìla ta str¸mata tou
domhmènou plègmatoc. Kajoristik  eÐnai h suneisfor� tou sthn akm  ekfug c (sq -
ma 2.3) kai prìsptwshc ìpou efarmìsthke pÔknwsh twn shmeÐwn tou perigr�mmatoc
thc aerotom c kai sunep¸c kai twn kìmbwn tou domhmènou plègmatoc. H mh efarmog 
tou ja eÐqe wc apotèlesma tetr�pleura mh epijumht¸n diast�sewn, sta opoÐa h kaj'
Ôyoc di�stash ja  tan megalÔterh thc kat� pl�touc kat� èna mh epijumhtì lìgo.
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Sq ma 2.3: EstÐash sthn akm  ekfug c. Arister�: prin thn eklèptunsh. Dexi�:
met� thn eklèptunsh tou plègmatoc kat� tìpouc.

B ma 3: DhmiourgÐa mh�domhmènou plègmatoc sto upìloipo upolo-
gistikì qwrÐo

To upìloipo upologistikì qwrÐo, sto opoÐo kataskeu�zetai to mh�domhmèno plèg-
ma, oriojeteÐtai apì thn oriak  gramm  tou plègmatoc pou kataskeu�sthke mèqri t¸ra
se mia z¸nh gÔrw apì thn aerotom  kai ènan exwterikì kÔklo (ep' �peiro ìrio) pou
to perikleÐei me aktÐna perÐpou 10 forèc th qord  thc aerotom c. 'Enac eswterikìc
kÔkloc sto qwrÐo autì kataskeu�zetai gia th rÔjmish thc puknìthtac tou plègmatoc,
en¸ isokatanèmontai shmeÐa kai stouc dÔo kÔklouc. H kataskeu  tou mh�domhmènou
plègmatoc gÐnetai me th mèjodo tou proelaÔnontoc met¸pou (advancing front) me
qr sh tou progr�mmatoc Front se dÔo b mata. Sto pr¸to b ma kataskeu�zetai to
plègma metaxÔ thc oriak c gramm c kai tou eswterikoÔ kÔklou en¸ sto deÔtero b ma
kataskeu�zetai to plègma tou upìloipou qwrÐou metaxÔ twn dÔo kÔklwn (eswteri-
koÔ kai exwterikoÔ). Profan¸c, o arijmìc twn shmeÐwn twn kÔklwn kajorÐzoun thn
puknìthta tou plègmatoc. Ta shmeÐa aut� kai ta shmeÐa thc oriak c gramm c apote-
loÔn eÐsodo sto prìgramma Front. O arijmìc twn kìmbwn tou telikoÔ plègmatoc eÐnai
perÐpou 165.000 kai sqhmatÐzontai 190.000 trÐgwna kai 67.000 tetr�pleura. Anafè-
retai ìti o arijmìc autìc proèkuye met� apì èlegqo anexarthsÐac tou plègmatoc.
Sto sq ma 2.4 pou akoloujeÐ apeikonÐzetai mia �poyh kont� sthn aerotom , kai ìqi
olìklhro to qwrÐo pou kataskeu�sthke, gia na eÐnai eudi�krith h perioq  gÔrw apì
aut .

2-5



X

Y

0 0.5 1

-0.4

-0.2

0

0.2

0.4

0.6

Sq ma 2.4: 'Apoyh tou telikoÔ plègmatoc kont� sthn aerotom .

2.2 Gènesh plègmatoc gÔrw apì memonwmènh

aerotom  me mÐa dèsmh elègqou

Sthn paroÔsa enìthta perigr�fetai o trìpoc kataskeu c tou plègmatoc sthn perÐ-
ptwsh efarmog c elègqou me mÐa dèsmh reustoÔ. H montelopoÐhsh thc dèsmhc gÐnetai
me thn kataskeu  koilìthtac kwdwnoeidoÔc gewmetrÐac, thc opoÐac to p�nw mèroc e-
n¸netai me thn aerotom  sthn op . H èxodoc (  eÐsodoc an�loga me thn epibol  twn
oriak¸n sunjhk¸n) thc ro c gÐnetai apì thn b�sh thc koilìthtac kai me ton trìpo
autì anaptÔssetai h epijumht  dèsmh elègqou sthn op , wc apotèlesma epÐlushc.
Diaforetik  prosèggish apoteleÐ h apeujeÐac epibol  twn oriak¸n sunjhk¸n thc
dèsmhc elègqou sthn op  thc aerotom c. AparaÐthth proôpìjesh gia thn kataskeu 
tou nèou plègmatoc apotèlese h tropopoÐhsh tou parap�nw genèth plègmatoc me thn
prosj kh nèwn tmhm�twn (graf  se bold) gia th montelopoÐhsh thc dèsmhc elègqou
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me b�sh thn pr¸th prosèggish pou anafèrjhke.

O nèoc genèthc plègmatoc ekteleÐ ta parak�tw b mata:

1. DhmiourgÐa domhmènou plègmatoc se mikr  apìstash gÔrw apì thn aerotom 

2. Eklèptunsh tou domhmènou plègmatoc - Refinement

3. AfaÐresh thc perioq c gÔrw apì thn op  thc dèsmhc

4. PÔknwsh thc perioq c gÔrw apì thn op  thc dèsmhc

5. Kataskeu  orÐou kai plègmatoc thc koilìthtac thc dèsmhc

6. DhmiourgÐa mh�domhmènou plègmatoc sto upìloipo upologistikì qwrÐo

Ta b mata 1,2,6 thc parap�nw diadikasÐac sumpÐptoun me aut� thc prohgoÔmenhc
enìthtac kai den ja gÐnei ek nèou anafor� se aut�. Ta b mata 3,4 kai 5 apoteloÔn
kÔrio antikeÐmeno thc sugkekrimènhc enìthtac kai eidikìtera o trìpoc prosarmog c
touc ston genèth plègmatoc gia th montelopoÐhsh thc dèsmhc elègqou (dhmiourgÐa
op c - koilìthtac). Anafèroume ìti ta progr�mmata pou ekteloÔn thn pÔknwsh thc
perioq c gÔrw apì thn op  kai thn kataskeu  thc koilìthtac proôp rqan sto EJS
apì progenèsterh ergasÐa [17].

B ma 3: AfaÐresh thc perioq c gÔrw apì thn op  thc dèsmhc

H topojèthsh thc dèsmhc tou reustoÔ apaiteÐ thn pÔknwsh thc perioq c gÔrw
apì thn op  anarrìfhshc   ègqushc tou reustoÔ sthn pleur� anarrìfhshc thc
aerotom c. Gia to lìgo autì, met� thn beltÐwsh tou domhmènou plègmatoc gÔrw apì
thn aerotom , apokìptetai mia perioq  plègmatoc kont� sthn op  kai antikajÐstatai
apì èna topik� pio puknì plègma. 'Etsi, sto sugkekrimèno b ma, h parèmbash ston
genèth plègmatoc gÐnetai me thn an�ptuxh kai prosj kh tou algorÐjmou apokop c
thc perioq c proc afaÐresh.

AparaÐthth proôpìjesh apoteleÐ o kajorismìc thc z¸nhc pou prìkeitai na apo-
kopeÐ gÔrw apì thn op . Ta megèjh me ta opoÐa orÐzetai h z¸nh eÐnai h jèsh thc
op c thc dèsmhc kai to eÔroc thc, ta opoÐa eÐnai dedomèna, kai èna prokajorismèno
apì to qr sth m koc ekatèrwjen thc op c b�sei tou opoÐou ja gÐnei h apokop  tou
plègmatoc (sth sugkekrimènh perÐptwsh eÐnai Ðso me 0.05 tou m kouc thc qord c). Me
dedomèna ta parap�nw, upologÐzontai ta dÔo shmeÐa p�nw sthn aerotom  pou orÐzoun
th b�sh tou qwrÐou apokop c en¸ me k�jeth metakÐnhsh touc (sto perÐgramma thc
aerotom c) mèqri to �nw oriakì perÐgramma upologÐzontai dÔo nèa shmeÐa. Profan¸c,
to m koc thc b�shc tou qwrÐou ja isoÔtai me to eÔroc thc op c kai to dipl�sio tou
prokajorismènou m kouc ekatèrwjen thc op c. To qwrÐo pou perikleÐetai apì to
tetr�pleuro pou orÐzoun ta tèssera shmeÐa apoteleÐ to qwrÐo apokop c.

H duskolÐa pou parousi�sthke kat� thn afaÐresh twn kìmbwn gÔrw apì thn o-
p , èqontac  dh prokajorÐsei to qwrÐo apokop c, ègkeitai sthn tuqaÐa arÐjmhsh twn
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kìmbwn tou plègmatoc sto sugkekrimèno st�dio. H arÐjmhsh tou domhmènou plèg-
matoc tou pr¸tou b matoc èqei all�xei lìgw ektèleshc tou algorÐjmou beltÐwshc
tou domhmènou plègmatoc kai h arÐjmhsh touc eÐnai plèon tuqaÐa. Mia pr¸th skèyh
ja  tan h sqetik� eÔkolh afaÐresh touc amèswc met� thn olokl rwsh tou pr¸tou
b matoc (dhmiourgÐa domhmènou plègmatoc) eÐte h mh kataskeu  plègmatoc entìc tou
prokajorismènou qwrÐou. Sthn perÐptwsh aut , oi epemb�seic stouc algorÐjmouc
gèneshc kai beltÐwshc tou domhmènou plègmatoc ja  tan arket� meg�lec. Gia to
lìgo autì krÐjhke anagkaÐa h an�ptuxh enìc nèou algorÐjmou apokop c.

H idèa tou algorÐjmou apokop c thc sugkekrimènhc perioq c, h opoÐa genikeÔetai
sthn apokop  opoioud pote qwrÐou, basÐzetai stic idiìthtec tou exwterikoÔ ginomènou
dÔo dianusm�twn. Pr¸toc stìqoc tou algorÐjmou eÐnai h anÐqneush kai h proshmeÐw-
sh twn shmeÐwn pou brÐskontai entìc tou qwrÐou proc afaÐresh. Sugkekrimèna, èstw
tèssera shmeÐa A,B,G,D tou epipèdou QU, pou apoteloÔn korufèc tetrapleÔrou kai
èna tuqaÐo shmeÐo K (sq ma 2.5). 'Otan to shmeÐo K brÐsketai dexi� thc eujeÐac pou

dièrqetai apì ta shmeÐa A,D, to exwterikì ginìmeno
−→
O1 twn dianusm�twn

−→
A∆ kai

−−→
AK eÐnai jetik  posìthta, en¸ ìtan brÐsketai arister� eÐnai arnhtikì. Sunolik�,
ìtan brÐsketai to shmeÐo K entìc tou tetrapleÔrou prèpei na isqÔoun tautìqrona oi
parak�tw anisìthtec:

−→
O1 =

−−→
AK ×

−→
A∆ > 0 (K dexi� thc AB)

−→
O2 =

−−→
BK ×

−→
BΓ < 0 (K aristera thc BG)

−→
O3 =

−−→
AK ×

−→
AB < 0 (K p�nw thc AB)

−→
O4 =

−−→
GK ×−→

Γ∆ < 0 (K k�tw thc GD)

Ex' orismoÔ, gia dÔo dianÔsmata −→a = (a1, a2) kai b = (b1, b2) tou epipèdou QU, to

exwterikì ginìmeno touc
−→
O isoÔtai me:

−→
O = −→a ×

−→
b =

∣∣∣∣∣∣
−→
i

−→
j

−→
k

a1 a2 0
b1 b2 0

∣∣∣∣∣∣ = (a1 · b2− b1 · a2)
−→
k ,

ìpou
−→
k eÐnai to monadiaÐo di�nusma k�jeto sto epÐpedo sto opoÐo brÐskontai ta

dianÔsmata −→a kai
−→
b .
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Sq ma 2.5: Tetr�pleuro ABGD kai tuqaÐo shmeÐo shmeÐo K tou epipèdou QU.

Sthn perÐptwsh pou k�poia apì tic parap�nw anisìthtec den epalhjeÔetai, tìte
to upìyh shmeÐo K den brÐsketai entìc tou tetrapleÔrou. AkoloujoÔme thn para-
p�nw mejodologÐa gia ìlouc touc kìmbouc tou plègmatoc me skopì thn anagn¸rish
aut¸n pou brÐskontai sthn prokajorismènh perioq  pou jèloume na afairèsoume kai
to kat�llhlo mark�risma touc. Eidikìtera, ston sugkekrimèno tÔpo plègmatoc elèg-
qoume mìno tic dÔo pr¸tec anisìthtec ¸ste na mei¸soume tic arijmhtikèc pr�xeic kai
touc antÐstoiqouc elègqouc eis�gontac ènan trÐto pio aplì èlegqo. Kat� ton èleg-
qo autì, sugkrÐnetai h tetagmènh tou tuqaÐou shmeÐou K me thn el�qisth tetagmènh
twn shmeÐwn A kai B. 'Otan aut  aut  eÐnai megalÔterh thc el�qisthc, kai isqÔoun
kai oi dÔo pr¸tec anisìthtec, to shmeÐo elègqou brÐsketai sth z¸nh apokop c pou
epijumoÔme kai proshmei¸netai. H dunatìthta aut  parèqetai miac kai p�nw apì th
z¸nh den brÐskontai kìmboi en¸ k�tw apì th z¸nh oi epìmenoi kìmboi brÐskontai
sthn pleur� uperpÐeshc. AkoloujeÐ h afaÐresh twn kìmbwn pou entopÐsthkan me thn
parap�nw diadikasÐa kai twn tetr�pleurwn   trig¸nwn sta opoÐa an koun. EpÐshc,
proshmei¸nontai kat�llhla oi oriakoÐ kìmboi tou qwrÐou pou afairèjhkan, ¸ste na
eÐnai pio eÔkolh kai gr gorh h sÔndesh tou plègmatoc pou ja dhmiourghjeÐ kai ja
topojethjeÐ sthn perioq  aut . H efarmog  tou sugkekrimènou algorÐjmou dÐnei to
plègma tou sq matoc 2.6.

2-9



x

y

0 0.2 0.4 0.6 0.8 1

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

Sq ma 2.6: AfaÐresh thc prokajorismènhc z¸nhc plègmatoc gÔrw apì thn op  thc
dèsmhc.

B ma 4: PÔknwsh thc perioq c gÔrw apì thn op  thc dèsmhc

Sto b ma autì, to tm ma tou plègmatoc pou afairèjhke sumplhr¸netai me èna
pio puknì plègma lìgw thc Ôparxhc thc dèsmhc elègqou sthn perioq  aut . H kata-
skeu  tou nèou plègmatoc gÐnetai stadiak�. To plègma pou kataskeu�zetai apì ton
antÐstoiqo algìrijmo faÐnetai sto sq ma 2.7.

H diadikasÐa kataskeu c tou èqei wc ex c. Arqik� anakatanèmontai oi kìmboi
sto perÐgramma thc aerotom c b�sei gewmetrik c proìdou gia thn aÔxhsh thc pu-
knìthtac twn kìmbwn mèqri thn op  kaj¸c plhsi�zoume se aut . Me to prìgramma
gèneshc domhmènou plègmatoc kataskeu�zontai ta antÐstoiqa plègmata gia to an�nti
kai kat�nti tm ma thc aerotom c se sqèsh me thn op , dhlad  apì ta shmeÐa apo-
kop c tou plègmatoc mèqri kai thn op . H kataskeu  tou domhmènou plègmatoc den
gÐnetai se ìlo to Ôyoc tou qwrÐou, all� se èna posostì tou, ¸ste to upìloipo
tm ma na kalufjeÐ me mh�domhmèno plègma. EpÐ twn plegm�twn aut¸n efarmìzetai
ènac algìrijmoc apokop c, stìqoc tou opoÐou eÐnai h afaÐresh twn exwterik¸n te-
trapleÔrwn pou den ikanopoioÔn ta ìria tou lìgou m kouc kai pl�touc twn pleur¸n
twn tetrapleÔrwn pou tèjhkan apì to qr sth. EpÐshc, sta domhmèna plègmata pou
proèkuyan efarmìzetai o algìrijmoc beltÐwshc (refinement) pou qrhsimopoi jhke
kai stic prohgoÔmenec enìthtec met� th dhmiourgÐa domhmènwn plegm�twn. Telikì
b ma sthn kataskeu  tou nèou puknwmènou plègmatoc apoteleÐ h sumpl rwsh tou
upoleipìmenou qwrÐou me mh domhmèno plègma.

B ma 5: Kataskeu  orÐou kai plègmatoc thc koilìthtac thc dèsmhc
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Sq ma 2.7: Plègma gÔrw apì thn op  thc dèsmhc.

AfoÔ kajoristeÐ h gewmetrÐa thc koilìthtac tou epenerght  thc dèsmhc, kata-
skeu�zetai to antÐstoiqo plègma. H kataskeu  tou sugkekrimènou perilamb�nei ta
Ðdia st�dia me thn kataskeu  tou plègmatoc gÔrw apì thn aerotom  qwrÐc èlegqo.
Sugkekrimèna, h Ôparxh stere¸n toiqwm�twn epib�llei th dhmiourgÐa polÔ puknoÔ
toiq¸matoc kont� se aut� me qr sh tou Ðdiou algìrijmou gèneshc domhmènou plèg-
matoc pou qrhsimopoi jhke sthn aerotom  qwrÐc èlegqo. 'Eqontac oloklhr¸sei thn
kataskeu  twn plegm�twn kont� sto toÐqwma, qrhsimopoi¸ntac ton k¸dika dìmhshc
mh-domhmènwn plegm�twn qtÐzetai èna an�logo plègma sto upoleipìmeno qwrÐo, to
perÐgramma tou opoÐou apoteleÐtai apì touc eswterikoÔc kìmbouc tou perigr�mmatoc
twn plegm�twn tou toiq¸matoc kai apì ekeÐnouc pou sumplhr¸noun thn p�nw kai
k�tw pleur�. Oi teleutaÐoi kìmboi akoloujoÔn èna �suntaÐriasma� dÔo gewmetrik¸n
proìdwn, ¸ste sto kèntro thc ek�stote pleur�c h katanom c na eÐnai araiìterh se
sqèsh me ta �kra aut c. Profan¸c, k�je prìodoc èqei upologisteÐ ¸ste na exa-
sfalÐzetai sunèqeia sthn allhlouqÐa twn kìmbwn p�nw sthn pleur� thc op c kai
thn k�tw thc koilìthtac, kaj¸c èqoun  dh topojethjeÐ k�poioi kìmboi stic en lìgw
pleurèc apì to sqhmatismì twn plegm�twn kont� sto toÐqwma. SÔndesh loipìn twn
tri¸n plegm�twn sunep�getai kai thn olokl rwsh thc dìmhshc tou plègmatoc thc
koilìthtac tou epenerght  2.8.
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Sq ma 2.8: Plègma koilìthtac epenerght  thc dèsmhc

Akìloujh enèrgeia apoteleÐ h ènwsh twn plegm�twn pou kataskeu�sthkan sta
parap�nw b mata. Sto sq ma 2.9 apotup¸netai to apotèlesma thc ènwshc. Teli-
kì b ma met� thn ènwsh apoteleÐ h gènesh mh�domhmènou plègmatoc sto upìloipo
upologistikì qwrÐo. To upìloipo upologistikì qwrÐo, sto opoÐo kataskeu�zetai to
mh-domhmèno plègma, tautÐzetai me autì thc aerotom c qwrÐc èlegqo kai oriojeteÐ-
tai apì thn oriak  gramm  thc z¸nhc plègmatoc tou prohgoÔmenou b matoc kai ton
kÔklo (ep' �peiro ìrio) pou to perikleÐei me aktÐna perÐpou 10 forèc th qord  thc
aerotom c.
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Sq ma 2.9: 'Enwsh twn plegm�twn twn bhm�twn 2,3,4

2.3 Gènesh plègmatoc gÔrw apì apomonwmènh

aerotom  me dÔo dèsmec elègqou

H kataskeu  tou plègmatoc thc sugkekrimènhc perÐptwshc basÐzetai sta b mata
kataskeu c tou plègmatoc me mÐa dèsmh elègqou. H diaforopoÐhsh ègkeitai sthn
epan�lhyh twn bhm�twn 3,4,5 thc enìthtac 2 pou eÐnai upeÔjuna gia thn kataskeu 
twn antÐstoiqwn plegm�twn thc perÐptwshc miac dèsmhc. Ta sugkekrimèna b mata
ent�qthkan se brìqo epan�lhyhc, o opoÐoc ektelèsthke dÔo forèc. GÐnetai �mesa
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katanohtì ìti up�rqei h dunatìthta dhmiourgÐac pollapl¸n op¸n an�loga me ton
arijmì ektelèsewn tou brìqou.
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0
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0.4

Sq ma 2.10: Plègma aerotom c me 2 dèsmec elègqou. H mia eÐnai topojethmènh sth
jèsh 0.15 kai h deuterh sth jèsh 0.45 wc proc th qord .

