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EuqaristÐec

Sto shmeÐo autì, ja  jela na ekfr�sw tic euqaristÐec mou se k�poia �toma ta opoÐa me

bo jhsan ¸ste na katafèrw na ekpon sw thn paroÔsa diplwmatik  ergasÐa. Katarq�c, jèlw

na euqarist sw ton anaplhrwt  kajhght  k.MpoÔrh gia thn amèristh bo jeia se ìla ta ma-

j mata tou ta opoÐa parakoloÔjhsa, gia thn suneq  upost rixh tou all� kai gia thn upomon 

pou epèdeixe, kajìlh thn di�rkeia thc proetoimasÐac thc diplwmatik c mou ergasÐac. Sth su-

nèqeia, ja  jela na euqarist sw thn upoy fia did�ktora kurÐa Basilik  Papp� h opoÐa  tan

p�nta prìjumh na mou apant sei se opoiad pote aporÐa eÐqa, ìtan �rqisa na èrqomai pr¸th fo-

r� se epaf  me thn peiramatik  mèjodo PIV. Tèloc, ja  jela na euqarist sw thn oikogèneia

mou gia thn sumpar�stash pou mou èdeixan ìla ta qrìnia twn spoud¸n mou sth sqol  twn

Mhqanolìgwn Mhqanik¸n tou EMP.



UpeÔjunh d lwsh gia logoklop  kai gia klop  pneumatik c idiokthsÐac:

'Eqw diab�sei kai katano sei touc kanìnec gia th logoklop  kai ton trìpo swst c a-
nafor�c twn phg¸n pou perièqontai ston odhgì suggraf c Diplwmatik¸n Ergasi¸n.
Dhl¸nw ìti, apì ìsa gnwrÐzw, to perieqìmeno thc paroÔsac Diplwmatik c ErgasÐac
eÐnai proðìn dik c mou ergasÐac kai up�rqoun anaforèc se ìlec tic phgèc pou qrhsi-
mopoÐhsa.
Onomatep¸numo: Nikìlaoc- Pètroc P�llac



Upologismìc Pièsewn apì Dedomèna PIV me
qr sh tou algorÐjmou SIMPLE

Nikìlaoc- Pètroc P�llac

SÔnoyh: Sthn paroÔsa ergasÐa, ègine h prosp�jeia exagwg c tou mèsou pedÐou pièsewn apì de-
domèna mèsa pedÐa taqut twn se èna epÐpedo. Oi sumbatikèc teqnikèc mètrhshc pièsewn den eparkoÔn
gia k�ti tètoio, afenìc giatÐ eÐnai shmeiakèc kai afetèrou giatÐ lìgw qronik c apìkrishc twn org�nwn
kai adunamÐac mètrhshc se ìlo to epÐpedo, kajÐstatai adÔnath h tautìqronh mètrhsh olìklhrwn twn
pedÐwn pÐeshc kai taqut twn. Pio sugkekrimèna, gia ton upologismì twn mèswn aut¸n pedÐwn, eis�go-
ntai wc dedomèna, pedÐa taqut twn pou èqoun exaqjeÐ me thn peiramatik  mèjodo PIV (Particle Image
Velocimetry). Met� thn eisagwg  twn dedomènwn pedÐwn epilÔetai h exÐswsh diìrjwshc pÐeshc kat�
thn mèjodo SIMPLE kai oi prokÔptousec diorj¸seic qrhsimopoioÔntai gia ton upologismì twn nèwn
tim¸n thc pÐeshc kaj¸c kai twn nèwn taqut twn, se k�je shmeÐo tou epipèdou. Autì eÐnai qr simo, giatÐ
oi taqÔthtec apì to peÐrama den ikanopoioÔn p�ntote thn exÐswsh sunèqeiac. Ed¸, krÐnetai skìpimo na
anaferjeÐ ìti to nèo stoiqeÐo to opoÐo eÐnai epijumhtì na lhfjeÐ upìyin sthn paroÔsa ergasÐa eÐnai h
Ôparxh tÔrbhc. Gia thn eisagwg  thc tÔrbhc, dokim�sthkan tìso montèlo tÔrbhc k-e ìso kai h �mesh
eisagwg  twn t�sewn Reynolds stic exis¸seic, upologismènec apì thn statistik  tou peir�matoc ìpwc
proèkuye apì th mèjodo PIV. H proanaferjeÐsa diadikasÐa efarmìsthke gia perÐptwsh peristrefìme-
nou kulÐndrou se akÐnhto reustì all� kai gia kÔbo embujismèno se ro  oriakoÔ str¸matoc me gwnÐa
prìsptwshc 0 moÐrec. Gia ton men kÔlindro h diadikasÐa efarmìsthke se èna epÐpedo k�jeto ston �xona
summetrÐac tou, gia ton de kÔbo se dÔo epÐpeda, èna an�nti kai èna kat�nti ta opoÐa eÐnai par�llhla
sthn dieÔjunsh thc ro c kai m�lista eÐnai kai epÐpeda summetrÐac.



Pressure Calculation from PIV Data Using
SIMPLE Algorithm

Nikolaos-Petros Pallas

Abstract: In the present thesis, it is attempted to calculate the time- averaged pressure field from
time- averaged planar velocity fields. The conventional measurement techniques are not adequate
because on the one hand they are suitable only for point measurements and on the other hand they
cannot be used for measuring simultaneously the whole pressure and velocity field. More specifically,
for the construction of those time- averaged fields, the needed velocity data have been already
extracted via PIV (Particle Image Velocimetry) experimental method. After the input of the velocity
fields, the pressure correction equation is solved, as the SIMPLE algorithm dictates, and the derived
pressure corrections are used for the calculation of the new pressures as well as for the new planar
velocities. The importance of this correction of data is paramount, because the data extracted from
the PIV method doesn’t always satisfy the continuity equation. Another element which is included
in the present thesis is the existence of turbulence. The methods which were introduced to include
the turbulence into the problem, were a k-e model of turbulence as well as a direct calculation of the
Reynolds stresses utilizing the PIV experiments statistics. The forenamed procedure is applied in two
separate cases: a rotating cylinder in a quiescent medium and a cube immersed in boundary-layer
flow with angle of attack equal to 0 degrees. For the cylinder, the process is implemented to a plane
vertical to the cylinder’s axis of symmetry, whereas for the cube, the planes where the pressure is
calculated are two: one upstream and one downstream. These two planes are parallel to the wind’s
direction and are also planes of symmetry.



SÔmbola

u: En gènei h stigmiaÐa orizìntia sunist¸sa taqÔthtac reustoÔ. 'Ustera apì èna shmeÐo sum-

bolÐzei thn u

v: En gènei h stigmiaÐa k�jeth sunist¸sa taqÔthtac reustoÔ. 'Ustera apì èna shmeÐo sumbo-

lÐzei thn v

P : En gènei h stigmiaÐa statik  pÐesh reustoÔ. 'Ustera apì èna shmeÐo sumbolÐzei thn P

v′: Apìklish thc v apì th mèsh tim  thc

u′: Apìklish thc u apì th mèsh tim  thc

% :Puknìthta reustoÔ

µ: Ix¸dec reustoÔ

e (deÐkthc): Anatolikì sÔnoro peperasmènou ìgkou

n (deÐkthc): Bìreio sÔnoro peperasmènou ìgkou

s (deÐkthc): Nìtio sÔnoro peperasmènou ìgkou

w (deÐkthc): Dutikì sÔnoro peperasmènou ìgkou

Ae: Epif�neia anatolikoÔ sunìrou

Aw: Epif�neia dutikoÔ sunìrou

An: Epif�neia bìreiou sunìrou

As: Epif�neia nìtiou sunìrou

SP , SU : 'Oroi phg c exis¸sewn proc epÐlush

V ol: 'Ogkoc upologistikoÔ kelioÔ

P (deÐkthc): Kèntro ek�stote peperasmènou ìgkou

N (deÐkthc): Kèntro amèswc boreiìterou peperasmènou ìgkou

S (deÐkthc): Kèntro amèswc notiìterou peperasmènou ìgkou

E (deÐkthc): Kèntro amèswc anatolikìterou peperasmènou ìgkou

W (deÐkthc): Kèntro amèswc dutikìterou peperasmènou ìgkou
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αΦ
i : Suntelestèc thc exÐswshc (2.1.6)

αP
′

i : Suntelestèc exÐswshc diìrjwshc pÐeshc

DU(I, J) : Suntelest c diìrjwshc thc sunist¸sac u sthn jèsh I,J

DV (I, J) : Suntelest c diìrjwshc thc sunist¸sac v sthn jèsh I,J

P ′: Diìrjwsh pÐeshc

SP
′

U : 'Oroc phg c exÐswshc diìrjwshc pÐeshc

δxi (  apl� δx): pleur� kat� x peperasmènou ìgkou, i=e,w,n,s sÔnora

δyi (  apl� δy): pleur� kat� y peperasmènou ìgkou, i=e,w,n,s sÔnora

u: Orizìntia sunist¸sa mèshc taqÔthtac reustoÔ

v: K�jeth sunist¸sa mèshc taqÔthtac reustoÔ

P : Mèsh statik  pÐesh reustoÔ

∆X   ∆x : Diamèrish kat� x thc mejìdou PIV

∆Y   ∆y: Diamèrish kat� y thc mejìdou PIV

N : Arijmìc stigmiìtupwn PIV

µt: ProsaÔxhsh tou ix¸douc tou reustoÔ. QrhsimopoieÐtai sto montèlo k-e

µl: Ix¸dec tou reustoÔ sth dedomènh jermokrasÐa (l ek tou laminar)