2.4 Kataskeu  kampul¸sewn stic en¸seic koi-

lìthtac epenerght  kai aerotom c

O trìpoc kataskeu c tou plègmatoc p�nw kai k�tw apì thn op  pou perigr�yame
mèqri t¸ra èqei wc apotèlesma th dhmiourgÐa oxeÐac akm c sthn perioq  thc ènwshc
tou toiq¸matoc thc aerotom c kai tou toiq¸matoc thc koilìthtac tou epenerght  (ar-
q  kai tèloc op c). H oxeÐa aut  akm  diakrÐnetai sthn arister  eikìna tou sq matoc
2.11 en¸ antÐstoiqh dhmiourgeÐtai sth dexi� perioq  thc ènwshc. An upojèsoume exw-
terik  ro  reustoÔ, h Ôparxh thc akm c anagk�zei th ro  na apokollhjeÐ sto shmeÐo

2-14



autì, suneqÐzontac met� thn akm  efaptomenik� wc proc thn epif�neia thc aerotom c.
To mètro thc taqÔthtac sthn akm  ekfug c gÐnetai polÔ meg�lo (jewrhtik� �peiro)
miac kai h aktÐna kampulìthtac sthn exèqousa akm  eÐnai mhdèn. H antÐstoiqh klÐ-
sh thc taqÔthtac gÐnetai arnhtik  amèswc met� thn akm  kai h anakukloforÐa eÐnai
anapìfeukth. H dÐnh pou sqhmatÐzetai apwjeÐ th ro  tou reustoÔ makru� apì to
toÐqwma. H sugkekrimènh an�lush mac parotrÔnei sthn exom�lunsh thc akm c kai
thn emf�nish mh�mhdenik c kampulìthtac.
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Sq ma 2.11: H perioq  thc ènwshc koilìthtac epenerght  kai aerotom c an�nti thc
op c. Arister�: qwrÐc kampÔlwsh (me oxeÐa akm ). Dexi�: me kampÔlh diamìrfwsh.

Gia thn kataskeu  thc kampÔlwshc apaiteÐtai h parèmbash ston genèth plègmatoc
thc parap�nw enìthtac. H parèmbash afor� thn kataskeu  tou puknwmènou plègma-
toc gÔrw apì thn op  thc dèsmhc. Ta upìloipa b mata paramènoun ta Ðdia me aut�
thc enìthtac 2. Sugkekrimèna dhmiourgeÐtai exarq c nèo prìgramma pou analamb�-
nei th dhmiourgÐa tou nèou plègmatoc gÔrw apì thn op , sthn perÐptwsh pou èqei
energopoihjeÐ h epilog  kataskeu c thc ènwshc me kampÔlh, kai enswmat¸netai sto
kÔrio prìgramma. H diadikasÐa perigr�fetai sth sunèqeia.

Met� thn afaÐresh thc prokajorismènhc perioq c gÔrw apì thn op  thc dèsmhc
(B ma 3 thc prohgoÔmenhc enìthtac) akoloujeÐ h dhmiourgÐa tou nèou puknwmènou
plègmatoc. H diadikasÐa èqei wc ex c. Arqik� anakatanèmontai oi kìmboi sto pe-
rÐgramma thc aerotom c b�sh gewmetrik c proìdou gia thn aÔxhsh thc puknìthtac
mèqri thn op  kaj¸c plhsi�zoume se aut . Sth sunèqeia, prosarmìzontai kuklik�
tìxa sthn op  kai katanèmontai shmeÐa p�nw se aut�. Me to prìgramma gèneshc
domhmènou plègmatoc kataskeu�zontai se dÔo b mata ta antÐstoiqa plègmata gia to
an�nti kai kat�nti tm ma thc aerotom c se sqèsh me thn op . Sto pr¸to b ma ka-
taskeu�zetai to plègma epÐ thc aerotom c apì to shmeÐo apokop c tou plègmatoc
mèqri kai thn op , dhlad  thn arq  tou kuklikoÔ tìxou. Sto deÔtero, kataskeu�-
zetai to plègma epÐ tou kuklikoÔ tìxou kai akoloujeÐ ènwsh touc. Sta plègmata
aut� efarmìzetai ènac algìrijmoc apokop c, stìqoc tou opoÐou eÐnai h afaÐresh twn
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exwterik¸n tetrapleÔrwn pou den ikanopoioÔn ta ìria tou lìgou m kouc kai pl�touc
twn pleur¸n twn tetrapleÔrwn pou tèjhkan apì to qr sth. EpÐshc, sta domhmè-
na plègmata pou proèkuyan efarmìzetai o algìrijmoc beltÐwshc (Refinement) pou
qrhsimopoi jhke kai stic prohgoÔmenec enìthtec met� th dhmiourgÐa domhmènwn pleg-
m�twn. Telikì b ma kat� thn kataskeu  tou nèou puknwmènou plègmatoc apoteleÐ h
sumpl rwsh tou upoleipìmenou qwrÐou me mh domhmèno plègma.
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Sq ma 2.12: H perioq  thc ènwshc koilìthtac epenerght  kai aerotom c.

Sto sq ma 2.12 gÐnetai estÐash sthn perioq  thc op c thc dèsmhc. DiakrÐnontai
ta �skalop�tia� pou dhmiourgeÐ o algìrijmoc apokop c sto domhmèno plègma p�nw
apì to kuklikì tìxo kai tm ma tou mh-domhmènou plègmatoc. Den apeikonÐzetai o-
lìklhro to qwrÐo pou kataskeu�sthke gia na eÐnai pio eudi�krith h perioq  me tic
shmantikìterec allagèc, kaj¸c h uyhl  puknìthta tou plègmatoc ja meÐwne shman-
tik� thn eukrÐneia. Gia to upìloipo tou qwrÐou o anagn¸sthc kaleÐtai na fantasteÐ
th sunèqeia tou plègmatoc kaj¸c o trìpoc kataskeu c tou sumpÐptei me autì thc
enìthtac 2 gia thn pÔknwsh thc perioq c gÔrw apì thn op .
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Kef�laio 3

Exis¸seic Navier Stokes pedÐou
ro c kai epÐlus  touc se mon�dec
epexergasÐac grafik¸n (GPUs)

Sto parìn kef�laio parousi�zontai oi exis¸seic pou dièpoun to pedÐo ro c (Reynolds
Averaged Navier Stokes me èna montèlo tÔrbhc miac merik c diaforik c exÐswshc, autì
twn Spalart − Allmaras [19]), oi opoÐec apoteloÔn th majhmatik  diatÔpwsh tou
probl matoc thc sunektik c ro c sumpiestoÔ reustoÔ. Sth sunèqeia perigr�fetai en
suntomÐa h epÐlush touc se mon�dec epexergasÐac grafik¸n (koin¸c k�rtec grafik¸n)
antÐ thc sumbatik c mejodologÐac pou anafèretai se mÐa h perissìterec kentrikèc
mon�dec epexergasÐac. H efarmog  tou parap�nw prosfèrei epit�qunsh sthn epÐlush
twn exis¸sewn èwc kai 60 forèc wc proc mia kentrik  mon�da epexergasÐac me èna
pur na.

3.1 Exis¸seic Navier Stokes

H sumpiest  ro  sunektikoÔ reustoÔ montelopoieÐtai mèsw twn exis¸sewn Navier
Stokes (NS) oi opoÐec ekfr�zoun se diaforik  morf  th diat rhsh thc sunèqeiac,
thc orm c kai thc enèrgeiac. Gia didi�stata probl mata kai sto kartesianì sÔsthma
suntetagmènwn (x,y), oi exis¸seic autèc se sunthrhtik  dianusmatik  morf  gr�fon-
tai:

∂
−→
W

∂ t
+
∂
−→
F

∂ x

inv

+
∂
−→
G

∂ y

inv

− ∂
−→
F

∂ x

vis

− ∂
−→
G

∂ y

vis

= 0 (3.1)

To di�nusma twn sunthrhtik¸n metablht¸n
−→
W èqei sunist¸sec:

−→
W =


ϱ
ϱu
ϱv
E

 (3.2)
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me r na apoteleÐ th puknìthta tou reustoÔ, u, v tic kartesianèc sunist¸sec thc

taqÔthtac
−→
U tou reustoÔ, kai E thn olik  enèrgeia an� mon�da ìgkou pou dÐnetai

apì thn sqèsh:

E = ϱe+
1

2
ϱ
(
u2 + v2

)
(3.3)

Ta dianÔsmata ro c
−→
F kai

−→
G , antÐstoiqa kat� tic kateujÔnseic x kai y, qw-

rÐzontai sto sunektikì mèroc kai sto mh-sunektikì. O ekjèthc vis antiproswpeÔei
to sunektikì mèroc (viscous), en¸ antÐjeta o ekjèthc inv antiproswpeÔei to mh-
sunektikì mèroc (inviscid). EÔkola gÐnetai antilhptì ìti apì tic exis¸seic 3.1 me
mhdenismì twn sunektik¸n ìrwn prokÔptoun oi exis¸seic Euler. Fusik� to kleÐsimo
twn teleutaÐwn exis¸sewn diafèrei apì to kleÐsimo twn Navier Stokes wc proc tic
oriakèc sunj kec thc ro c p�nw se stere� toiq¸mata. Oi sunist¸sec twn parap�nw
dianusm�twn faÐnontai parak�tw.

−→
F inv =


ϱu

ϱu2 + p
ϱuv

(E + p)u

 ,
−→
G inv =


ϱv
ϱuv

ϱv2 + p
(E + p) v

 (3.4)

−→
F vis =


0
τxx
τxy

uτxx + vτxy + qx

 ,
−→
F vis =


0
τxy
τyy

uτxy + vτyy + qy

 (3.5)

me txx, txy, tyy na antiproswpeÔoun tic t�seic metaxÔ twn stoiqeÐwn tou reustoÔ exai-
tÐac tou sunektikoÔ tou qarakt ra, en¸ h metafor� jermìthtac apì ènan stoiqei¸dh

ìgko tou reustoÔ proc to perib�llon tou sumbolÐzetai me to di�nusma−→q =
[
qx qy

]T
.

Oi t�seic paramìrfwshc se èna isìtropo, neut¸nio (grammikì - dhlad  h sqèsh
tou rujmoÔ paramìrfwshc me thn askoÔmenh t�sh eÐnai grammik ) reustì dÐnontai apì
thn akìloujh sqèsh, me ton deÐkth k na apoteleÐ epanalambanìmeno deÐkth (dhlad 
upodhl¸nei �jroish) kai to sÔmbolo �dij� na antiproswpeÔei to dèlta touKronecker.

τij = µ

[(
∂ui
∂xj

+
∂uj
∂xi

)
− 2

3
δij
∂uk
∂xk

]
(3.6)

Montèlo tÔrbhc miac exÐswshc Spalart− Allmaras

To montèlo tÔrbhc pou qrhsimopoi jhke eÐnai ekeÐno twn Spalart − Allmaras
[19], to opoÐo an kei sthn kathgorÐa montèlwn mÐac exÐswshc (dhlad  prosjètei mÐa
akìma diaforik  exÐswsh stic  dh up�rqousec gia th ro ). EpilÔei mia diaforik 
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exÐswsh gia th metablht  ν̃, apì thn opoÐa upologÐzetai h turb¸dhc sunektikìthta
mèsw thc sqèshc:

µ = µ̃fν1 (3.7)

ìpou

µ̃ = ϱν̃, fν1 =
x3

x3 + c3ν1
(3.8)

H exÐswsh tou montèlou gia sumpiestèc roèc eÐnai:

∂ϱµ̃

∂t
+
∂(ϱuiµ̃)

∂xi
=
1

σ

[
∂

∂xi

(
(µ+ µ̃)

∂µ̃

∂xi

)
+ cb2

∂µ̃

∂xi

2]
+ cb1(1− ft2)S̃ρµ̃

− (cw1fw − cb1
k2
ft2)

(
µ̃

d

)2

+ ϱ2ft1△u2 (3.9)

me touc di�forouc ìrouc na orÐzontai parak�tw:

S̃ = S +
µ̃

y2k2
fν2 , S = |−→ω | , fν2 = 1− x

1 + xfν1
, fw = g

(
1 + c6w3

g6 + c6w3

)1/6

,

g = r + cw2

(
r6 − r

)
, r =

µ̃

S̃ρk2y2

me |−→ω | to mètro tou strobilismoÔ tou pedÐou taqÔthtac kai y thn apìstash k�je
kìmbou apì to plhsièstero toÐqwma. Gia to sunte H qr sh tou montèlou tÔrbhc
twn Spalart−Allmaras epèbale th dhmiourgÐa arket� puknoÔ toiq¸matoc kont� sto
toÐqwma ¸ste h posìthta y+ na isoÔtai perÐpou me th mon�da. Tèloc oi timèc twn
stajer¸n tou montèlou dÐnontai akoloÔjwc:

σ =
2

3
, k = 0.41, cν1 = 7.1, cb1 = 0.1355, cb2 = 0.622

cw1 =
cb1
k

+
1 + cb2
σ

, cw2 = 0.3, cw3 = 2, , P rt = 0.9
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3.2 EpÐlush twn exis¸sewn Navier Stokes se

GPUs

Exèlixh twn GPUs

WjoÔmenh apì tic apait seic thc agor�c gia tridi�stata grafik� uyhl c an�lushc
se pragmatikì qrìno, h mon�da epexergasÐac grafik¸n (GPU) èqei exeliqjeÐ se
polupÔrhno, par�llhlo epexergast , uyhl c upologistik c isqÔoc kai prospèlashc
mn mhc, ìpwc faÐnetai sta sq mata 3.1 kai 3.2, ikan  gia episthmonik  qr sh.

NV30 

Jan 

2003 

Jun Apr 

2004 2005 2007 2006 2008 

NV35 
NV40 

G70 

G71 

G80 

G92 

GT200 

Jun Nov Mar May Jun 

3.0 GHz 

Core2 Duo 

3.2 GHz 

Harpertown 

G80 

Ultra 

Sq ma 3.1: Exèlixh sto qrìno thc upolo-
gistik c dunatìthtac twn GPUs kai twn
CPUs

NV30 

NV40 

G71 

G80 

G80 

Ultra 

Northwood 

Prescott EE 

Woodcrest 

Harpertown 

Sq ma 3.2: Exèlixh sto qrìno thc taqÔ-
thtac metafor�c dedomènwn twn GPUs kai
twn CPUs

Sto sq ma 3.1 faÐnetai h exèlixh sto qrìno thc upologistik c dunatìthtac twn
GPUs kai twn mon�dwn epexergasÐac tou upologist  (CPUs), metroÔmenh seGFlops,
dhlad  arijmì pr�xewn kinht c upodiastol c an� deuterìlepto (Floating Point O-
perations per Second). 'Amesh parat rhsh eÐnai h ragdaÐa aÔxhsh thc epÐdoshc twn
GPUs ènanti twn CPUs ta teleutaÐa qrìnia. Sugkekrimèna, en¸ arqik� h epÐdosh
touc brÐskontan sta Ðdia epÐpeda, to 2008 katèlhxan oi pr¸tec na uperteroÔn se a-
pìdosh perÐpou mÐa t�xh megèjouc ènanti twn deÔterwn. Parìmoia t�sh parathroÔme
kai sto sq ma 3.2 ìpou eikonÐzetai h taqÔthta metafor�c dedomènwn.

O lìgoc ston opoÐo ofeÐletai h diafor� sthn ikanìthta ektèleshc pr�xewn kinh-
t c upodiastol c metaxÔ thc mon�dac epexergasÐac tou upologist  kai thc mon�dac
epexergasÐac twn grafik¸n eÐnai to gegonìc ìti h teleutaÐa eidikeÔetai se apaithti-
koÔc, par�llhlouc upologismoÔc, autì pou apaiteÐ dhlad    dhmiourgÐa grafik¸n,
kai gia to lìgo autì sqedi�zetai ètsi ¸ste perissìtera tranzÐstor na afier¸nontai
sthn epexergasÐa dedomènwn par� sthn proswrin  apoj keush aut¸n kai ton èlegqo
ro c.

Pio sugkekrimèna, oi mon�dec epexergasÐac grafik¸n eÐnai kat�llhlec na diaqei-
rÐzontai probl mata pou mporoÔn na analujoÔn se par�llhlouc upologismoÔc dedo-
mènwn me meg�lo lìgo arijmhtik¸n pr�xewn proc ton arijmì prospel�sewn mn mhc.
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Epeid  to Ðdio prìgramma ekteleÐtai gia to k�je pakèto dedomènwn, up�rqei mikrìterh
apaÐthsh gia èxupnh diaqeÐrish tou elègqou ro c. Kai epeid  ekteleÐtai tautìqrona se
poll� pakèta dedomènwn, ektel¸ntac pollèc perissìterec arijmhtikèc pr�xeic ènan-
ti diaqeirÐsewn mn mhc, h prospèlash sth lanj�nousa mn mh mporeÐ na paraleifjeÐ
ektel¸ntac upologismoÔc antÐ proswrin¸n apojhkeÔsewn.

O programmatismìc se GPUs gÐnetai mèsw kat�llhlwn glwss¸n programmati-
smoÔ. Oi pio diadedomènec eÐnai h Cuda, h OpenCL, h Brooke kai h CG. Sth
sugkekrimènh perÐptwsh h epÐlush twn exis¸sewn ro c tou pedÐou ègine me qr sh
thc pr¸thc. H gl¸ssa Cuda [20, 21] thc Nvidia uposthrÐzei entolèc thc gl¸ssac
C kai orismèna qarakthristik� thc C + +. Prìsfata, nèa èkdosh thc gl¸ssac u-
posthrÐzei entolèc gl¸ssac Fortran en¸ h arqitektonik  twn nèwn kart¸n dÐnei th
dunatìthta pl rhc upost rixhc entol¸n gl¸ssac C + +. Gia perissìterec lepto-
mèreic epÐ tou trìpou programmatismoÔ, o angn¸sthc parapèmpetai stic antÐstoiqec
anaforèc.

To megalÔtero pleonèkthma tou programmatismoÔ se mon�dec epexergasÐac gra-
fik¸n basÐzetai ston meg�lo lìgo apìdoshc - kìstouc. Apì th mÐa pleur�, lìgw thc
uyhl c taqÔthtac ektèleshc pr�xewn se par�llhlo epÐpedo, h apìdos  touc eÐnai e-
xairetik� meg�lh, ìpwc ja gÐnei kalÔtera antilhptì sthn epìmenh par�grafo kat� th
sÔgkrish twn apotelesm�twn me aut� apì th CPU . Apì thn �llh pleur�, to arqikì
kìstoc epèndushc diathreÐtai qamhlì miac kai h egkat�stas  thc mporeÐ na gÐnei se
opoiod pote hlektronikì upologist  anexart twc qarakthristik¸n. AparaÐthth kai
monadik  proôpìjesh apoteleÐ h Ôparxh antÐstoiqhc upodoq c sth mhtrik  k�rta tou
upologist , me aut  thc k�rtac grafik¸n.

EpÐlush twn exis¸sewn Navier Stokes

Sto EJS èqei anaptuqjeÐ epilÔthc twn exis¸sewn NS (exis¸seic 3.1) se teleu-
taÐac geni�c k�rtec grafik¸n thc NV IDIA [22, 23]. O en lìgw epilÔthc k�nei qr sh
mh�domhmènwn plegm�twn, apoteloÔmenwn apì trigwnik�   tetr�pleura stoiqeÐa se
2D efarmogèc   tetr�edrwn, puramÐdwn, prism�twn,   ex�edrwn se 3D efarmogèc.
To Ðdio logismikì dÐnei th dunatìthta prìlexhc qronik� mìnimwn all� kai mh ro¸n.
Sthn paroÔsa diplwmatik  ergasÐa ègine qr sh tou 2D k¸dika.

H qr sh mh�domhmènwn plegm�twn apaiteÐ prosektik  diaqeÐrish thc mn mhc thc
GPU me skopì th mègisth dunat  apìdosh aut c. Epiplèon h olokl rwsh twn exi-
s¸sewn thc ro c gÐnetai sÔmfwna me thn teqnik  twn peperasmènwn ìgkwn gÔrw apì
touc kìmbouc tou plègmatoc (kentrokombik  diatÔpwsh). To teleutaÐo apoteleÐ mÐa
akìma troqopèdh sthn apìdosh tou GPU�k¸dika kaj¸c se mh�domhmèna plègmata
o arijmìc twn akm¸n stic opoÐec an kei k�je kìmboc eÐnai metablhtìc, se sqèsh me
ta domhmèna plègmata pou eÐnai stajerìc kai ek prooimÐou gnwstìc (Ðsoc me 4 se 2D
efarmogèc, me exaÐresh touc oriakoÔc kìmbouc).

To sq ma peperasmènwn ìgkwn pou qrhsimopoi jhke dÐnei qwrik  akrÐbeia deÔ-
terhc t�xhc ston epilÔth. Oi grammikopoihmènec, diakritopoihmenec exis¸seic NS
epilÔontai epanalhptik� me thn mèjodo Jacobi. H sun�rthsh periorismoÔ (limiter)
pou qrhsimopoi jhke sthn paroÔsa diplwmatik  eÐnai h monodi�stath sun�rthsh pe-
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riorismoÔ twn Van Leer & Albada).
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Sq ma 3.3: Epit�qunsh GPU�k¸dika sthn prìlexh 2D turb¸douc ro c gÔrw apì
mÐa aerotom  se sqèsh me ton CPU�k¸dika. O orizìntioc �xonac dhl¸nei ton arijmì
twn kìmbwn tou upologistikoÔ plègmatoc [23].

Sto sq ma 3.3 faÐnetai h epit�qunsh pou èqoun katagr�yei treic diaforetikèc
ekdìseic tou en lìgw k¸dika sthn prìlexh 2D turb¸douc ro c gÔrw apì mÐa aerotom 
se sqèsh me ton CPU�k¸dika. Oi diaforetikèc ekdìseic èqoun na k�noun me thn
arijmhtik  akrÐbeia tou sq matoc h opoÐa mporeÐ na eÐnai apl c (SPA), dipl c (DPA)
  mikt c (MPA) t�xhc.

Gia thn sÔgkrish twn apotelesm�twn anafèroume ìti o CPU�k¸dikac ekteleÐtai
se ènan pur na enìc epexergast  Intel Xeon 2xQuad core (2.00 GHz, 4096 KB
cache size) kai èqei metafrasteÐ me ton GNU Fortran compiler v4.1.2. Epiplèon,
o CPU�k¸dikac èqei dipl c akrÐbeiac arijmhtik  kai eÐnai h b�sh gia th mètrhsh
twn epitaqÔnsewn. O GPU�k¸dikac ekteleÐtai se mon�da epexergasÐac grafik¸n
NVIDIA Ge-Force GTX 285.

H diafor� sthn apìdosh tou sq matoc dipl c akrÐbeiac se sqèsh me to ligìtero
akribèc (all� pio gr goro) apl c akrÐbeiac sq ma od ghse sthn an�ptuxh enìc mi-
kt c akrÐbeiac sq matoc. To teleutaÐo qrhsimopoieÐ dipl c akrÐbeiac metablhtèc gia
thn apoj keush tou dexioÔ mèlouc twn diakritopoihmènwn exis¸sewn Navier Stokes
kai apl c gia touc suntelestèc tou aristeroÔ. Autì odhgeÐ se ligìterec prospe-
l�seic thc mn mhc thc GPU aux�nontac thn apìdosh tou logismikoÔ, diathr¸ntac
tautìqrona thn Ðdia akrÐbeia me to dipl c akrÐbeiac sq ma.

Sthn paroÔsa ergasÐa ègine qr sh tou sq matoc dipl c akrÐbeiac. Autì epib�l-
letai apì to Ðdio to prìblhma proc epÐlush kaj¸c anaptÔssontai fainìmena apokìl-
lhshc thc ro c. Epiplèon, h qr sh tou montèlou tÔrbhc twn Spalart − Allmaras
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epèbale th dhmiourgÐa arket� puknoÔ toiq¸matoc kont� sto toÐqwma, dhmiourg¸n-
tac exairetik� mikrèc apost�seic, oi opoÐec diafèroun kat� arketèc t�xeic megèjouc
ènanti twn upìloipwn apost�sewn.

H qronomètrhsh thc epÐlushc twn exis¸sewn ro c gia sugkekrimèno plègma
(228.000 kìmboi perÐpou) tou probl matoc tou elègqou thc ro c epalhjeÔetai a-
pì to sq ma 3.3. Sugkekrimèna, h epit�qunsh pou prosfèrei o k¸dikac epÐlushc twn
exis¸sewn ro c se mÐa GPU eÐnai thc t�xhc tou 40 se sqèsh me thn epÐlush tou Ðdiou
probl matoc ston pur na enìc epexergast . Kai oi dÔo k¸dikec (CPU kai GPU)
qrhsimopoioÔn sq mata arijmhtik c akrÐbeiac deÔterhc t�xhc.
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Kef�laio 4

ParousÐash kai kritik 
arijmhtik¸n prolèxewn twn
pedÐwn ro c

Sta kef�laia pou prohg jhkan ègine anafor� sth dhmiourgÐa twn upologistik¸n
plegm�twn gia thn apomonwmènh aerotom , qwrÐc kai me dèsmh elègqou, kai par�l-
lhla parousi�sthkan oi exis¸seic pou dièpoun to pedÐo ro c kai o gr goroc trìpoc
epÐlushc touc me qr sh kart¸n grafik¸n. Sto parìn kef�laio efarmìzetai o k¸dikac
epÐlushc gia ton upologismì twn roik¸n megej¸n epÐ twn upologistik¸n plegm�twn
me   qwrÐc th qr sh elègqou. Par�llhla, gÐnetai prosp�jeia gia prosèggish tou fu-
sikoÔ fainomènou kat� ton èlegqo me thn teqnik  suneqoÔc anarrìfhshc kai an�lush
thc epÐdrashc twn paramètrwn sqediasmoÔ epÐ twn apotelesm�twn. 'Ola ta apotelè-
smata twn arijmhtik¸n prolèxewn twn pedÐwn ro c anafèrontai sthn Ðdia aerotom 
“NACA 4415”, se adi�stath tim  Reynolds (Re) tou pedÐou ro c Ðsh me 500.000 kai
arijmì Mach thc ep' �peiron ro c (M∞) Ðso me 0.3.

4.1 EpÐlush exis¸sewn pedÐou ro c qwrÐc dè-

smh elègqou

Sthn paroÔsa enìthta parousi�zontai ta apotelèsmata thc epÐlushc twn exis¸se-
wn tou pedÐou ro c sthn perÐptwsh thc apomonwmènhc ptèrugac qwrÐc thn efarmog 
dèsmhc elègqou. Ta apotelèsmata aut� ja apotelèsoun mètro sÔgkrishc gia thn
axiolìghsh twn apotelesm�twn sthn perÐptwsh efarmog c dèsmhc elègqou. Oi dÔo
diakritèc peript¸seic pou epilÔontai eÐnai autèc pou antistoiqoÔn se gwnÐa thc ep'
�peiron ro c 12o kai 18o (Re=500.000, M∞=0.3)ta apotelèsmata twn opoÐwn parou-
si�zontai stic dÔo epìmenec paragr�fouc.

Apotelèsmata gia gwnÐa a∞ = 12o
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Gia th sugkekrimènh gwnÐa ro c, h epÐlush twn twn exis¸sewn tou pedÐou ro c kai
h metepexergasÐa twn antÐstoiqwn apotelesm�twn èdwse ta parak�tw apotelèsmata:

• Suntelest c �nwshc CL = 1.489

• Suntelest c antÐstashc CD = 0.0387

• Jèsh apokìllhshc xsep = 0.75   M koc apokìllhshc Lsep = 0.25
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Sq ma 4.1: PedÐo Mach kai isogrammèc Mach thc ro c gÔrw apì thn aerotom  gia
gwnÐa prìsptwshc 120 (M∞=0.3).

H ro  gia th sugkekrimènh a∞ parousi�zei mìnimo qarakt ra. ParathreÐtai oli-
k  apokìllhsh, dhlad  h ro  den epanakoll�tai tou toiq¸matoc thc aerotom c, kai
dhmiourgÐa thc antÐstoiqhc fusalÐdac sthn pleur� upopÐeshc sthn perioq  thc akm c
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ekfug c. H tim  thc jèshc apokìllhshc upologÐzetai apì to prìshmo tou sunte-
lest  trib c Cf , gia to opoÐo kat� thn apokìllhsh parathreÐtai allag  apì jetikì
se arnhtikì kai kat' analogÐa antÐstrofh enallag  pros mou kat� thn epanakìl-
lhsh. To gegonìc autì aitiologeÐtai kaj¸c h t�sh pou anaptÔssetai sto toÐqwma
eÐnai an�logh thc klÐshc thc mèshc taqÔthtac kaj' Ôyoc, �ra sth jèsh ènarxhc thc
apokìllhshc kai sto tèloc aut c h diatmhtik  t�sh epÐ tou toiq¸matoc mhdenÐzetai,
dhlad  mhdenÐzetai kai o suntelest c trib c sth jèsh aut . H apokìllhsh aut 
diakrÐnetai kai sthn apeikìnish tou pedÐou Mach thc ro c tou sq matoc 4.1.

Apotelèsmata gia a∞ = 18o

Gia th sugkekrimènh gwnÐa thc ep' �peiron ro c, h epÐlush twn exis¸sewn tou
pedÐou ro c kai h metepexergasÐa twn antÐstoiqwn apotelesm�twn èdwse ta parak�tw
apotelèsmata:
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Sq ma 4.2: PedÐo Mach kai isogrammèc Mach thc ro c gÔrw apì thn aerotom  gia
gwnÐa prìsptwshc 180 (M∞=0.3).
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• Suntelest c �nwshc CL = 1.501

• Suntelest c antÐstashc CD = 0.1017

• ShmeÐo apokìllhshc xsep = 0.40

H ro  eÐnai kai sthn perÐptwsh aut  mìnimh. ParathreÐtai mazik  apokìllhsh
(stall) megalÔterhc klÐmakac se sqèsh me thn prohgoÔmenh perÐptwsh, kai dhmiourgÐa
thc antÐstoiqhc fusalÐdac sthn pleur� upopÐeshc sthn perioq  thc akm c ekfug c.
H apokìllhsh aut  diakrÐnetai kai sthn apeikìnish tou pedÐou Mach thc ro c tou
sq matoc 4.2.

4.2 EpÐlush exis¸sewn pedÐou ro c me mia dè-

smh elègqou

Stìqoc thc sugkekrimènhc enìthtac eÐnai h epÐlush twn exis¸sewn tou pedÐou ro c
me mÐa dèsmh elègqou mèsw suneqoÔc anarrìfhshc epÐ tou upologistikoÔ plègmatoc
pou parousi�sthke sthn enìthta 2.2 kai h an�lush twn antÐstoiqwn apotelesm�twn.
Par�llhla anafèrontai probl mata pou  rjan sthn epif�neia kat� thn parap�nw
epÐlush kai o trìpoc antimet¸pis c touc. Tèloc, gÐnetai diereÔnhsh thc epÐdrashc
twn paramètrwn thc dèsmhc ston èlegqo thc ro c, ìpwc autèc ja kajoristoÔn sth
sunèqeia. H diereÔnhsh aut  eÐnai aparaÐthth gia to kajorismì twn metablht¸n sqe-
diasmoÔ thc dèsmhc kai twn antÐstoiqwn orÐwn touc pou ja epilegoÔn me skopì th
beltistopoÐhs  touc mèsw exeliktik¸n algorÐjmwn se epìmeno kef�laio. Ta exagì-
mena ìria kajistoÔn èna eÔroc pijan¸n lÔsewn mikrìtero apì èna antÐstoiqo eÔroc an
epiqeiroÔse k�poioc mÐa apeujeÐac anaz thsh thc bèltisthc lÔshc mèsw exeliktik¸n
algorÐjmwn, qwrÐc na gnwrÐzei akrib¸c to fainìmeno. Wc gnwstìn mikrìtero eÔroc
pijan¸n lÔsewn shmaÐnei kai mikrìteroc qrìnoc upologist , mÐa arket� shmantik 
par�metroc stouc exeliktikoÔc algìrijmouc.

4.2.1 Kajorismìc paramètrwn thc dèsmhc

'Opwc anafèrjhke parap�nw, h teqnik  pou efarmìzetai gia ton èlegqo ro c eÐnai
aut  thc suneqoÔc anarrìfhshc reustoÔ apì thn pleur� upopÐeshc
thc aerotom c. H diadikasÐa aut  montelopoieÐtai upologistik� me thn kataskeu 
thc koilìthtac tou epenerght  kai thn kat�llhlh prosarmog  thc sthn pleur� upo-
pÐeshc. AparaÐthth proôpìjesh gia thn efarmog  kai an�lush tou elègqou apoteleÐ
o kajorismìc twn paramètrwn thc dèsmhc mèsw thc diamìrfwshc thc koilìthtac tou
epenerght . Me b�sh tic bibliografikèc anaforèc (blèpe kef�laio 1) gia to sugke-
krimèno tÔpo elègqo, oi metablhtèc pou epidroÔn ston èlegqo thc ro c eÐnai:
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1. H jèsh thc op c thc dèsmhc (xslot).
KajorÐzetai apì to shmeÐo pou ja topojethjeÐ h arq  thc op c thc koilìthtac
tou epenerght  epÐ tou stereoÔ toiq¸matoc thc aerotom c. 'Eqei adiastatopoi-
hjeÐ me to m koc thc qord c c thc aerotom c.

2. To eÔroc thc op c (SlotWidth).
KajorÐzetai apì to m koc thc op c epÐ thc epif�neiac thc aerotom c. 'Eqei
adiastatopoihjeÐ me to m koc thc qord c c thc aerotom c.

3. H gwnÐa thc dèsmhc (θjet).
KajorÐzetai apì thn gwnÐa twn toiqwm�twn thc koilìthtac sthn ènwsh me thn
aerotom  me thn k�jeth dieÔjunsh sthn op c thc dèsmhc. Dhlad  h k�jeth
dèsmh sto toÐqwma thc aerotom c sqhmatÐzei gwnÐa Ðsh me 0o en¸ h efaptìmenh
dèsmh 90o.

4. H paroq  anarrìfhshc thc dèsmhc (Qjet).
KajorÐzetai apì to ginìmeno taqÔthtac thc dèsmhc kai thc puknìthtac ρUjet pou
tÐjetai wc oriak  sunj kh sto k�tw mèroc ( kìmbouc b�shc) thc koilìthtac tou
epenerght . To ginìmeno thc parap�nw posìthtac me to m koc b�shc tou k�tw
mèrouc thc koilìthtac, pou diathreÐtai stajerì, dÐnei thn paroq  anarrìfhshc
an� mon�da b�jouc pedÐou thc ro c. H tim  thc paroq c èqei adiastatopoihjeÐ
sÔmfwna me th sqèsh:

Qjet =
(ρV )baseb

ρ∞U∞c

ìpou (ρV )base eÐnai to ginìmeno thc puknìthtac kai thc k�jethc taqÔthtac sth b�sh
thc koilìthtac thc dèsmhc, b to m koc thc b�shc thc koilìthtac wc proc to m koc
thc qord c c kai ρ∞, U∞ h puknìthta kai h taqÔthta thc ep' �peiron ro c.