k: Kinhtik  enèrgeia thc tÔrbhc

ε: Katastrof  thc kinhtik c enèrgeiac thc tÔrbhc

Ncyl: Gwniak  taqÔthta kulÐndrou

C1, C2, Cµ, σε: EmpeirikoÐ suntelestèc montèlou k-e

Rcyl: aktÐna kulÐndrou

Hc: 'Uyoc kulÐndrou

Rl: M koc adiastatopoÐhshc

Pe: Adi�statoc arijmìc Peclet

f : Adi�statoc gewmetrikìc suntelest c ubridikoÔ sust matoc

ΓΦ: Genik  diatÔpwsh suntelest  di�qushc gia thn ek�stote exÐswsh
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Ut: Sunistamènh taqut twn u, v

CR: Upìloipo diaforik c exÐswshc sunèqeiac gia asumpÐesth ro 

CRN : Adiastatopoihmèno CR

ICR: Upìloipo oloklhrwmatik c exÐswshc diat rhshc m�zac gia asumpÐesth ro 

ICRN : Adiastatopoihmèno ICR

CORR (deÐkthc): DeÐkthc diorjwmènwn metablht¸n u, v, Ut apì thn epanalhptik  diadikasÐa

PIV (deÐkthc): DeÐkthc metablht¸n u, v, Ut wc èqoun apì PIV.

εcorr,Φ(%): Sqetikì sf�lma metaxÔ metablht¸n uCORR, vCORR, Ut,CORR kai uPIV , vPIV , Ut,P IV

antÐstoiqa (bl. parap�nw)

uanal: Orizìntia sunist¸sa taqÔthtac peristrefìmenou kulÐndrou apì analutik  lÔsh astrìbi-

lou asumpÐestou pedÐou

vanal: K�jeth sunist¸sa taqÔthtac peristrefìmenou kulÐndrou apì analutik  lÔsh astrìbi-

lou asumpÐestou pedÐou

Γ: KukloforÐa shmeiak c dÐnhc astrìbilou kai asumpÐestou pedÐou

Panal: PÐesh apì exÐswsh Bernoulli pou prokÔptei apì thn analutik  lÔsh gia peristrefìmeno

kÔlindro.

Pref : PÐesh anafor�c me b�sh thn opoÐa upologÐzetai h Panal(bl. parap�nw)

Uanal,t: Sunistamènh twn uanal, vanal

Xmax: H mègisth suntetagmènh kat� x tou pedÐou

Ymax: H mègisth suntetagmènh kat� y tou pedÐou

Xmin: H el�qisth suntetagmènh kat� x tou pedÐou

Ymin: H el�qisth suntetagmènh kat� y tou pedÐou
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1 Eisagwg 

Sthn paroÔsa ergasÐa, epidi¸ketai h exagwg  pedÐou pièsewn upologistik� apì dedo-

mèna pedÐa taqut twn me qr sh thc peiramatik c mejìdou PIV. H peiramatik  mèjodoc

PIV, eÐnai mia mh parembatik  mèjodoc mètrhshc roðk¸n pedÐwn. 'Otan lègetai ìti eÐnai

mh parembatik  mèjodoc, praktik� ennoeÐtai ìti se antÐjesh me sumbatikèc mejìdouc

mètrhshc taqÔthtac (swl nac Pitot, jermì n ma k.lp.), den eis�gontai diataraqèc sto

pedÐo taqut twn kat� thn di�rkeia thc mètrhshc. AfoÔ gÐnei h katagraf  dÔo diadoqi-

k¸n fwtografik¸n stigmiìtupwn tou epipèdou sto opoÐo epizhteÐtai na gÐnei mètrhsh,

tìte me thn efarmog  thc mejìdou thc eterosusqètishc 1 metaxÔ twn dÔo aut¸n stigmi-

ìtupwn, mporeÐ na upologisteÐ to stigmiaÐo pedÐo taqut twn. Epiplèon, paradosiak� h

mèjodoc PIV qrhsimopoieÐtai gia thn mètrhsh twn dÔo sunistws¸n thc taqÔthtac. An

epijumeÐtai na metrhjeÐ kai h trÐth, qrhsimopoieÐtai h Stereo PIV.

H pr¸th er¸thsh pou mporeÐ na èrjei sto mualì tou anagn¸sth, eÐnai to kat� pìso

sumfèrei na exaqjeÐ to pedÐo pÐeshc upologistik� mèsw peiramatik¸n dedomènwn gia thn

taqÔthta kai ìqi apeujeÐac me k�poia peiramatik  mèjodo. H apeujeÐac mètrhsh pedÐou

pièsewc me peiramatik  mèjodo, den eÐnai efikt  me thn paroÔsa teqnologÐa giatÐ ta

perissìtera peiramatik� mèsa eÐnai afenìc shmeiak c mètrhshc, pr�gma pou shmaÐnei ìti

prèpei na metakineÐtai to ìrgano mètrhshc se di�fora shmeÐa tou pedÐou kai epomènwc den

eÐnai dunat  h exagwg  ìlou tou pedÐou pièsewc tautìqrona kai afetèrou oi peiramati-

kèc mèjodoi metr sewc thc pÐeshc eÐnai parembatikèc kai ètsi dhmiourgoÔntai diataraqèc

sth ro  pou alloi¸noun thn poiìthta twn apotelesm�twn. Kat' autì ton trìpo, gÐnetai

katanoht  h shmasÐa upologismoÔ pedÐou pièsewc apì peiramatik� dedomèna taqut twn

pou ex qjhsan me qr sh thc mejìdou PIV.