Sth bibliografÐa, se merikèc peript¸seic, qrhsimopoieÐtai antÐ thc paroq c anar-
rìfhshc èna diaforetikì mègejoc, pou kajorÐzei thn orm  thc dèsmhc. Autìc eÐnai o
adi�statoc suntelest c thc orm c cµ kai orÐzetai wc:

cµ =
hρU2

jet cos θ

ρU2
∞

ìpou h kai θ eÐnai to eÔroc thc op c kai h gwnÐa thc dèsmhc se sqèsh me thn efaptì-
menh sto toÐqwma thc aerotom c antÐstoiqa. Se aut n thn perÐptwsh, kajorÐzetai
èmmesa h paroq  thc dèsmhc mèsw tou ginomènou hρU jet cos θ. H teleutaÐa posìthta
den ja qrhsimopoihjeÐ sthn ergasÐa aut .

4.2.2 DiereÔnhsh tou fainomènou tou elègqou ro c me

anarrìfhsh reustoÔ

'Eqontac kajorÐsei tic paramètrouc sqedÐasmoÔ thc dèsmhc eÐmaste se jèsh, epilè-
gontac sugkekrimènec timèc aut¸n, na prosomoi�soume arijmhtik� to prìblhma tou
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elègqou ro c epilÔwntac tic exis¸seic ro c tou pedÐou (kef�laio 3). Me b�sh thn
anafor� pou ègine se palaiìterec ergasÐec (kef�laio 1) all� kai basizìmenoi sth fu-
sik  ermhneÐa tou probl matoc mporoÔme na upojèsoume timèc twn paramètrwn ¸ste
na periorÐsoume thn apokìllhsh thc ro c. H parak�tw an�lush apoteleÐ mia pr¸th
prosèggish thc fusik c ermhneÐac tou elègqou ro c me anarrìfhsh.

H pr¸th par�metroc thc dèsmhc, dhlad  h jèsh thc op c thc dèsmhc, anamènoume
na èqei shmantikìterh epÐdrash sthn meÐwsh thc apokìllhshc thc ro c ìtan brÐske-
tai kont� sthn perioq  ènarxhc thc apokìllhshc (thc perÐptwshc anafor�c, dhlad 
qwrÐc qr sh elègqou) par� ìtan apomakrÔnetai apì aut . H logik  me thn opoÐa
dikaiologeÐtai h parap�nw apìyh ègkeitai sto gegonìc ìti, ìtan h anarrìfhsh ja
gÐnetai kont� sthn apokollhmènh z¸nh, str¸mata reustoÔ apì th z¸nh aut  ja �èl-
kontai� proc to toÐqwma thc aerotom c kai ja teÐnoun na proskollhjoÔn an�loga me
thn èntash thc dèsmhc en¸ ìlo perissìtera str¸mata reustoÔ qamhl c orm c, ta
opoÐa teÐnoun na apokollhjoÔn, ja afairoÔntai.

Me th parap�nw diatÔpwsh exhgeÐtai kai h epÐdrash thc paroq c thc dèsmhc (èn-
tashc) kaj¸c aÔxhsh thc tim c thc mac proðde�zei ìti ja epifèrei aÔxhsh tou m kouc
thc proskollhmènhc z¸nhc sto toÐqwma. H ex ghsh aut  epibebai¸netai kai apì tic
arijmhtikèc prosomoi¸seic tou Huang [9] (sq ma 1.4). To eÔroc twn tim¸n thc su-
nhjÐzetai na eÐnai tètoio ¸ste h taqÔthta thc dèsmhc sthn op  na isoÔtai perÐpou
me thn taqÔthta thc ep' �peirou ro c   toul�qiston na eÐnai thc Ðdiac t�xhc megè-
jouc me aut . H oriojèthsh aut  gÐnetai kurÐwc lìgw kataskeuastik¸n periorism¸n
tou epenerght  all� kai sunolik c apìdoshc thc ìlhc di�taxhc ¸ste na mhn gÐnetai
asÔmforh h qr sh thc.

H epilog  tou eÔrouc thc op c gÐnetai me b�sh to gegonìc ìti aÔxhsh tou a-
noÐgmatoc thc op c pèra tou 2.5% tou m kouc thc qord c den proxeneÐ shmantik 
aÔxhsh thc �nwshc thc aerotom c, ìpwc upagoreÔei h ergasÐa tou Dannenberg [11].
Ta apotelèsmata thc sugkekrimènhc ergasÐac pro ljan apì peir�mata se summetrik 
aerotom  p�qouc 10.51% thc qord c.

H sumperifor� thc gwnÐac thc dèsmhc, dhlad  thc gwnÐac twn toiqwm�twn thc
koilìthtac sthn ènwsh me thn aerotom , ìpwc kai tou anoÐgmatoc thc op c, perigr�-
fetai apì pio sÔnjeta fusik� fainìmena. Gia thn katanìhsh aut¸n, parapèmpoume
twn anagn¸sth se antÐstoiqec ergasÐec gia ro  reustoÔ p�nw apì koilìthtec. Epi-
plèon, mporoÔme na k�noume mia pr¸th ektÐmhsh basizìmenoi sta apotelèsmata thc
melèthc tou Huang [9, 10] kat� ta opoÐa se diaforetik  gewmetrÐa upolìgise wc
bèltisth gwnÐa anarrìfhshc thn k�jeth sto toÐqwma thc aerotom c.

4.2.3 DiereÔnhsh twn qarakthristik¸n thc dèsmhc

H parap�nw an�lush mac èdwse mia pr¸th idèa gia thn katanìhsh tou mhqanismoÔ
anarrìfhshc all� kai ta ìria twn antÐstoiqwn paramètrwn pou anamènetai jetik 
epÐdras  twn. 'Etsi, me b�sh ìsa anafèrjhkan, gÐnontai oi pr¸tec arijmhtikèc pro-
somoi¸seic kai o sqoliasmìc twn antÐstoiqwn apotelesm�twn. Met� apì èreuna thc
up�rqousac bibliografÐac epÐ twn mejìdwn elègqou ro c me efarmog  thc teqnik c
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suneqoÔc anarrìfhshc sth sugkekrimènh gewmetrÐa aerotom c (NACA 4415), apo-
deÐqthke ìti den up�rqoun antÐstoiqec melètec. Gia to lìgo autì den  tan dunat  h
pistopoÐhsh thc mejìdou me b�sh �llec oloklhrwmènec ergasÐec. Parìla aut� eÐnai
dunat  h poiotik  sÔgkrish twn apotelesm�twn me antÐstoiqec ergasÐec, pou èqoun
prokÔyei mèqri t¸ra, se diaforetikèc gewmetrÐec. UpenjumÐzetai ìti h diereÔnhsh
ègine gia tim  (Re) tou pedÐou ro c Ðsh me 500.000 kai arijmì (M∞) Ðso me 0.3.

H pr¸th arijmhtik  prosomoÐwsh tou pedÐou ro c pou ègine anafèretai gia jèsh
op c thc dèsmhc xslot = 0.75 thc qord c thc aerotom c, gwnÐa dèsmhc θjet = 0o ¸c
proc thn k�jeth dieÔjunsh sthn op , �noigma op c SlotWidth = 0.01 thc qord c kai
paroq  anarrìfhshc Qjet = 0.0045. Oi timèc autèc epilèqthkan endeiktik� me b�sh th
diereÔnhsh thc parap�nw upoenìthtac ¸ste h jèsh thc op c na brÐsketai kont� sth
jèsh apokìllhshc thc ro c qwrÐc èlegqo (xsep = 0.75), h gwnÐa thc dèsmhc na eÐnai
k�jeth sthn op , to eÔroc thc op c mikrìtero apì 0.025 thc qord c kai h taqÔthta
thc dèsmhc perÐpou Ðsh me to misì thc taqÔthtac thc ep' �peirou ro c. H epexergasÐa
twn apotelesm�twn èdwse suntelest  �nwshc CL = 1.772 kai suntelest  antÐstashc
CD = 0.036 gia thn aerotom . Gia ton upologismì twn dun�mewn p�nw sth aerotom 
(kai sunep¸c twn suntelest¸n antÐstashc kai �nwshc) h op  jewr jhke stereì
toÐqwma. H pÐesh pou askeÐtai sthn op  isoÔtai me thn olik  pÐesh thc dèsmhc sthn
op . H ènarxh thc jèshc apokìllhshc metatopÐsthke sth jèsh xsep = 0.93 thc
qord c, dhlad  to m koc apokìllhshc ègine Lsep = 0.07 thc qord c. H anagwg  twn
apotelesm�twn sta megèjh anafor�c, dhlad  aut� pou upologÐsthkan sthn enìthta
1 gia thn aerotom  qwrÐc èlegqo dÐnei tic timèc 1.19, 0,93 kai 0.28 (h teleutaÐa tim 
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Sq ma 4.3: PedÐo Mach kai isogrammèc Mach thc ro c gÔrw apì thn aerotom  me
èlegqo gia gwnÐa prìsptwshc 120. O èlegqoc anafèretai se jèsh op c thc dèsmhc
xslot = 0.76 thc qord c thc aerotom c, gwnÐa dèsmhc θjet = 0o ¸c proc thn k�-
jeth dieÔjunsh sthn op , �noigma op c SlotWidth = 0.01 thc qord c kai paroq 
anarrìfhshc Qjet = 0.0045.
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anafèretai sto m koc thc apokìllhshc). H epÐdrash tou elègqou eÐnai �mesa emfan c
me th beltÐwsh twn qarakthristik¸n thc aerotom c. H beltÐwsh aut  ofeÐletai ston
periorismì thc apokìllhshc kat� 72% pou epèfere antÐstoiqa aÔxhsh 21% ston
suntelest  �nwshc kai meÐwsh 7% tou suntelest  antÐstashc.
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Sq ma 4.4: Suntelest c pÐeshc thc aerotom c gia thn perÐptwsh anafor�c qwrÐc
èlegqo (uncontrolled) kai thn perÐptwsh me èlegqo (controlled) tou sq matoc 4.3.

ProsomoÐwsh thc ro c me kampÔlwsh stic en¸seic koilìthtac kai
aerotom c

Me b�sh ta qarakthristik� thc dèsmhc kat� thn pr¸th prosomoÐwsh ègine kata-
skeu  upologistikoÔ plègmatoc me kampÔlh diamìrfwsh (�r�dio�) stic en¸seic koilì-
thtac kai aerotom c, dhlad  sta �kra thc op c. H aktÐna tou r�diou pou kataskeu�-
sthke  tan thc t�xhc tou 10−5 tou m kouc thc qord c. H idèa thc sugkekrimènhc
kataskeu c analÔjhke ekten¸c sthn enìthta 2.4. Sth sugkekrimènh perÐptwsh ta
apotelèsmata thc prosomoÐwshc èdeixan amelhtèa epÐdrash thc sugkekrimènhc kata-
skeu c sta roðk� megèjh kai, sunep¸c, stouc suntelestèc �nwshc kai antÐstashc
thc aerotom c. To gegonìc autì pijan¸c na dikaiologeÐtai lìgw thc mikr c aktÐnac
me b�sh thn opoÐa kataskeu�sthke h diamìrfwsh. Parìla aut�, megalÔtero m koc
aktÐnac ja epèfere shmantik  metabol  twn gewmetrik¸n qarakthristik¸n tou mo-
ntèlou kai oi sugkrÐseic den ja  tan plèon axiìpistec. Peraitèrw prosomoi¸seic me
diaforetikèc aktÐnec epèferan p�li amelhtèa epÐdrash, me thn teleutaÐa na kumaÐnetai
sta ìria tou sf�lmatoc. Gia to lìgo autì krÐjhke mh anagkaÐa h uiojèthsh thc
sugkekrimènhc diamìrfwshc stouc upologismoÔc pou ja akolouj soun.

ProsomoÐwsh thc ro c gia mhdenik  paroq  anarrìfhshc Qjet
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Gia th sugkekrimènh perÐptwsh ègine epiplèon prosomoÐwsh thc ro c gia mhde-
nik  paroq  anarrìfhshc Qjet = 0 me parousÐa ìmwc thc koilìthtac thc dèsmhc.
O skopìc thc sugkekrimènhc apìfashc  tan gia thn axiolìghsh thc epÐdrashc thc
koilìthtac sthn aerotom  ìtan o èlegqoc mèsw thc dèsmhc den eÐnai energopoihmè-
noc. Ta apotelèsmata èdwsan anhgmènouc suntelestèc �nwshc kai antÐstashc 0.99
kai 1.01 antÐstoiqa, gegonìc pou epibebai¸nei thn poiotik  prosèggish tou sugke-
krimènou fainomènou. 'Allwste,  tan anamenìmeno h Ôparxh thc koilìthtac sth ro 
na epifèrei mikr  aÔxhsh sthn antÐstash thc aerotom c kai, tautìqrona, an�logh
meÐwsh tou suntelest  �nwshc.

EpÐdrash jèshc thc dèsmhc anarrìfhshc kai thc antÐstoiqhc paro-
q c

'Opwc ègine antilhptì kat� thn diereÔnhsh tou elègqou ro c me suneq  anarrì-
fhsh (upoenìthta 4.2.2) h jèsh thc dèsmhc anarrìfhshc kai h antÐstoiqh paroq 
askoÔn shmantik  epÐdrash sta apotelèsmata tou elègqou me anamenìmeno trìpo.
Apì thn �llh pleur�, h diatom  thc op c kai h gwnÐa thc dèsmhc askoÔn mikrìte-
rh epÐdrash me kÔrio qarakthristikì th mh problèyimh sumperifor� touc me �meso
trìpo. Jetikì shmeÐo sthn beltistopoÐhsh twn dÔo proanaferjèntwn metablht¸n
eÐnai ta periorismèna kai eÔkola diakrit� ìria touc, ìpwc aut� analÔjhkan sthn Ðdia
upoenìthta.

Me b�sh ìsa eip¸jhkan, apokt� nìhma h melèth thc jèshc thc op s(xslot) gia
diakritèc timèc thc. Oi timèc pou exet�zontai eÐnai 0.65, 0.70, 0.80, 0.85. Oi upìloi-
pec par�metroi thc dèsmhc paramènoun Ðdiec me autèc thc pr¸thc prosomoÐwshc pou
antistoiqoÔn sth jèsh 0.76. Ta apotelèsmata parousi�zontai ston pÐnaka 4.1 pou
akoloujeÐ.

xslot 0.65 0.70 0.75 0.80 0.85

CL 1.763 1.768 1.772 1.770 1.762
CD 0.0327 0.0341 0.0360 0.0374 0.0399

PÐnakac 4.1: Suntelestèc �nwshc kai antÐstashc gia diaforetikèc jèseic op c anar-
rìfhshc (Qjet = 0.0045, SlotWidth=0.01, θjet = 0o).

Me mÐa pr¸th mati� parathroÔme ìti metakÐnhsh thc op c pio arister� apì th
jèsh ènarxhc thc apokìllhshc qwrÐc èlegqo, dhlad  gia xslot < 0.75, parathreÐtai
meÐwsh tou suntelest  �nwshc kai tautìqronh meÐwsh tou suntelest  antÐstashc
(se sqèsh me thn perÐptwsh elègqou sth jèsh xslot = 0.75). Kat� thn antÐjeth
metakÐnhsh thc op c kai oi dÔo suntelestèc mei¸nontai. Sumpèrasma thc paroÔshc
diadikasÐac eÐnai to gegonìc ìti o èlegqoc parousi�zei kalÔtera apotelèsmata ìtan
h op  topojeteÐtai an�nti thc jèshc apokìllhshc thc perÐptwshc qwrÐc èlegqo.
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Telik�, me antÐstoiqec prosomoi¸seic epibebai¸netai kai h anamenìmenh sumperi-
for� thc paroq c anarrìfhshc. AÔxhsh thc paroq c anarrìfhshc - entìc �logik¸n�
orÐwn - sunep�getai aÔxhsh tou suntelest  �nwshc (oi metabolèc gÐnontai sqedìn me
analogikì trìpo). Ta apotelèsmata parousi�zontai ston pÐnaka 4.2 pou akoloujeÐ.

Qjet 0.00450 0.00675 0.00900

CL 1.772 1.8596 1.9364
CD 0.0360 0.0364 0.0373

PÐnakac 4.2: Suntelestèc �nwshc kai antÐstashc gia diaforetikèc paroqèc anarrì-
fhshc thc dèsmhc (xslot = 0.75, SlotWidth=0.01, θjet = 0o).
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Kef�laio 5

BeltistopoÐhsh me ExeliktikoÔc
Algìrijmouc

Se prohgoÔmeno kef�laio (kef�laio 4) kajorÐsthkan oi metablhtèc tou probl matoc
elègqou thc ro c gÔrw apì thn aerotom , dhlad  oi eleÔjerec metablhtèc tou pro-
bl matoc beltistopoÐhshc. DeÐqthke, mèsw tuqaÐwn dokim¸n, ìti kat�llhlh epilog 
aut¸n mporeÐ na èqei shmantik  epÐdrash stouc suntelestèc �nwshc kai antÐstashc
thc aerotom c (kef�laio 5). Sto parìn kef�laio perigr�fetai h mèjodoc beltisto-
poÐhshc pou ja qrhsimopoihjeÐ gia thn eÔresh twn bèltistwn tim¸n twn paramètrwn
mèsw qr shc exeliktik¸n. Par�llhla perigr�fontai teqnikèc epit�qunshc thc me-
jìdou me qr sh par�llhlhc epexergasÐac kai metamontèlwn, pou efarmìsthkan sto
sugkekrimèno prìblhma mèsw tou logismikoÔ beltistopoÐhshc EASY ??. H efarmo-
g  twn teleutaÐwn, se sunduasmì me thn epÐlush twn exis¸sewn tou pedÐou ro c se
GPUs, èqei wc apotèlesma thn an�ptuxh miac mejìdou beltistopoÐhshc tou probl -
matoc elègqou ro c gÔrw apì aerotom , me apodektì qrìno anamon c tou mhqanikoÔ.

Oi exeliktikoÐ algìrijmoi

Basik  eÐnai h di�krish twn mejìdwn beltistopoÐhshc se aitiokratikèc (determini-
stic) kai stoqastikèc (stochastic). Oi aitiokratikèc mèjodoi qrhsimopoioÔn thn par�-
gwgo thc sun�rthshc stìqou gia na prosdiorÐsoun thn kateÔjunsh anaz thshc tou
akrìtatou, sto opoÐo odhgoÔntai me austhr� kajorismèno trìpo kai gr goro rujmì
sÔgklishc. H jewrhtik  touc jemelÐwsh apodeiknÔei ìti h algorijmik  efarmog  ai-
tiokratik¸n mejìdwn èqei wc apotèlesma thn eÔresh enìc akrot�tou thc sun�rthshc
stìqou, gia to opoÐo ìmwc den up�rqei kamÐa èndeixh e�n eÐnai to kajolikì. H dusko-
lÐa qr shc aitiokratik¸n mejìdwn ègkeitai ston an�gkh upologismoÔ twn parag¸gwn
thc sun�rthshc stìqou wc proc tic paramètrouc sqedÐashc kai o programmatismìc
se hlektronikì upologist . Ston antÐpoda brÐskontai oi stoqastikèc mèjodoi oi o-
poÐec sar¸noun ton q¸ro twn lÔsewn me organwmèna �tuqhmatikì� trìpo me skopì
na entopÐsoun to kajolikì akrìtato. H tuqaiìthta tou algorÐjmou eggu�tai ton
apegklwbismì apì topik� akrìtata. H efarmog  touc se opoiod pote prìblhma eÐnai
�mesh qwrÐc na apaiteÐtai k�poia algorijmik  parèmbash sth diadikasÐa axiolìghshc
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(ìpwc stic aitiokratikèc, ìpou apaiteÐtai o prosdiorismìc thc parag¸gou thc antikei-
menik c sun�rthshc) kai qwrÐc kamÐa apaÐthsh sunèqeiac   leiìthtac thc sun�rthshc
stìqou. Sta meionekt mata twn stoqastik¸n mejìdwn entopÐzetai to meg�lo upo-
logistikì kìstoc kai h apousÐa jewrhtik c apìdeixhc gia sÔgklish se peperasmèno
qrìno.