'Opwc anafèrei o van Oudheusden (2013) se mÐa sÔnoyh twn diaforetik¸n mejìdwn

upologismoÔ pÐeshc apì PIV dedomèna, polloÐ ereunhtèc èqoun proteÐnei apeujeÐac

1cross correlation
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mètrhsh pièsewn me qr sh ègqushc sfairidÐwn aèra ta opoÐa leitourgoÔn wc aisjht rec

pÐeshc me arq  leitourgÐac thn parat rhsh thc allag c tou sq matoc touc. Akìmh ìmwc

kai aut  h mèjodoc, den epitrèpei tautìqronh mètrhsh pedÐwn taqut twn kai pedÐou pÐe-

shc, toul�qiston ìqi se ìlec tic peript¸seic.MÐa �llh peiramatik  mèjodoc mètrhshc

pÐeshc eÐnai h qr sh upereuaÐsjhthc mpogi�c, ìpwc anafèroun o van Oudheusden et

al.(2007). 'Ena apì ta meionekt mata ìmwc aut c thc mejìdou eÐnai ìti qrhsimopoieÐtai

mìno gia thn mètrhsh pièsewn se epif�neiec kai ìqi se olìklhro to pedÐo. Tèloc, epi-

shmaÐnetai ìti �lloc ènac lìgoc pou kajist� thn exagwg  pièsewn apì dedomèna PIV

tìso elkustik  eÐnai h Ðdia h mèjodoc PIV pou qrhsimopoieÐtai wc prokatarktikì b ma.

Dhlad , to gegonìc ìti prìkeitai gia mÐa mh parembatik  mèjodo (non-intrusive) mètrh-

shc thn kajist� axiìpisth kai an¸terh apì opoiad pote �llh up�rqei aut  th stigm .

Deutereuìntwc, mporeÐ k�poioc na anarwthjeÐ sqetik� me ta poia eÐnai h qrhsimìth-

ta thc exagwg c pedÐou pièsewn gÔrw apì èna antikeÐmeno. Autì mporeÐ na apanthjeÐ

polÔ oloklhrwmèna me èna par�deigma: èstw ìti up�rqei h epijumÐa na metrhjoÔn ta

fortÐa pou dèqetai èna kt rio lìgw tou anèmou. Ousiastik�, an oloklhrwjeÐ h pÐesh

qwrik� se ìla ta toiq¸mata autoÔ tou kthrÐou mporoÔn na brejoÔn kai ta fortÐa. An

loipìn, metrhjoÔn oi taqÔthtec tou anèmou gÔrw apì k�poia omoÐwma tou kthrÐou autoÔ

se klÐmaka, se mia aeros ragga, mporeÐ en suneqeÐa na exaqjeÐ to pedÐo pÐeshc kai me

qr sh gewmetrik¸n lìgwn omoiìthtac, adi�statwn arijm¸n k.lp. na dieurunjoÔn ta

sumper�smata kai gia to kt rio autì kaj' autì. TonÐzetai ed¸, ìti ta anemofortÐa apo-

teloÔn spoudaÐo par�gonta gia thn kataskeu  twn ouranoxust¸n Autì to par�deigma,

apoteleÐ mìno mÐa apì tic p�mpollec efarmogèc pou sqetÐzontai me thn ergasÐa.

Me thn Ðdia logik  pou periegr�fhke sto parap�nw par�deigma, ja mporoÔse mÐa �llh

efarmog  na sqetÐzetai me to kat� pìso eÐnai sumfèrousa h kataskeu  anemogennhtri¸n

se astikì   opoiod pote �llo perib�llon. Dhlad , mèsw twn pièsewn pou dèqetai h

anemogenn tria, ja mporoÔse na exaqjeÐ h kampÔlh isqÔoc thc. Epiplèon, ja mporoÔse
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na efarmosteÐ h Ðdia mèjodoc kai gia thn propèla enìc ploÐou all� kai genikìtera gia

opoiad pote efarmog  sthn opoÐa apaiteÐtai mètrhsh pièsewn kai fortÐwn. En olÐgoic,

ìpou mporeÐ na efarmosteÐ h mèjodoc PIV mporeÐ na efarmosteÐ kai h mèjodoc pou

proteÐnetai sto parìn sÔggramma.