Basikìteroc ekprìswpoc twn stoqastik¸n mejìdwn eÐnai oi exeliktikoÐ algìrij-
moi beltistopoÐhshc (EA), oi opoÐoi diaqeirÐzontai plhjusmoÔc upoyhfÐwn lÔsewn
tou probl matoc kai me qr sh twn arq¸n thc exèlixhc twn eid¸n [24] sar¸netai
kat�llhla o q¸roc twn lÔsewn me skopì ton entopismì twn akrot�twn thc antikei-
menik c sun�rthshc. K�je �tomo tou plhjusmoÔ kajorÐzetai monos manta apì èna
monadikì sÔnolo tim¸n twn paramètrwn tou probl matoc. Kat� thn exèlixh ènac plh-
jusmìc m upoyhfÐwn lÔsewn (goneÐc, kat� th genetik  orologÐa) exelÐssetai ston
plhjusmì twn l apogìnwn (anaparagwg ). AutoÐ oi apìgonoi eÐnai nèec lÔseic, pou
prokÔptoun apì touc m goneÐc, èqontac endeqomènwc kalÔtera qarakthristik�. Apì
touc l apogìnouc, me krit rio thn katallhlìtht� touc, epilègontai oi m goneÐc thc
epìmenhc geni�c. Autì suneqÐzetai, geni� me geni�, mèqri thn ikanopoÐhsh k�poiou
krithrÐou sÔgklishc. H �organwmènh tuqaiìthta� twn EA ègkeitai sthn antistoÐqish
megalÔterhc pijanìthtac epibÐwshc kai anaparagwg c stic upoy fiec lÔseic ekeÐnec
me kalÔterh tim  katallhlìthtac. H paroÔsa ergasÐa den ja epektajeÐ se perissì-
terec leptomèreiec afoÔ autèc up�rqoun stic bibliografikèc anaforèc [25, 26, 27].

Basikì stoiqeÐo pou od ghse sth gr gorh kai eureÐa epikr�ths  touc  tan afenìc
to endiafèron, mh�majhmatikì upìbajrì touc, h eukolÐa me thn opoÐa prosarmìzontai
se k�je nèo prìblhma arkeÐ na up�rqei programmatismèno logismikì axiolìghshc k�je
upoy fiac lÔshc kai, kurÐwc, h dunatìtht� touc (wc stoqastik  mèjodoc) na mhn
egklwbÐzontai se topik� akrìtata. EpÐshc, shmantikì qarakthristikì twn EA eÐnai
h eÔkolh parallhlopoÐhs  touc. K�je mèloc tou plhjusmoÔ mporeÐ na axiologeÐtai
tautìqrona kai anex�rthta apì ta upìloipa se ènan par�llhlo upologist    se èna
sugkrìthma upologist¸n se dÐktuo. Apì thn �llh pleur�, to megalÔtero meionèkthm�
touc eÐnai o sun jwc meg�loc arijmìc axiolog sewn pou apaiteÐtai gia ton entopismì
thc bèltisthc lÔshc. 'Amesh sunèpeia tou teleutaÐou eÐnai to meg�lo upologistikì
kìstoc pou apaiteÐtai gia thn efarmog  twn EA wc mejìdou beltistopoÐhshc, kurÐwc
ìtan h axiolìghsh gÐnetai me apaithtik� logismik�.

Sth sugkekrimènh ergasÐa, to gegonìc autì aux�nei shmantik� to upologistikì
kìstoc, kat� th diadikasÐa beltistopoÐhshc, kaj¸c h axiolìghsh k�je upoy fiac
lÔshc proôpojètei th qronobìro epÐlush twn exis¸sewn Navier − Stokes. Sugke-
krimèna, h axiolìghsh thc k�je lÔshc gia to prìblhma tou elègqou thc ro c pragma-
topoieÐtai se dÔo b mata, ìpwc aut� perigr�fhkan se prohgoÔmena kef�laia. Pr¸to
b ma eÐnai h kataskeu  tou upologistikoÔ plègmatoc kai deÔtero h epÐlush twn e-
xis¸sewn ro c (exis¸seic Navier − Stokes) epÐ tou plègmatoc. To upologistikì
kìstoc tou pr¸tou praktik� jewreÐtai amelhtèo ènanti tou deutèrou kai gia to lìgo
autì, to upologistikì kìstoc k�je axiolìghshc sumpÐptei ousiastik� me to upolo-
gistikì kìstoc thc epÐlushc twn exis¸sewn ro c.
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Proseggistik  pro-axiolìghsh me metaprìtupo axiolìghshc

H antist�jmish tou meionekt matoc twn exeliktik¸n algorÐjmwn anaforik� me
ton meg�lo arijmì axiolog sewn gÐnetai me th qr sh thc mejìdou thc proseggisti-
k c pro�axiolìghshc twn upoyhfÐwn lÔsewn [28, 29]. SÔmfwna me thn mèjodo aut 
qrhsimopoieÐtai èna proseggistikì montèlo axiolìghshc (metaprìtupo, metamodel)
mikr¸n apait sewn se upologistikì kìstoc (antÐ tou qronobìrou epilÔth ro c) gia
mÐa pr¸th axiolìghsh olìklhrou tou plhjusmoÔ. Katìpin èna posostì twn ka-
lÔterwn lÔsewn, b�sei tou proseggistikoÔ metaprotÔpou, epanaxiologoÔntai me to
akribèc prìtupo axiolìghshc (epÐlush tou pedÐou ro c). H mèjodoc aut  epitugq�-
nei shmantik  meÐwsh tou upologistikoÔ kìstouc. Gia na eÐnai dunat  h qr sh tou
Ðdiou proseggistikoÔ montèlou se meg�lo eÔroc efarmog¸n epilègetai wc metaprìtu-
po axiolìghshc teqnhtì neurwnikì dÐktuo (TND - Artificial Neural Network-ANN)
[30].

Sthn paroÔsa ergasÐa to TND, pou qrhsimopoi jhke  tan dÐktuo sunart sewn
aktinik c b�shc (Radial Basis Function Network - RBFN). 'Ena tupikì dÐktuo RBF
eÐnai èna dÐktuo tri¸n epipèdwn: to epÐpedo eisìdou, to krummèno epÐpedo kai to epÐ-
pedo exìdou (sq ma 5.1). O k�je neur¸nac tou krummènou epipèdou antistoiqÐzetai
me èna di�nusma diast�sewc Ðshc me thn di�stash tou epipèdou eisìdou, to kèntro
thc sun�rthshc aktinik c b�shc. O mh-grammikìc metasqhmatismìc (sun�rthsh ener-
gopoÐhshc) pou sundèei to epÐpedo eisìdou me to krummèno epÐpedo sunart�tai thc
EukleÐdiac apìstashc metaxÔ tou deÐgmatoc pou èqei parousiasteÐ sto epÐpedo ei-
sìdou kai tou kèntrou aktinik c b�shc tou antÐstoiqou neur¸na kai thc rujmistik c
posìthtac r. H apìkrish tou diktÔou par�getai apì to grammikì metasqhmatismì pou
sundèei to krummèno epÐpedo me to epÐpedo exìdou. Telik�, h apìkrish tou diktÔou
sqetik� me to deÐgma x pou èqei parousiasjeÐ sto epÐpedo eisìdou dÐnetai apì thn
sqèsh:

y =
∑

ψif(∥x− ci∥, ri) (5.1)

Oi �gnwstoi se aut n thn sqèsh eÐnai oi suntelestèc ψi tou grammikoÔ meta-
sqhmatismoÔ, oi opoÐoi prosdiorÐzontai kat� thn ekpaÐdeush tou diktÔou me ton ex c
trìpo: Gia k�je diajèsimo deÐgma ekpaÐdeushc tou opoÐou profan¸c gnwrÐzoume thn
apìkrish pou epijumoÔme akrib¸c na anaparaqjeÐ gr�fetai h pio p�nw exÐswsh kai
katìpin epilÔetai èna grammikì sÔsthma apì to opoÐo prokÔptoun oi suntelestèc ψi.
H tupik  morf  thc sun�rthsh energopoÐhshc eÐnai:

f(u, r) = exp (−u
2

r2
) (5.2)

Prin thn qr sh tou teqnhtoÔ neurwnikoÔ diktÔou axiologeÐtai me to akribèc prì-
tupo axiolìghshc ènac el�qistoc arijmìc upoy fiwn lÔsewn, apì tic opoÐec ja qrh-
simopoioÔntai oi kat�llhlec k�je for� gia thn ekpaÐdeush tou metaprotÔpou axio-
lìghshc. Oi axiolog seic autèc den eÐnai �llec apì tic akribeÐc axiolog seic pou
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Figure 1. Radial basis function network.

Sq ma 5.1: Tupikì dÐktuo RBF .

èginan mèqri ekeÐnh th stigm  ston EA, o arijmìc twn opoÐwn kajorÐzetai apì ton
qr sth. H diadikasÐa pou akoloujeÐtai kat� th beltistopoÐsh me EA kai qr sh me-
taprotÔpwn axiolìghshc perigr�fetai sto sq ma 5.3. Kat� thn pr¸th f�sh, ènac
arqikìc plhjusmìc, me m �toma, dhmiourgeÐtai me tuqaÐo trìpo. O plhjusmìc autìc
exelÐssetai gia sugkekrimèno arijmì geni¸n kai k�je mèloc tou axiologeÐtai me to
akribèc prìtupo axiolìghshc. Ta parametrik� qarakthristik� tou k�je mèlouc kai h
tim  katallhlìtht�c touc apojhkeÔontai sth b�sh dedomènwn. H arqik  aut  f�sh
sumpÐptei me th sumbatik  diadikasÐa beltistopoÐhshc me EA (sq ma 5.2). Met� to
pèrac thc akoloujeÐ h deÔterh f�sh. Sugkekrimèna kat� tic epìmenec genièc kai gia
k�je mèloc thc, an to mèloc den up�rqei sth b�sh dedomènwn, èna topikì RBFN ek-
paideÔetai gia autì. Se antÐjeth perÐptwsh ta apotelèsmata anakt¸ntai ta dedomèna
apì th b�sh dedomènwn tou EA. To topikì dÐktuo qrhsimopoieÐtai gia thn proseggi-
stik  pro�axiolìghsh thc upoy fiac lÔshc. Ta apotelèsmata twn m proseggistik¸n
axiolog sewn katat�ssontai se seir� kai èna mikrì posostì twn kalÔterwn axiolo-
g sewn epilègontai (sunolik� epilègontai oi sm kalÔterec axiolog seic). Ta mèlh
pou antistoiqoÔn stic epilegmènec axiolog seic axiologoÔntai me to akribèc prìtupo
axiolìghshc kai emploutÐzetai h b�sh dedomènwn me ta nèa apotelèsmata. Sth su-
nèqeia, oi exeliktikoÐ suntelestèc efarmìzontai se olìklhro ton plhjusmì (akrib 
kai proseggistik� apotelèsmata) kai diamorf¸nontai m apìgonoi. H deÔterh f�sh
epanalamb�netai gia k�je geni� mèqri th sÔgklish tou algorÐjmou.
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Sq ma 5.2: Sqhmatik  anapar�stash twn
sumbatik¸n EA [28].
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Sq ma 5.3: Sqhmatik  anapar�stash twn
EA me qr sh metaprotÔpwn axiolìghshc
[28].

Par�llhlh axiolìghsh upoy fiwn lÔsewn

Stìqoc thc par�llhlhc axiolìghshc twn upoy fiwn lÔsewn eÐnai h meÐwsh tou
sunolikoÔ upologistikoÔ qrìnou pou apaiteÐtai gia th ektèlesh tou algorÐjmou bel-
tistopoÐhshc. H qr sh exeliktik¸n algorÐjmwn epitrèpei ton katamerismì thc ektè-
leshc twn upologism¸n se èna plègma upologist¸n, ètsi ¸ste k�je upologistik 
mon�da na analamb�nei thn ektèlesh twn axiolog sewn pou antistoiqoÔn se èna a-
rijmì mel¸n thc k�je geni�c, epitaqÔnontac me ton trìpo autì th diadikasÐa thc
beltistopoÐhshc. Sugkekrimèna, to kÔrio prìgramma pou diaqeirÐzetai ton algìrijmo
(manager) analamb�nei th diamèrish twn axiolog sewn twn mel¸n l thc k�je geni�c
kai thn an�jesh touc proc ektèlesh se ènan arijmì N kìmbwn tou plègmatoc twn
upologist¸n (Sq ma 5.4). UpenjumÐzetai ìti k�je axiolìghsh perilamb�nei th diadi-
kasÐa gèneshc upologistikoÔ plègmatoc kai thn epÐlush twn exis¸sewn ro c p�nw se
autì. Sth sugkekrimènh perÐptwsh qrhsimopoi jhkan dÔo kìmboi me ton k�je kìmbo
na apoteleÐtai apì ènan epexergast  (CPU -analamb�nei th gènesh plègmatoc) kai
mia k�rta grafik¸n(GPU -analamb�nei th gr gorh epÐlush twn ex. ro c). Ta qara-
kthristik� twn kìmbwn pou qrhsimopoi jhkan faÐnontai ston pÐnaka 5. EÐnai fanerì
ìti k�je kìmboc ekteleÐ seiriak� perissìterec thc mÐac axiolìghshc an� geni�, ìtan
o arijmìc twn kìmbwn eÐnai mikrìteroc apì ta mèlh thc ek�stote geni�c. Kajoristi-
kì rìlo sthn epit�qunsh diadramatÐzei o arijmìc twn upologistik¸n mon�dwn kai h
an�jesh twn axiolog sewn se k�je mia, me to teleutaÐo na ephre�zei shmantik� thn
apìdosh thc parallhlÐac. H epilog  tou arijmoÔ twn mel¸n thc k�je geni�c pou ja
axiolog sei h k�je upologistik  mon�da apoteleÐ sÔnjeth diadikasÐa, idÐwc ìtan to
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plègma apoteleÐtai apì upologistikèc mon�dec diaforetik¸n qarakthristik¸n kai ì-
tan oi axiolog seic twn upoy fiwn lÔsewn parousi�zoun �niso upologistikì kìstoc.
Tìte apaiteÐtai h efarmog  teqnik¸n gia thn bèltisth axiopoÐhsh thc k�je mon�dac.
H efarmog  thc parallhlÐac sto sugkekrimèno prìblhma parousi�zei idiaÐtera au-
xhmènh apìdosh, qwrÐc na apaiteÐtai �èxupnh� diaqeÐrish twn axiolog sewn, miac kai
oi upologistikèc mon�dec pou qrhsimopoioÔntai èqoun koin� qarakthristik� en¸ to
upologistikì kìstoc thc k�je axiolìghshc eÐnai perÐpou Ðdio.

Manager

 !"#$%&'(' 1  !"#$%&'(' 2  !"#$%&'(' )

*%+,#- 1 *%+,#- 1 *%+,#- )

- ./001(' 

2$/&+34#- 1
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-567$8(' 

5!"(. 9#:- 1

(GPU 1)

- ./001(' 

2$/&+34#- 2

(CPU 2)

-567$8(' 

5!"(. 9#:- 2

(GPU 2)

- ./001(' 

2$/&+34#- N

(CPU N)

-567$8(' 

5!"(. 9#:- N

(GPU N)

Sq ma 5.4: Par�llhlh axiolìghsh upoy fiwn lÔsewn se N kìmbouc (N ≥ 2).

Kìmboc
Qarakthristik�

CPU GPU
1 Intel Pentium D 3.00GHz Nvidia Ge-Force GTX 280
2 Intel Pentium D 3.00GHz Nvidia Ge-Force GTX 285

PÐnakac 5.1: Qarakthristik� twn kìmbwn (N = 2) pou qrhsimopoi jhkan sto sug-
kekrimèno prìblhma beltistopoÐhshc gia thn axiolìghsh twn upoy fiwn lÔsewn.
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To logismikì EASY

To logismikì EASY [31, 32, 33, 34, 35, 36] pou qrhsimopoi jhke sta plaÐsia
thc paroÔshc diplwmatik c ergasÐac gia th diadikasÐa thc beltistopoÐhshc anaptÔ-
qjhke kai exelÐqjhke apì to Ergast rio Jermik¸n Strobilomhqan¸n kai sth Mo-
n�da Par�llhlhc Upologistik c Reustodunamik c kai BeltistopoÐhshc tou EjnikoÔ
Metsìbiou PoluteqneÐou. EÐnai èna logismikì beltistopoÐhshc genik c qr shc pou
qrhsimopoieÐ exeliktikoÔc algorÐjmouc, ìpwc autoÐ perigr�fhsan parap�nw, gia th
beltistopoÐhsh problhm�twn enìc   perissìterwn stìqwn. 'Opwc anafèrjhke proh-
goumènwc, h qr sh twn exeliktik¸n algìrijmwn apaiteÐ sun jwc meg�lo arijmì a-
xiolog sewn, gegonìc to opoÐo antistajmÐzetai (se epÐpedo qrìnou anamon c) me th
qr sh metaprotÔpwn axiolìghshc. H teqnik  aut  uposthrÐzetai apì to logismi-
kì. To sugkekrimèno logismikì dÐnei epÐshc, th dunatìthta par�llhlhc axiolìghshc
twn upoy fiwn lÔsewn. Epitugq�netai me th qr sh dÔo   perissìterwn kìmbwn tou
plègmatoc upologist¸n. 'Etsi, se k�je kìmbo anatÐjetai h axiolìghsh enìc   peris-
sìterwn atìmwn thc k�je geni�c, arijmìc pou exart�tai apì twn arijmì twn kìmbwn.
H teqnik  aut  qrhsimopoieÐtai gia th meÐwsh tou qrìnou anamon c (wall clock time)
thc beltistopoÐhshc. Tèloc, anafèretai ìti to sugkekrimèno prìgramma uposthrÐzei
pl joc �llwn teqnik¸n kai mejìdwn, h qr sh twn opoÐwn den krÐjhke anagkaÐa sth
lÔsh tou sugkekrimènou probl matoc.