ProtoÔ dojeÐ mÐa bibliografik  anaskìphsh, prèpei na eipwjeÐ ìti oi mèjodoi kata-

skeu c pedÐou pÐeshc apì dedomèna pedÐa taqut twn me thn mèjodo PIV, qwrÐzontai se

dÔo basikèc kathgorÐec: se autèc pou sthrÐzontai sthn epÐlush mÐac diaforik c exÐswshc

Poisson gia thn pÐesh   sthn apeujeÐac epÐlush twn exis¸sewn orm c gia thn exagw-

g  tou pedÐou pÐeshc kai se autèc pou epistrateÔoun ènan algìrijmo thc oikogèneiac

SIMPLE. DieukrinÐzetai ìti h mejodologÐa thc paroÔsac ergasÐac up�getai sth deÔterh

kathgorÐa. H basik  eidopoiìc diafor� metaxÔ twn dÔo mejìdwn eÐnai ìti h pr¸th ba-

sÐzetai sthn epÐlush apl� mÐac exÐswshc pÐeshc (Poisson)   twn dÔo exis¸sewn orm c,

en¸ h deÔterh eÐnai mÐa epanalhptik  mèjodoc sthn opoÐa epilÔontai oi exis¸seic orm c

kai h exÐswsh pÐeshc (proerqìmenh apì thn exÐswsh sunèqeiac) wc sÔsthma exis¸sewn

mèqri sugklÐsewc autoÔ.

Epomènwc, me aut  th mèjodo, afenìc upologÐzetai to pedÐo pièsewc, afetèrou dior-

j¸nontai ta Ðdia ta peiramatik� dedomèna ¸ste na ikanopoioÔn thn exÐswsh sunèqeiac.

M�lista, aut  h mèjodoc efarmìzetai sth sunèqeia thc ergasÐac gia treic om�dec de-

domènwn: gia dedomèna apeujeÐac apì epÐlush mèsw progr�mmatoc upologistik c reu-

stomhqanik c (CFD)2 , gia dedomèna PIV se epÐpedo k�jeto ston �xona summetrÐac

peristrefìmenou kulÐndrou kai gia dedomèna PIV se epÐpeda gÔrw apì ènan kÔbo, tou

opoÐou h gwnÐa prìsptwshc sthn an�nti èdra tou eÐnai mhdenik . Tèloc, anafèretai ìti

se ìlec tic proanaferjeÐsec peript¸seic, lamb�netai upìyin h tÔrbh kaj¸c kai ìti h

epÐlush afor� ta mèsa pedÐa taqut twn kai pÐeshc.

Oi Fujisawa, et al.(2005) afoÔ èferan tic exis¸seic orm c kai sunèqeiac se morf 

2Computational Fluid Dynamics
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miac exÐswshc Poisson gia thn pÐesh gia th perÐptwsh kulÐndrou, akÐnhtou kai peristro-

fik� talantoÔmenou, ex gagan stigmiaÐa pedÐa pièsewn apì stigmiaÐa pedÐa taqut twn

upologismèna me th mèjodo PIV jewr¸ntac ìmwc th ro  mìnimh, mh sunektik  kai asu-

mpÐesth. Oi Vanierschot and Van Den Bulck (2008) kai autoÐ me efarmog  thc exÐswshc

Poisson, upolìgisan ta mèsa pedÐa pÐeshc daktulioeidoÔc dèsmhc me je¸rhsh mh sune-

ktik c, asumpÐesthc kai axonosummetrik c ro c. Oi de Kat et al. (2008), se antÐjesh

me touc proanaferjèntec, upolìgisan to stigmiaÐo pedÐo pÐeshc gia stigmiìtupo taqu-

t twn apì Stereo-TR-PIV tou mh mìnimou omìrrou tetragwnikoÔ tm matoc me qr sh kai

thc exÐswshc Poisson all� kai me apeujeÐac epÐlushc twn exis¸sewn orm c. M�lista

diex gagan kai sugkrÐseic an�mesa stouc dÔo trìpouc upologismoÔ. Sthn Ðdia logik 

kin jhkan kai oi Charonko et al.(2010), oi opoÐoi epèlusan di�forec morfèc thc e-

xÐswshc Poisson gia thn pÐesh kaj¸c kai apeujeÐac tic exis¸seic orm c (ousiastik� tic

Navier-Stokes) me dedomèna pedÐa taqut twn apì DPIV3.

Oi Suryadi and Obi (2011) me qr sh thc trisdi�stathc exÐswshc Poisson -kai ìqi a-

pl¸c thc disdi�stathc ìpwc oi prohgoÔmenoi- kai dedomèna pedÐa taqut twn apì Stereo

PIV, upolìgisan ta dunamik� fortÐa epif�neiac aerotom c se flapping kÐnhsh. Oi

Kindere,et al.(2019) kai autoÐ me epÐlush exÐswshc Poisson gia thn pÐesh, all� kai

me qr sh kai thc upìjeshc pagwmènhc tÔrbhc tou Taylor , gia na upokatast soun thn

ftwq  qronik  plhroforÐa, upolìgisan ìqi mìno mèsa pedÐa pÐeshc all� kai stigmiaÐa,

apì dedomèna taqut twn PIV.