QamhloÔ Kìstouc BeltistopoÐhsh (Low Budget Optimization)

H efarmog  twn teqnik¸n pou analÔjhkan kai efarmìsthkan sto parìn prìblhma
beltistopoÐhshc tou elègqou ro c eÐqan wc apotèlesma thn an�ptuxh miac taqÔtathc
mejìdou beltistopoÐhshc qamhloÔ kìstouc. KÔrio qarakthristikì thc eÐnai o mikrìc
qrìnoc anamon c. Oi teqnikèc pou efarmìzontai sunoyÐzontai wc ex c:

• EpÐlush twn exis¸sewn ro c se GPUs.
Apotèlesma thc qr shc twn kart¸n grafik¸n gia thn epÐlush twn exis¸sewn
tou pedÐou ro c eÐnai h meÐwsh tou upologistikoÔ qrìnou gia k�je axiolìghsh.
'Opwc anafèrjhke sto kef�laio 3, h epÐlush twn exis¸sewn se mia k�rta gra-
fik¸n epitaqÔnetai plèon perÐpou 40 forèc se sqèsh me thn epÐlush twn Ðdiwn
exis¸sewn se ènan pur na epexergast . H epit�qunsh aut  apofèrei bèbaia
meÐwsh tou qrìnou anamon c.

• Qr sh metaprotÔpwn axiolìghshc.
Apotèlesma thc qr shc twn metaprotÔpwn eÐnai h meÐwsh tou sunolikoÔ arij-
moÔ twn axiolog sewn me ton trìpo pou perigr�fhke se parap�nw par�grafo.
Autì shmaÐnei meÐwsh tou upologistikoÔ kìstouc kai bèbaia meÐwsh tou qrìnou
anamon c.

• Par�llhlh axiolìghsh twn upoy fiwn lÔsewn.
H parallhlopoÐhsh epeteÔqjh me th qr sh dÔo kìmbwn tou plègmatoc upolo-
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gist¸n. Apotèlesma thc par�llhlhc axiolìghshc eÐnai h meÐwsh tou qrìnou
anamon c kaj¸c gÐnontai tautìqrona dÔo axiolog seic.
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Kef�laio 6

Apotelèsmata BeltistopoÐhshc

Sto parìn kef�laio parousi�zontai ta apotelèsmata thc beltistopoÐhshc, me th mè-
jodo pou parousi�sthke sto prohgoÔmeno kef�laio, tou elègqou ro c me qr sh thc
teqnik c suneqoÔc anarrìfhshc gÔrw apì aerotom  dedomènhc gewmetrÐac gia treic
diaforetikèc peript¸seic. H pr¸th perÐptwsh afor� th beltistopoÐhsh tou elègqou
ro c me mia dèsmh elègqou (DE) kai gwnÐa ep' �peiron ro c (a∞) Ðsh me 12o. H deÔte-
rh kai trÐth perÐptwsh anafèrontai se gwnÐa ep' �peiron ro c 18o me mÐa kai dÔo DE
antÐstoiqa. 'Ola ta apotelèsmata anafèrontai sthn Ðdia aerotom  “NACA 4415”,
adi�stath tim  Reynolds (Re) tou pedÐou ro c Ðsh me 500.000 kai arijmì Mach thc
ep' �peiron ro c (M∞) Ðso me 0.3. Oi diaforetikèc peript¸seic sunoyÐzontai ston
pÐnaka 6.1.

PerÐptwsh Arijmìc DE a∞ M∞ Re
1h 1 12 0.3 500,000
2h 1 18 0.3 500,000
3h 2 18 0.3 500,000

PÐnakac 6.1: Exetazìmenec peript¸seic beltistopoÐhshc elègqou ro c gÔrw apì ae-
rotom  tÔpou “NACA 4415”.

Perigraf  probl matoc beltistopoÐhshc

To zhtoÔmeno thc sugkekrimènhc beltistopoÐhshc eÐnai na upologistoÔn ta qa-
rakthristik� thc DE ro c ¸ste na megistopoihjeÐ h �nwsh tou sust matoc kai na
elaqistopoihjeÐ h antÐstash. Me b�sh aut  th diatÔpwsh aposafhnÐzontai oi eleÔ-
jerec metablhtèc (  metablhtèc sqediasmoÔ) tou probl matoc, dhlad  oi par�metroi
stic opoÐec prèpei na apodojoÔn timèc pou na exasfalÐzoun bèltisth aerodunamik 
sumperifor�, kai oi stìqoi tou probl matoc twn opoÐwn anazhtoÔme to akrìtato
(th mègisth   el�qisth tim  kat� perÐptwsh, pou antistoiqoÔn sthn aerodunamik�
bèltisth lÔsh). 'Etsi, me b�sh ìsa prohg jhkan èqoume:
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Metablhtèc sqediasmoÔ Stìqoi
- Jèsh op c thc dèsmhc (xslot) - MegistopoÐhsh Suntelest  'Anwshc
- EÔroc thc op c (SlotWidth) - ElaqistopoÐhsh Suntelest  AntÐstashc
- GwnÐa thc dèsmhc (θjet)
- Paroq  anarrìfhshc thc dèsmhs(Qjet)

Oi metablhtèc sqediasmoÔ èqoun kajoristeÐ  dh apì to kef�laio 4, ìpou apo-
deÐqthke ìti apoteloÔn tic paramètrouc euaisjhsÐac twn stìqwn tou sugkekrimènou
probl matoc. Par�llhla sto Ðdio kef�laio eÐqe gÐnei mia pr¸th diereÔnhsh thc epÐ-
drashc touc stic timèc twn stìqwn. To prìblhma, ìpwc diatup¸jhke, parousi�zei
dÔo stìqouc proc anaz thsh olikoÔ akrìtatou touc. O aplìc trìpoc ja  tan o
sunduasmìc twn dÔo stìqwn se ènan, eis�gontac kat�llhlouc pollaplasiastèc kai
to prìblhma na antimetwpisteÐ wc prìblhma beltistopoÐhshc enìc stìqou. Sthn
perÐptwsh aut  ìmwc, h bèltisth lÔsh ja antistoiqeÐ stouc suntelestèc pou qrhsi-
mopoi jhkan kai ja stereÐtai genikìthtac. Gia ton parap�nw lìgo antimetwpÐzetai
pragmatik� wc prìblhma dÔo stìqwn kai den upologÐzetai mia lÔsh all� to mètwpo
twn bèltistwn kat� Pareto lÔsewn.

Par�metroi algorÐjmou beltistopoÐhshc

Oi par�metroi pou tèjhkan ston algìrijmo beltistopoÐhshc eÐnai Ðdiec kai gia tic
treic peript¸seic elègqou. AutoÐ eÐnai:

ExeliktikoÐ par�metroi
- (Apìgonoi l, goneÐc m) = (20,8)
- EpÐlektoi = 6

Metaprìtupo axiolìghshc
- H ènarxh twn proseggistik¸n pro�axiolog sewn gÐnetai ìtan h b�sh dedomè-
nwn èqei toul�qiston 100 akribeÐc axiolog seic.
- AkribeÐc axiolog seic an� geni� met� thn ènarxh twn proseggistik¸n pro�
axiolog sewn: 2 ≤ σλ ≤ 3

6.1 PerÐptwsh 1η: 1 DE, a∞ = 12o

'Oria twn metablht¸n sqediasmoÔ

Ta ìria twn metablht¸n sqediasmoÔ kajorÐsthkan me b�sh th diereÔnhsh pou
ègine sto kef�laio 4. 'Etsi oi metablhtèc sqediasmoÔ mporoÔn na p�roun timèc pou
brÐskontai sta parak�tw diast mata.
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0.6 ≤ xslot ≤ 0.8
−30o ≤ θjet ≤ 30o

0.01 ≤ SlotWidth ≤ 0.02
0.0045 ≤ Qjet ≤ 0.0090

H jèsh thc op c xslot kai to eÔroc thc SlotWidth èqoun adiastatopoihjeÐ me to
m koc thc qord c c thc aerotom c (sthn prokeimènh perÐptwsh eÐnai monadiaÐou m -
kouc) en¸ h tim  thc paroq c èqei adiastatopoihjeÐ, epÐshc, sumfwna me th sqèsh:

Qjet =
(ρV )baseb

ρ∞U∞c

ìpou (ρV )base eÐnai to ginìmeno thc puknìthtac kai thc k�jethc taqÔthtac sth b�sh
thc koilìthtac thc dèsmhc, b to m koc thc b�shc thc koilìthtac wc proc to m koc
thc qord c c kai ρ∞, U∞ h puknìthta kai h taqÔthta thc ep' �peiron ro c.

Apotelèsmata BeltistopoÐhshc

H ektèlesh tou algorÐjmou beltistopoÐhshc, ìpwc autìc parousi�sthke sto
prohgoÔmeno kef�laio, èdwse to parak�tw mètwpo bèltistwn lÔsewn kat� Pareto
(sq ma 6.1).

CD

C
L

0.024 0.026 0.028 0.03 0.032 0.034 0.036 0.038
1.89

1.9

1.91

1.92

1.93

1.94

1.95

1.96

1.97

1.98
CL,Base = 1.489
CD,Base= 0.0388

Sq ma 6.1: PerÐptwsh 1: Bèltistec kat� Pareto lÔseic. Gia lìgouc sÔgkrishc,
anagr�fetai h apìdosh thc aerotom c qwrÐc èlegqo (CL,Base, CD,Base).
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LÔsh Pareto
Stìqoi Metablhtèc SqediasmoÔ

CD CL xslot θjet SlotWidth Qjet

1 0.0257 1.895 0.600 -9.76 0.0196 0.009
2 0.0282 1.913 0.650 -9.76 0.0197 0.009
3 0.0307 1.929 0.698 -10.94 0.0196 0.009
4 0.0336 1.946 0.749 -9.76 0.0196 0.009
5 0.0353 1.954 0.776 2.23 0.0197 0.009
6 0.0367 1.965 0.799 -9.76 0.0196 0.009

PÐnakac 6.2: PerÐptwsh 1: Timèc twn stìqwn kai twn metablht¸n sqediasmoÔ pou
antistoiqoÔn stic bèltistec lÔseic kat� Pareto.

K�je koukÐda antiproswpeÔei mÐa bèltisth lÔsh tou met¸pou. Qarakthristik 
idiìthta twn shmeÐwn eÐnai ìti kanèna apì aut� den upertereÐ opoioud pote �llou wc
proc ìlouc (kai touc dÔo) stìqouc. Oi metablhtèc sqediasmoÔ thc dèsmhc elègqou
pou antistoiqoÔn stic bèltistec lÔseic tou met¸pou dÐnontai ston pÐnaka 6.2.

Sta sq mata pou akoloujoÔn apeikonÐzontai to pedÐo ro c thc aerotom c gia
diakritèc bèltistec lÔseic kat� Pareto (sq ma 6.3) kai o antÐstoiqoc suntelest c
pÐeshc (CP ) thc k�je lÔshc (sq ma 6.4). Sugkekrimèna epilègontai na parousiastoÔn
oi dÔo oriakèc lÔseic (lÔseic 1 kai 6) kai mia endi�mesh (lÔsh 3). Qarakthristikì thc
oriak c lÔshc 1 eÐnai o el�qistoc suntelest c antÐstashc (CD) en¸ gia thn oriak 
lÔsh 6 o mègistoc suntelest c �nwshc (CL).
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Sq ma 6.2: PerÐptwsh anafor�c (qwrÐc èlegqo):PedÐo Mach kai isogrammèc Mach
thc ro c gÔrw apì thn aerotom  (a∞ = 120, M∞=0.3, Re = 500.000).
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(g) LÔsh 6

Sq ma 6.3: PerÐptwsh 1-Bèltistec lÔseic kat� Pareto: PedÐo Mach kai isogrammèc
Mach thc ro c (M∞ = 0.3).
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Sq ma 6.4: Suntelest c pÐeshc thc aerotom c CP gia tic peript¸seic qwrÐc èlegqo
(Unontrolled) kai me èlegqo (Controlled) tou sq matoc 6.3.

Sqoliasmìc twn apotelesm�twn

'Amesa sumper�smata prokÔptoun apì thn parat rhsh twn apotelesm�twn thc
beltistopoÐhshc pou brÐskontai sugkentrwmèna ston pÐnaka 6.2. Gia thn kalÔterh
epopteÐa twn stìqwn gia ta di�fora shmeÐa tou met¸pou Pareto ègine anagwg  touc
wc proc tic timèc thc perÐptwshc qwrÐc èlegqo (pÐnakac 6.3).

H paroq  anarrìfhshc thc dèsmhc, ìpwc proèkuye apì th beltistopoÐhsh, lam-
b�nei th mègisth tim  thc Qjet = 0.009 gia ìlec tic bèltistec lÔseic tou met¸pou.
To gegonìc autì  tan anamenìmeno kaj¸c aÔxhsh thc paroq c anarrìfhshc (entìc
�logik¸n� orÐwn) èqei wc apotèlesma meÐwsh thc z¸nhc apokìllhshc, kaj¸c ìlo kai
megalÔtero tm ma thc apokollhmènhc z¸nhc teÐnei na proskollhjeÐ sto toÐqwma lì-
gw thc anarrìfhshc. H ermhneÐa aut  epibebai¸jhke kai apì ta apotelèsmata thc
beltistopoÐhshc. Peraitèrw aÔxhsh thc tim c thc paroq c anamènetai na epifèrei
akìmh megalÔterh beltÐwsh twn aerodunamik¸n qarakthristik¸n thc aerotom c. 'O-
mwc gia thn realistik  prosomoÐwsh tou elègqou, ìpwc èqei  dh anaferjeÐ, gÐnetai
oriojèthsh twn tim¸n thc kurÐwc lìgw kataskeuastik¸n periorism¸n tou epenergh-
t  all� kai sunolik c apìdoshc thc ìlhc di�taxhc ¸ste na mhn gÐnetai asÔmforh h
qr sh thc. To eÔroc twn tim¸n thc sunhjÐzetai na eÐnai tètoio ¸ste h taqÔthta thc
dèsmhc sthn op  na eÐnai thc Ðdiac t�xhc megèjouc me thn taqÔthta thc ep' �peiron
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ro c. Sth sugkekrimènh perÐptwsh, me thn upìjesh ìti to reustì eÐnai sqedìn a-
sumpÐesto kai h katanom  thc taqÔthtac sthn op  eÐnai omoiìmorfh, prokÔptei ìti h
taqÔthta thc dèsmhc anarrìfhshc eÐnai Ðsh me 0.45 thc taqÔthtac thc ep' �peiron ro c.

H epìmenh metablht  sqediasmoÔ eÐnai to eÔroc thc op c, to opoÐo paramènei sta-
jerì sqedìn gia ìlec tic lÔseic tou met¸pou. H tim  aut  (SlotWidth) kumaÐnetai
metaxÔ 0.0196 kai 0.0197 tou m kouc thc qord c thc aerotom c, dhlad  teÐnei sto
�nw ìrio tou diast matoc pou tèjhke wc eÔroc gia th sugkekrimènh metablht  sqe-
diasmoÔ, dhlad  0.02. UpenjumÐzetai ìti mÐa pr¸th epilog  twn orÐwn tou eÔrouc thc
op c ègine me b�sh to gegonìc ìti aÔxhsh tou anoÐgmatoc thc op c pèra tou 2.5%
tou m kouc thc qord c den proxeneÐ shmantik  aÔxhsh thc �nwshc thc aerotom c, ì-
pwc upagoreÔei h ergasÐa touDannenberg [11] se aerotom  diaforetik c gewmetrÐac.

Sqedìn stajer  tim  parathreÐtai kai gia th gwnÐa thc dèsmhc (θjet). H tim  thc
eÐnai perÐpou Ðsh me −10o, dhlad  h dèsmh eÐnai sqedìn k�jeth sto toÐqwma thc aero-
tom c. ExaÐresh apoteleÐ to pèmpto shmeÐo tou Pareto, gia to opoÐo h Ðdia metablht 
eÐnai Ðsh me 2.230. Autì krÐnetai wc tuqaÐo. stoqastikìc algìrijmoc, mh epark c
sÔgklish). UpenjumÐzetai ìti h posìthta pou rujmÐzetai kai paÐrnei tim  Ðsh me thn
sugkekrimènh tim  thc gwnÐac eÐnai h gwnÐa twn toiqwm�twn thc koilìthtac pou pros-
dènontai sthn op  thc aerotom c, thn opoÐa tautÐzoume me th gwnÐa thc dèsmhc.

H teleutaÐa metablht  sqediasmoÔ thc dèsmhc elègqou, dhlad  h jèsh thc o-
p c (xslot), faÐnetai na askeÐ th shmantikìterh epÐdrash stouc dÔo stìqouc. Sthn
pragmatikìthta h sugkekrimènh metablht  diamorf¸nei to mètwpo Pareto, kaj¸c oi
upìloipec èlaban sqedìn stajer  tim  sÔmfwna me ta parap�nw. Gia th mikrìterh ti-
m  aut c (xslot = 0.6, dhlad  DE arket� an�nti), prokÔptei o el�qistoc suntelest c
antÐstashc (CD = 0.0257), en¸ gia th megalÔterh tim  (xslot = 0.799) prokÔptei o
mègistoc suntelest c �nwshs(CL = 1.965). H parat rhsh ìti h jèsh thc op c lam-
b�nei tic dÔo oriakèc thc timèc ìtan oi stìqoi parousi�zoun akrìtato, upodeiknÔei
ìti dieÔrunsh twn orÐwn thc sugkekrimènhc metablht c mporeÐ na èqei pijan¸c ¸c
apotèlesma peraitèrw beltÐwsh twn stìqwn. Sumperasmatik�, h met�bash sto mètw-
po apì thn tim  tou el�qistou CD sthn tim  tou mègistou CL gÐnetai me aÔxhsh thc
tim c thc sto antÐstoiqo di�sthma tim¸n thc. Dhlad , h metakÐnhsh thc jèshc thc
op c proc ta kat�nti èqei wc apotèlesma thn tautìqronh aÔxhsh tou CD kai tou CL.

O pÐnakac 6.3 kajist� emfan  thn �krwc jetik  epÐdrash tou elègqou ro c sta
aerodunamik� qarakthristik� thc aerotom c, se sÔgkrish me thn perÐptwsh pou den
efarmìzetai èlegqoc, se ìlec tic lÔseic tou met¸pou. UpenjumÐzetai ìti stìqoc tou
probl matoc beltistopoÐhshc  tan h megistopoÐhsh tou suntelest  �nwshc kai h e-
laqistopoÐhsh tou suntelest  antÐstashc. Ta apotelèsmata upodeiknÔoun mègisth
upoq¸rhsh tou CD kat� 34% (lÔsh 1) kai mègisth aÔxhsh tou CL kat� 31% (lÔsh
6), gia tic bèltistec oriakèc lÔseic. Oi upìloipec lÔseic apoteloÔn endi�mesec kata-
st�seic. KÔrio qarakthristikì twn lÔsewn tou met¸pou eÐnai ìti kamÐa den upertereÐ
opoiasd pote �llhc kai wc proc tou dÔo stìqouc (mh�kuriarqoÔmenec lÔseic). EÐnai
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shmantikì na anaferjeÐ ìti se ìlec tic lÔseic tou met¸pou oi timèc twn aerodunami-
k¸n suntelest¸n uperteroÔn ènanti thc perÐptwshc qwrÐc èlegqo.