Oi dhmosieÔseic stic opoÐec qrhsimopoieÐtai o algìrijmoc SIMPLE   k�poia paralla-

g  tou gia upologismì pedÐou pièsewn apì dedomèna PIV eÐnai dÔo.Sugkekrimèna: oi Jaw

et al. (2009) me qr sh tou algorÐjmou SIMPLER se omìjeto (non-staggered) plègma,

ex gagan apotelèsmata gia stigmiìtupa disdi�statwn, asumpÐestwn, mìnimwn, strwt¸n

ro¸n. Tèloc, oi Gunaydinoglu and Kurtulus (2019), kai autoÐ me qr sh tou algorÐj-

3Digital Particle Image Velocimetry
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mou SIMPLER, ex gagan pedÐa pièsewn tìso gia mìnimec, asumpÐestec, strwtèc roèc

ìso kai gia mh mìnimec. To kenì to opoÐo eÐnai epijumhtì na kalufjeÐ me thn paroÔsa

ergasÐa eÐnai o upologismìc mèswn pedÐwn pièsewc gia mèsa pedÐa taqut twn turb¸douc

kai asumpÐesthc ro c.
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2 StoiqeÐa JewrÐac

Se autì to kef�laio, ja dojoÔn ìla ta aparaÐthta stoiqeÐa ¸ste na katasteÐ ka-

tanoht  h diadikasÐa epÐlushc h opoÐa efarmìsthke. Pio sugkekrimèna, ja dojoÔn oi

basikèc epiluìmenec exis¸seic, oi diaforetikoÐ trìpoi eisagwg c thc tÔrbhc sto prìblh-

ma kaj¸c kai ja epishmanjoÔn ta aparaÐthta dedomèna, o trìpoc eisagwg c touc kai oi

oriakèc sunj kec pou epibl jhkan. Epiplèon, ja dojoÔn kai loip� stoiqeÐa jewrÐac ta

opoÐa jewroÔntai qr sima gia thn katanìhsh thc diadikasÐac kai tèloc ja parousiasteÐ

h Ðdia h algorijmik  diadikasÐa epÐlushc.

2.1 Basikèc epiluìmenec exis¸seic kai diakritopoÐhsh touc

'Opwc èqei  dh eipwjeÐ, oi basikèc exis¸seic pou epilÔontai eÐnai oi exis¸seic orm c

kai h exÐswsh diìrjwshc pÐeshc. Arqik� ja graftoÔn oi exis¸seic orm c wc èqoun.

Kat' autì ton trìpo, arqik� dÐnontai oi exis¸seic orm c kat� x kai kat� y antÐstoiqa:

%u
∂u

∂x
+ %v

∂u

∂y
−
[
∂

∂x

(
µ
∂u

∂x

)
+

∂

∂y

(
µ
∂u

∂y

)]
= −∂P

∂x
+

[
∂

∂x

(
µ
∂u

∂x

)
+

∂

∂y

(
µ
∂v

∂x

)]
(2.1.1)

%u
∂v

∂x
+%v

∂v

∂y
−
[
∂

∂x

(
µ
∂v

∂x

)
+
∂

∂y

(
µ
∂v

∂y

)]
= −∂P

∂y
+

[
∂

∂x

(
µ
∂u

∂y

)
+
∂

∂y

(
µ
∂v

∂y

)]
(2.1.2)

TonÐzetai ìti oi �nwjen exis¸seic isqÔoun gia neut¸neio reustì se perÐptwsh disdi-

�statou, asumpÐestou kai mìnimou pedÐou sto opoÐo to ix¸dec metab�lletai qwrik�. Se

sunj kec strwt c ro c kai stajer c jermokrasÐac, to ix¸dec genik� jewreÐtai staje-

rì. 'Opwc ìmwc ja faneÐ sth sunèqeia, ìtan autèc oi exis¸seic lÔnontai mazÐ me montèlo

tÔrbhc k-e, to ix¸dec prokÔptei qwrik� metaballìmeno.

To epìmeno b ma eÐnai na efarmosteÐ h mèjodoc twn peperasmènwn ìgkwn gia tic

exis¸seic (2.1.1) kai (2.1.2). 'Etsi, jètontac Φ = u, v an� perÐptwsh, autèc oi exis¸seic
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gÐnontai:

(
%uΦ−µ∂Φ

∂x

)
e

Ae−
(
%uΦ−µ∂Φ

∂x

)
w

Aw+

(
%vΦ−µ∂Φ

∂y

)
n

An−
(
%vΦ−µ∂Φ

∂y

)
s

As = (SPΦP+SU)V ol

(2.1.3)

ìpou genik� SP=0 gia mìnima pedÐa kai gia Φ = u:

SU = −∂P
∂x

+

[
∂

∂x

(
µ
∂u

∂x

)
+

∂

∂y

(
µ
∂v

∂x

)]
(2.1.4)

kai gia Φ = v:

SU = −∂P
∂y

+

[
∂

∂x

(
µ
∂u

∂y

)
+

∂

∂y

(
µ
∂v

∂y

)]
(2.1.5)

Sto shmeÐo autì, krÐnetai skìpimo na gÐnei h ex c dieukrÐnish: oi epif�neiecAe, Aw, An, As

sthn ousÐa den eÐnai epif�neiec efìson h paroÔsa diadikasÐa antapokrÐnetai se disdi-

�stata probl mata, all� eujÔgramma tm mata. Ja mporoÔse na eipwjeÐ ìti gia thn

trÐth di�stash jewr jhke ìti DZ=1. Parìmoio sumpèrasma isqÔei kai gia ton ìgko

tou upologistikoÔ kelioÔ (V ol). Epiplèon, prèpei na anaferjeÐ ìti oi ìroi phg c pou

anagr�fontai stic exis¸seic (2.1.4), (2.1.5) aforoÔn to kèntro tou ek�stote pepera-

smènou ìgkou exoÔ kai o deÐkthc P sthn metablht  Φ. Gia na gÐnei kalÔtera katanoht 

h gewmetrÐa tou ek�stote peperasmènou ìgkou, dÐnetai to Sq ma 1.

Sq ma 1: Endeiktik  apotÔpwsh peperasmènou ìgkou (Phg : MpoÔrhc ,D. (2007))
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O k¸dikac o opoÐoc qrhsimopoi jhke (CAFFCA2D) kai tropopoi jhke, dÐnei e-

xarq c dÔo epilogèc gia sq mata peperasmènwn diafor¸n: katarq�c, èna ubridikì sq ma

an�nti parag¸gishc kai kat� deÔteron to sq ma BSOU (Bounded Second Order Upwind,

Papadakis and Bergeles, 1995). Sthn paroÔsa f�sh, den krÐnetai skìpimo na dojoÔn

oi akribeÐc ekfr�seic aut¸n twn sqhm�twn. AfoÔ gÐnei h epilog  enìc apì twn dÔo

sqhm�twn diakritopoÐhshc, h exÐswsh (2.1.3) lamb�nei thn morf  thc exÐswshc (2.1.6) h

opoÐa kai faÐnetai k�twjen. Sthn paroÔsa ergasÐa ègine qr sh tou ubridikoÔ sq matoc,

dhlad  ènac sunduasmìc an�nti kai kentrik c parag¸gishc me b�sh ton arijmì Peclet.

To sq ma autì efarmìsthke gia thn èkfrash twn ìrwn di�qushc kai metafor�c thc

exÐswshc (2.1.3). Prèpei na anaferjeÐ ìti oi suntelestèc thc exÐswshc (2.1.6), αΦ
i ,

lamb�noun diaforetik  tim  an�loga me to sq ma parag¸gishc pou epilèqjhke. Tèloc,

shmei¸netai ìti o ìroc SP , parìlo pou eÐnai mhdenikìc se eswterik� shmeÐa enìc mìnimou

pedÐou, sumperilamb�netai sthn exÐswsh giatÐ ìpwc ja faneÐ kai sth sunèqeia lamb�nei

tim  sta ìria lìgw twn oriak¸n sunjhk¸n pou epib�llontai.

(αΦ
P − SΦ

P )ΦP = αΦ
NΦN + αΦ

SΦS + αΦ
EΦE + αΦ

WΦW + SΦ
U (2.1.6)

αΦ
P = αΦ

N + αΦ
S + αΦ

E + αΦ
W (2.1.7)

En suneqeÐa, prèpei na dojeÐ h exÐswsh diìrjwshc pÐeshc h opoÐa apoteleÐ kai to ba-

sikì stoiqeÐo thc mejìdou pou ja efarmosteÐ. Katarq�c, tonÐzetai ìti aut  ekporeÔetai

apì thn exÐswsh sunèqeiac gia asumpÐesto kai disdi�stato pedÐo ro c (exÐswsh (2.1.8)).

Ed¸, anafèretai ìti parìlo pou anagr�fetai ìti to aristerì mèloc thc (2.1.8) eÐnai Ðso

me mhdèn, sthn pragmatikìthta, lìgw sfalm�twn kat� to peÐrama all� kai apìklishc

apì thn idanik , disdi�stath kat�stash den isqÔei k�ti tètoio. Aut  �llwste eÐnai kai

h basik  epidÐwxh aut c thc mejìdou, dhlad  na ekmhdenisteÐ sto mètro tou dunatoÔ to
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upìloipo thc exÐswshc sunèqeiac.