LÔsh Pareto
Anhgmènoi Stìqoi

CD/CD,Base CL/CL,Base

1 0.66 1.27
2 0.72 1.28
3 0.79 1.29
4 0.86 1.30
5 0.91 1.31
6 0.94 1.31

PÐnakac 6.3: PerÐptwsh 1: Anhgmènec timèc twn bèltistwn suntelest¸n �nwshc
kai antÐstashc. H anagwg  ègine wc proc tic antÐstoiqec timèc qwrÐc thn efarmog 
elègqou (CL,Base = 1.489), CD,Base = 0.0388).
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Sq ma 6.5: PerÐptwsh 1: SÔgklish tou algorÐjmou beltistopoÐhshc
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6.2 PerÐptwsh 2η: 1 DE, a∞ = 18o

'Oria twn metablht¸n sqediasmoÔ

H epilog  twn orÐwn ègine me an�logo trìpo ìpwc sthn prohgoÔmenh perÐptwsh.
Basikì krit rio thc epilog c twn orÐwn thc jèshc thc op c apoteleÐ p�li h jèsh è-
narxhc thc apokìllhshc thc perÐptwshc qwrÐc èlegqo (sto kef�laio 4 upologÐsthke
ìti xekin� sth jèsh 0.40 tou m kouc thc aerotom c). Ta ìria twn upìloipwn metablh-
t¸n paramènoun Ðdia gia profaneÐc lìgouc. 'Etsi oi eleÔjerec metablhtèc mporoÔn
na p�roun timèc pou brÐskontai sta parak�tw diast mata.

0.15 ≤ xslot ≤ 0.50
−30o ≤ θjet ≤ 30o

0.01 ≤ SlotWidth ≤ 0.02
0.0045 ≤ Qjet ≤ 0.0090

H adiastatopoÐhsh twn metablht¸n sqediasmoÔ ègine ìpwc sthn pr¸th perÐptwsh.

Apotelèsmata BeltistopoÐhshc

H ektèlesh tou algorÐjmou beltistopoÐhshc èdwse to parak�tw mètwpo bèlti-
stwn lÔsewn kat� Pareto (sq ma 6.6).

LÔsh Pareto
Stìqoi Metablhtèc SqediasmoÔ

CD CL xslot θjet SlotWidth Qjet

1 0.0292 2.178 0.150 -2.23 0.0199 0.009
2 0.0295 2.222 0.335 -2.47 0.0199 0.009
3 0.0304 2.260 0.192 -2.23 0.0199 0.009
4 0.0315 2.291 0.215 -2.23 0.0198 0.009
5 0.0345 2.317 0.259 2.23 0.0198 0.009
6 0.0522 2.351 0.500 -2.23 0.0198 0.009

PÐnakac 6.4: PerÐptwsh 2: Timèc twn stìqwn kai twn metablht¸n sqediasmoÔ pou
antistoiqoÔn stic bèltistec lÔseic kat� Pareto.
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Sq ma 6.6: PerÐptwsh 2: Bèltistec kat� Pareto lÔseic. Gia lìgouc sÔgkrishc,
anagr�fetai h apìdosh thc aerotom c qwrÐc èlegqo (CL,Base, CD,Base).
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Sq ma 6.7: PèrÐptwsh anafor�c (qwrÐc èlegqo):PedÐo Mach kai isogrammèc Mach
thc ro c gÔrw apì thn aerotom  (a∞ = 180, M∞=0.3, Re = 500.000).
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(g) LÔsh 6

Sq ma 6.8: PerÐptwsh 2-Bèltistec lÔseic kat� Pareto: PedÐo Mach kai isogrammèc
Mach thc ro c (M∞ = 0.3).
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Sq ma 6.9: Suntelest c pÐeshc thc aerotom c CP gia tic peript¸seic qwrÐc èlegqo
(Unontrolled) kai me èlegqo (Controlled) tou sq matoc 6.8.

Sqoliasmìc twn apotelesm�twn

Ta sumper�smata pou prokÔptoun apì th melèth twn apotelesm�twn thc belti-
stopoÐhshc (pÐnakac 6.2) sumpÐptoun poiotik� me aut� thc pr¸thc perÐptwshc. Kai
ed¸ ègine anagwg  twn tim¸n twn stìqwn wc proc tic timèc thc perÐptwshc qwrÐc
èlegqo (pÐnakac 6.5).

Stajerès(  sqedìn stajerèc) prokÔptoun oi bèltistec timèc thc paroq c anar-
rìfhshc, tou eÔrouc thc op c kai thc gwnÐac thc dèsmhc. Sugkekrimèna, h paroq 
anarrìfhshc thc dèsmhc, ìpwc proèkuye apì th beltistopoÐhsh, lamb�nei th mègisth
tim  thc Qjet = 0.009 gia ìlec tic bèltistec lÔseic tou met¸pou. To gegonìc autì
 tan anamenìmeno. Peraitèrw aÔxhsh thc tim c thc paroq c anamènetai na epifè-
rei akìmh megalÔterh beltÐwsh twn aerodunamik¸n qarakthristik¸n thc aerotom c.
Sth sugkekrimènh perÐptwsh, me thn upìjesh ìti to reustì eÐnai asumpÐesto kai h
katanom  thc taqÔthtac sthn op  eÐnai omoiìmorfh, prokÔptei ìti h taqÔthta thc
dèsmhc anarrìfhshc eÐnai Ðsh me 0.45 thc taqÔthtac thc ep' �peirou ro c. To eÔroc
thc op c paramènei epÐshc sqedìn stajerì gia ìlec tic lÔseic tou met¸pou. H tim 
aut  (SlotWidth) kumaÐnetai metaxÔ 0.0198 kai 0.0199 tou m kouc thc qord c thc
aerotom c, dhlad  teÐnei sto �nw ìrio tou diast matoc pou tèjhke wc eÔroc gia th
sugkekrimènh metablht  sqediasmoÔ, dhlad  0.02. Sqedìn stajer  tim  parathreÐtai
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kai gia th gwnÐa thc dèsmhc (θjet). H tim  thc eÐnai perÐpou Ðsh me −2o, dhlad  h
dèsmh eÐnai sqedìn k�jeth sto toÐqwma thc aerotom c kai se aut  thn perÐptwsh. E-
xaÐresh apoteleÐ kai ed¸ to pèmpto shmeÐo tou Pareto, gia to opoÐo h Ðdia metablht 
eÐnai Ðsh me 2.230.

H jèsh thc op c (xslot) faÐnetai na askeÐ th shmantikìterh epÐdrash stouc dÔ-
o stìqouc kai se aut  thn perÐptwsh kai na diamorf¸nei to mètwpo Pareto, ka-
j¸c oi upìloipec èlaban sqedìn stajer  tim  sÔmfwna me ta parap�nw. Gia th
mikrìterh tim  aut c (xslot = 0.15), prokÔptei o el�qistoc suntelest c antÐstashc
(CD = 0.0292), en¸ gia th megalÔterh tim  (xslot = 0.5) prokÔptei o mègistoc sun-
telest c �nwshs(CL = 2.351). To gegonìc ìti h jèsh thc op c lamb�nei tic dÔo
oriakèc thc timèc ìtan oi stìqoi parousi�zoun akrìtato, upodeiknÔei ìti dieÔrunsh
twn orÐwn thc sugkekrimènhc metablht c mporeÐ na èqei pijan¸c ¸c apotèlesma pe-
raitèrw beltÐwsh twn stìqwn. Kai ed¸, h met�bash sto mètwpo apì thn tim  tou
el�qistou CD sthn tim  tou mègistou CL gÐnetai me aÔxhsh thc tim c thc sto antÐstoi-
qo di�sthma tim¸n thc en¸ oi upìloipec metablhtèc sqediasmoÔ paramènoun stajerèc.

O pÐnakac 6.3 deÐqnei kai ed¸ thn �krwc jetik  epÐdrash tou elègqou ro c sta
aerodunamik� qarakthristik� thc aerotom c, se sÔgkrish me thn perÐptwsh pou den e-
farmìzetai èlegqoc, se ìlec tic lÔseic tou met¸pou. M�lista, parathreÐtai kalÔterh
apìdosh tou elègqou se sqèsh me ta apotelèsmata thc pr¸thc perÐptwshc (sÔgkri-
sh antÐstoiqwn aÔxhsewn CL, CD). To gegonìc autì ègkeitai sth megalÔterh z¸nh
apokìllhsh thc kat�stashc anafor�c (dhlad  qwrÐc èlegqo ro c gia a∞ = 18o) kai
sqedìn thn pl rh ex�leiy  thc, ìpwc faÐnetai sto sq ma 6.8. Apì thn �llh pleur�,
h antÐstoiqh z¸nh apokìllhshc thc kat�stashc anafor�c gia a∞ = 12o eÐnai arket�
mikrìterh, h opoÐa me thn efarmog  elègqou periorÐzetai kai aut  sqedìn pl rwc.
'Etsi, h megalÔterh meÐwsh tou suntelest  antÐstashc, se sqèsh me thn pr¸th perÐ-
ptwsh, ègkeitai sthn megalÔterh meÐwsh thc z¸nhc apokìllhshc. Ta apotelèsmata
upodeiknÔoun mègisth upoq¸rhsh tou CD kat� 72% (lÔsh 1) kai mègisth aÔxhsh tou
CL kat� 57% (lÔsh 6), gia tic bèltistec oriakèc lÔseic. Endeiktik� anafèroume ìti
sthn perÐptwsh qwrÐc èlegqo h jèsh ènarxhc thc apokìllhshc eÐnai Ðsh me 0.40 thc
qord c en¸ sthn perÐptwsh tou elègqou periorÐzetai metaxÔ twn tim¸n 0.75 (lÔsh 1)
kai 0.85 (lÔsh 6).
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LÔsh Pareto
Anhgmènoi Stìqoi

CD/CD,Base CL/CL,Base

1 0.28 1.45
2 0.29 1.48
3 0.30 1.51
4 0.31 1.53
5 0.34 1.54
6 0.51 1.57

PÐnakac 6.5: PerÐptwsh 2: Anhgmènec timèc twn bèltistwn suntelest¸n �nwshc
kai antÐstashc. H anagwg  ègine wc proc tic antÐstoiqec timèc qwrÐc thn efarmog 
elègqou (CL,Base = 1.501), CD,Base = 0.1017).
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Sq ma 6.10: PerÐptwsh 2: SÔgklish tou algorÐjmou beltistopoÐhshc
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6.3 PerÐptwsh 3η: 2 DE, a∞ = 18o

'Oria twn metablht¸n sqediasmoÔ

H Ôparxh deÔterhc dèsmhc elègqou epib�llei thn eisagwg  epiplèon metablht¸n
elègqou sto prìblhma, ¸ste na kajorÐzontai ta qarakthristik� thc deÔterhc dèsmhc.
Ta ìria twn metablht¸n paramènoun Ðdia me aut� thc perÐptwshc 2, ìpou efarmìsthke
mÐa dèsmh elègqou. DiaforopoÐhshsh parousi�zei o trìpoc upologismoÔ twn orÐwn
twn paroq¸n. M�lista, sth sugkekrimènh perÐptwsh, oriojet jhke h tim  thc pa-
roq c thc mÐac dèsmhc gia lìgouc pou exhgoÔntai sth sunèqeia. Oi deÐktec 1 kai 2
eis�gontai gia th di�krish twn metablht¸n sqediasmoÔ twn dÔo desm¸n.

0.15 ≤ xslot,1 ≤ 0.50
−30o ≤ θjet,1 ≤ 30o

0.01 ≤ SlotWidth1 ≤ 0.02
0.15 ≤ xslot,2 ≤ 0.50
−30o ≤ θjet,2 ≤ 30o

0.01 ≤ SlotWidth2 ≤ 0.02
0.000 ≤ Qjet,1 ≤ 0.009

O trìpoc upologismoÔ twn orÐwn twn paroq¸n prokÔptei apì thn apaÐthsh gia
diat rhsh thc sunolik c paroq c twn dÔo op¸n sta Ðdia ìria me aut� thc paroq c thc
perÐptwshc 2. Sthn perÐptwsh pou den Ðsque h parap�nw apaÐthsh, den ja  tan efikt 
h sÔgkrish twn apotelesm�twn twn dÔo peript¸sewn. M�lista, sth sugkekrimènh
perÐptwsh, h sunolik  paroq  kai twn dÔo desm¸n tèjhke Ðsh me 0.009, dhlad  Ðsh me
thn tim  thc bèltisthc paroq c twn parap�nw peript¸sewn. Me ton trìpo autì apo-
feÔqjhke o kajorismìc nèac metablht c sqediasmoÔ   antÐstoiqou periorismoÔ, miac
kai stic prohgoÔmenec peript¸seic parathr jhke ìti h paroq  anarrìfhshc lamb�nei
th mègisth tim  thc wc bèltisth lÔsh. 'Etsi, h paroq  anarrìfhshc thc deÔterhc
dèsmhc (Qjet,2) apoteleÐ sthn perÐptwsh aut  exarthmènh metablht  kai upologÐze-
tai sunart sei thc paroq c thc pr¸thc (Qjet,1). Me b�sh ìsa anafèrjhsan, ìtan h
paroq  thc pr¸thc dèsmhc eÐnai Qjet,1, h paroq  thc deÔterhc Qjet,2 prokÔptei wc:

Qjet,2 = 0.009−Qjet,1 (6.1)

EpÐshc, sto prìblhma prostèjhkan kat�llhloi periorismoÐ gia th sqetik  jèsh
twn dÔo op¸n thc dèsmhc. Oi periorismoÐ autoÐ ekfr�sthkan mèsw twn paramètrwn
thc jèshc thc dèsmhc (xslot,i) kai tou antÐstoiqou eÔrouc thc k�je op c (SlotWidthi).
O lìgoc gia ton opoÐo ufÐstantai prokÔptei apì ton algìrijmo kataskeu c tou upolo-
gistikoÔ plègmatoc me dÔo dèsmec elègqou, o opoÐoc parousi�zei dÔo qarakthristik�
shmeÐa. Pr¸to shmeÐo apoteleÐ h adunamÐa kataskeu c plègmatoc ìtan tm mata twn
dÔo op¸n sumpÐptoun. Sthn perÐptwsh aut  ìmwc, to prìblhma an�getai se prìblhma
mÐac dèsmhc, to opoÐo exet�sthke sthn prohgoÔmenh enìthta. DeÔtero shmeÐo apo-
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teleÐ h adunamÐa kataskeu c plègmatoc ìtan h el�qisth apìstash metaxÔ twn dÔo
op¸n gÐnei mikrìterh miac prokajorismènhc tim c. 'Opwc perigr�fhke sto kef�laio
dÔo, h topojèthsh op c sto toÐqwma thc aerotom c epib�llei thn pÔknwsh thc pe-
rioq c gÔrw apì aut . Gia to lìgo autì den eÐnai efiktì, kat� thn kataskeu  dÔo
op¸n, tm mata twn perioq¸n pÔknwshc na sumpÐptoun, sÔmfwna me ton trìpo ka-
taskeu  tou plègmatoc pou akolouj jhke. GÐnetai �mesa antilhptì ìti o deÔteroc
periorismìc perilamb�nei kai ton pr¸to. Gia to sugkekrimèno plègma, h apìstash
thc perioq c pÔknwshc ekatèrwjen thc trÔpac eÐnai 0.05 tou m kouc thc qord c gia
thn k�je pleur�. O periorismìc pou prokÔptei eÐnai:

c =

{
xslot,1 − xslot,2 − slotwidth2 > 0.10 an xslot,1 ≥ xslot,2

xslot,2 − xslot,1 − slotwidth1 > 0.10 an xslot,1 < xslot,2
(6.2)

Apotelèsmata BeltistopoÐhshc

H ektèlesh tou algorÐjmou beltistopoÐhshc èdwse to parak�tw mètwpo bèlti-
stwn lÔsewn kat� Pareto (sq ma 6.11).
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Sq ma 6.11: PerÐptwsh 3: Bèltistec kat� Pareto lÔseic.
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LÔsh
Pareto

Stìqoi Metablhtèc SqediasmoÔ
CD CL xslot,1 θjet,1 SlotWidth1 Qjet,1 xslot,2 θjet,2 SlotWidth2 Qjet,2

1 0.0253 2.362 0.306 6.24 0.0191 0.0029 0.150 25.76 0.0188 0.0061
2 0.0263 2.378 0.427 1.29 0.0185 0.0027 0.160 26.00 0.0106 0.0063
3 0.0271 2.386 0.355 -1.29 0.0185 0.0027 0.161 26.00 0.0191 0.0063
4 0.0279 2.391 0.398 1.29 0.0185 0.0027 0.158 22.94 0.0197 0.0063
5 0.0297 2.394 0.355 1.29 0.0185 0.0027 0.150 26.00 0.0103 0.0063
6 0.0313 2.394 0.398 1.29 0.0185 0.0027 0.160 26.00 0.0103 0.0063

PÐnakac 6.6: PerÐptwsh 3: Timèc twn stìqwn kai twn metablht¸n sqediasmoÔ pou
antistoiqoÔn stic bèltistec lÔseic kat� Pareto.

H perÐptwsh anafor�c (perÐptwsh qwrÐc èlegqo) me thn opoÐa gÐnetai sÔgkrish
twn antÐstoiqwn apotelesm�twn eÐnai h Ðdia me aut  thc perÐptwshc 2 (sq ma 6.7). Kai
sthn perÐptwsh aut  parathroÔme ìti kajoristikì rìlo sth diamìrfwsh tou met¸pou
Pareto èqei h jèsh thc op c thc k�je dèsmhc. Oi upìloipec metablhtèc sqediasmoÔ
paramènoun sqedìn stajerèc me exaÐresh to eÔroc op c thc deÔterhc dèsmhc (pÐnakac
6.6). Ta apotelèsmata upodeiknÔoun mègisth upoq¸rhsh tou CD kat� 75% (lÔsh
1) kai mègisth aÔxhsh tou CL kat� 59% (lÔsh 6), gia tic bèltistec oriakèc lÔseic.
H sÔgkrish twn met¸pwn Pareto twn peript¸sewn 2 kai 3 (sq ma 6.14) deÐqnei ìti
oi bèltistec lÔseic thc teleutaÐac uperteroÔn kai wc proc touc dÔo stìqouc sqedìn
se ìla ta shmeÐa tou met¸pou se sqèsh me aut� thc pr¸thc perÐptwshc, kaj¸c to
nèo mètwpo èqei metatopisteÐ proc ta p�nw kai arister�. Eidikìtera, o suntelest c
�nwshc emfanÐzetai beltiwmènoc se ìlo to nèo mètwpo en¸ o suntelest c antÐstashc
ustereÐ mìno se mia mikr  perioq  tim¸n. Me b�sh ìsa anafèrjhkan, ex�getai to
sumpèrasma ìti   qr sh dÔo desm¸n elègqou eÐnai saf¸c apotelesmatikìterh apì th
qr sh miac dèsmhc wc proc thn aÔxhsh thc �nwshc - sto sugkekrimèno pedÐo tim¸n
twn metablht¸n sqediasmoÔ - kai kat� diast mata wc proc thn meÐwsh thc antÐstashc.
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(g) LÔsh 6

Sq ma 6.12: PerÐptwsh 3-Bèltistec lÔseic kat� Pareto: PedÐoMach kai isogrammèc
Mach thc ro c (M∞ = 0.3).
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Sq ma 6.13: Suntelest c pÐeshc thc aerotom c CP gia tic peript¸seic qwrÐc èlegqo
(Unontrolled) kai me èlegqo (Controlled) tou sq matoc 6.12.

LÔsh Pareto
Anhgmènoi Stìqoi

CD/CD,Base CL/CL,Base

1 0.25 1.57
2 0.26 1.58
3 0.27 1.59
4 0.27 1.59
5 0.29 1.59
6 0.31 1.59

PÐnakac 6.7: PerÐptwsh 3: Anhgmènec timèc twn bèltistwn suntelest¸n �nwshc
kai antÐstashc. H anagwg  ègine wc proc tic antÐstoiqec timèc qwrÐc thn efarmog 
elègqou (CL,Base = 1.501), CD,Base = 0.1017).
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Περιπτωση 3
Περιπτωση 2

Sq ma 6.14: PerÐptwsh 2 kai 3: Bèltistec kat� Pareto lÔseic. Oi bèltistec lÔseic
thc perÐptwshc 3 (2 DE) uperteroÔn ènanti thc perÐptwshc 2 (1 DE).
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Kef�laio 7

AnakefalaÐwsh - Suz thsh -
Sumper�smata

Sthn diplwmatik  aut  ergasÐa anaptÔssetai mia arijmhtik  mejìdoc prosomoÐwshc
tou energhtikoÔ elègqou thc ro c gÔrw apì aerotom  me efarmog  thc teqnik c
suneqoÔc anarrìfhshc. Par�llhla, efarmìzetai mia mèjodoc beltistopoÐhshc twn
paramètrwn thc parap�nw teqnik c se aerotom  me mia   perissìterec opèc anarrìfh-
shc. Basikì tm ma kai suneisfor� thc ergasÐac aut c eÐnai h an�ptuxh miac pl rouc
kai automatopoihmènhc diadikasÐac arijmhtik c prosomoÐwshc tou elègqou ro c, me
mia   perissìterec dèsmec anarrìfhshc   ègqushc reustoÔ, kai beltistopoÐhshc twn
paramètrwn thc dèsmhc se aerotomèc. H diadikasÐa efarmìzetai kai epideiknÔetai se
aerotom  tÔpou �NACA 4415�. Me dedomèna ta qarakthristik� thc dèsmhc elègqou,
kataskeu�zetai ubridikì upologistikì plègma gÔrw apì thn aerotom  kai akoloujeÐ
h arijmhtik  epÐlush thc ro c me logismikì tou ErgasthrÐou Jermik¸n Strobilomh-
qan¸n (epÐlush twn exis¸sewn Navier-Stokes se k�rtec grafik¸n). H gènesh thc
gewmetrÐac kai tou upologistikoÔ plègmatoc eÐnai pl rwc automatopoihmènh dÐnontac
th dunatìthta efarmog c algorÐjmou beltistopoÐhshc me paramètrouc sqedÐashc ta
qarakthristik� thc dèsmhc. Gia thn eÔresh twn bèltistwn qarakthristik¸n qrhsimo-
poieÐtai logismikì tou EJS (EASY).

H paroÔsa ergasÐa apoteleÐ sunèqeia palaiìterhc diplwmatik c ergasÐac [17] ka-
t� thn opoÐa eÐqe melethjeÐ o èlegqoc ro c se èna summetrikì agwgì �peirou pl�touc
pou fèrei kampÔlh diamìrfwsh sta pleurik� tou toiq¸mata. Tm ma thc palaiìterhc
ergasÐac  tan h dhmiourgÐa logismikoÔ gia thn kataskeu  tou plègmatoc thc koilì-
thtac tou epenerght  kai thc pÔknwshc thc perioq c p�nw apì thn op  thc dèsmhc
reustoÔ, stoiqeÐa pou qrhsimopoi jhkan (afoÔ prosarmìsthkan kat�llhla kai exelÐ-
qjhkan - emploutÐsthkan ìpou autì krÐjhke anagkaÐo) kai sthn paroÔsa diplwmatik 
ergasÐa. Oi shmantikìterec epekt�seic kai prosj kec pou èginan sunoyÐzontai wc e-
x c:

• Dunatìthta melèthc memonwmènhc aerotom c (ìqi mìno eswterik c aerodunami-
k c).
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• Automatopoihmènh gènesh plègmatoc me perissìterec apì mÐa opèc.

• Kataskeu  kampÔlwshc stic ènwsh koilìthtas�epenerght .

• QamhloÔ kìstouc beltistopoÐhsh.

H beltistopoÐhsh tou elègqou ro c stoqeÔei se qamhloÔ kìstouc diadikasÐa ka-
tafeÔgontac sth qr sh kart¸n grafik¸n p�nw tic opoÐec epilÔontai oi exis¸seic
ro c. TonÐzetai ìti h diadikasÐa pou anaptÔqjhke qarakthrÐzetai, ektìc apì qamh-
lì upologistikì kìstoc, kai apì qamhlì kìstoc kt shc tou exoplismoÔ (hardware)
pou qrhsimopoieÐtai. Tèloc, deÐqthke ìti to paraqjèn logismikì pragmatopoieÐ tou
stìqouc gia touc opoÐou dhmiourg jhke kai mporeÐ �mesa na qrhsimopoihjeÐ gia biomh-
qanikèc efarmogèc kai eÐnai epekt�simo gia na kalÔyei kai �llec pijanèc peript¸seic.
Sth sunèqeia akoloujeÐ anakefalaÐwsh kai sqoliasmìc twn epimèrwn sunistws¸n
thc diplwmatik c ergasÐac.

H ergasÐa pou ègine sunÐstatai se dÔo diaforetik� tm mata, ta opoÐa eÐnai:

1. H an�ptuxh automatopoihmènhc diadikasÐac gèneshc upologistikoÔ plègmatoc
gÔrw apì thn aerotom  gia thn prosomoÐwsh tou elègqou ro c me mÐa h peris-
sìterec dèsmec elègqou.

2. BeltistopoÐhsh twn qarakthristik¸n twn desm¸n elègqou se sugkekrimènec
sunj kec ro c.

ProsomoÐwsh elègqou ro c

H aerodunamik  apìdosh twn aerotom¸n suqn� mei¸netai lìgw thc apokìllhshc
thc ro c, h opoÐa aux�nei thn antÐstash kai par�llhla mei¸nei thn �nwsh, idÐwc se
meg�lec gwnÐec prìsptwshc. Skopìc loipìn thc ergasÐac eÐnai h beltÐwsh twn ae-
rodunamik¸n qarakthristik¸n (aÔxhsh suntelest  �nwshc CL - meÐwsh suntelest 
antÐstashc CD) me ton periorismì thc z¸nhc apokìllhshc, wc apotèlesma tou elèg-
qou ro c. Oi par�metroi euaisjhsÐac tou probl matoc eÐnai ta qarakthristik� thc
dèsmhc elègqou:

1. H jèsh thc op c thc dèsmhc

2. To eÔroc thc op c

3. H gwnÐa thc dèsmhc

4. H paroq  anarrìfhshc thc dèsmhc

Pr¸to b ma gia thn prosomoÐwsh tou elègqou apotèlese h dhmiourgÐa upologi-
stikoÔ plègmatoc gÔrw apì thn aerotom  (Kef�laio 2). H prosomoÐwsh thc dèsmhc
elègqou ègine me thn kataskeu  koilìthtac, h opoÐa prosarmìzetai sthn prokajori-
smènh jèsh thc op c sthn pleur� upopÐeshc, kai thn pÔknwsh thc perioq c gÔrw apì
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thn op . Sth b�sh thc koilìthtac orÐzetai h sumperifor� thc dèsmhc an�loga me to
eÐdoc tou energhtikoÔ elègqou pou efarmìzetai (ed¸ orÐzetai stajer  tim  gia to gi-
nìmeno thc puknìthtac me thn k�jeth sto ìrio sunist¸sa thc taqÔthtac ekeÐ, dhlad 
èmmesa h paroq  anarrìfhshc). O telikìc algìrijmoc gèneshc tou plègmatoc eÐnai
apotèlesma tropopoÐhshc tou  dh oloklhrwmènou apì to EJS genèth plègmatoc
gÔrw apì aerotom  qwrÐc thn parousÐa elègqou. Oi tropopoi seic perilamb�noun
thn kat�llhlh prosarmog  kai exèlixh�emploutismì twn  dh oloklhrwmènwn pro-
gramm�twn kataskeu c thc koilìthtac kai pÔknwshc thc perioq c gÔrw apì thn op 
all� kai thn an�ptuxh�prosarmog  exarq c nèwn programm�twn (l.q. algìrijmoc
apokop c, kataskeu  kampÔlwshc sthn ènwsh koilìthtas�epenerght , kataskeu 
perissìterwn thc mÐac dèsmec) ìpou autì krÐjhke anagkaÐo.

EpÐ twn plegm�twn aut¸n epilÔjhkan se k�rtec grafik¸n oi exis¸seic pou diè-
poun to pedÐo ro c (Reynolds Averaged Navier Stokes me èna montèlo tÔrbhc miac
merik c diaforik c exÐswshc, autì twn Spalart−Allmaras) me logismikì tou EJS
en¸ ègine mia pr¸th prosp�jeia gia prosèggish tou fusikoÔ fainomènou pou dièpei
ton èlegqo (kef�laia 3,4) all� kai melèth thc epÐdrashc twn metablht¸n sqediasmoÔ
sta aerodunamik� qarakthristik� thc aerotom c.

BeltistopoÐhsh

Gia thn eÔresh twn bèltistwn aerodunamik¸n qarakthristik¸n ègine qr sh lo-
gismikoÔ beltistopoÐhshc me exeliktikoÔc algìrijmouc (EASY). H qr sh twn exe-
liktik¸n algorÐjmwn, wc mèjodo beltistopoÐhshc, apaiteÐ sun jwc meg�lo arijmì
axiolog sewn gia sÔgklish sth bèltisth lÔsh kai sunep¸c meg�lou qrìnou anamo-
n c gia l yh twn antÐstoiqwn apotelesm�twn kaj¸c h axiolìghsh k�je upoy fiac
lÔshc proôpojètei th qronobìro epÐlush twn exis¸sewn Navier − Stokes. To ge-
gonìc autì antistajmÐsthke me th qr sh sugkekrimènwn teqnik¸n pou uposthrÐzei
to logismikì beltistopoÐhshc. Autèc eÐnai:

• Proseggistikèc pro�axiolog seic me metaprìtupa axiolìghshc

• Par�llhlh axiolìghsh twn upoy fiwn lÔsewn

Peraitèrw meÐwsh tou qrìnou anamon c epeteÔqjh me thn epÐlush twn exis¸sewn
ro c se k�rtec grafik¸n. Sugkekrimèna, h qr sh kart¸n grafik¸n epitaqÔnei thn
epÐlush perÐpou 40 forèc (me b�sh anafor�c thn epÐlush twn Ðdiwn exis¸sewn se e-
pexergast  monoÔ pur na) mei¸nontac kajoristik� ton upologistikì qrìno thc k�je
axiolìghshc. Ta parap�nw èqoun wc apotèlesma thn an�ptuxh miac mejìdou belti-
stopoÐhshc qamhloÔ kìstouc (Low Budget Optimization) tou probl matoc elègqou
ro c gÔrw apì aerotom , me apodektì qrìno anamon c tou mhqanikoÔ.

H beltistopoÐhsh efarmìsthke se treic diaforetikèc peript¸seic. Oi sunj kec
ro c stic opoÐec efarmìzetai o èlegqoc anafèrontai se adi�stath tim  Reynolds
tou pedÐou ro c Ðsh me 500.000, arijmì Mach thc ep' �peiron ro c Ðso me 0.3. Ta
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apotelèsmata pou proèkuyan apì thn beltistopoÐhsh gia tic di�forec peript¸seic
pou exet�sthkan eÐnai idiaÐtera enjarruntik� kai mporoÔn na apotelèsoun odhgì gia
mellontikèc efarmogèc. AkoloujeÐ mÐa sÔnoyh twn apotelesm�twn pou ex qjhsan
kaj¸c kai merikèc prot�seic th mellontik  qr sh aut¸n.

H pr¸th prosomoÐwsh kai beltistopoÐhsh tou elègqou ro c ègine me thn efarmog 
mÐac dèsmhc elègqou gia gwnÐa thc ep' �peiron ro c Ðsh me 12o. Gia tic sugkekrimènec
sunj kec ro c, h prìlexh tou pedÐou ro c, qwrÐc efarmog  elègqou, deÐqnei ìti h
ro  gÔrw apì thn aerotom  eÐnai apokollhmènh (olik  apokìllhsh sto 75% tou m -
kouc thc qord c). Ta apotelèsmata thc beltistopoÐhshc tou elègqou ro c deÐqnoun
sqedìn pl rh anaÐresh thc apokìllhshc. Gia th mikrìterh tim  tou diast matoc twn
dunat¸n jèsewn thc op c thc dèsmhc (xslot = 60% thc qord c), prokÔptei mikrìteroc
suntelest c antÐstashc kat� 34% (se sqèsh me thn perÐptwsh qwrÐc èlegqo), en¸
gia th megalÔterh tim  (xslot = 80% thc qord c) prokÔptei megalÔteroc suntelest c
�nwshc kat� 31%. Oi upìloipec metablhtèc sqediasmoÔ paramènoun stajerèc kai
sunep¸c h met�bash sto mètwpo twn bèltistwn lÔsewn kat� Pareto, apì thn tim 
tou el�qistou CD sthn tim  tou mègistou CL, gÐnetai me aÔxhsh thc jèshc thc op c
sto antÐstoiqo di�sthma tim¸n thc.

H deÔterh kai trÐth perÐptwsh anafèrontai se gwnÐa thc ep' �peiron ro c Ðsh me
18o me mÐa kai dÔo dèsmec elègqou antÐstoiqa. Sth deÔterh, ta apotelèsmata apì
thn efarmog  thc mÐac dèsmhc sumpÐptoun poiotik� me ta apotelèsmata thc pr¸thc.
Gia th mikrìterh tim  tou diast matoc twn dunat¸n jèsewn thc op c thc dèsmhc
(xslot = 15% thc qord c), prokÔptei mikrìteroc suntelest c antÐstashc kat� 72%
en¸ gia th megalÔterh tim  (xslot = 50% thc qord c) prokÔptei megalÔteroc suntele-
st c �nwshc kat� 57%. Oi upìloipec metablhtèc sqediasmoÔ paramènoun stajerèc
gia tic di�forec lÔseic kat� Pareto. H megalÔterh megalÔterh beltÐwsh twn ae-
rodunamik¸n qarakthristik¸n ofeÐletai sth megalÔterh meÐwsh thc apokìllhshc se
sqèsh me thn pr¸th perÐptwsh. H arq  thc apokìllhshc entopÐzontan sto 40% thc
qord c (qwrÐc èlegqo) en¸ h efarmog  elègqou epèfere mègisth aÔxhsh thc sto
85%. H prosomoÐwsh duo desm¸n elègqou (trÐth perÐptwsh)èdeixe ìti   qr sh dÔo
desm¸n elègqou eÐnai saf¸c apotelesmatikìterh apì th qr sh miac dèsmhc wc proc
thn aÔxhsh thc �nwshc - sto sugkekrimèno pedÐo tim¸n twn metablht¸n sqediasmoÔ
pou exet�sthke - kai kat� diast mata wc proc thn meÐwsh thc antÐstashc. Ta apote-
lèsmata eÐnai sugkrÐsima miac kai epilèqjhkan koin� ìria twn metablht¸n sqediasmoÔ
pou kajorÐzoun thn gewmetrÐa thc k�je dèsmhc. Epiplèon, h sunolik  paroq  stic
dÔo dèsmec thc teleutaÐac perÐptwshc diathr jhke Ðsh me aut  thc deÔterhc perÐ-
ptwshc sth mÐa dèsmh, ¸ste na up�rqei h Ðdia katan�lwsh isqÔoc apì tic diat�xeic
anarrìfhshc. Ta apotelèsmata èdeixan mègisth aÔxhsh tou suntelest  �nwshc kat�
59% kai mègisth meÐwsh tou suntelest  �nwshc kat� 75%.

KleÐnontac to kef�laio autì kai par�llhla thn parousÐash thc ergasÐac pou
ègine, na upenjumÐsoume ìti efarmìsthke èlegqoc thc ro c me th mèjodo thc sune-
qoÔc anarrìfhshc (steady suction). Olìklhrh h diadikasÐa pou anaptÔqjhke kai
parousi�sthke mporeÐ na efarmosteÐ gia thn suneq  ègqush (steady blowing) all�
kai thn periodik  anarrìfhsh�ègqush reustoÔ (sÔnjeth dèsmh -synthetic jet) sthn
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epif�neia aerotom¸n. 'Opwc anafèrjhke prohgoumènwc, h sumperifor� thc dèsmhc o-
rÐzetai stouc kìmbouc thc b�shc thc koilìthtac an�loga me to eÐdoc tou energhtikoÔ
elègqou pou epijumeÐtai mèsw kat�llhlwn tim¸n twn taqut twn. 'Etsi, me periodik 
metabol  thc oriak c taqÔthtac prosomoi¸netai sto qrìno kai h efarmog  thc sÔn-
jethc dèsmhc. Enallaktikìc trìpoc prosomoÐwshc thc sÔnjethc dèsmhc apoteleÐ h
periodik  metatìpish thc b�shc thc koilìthtac, me anadhmiourgÐa tou plègmatoc an�
qronikì b ma. Profan¸c, sthn perÐptwsh aut  h b�sh thc koilìthtac ja apoteleÐ
stereì toÐqwma kai ìqi eÐsodoc/èxodoc. Epiplèon, me epèbash ston k¸dika gèneshc
plègmatoc up�rqei h dunatìthta efarmog c thc mejìdou prosomoÐwshc kai beltisto-
poÐhshc tou elègqou ro c se pterug¸seic strobilomhqan¸n. Epèmbash dhlad  sth
gewmetrÐa tou perigr�mmatoc tou plègmatoc (sto ep' �peiro ìrio) gia ton kajorismì
perioq c eisìdou, exìdou kai periodikìthtac thc ro c.
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