∂u

∂x
+
∂v

∂y
= 0 (2.1.8)

'Ustera, efarmìzetai kai ed¸ h mèjodoc twn peperasmènwn ìgkwn kai h (2.1.8)

lamb�nei thn morf  thc (2.1.9), dhlad :

−(%uδy)e + (%uδy)w + (%vδx)s − (%vδx)n = 0 (2.1.9)

Tèloc, prèpei na eisaqjeÐ me k�poio trìpo h pÐesh sthn exÐswsh (2.1.9). Arqi-

k�, h pÐesh se èna shmeÐo (I, J) tou proc epÐlush pedÐou taqut twn gr�fetai ìpwc

diafaÐnetai sthn exÐswsh (2.1.10),ìpou P ∗ eÐnai h tim  thc pÐeshc apì thn prohgoÔme-

nh epan�lhyh, P ′ h diìrjwsh thc pÐeshc kai P h trèqousa tim . Parak�tw, dÐno-

ntai oi sqèseic pou sundèoun tic klÐseic tou megèjouc P ′ me tic taqÔthtec (exis¸seic

(2.1.11), (2.1.12), (2.1.13), (2.1.14)). EpishmaÐnetai ìti kai stic exis¸seic pou aforoÔn

tic taqÔthtec, (*) antistoiqeÐ sthn prohgoÔmenh lÔsh.

P (I, J) = P ∗(I, J) + P ′(I, J) (2.1.10)

u(I, J) = u∗(I, J)−DU(I, J)
∂P ′

∂x

∣∣∣∣
(I,J)

(2.1.11)

v(I, J) = v∗(I, J)−DV (I, J)
∂P ′

∂y

∣∣∣∣
(I,J)

(2.1.12)

DU(I, J) =
V ol

αΦ=u
P (I, J)− SΦ=u

P (I, J)
(2.1.13)

DV (I, J) =
V ol

αΦ=v
P (I, J)− SΦ=v

P (I, J)
(2.1.14)

An t¸ra antikatastajoÔn oi exis¸seic (2.1.11) wc (2.1.14) sthn (2.1.9) kai ekfra-
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stoÔn oi men klÐseic thc P ′ me k�poio sq ma peperasmènwn diafor¸n kai oi de taqÔthtec

sta ìria e,w,n,s me k�poio trìpo parembol c, tìte prokÔptoun oi exis¸seic (2.1.15),

(2.1.16) kai (2.1.17). Ed¸ prèpei na shmeiwjeÐ ìti den jewreÐtai aparaÐthto na dojoÔn

peraitèrw leptomèreiec sqetik� me ta sq mata peperasmènwn diafor¸n ta opoÐa qrhsimo-

poi jhkan kai o endiaferìmenoc anagn¸sthc mporeÐ na brei parap�nw leptomèreiec apì

ton MpoÔrh (2007) kaj¸c kai sto upìkef�laio (2.5). Tèloc, gia lìgouc plhrìthtac,

anafèretai ìti epilog  diaforetikoÔ sq matoc peperasmènwn diafor¸n kai diaforetikoÔ

trìpou parembol c apl¸c ephre�zoun tic timèc twn suntelest¸n αP
′

i kai ìqi thn morf 

thc exÐswshc aut c kaj' aut c.

αP
′

P P
′
P = αP

′

N P
′
N + αP

′

S P
′
S + αP

′

E P
′
E + αP

′

WP
′
W + SP

′

U (2.1.15)

αP
′

P = αP
′

N + αP
′

S + αP
′

E + αP
′

W (2.1.16)

SP
′

U = −%u∗eδy + %u∗wδy + %v∗sδx− %v∗nδx (2.1.17)

Se autì to upokef�laio, dìjhkan oi basikèc exis¸seic proc epÐlush all� den ègine

kamÐa anafor� sthn Ôparxh tÔrbhc. Sto epìmeno upokef�laio ja dojoÔn ta aparaÐthta

stoiqeÐa gia thn tÔrbh. EpÐshc, epishmaÐnetai ìti sto tèloc autoÔ tou kefalaÐou ja

dojeÐ h algorijmik  diadikasÐa epÐlushc, ìpou ja gÐnei katanohtìc o trìpoc epÐlushc

twn exis¸sewn kaj¸c kai h seir� me thn opoÐa epilÔontai.

2.2 TÔrbh kai mèjodoi eisagwg c thc sto prìblhma

H tÔrbh eis�getai sto prìblhma kai me montèlo tÔrbhc k-e all� kai apeujeÐac apì

ta statistik� tou peir�matoc. Parak�tw ja dojeÐ o akrib c trìpoc me ton opoÐo autì

kajÐstatai dunatì. Pio sugkekrimèna, arqik� ja dojoÔn oi exis¸seic orm c (se mh
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sunthrhtik  morf ) pou dièpoun to mèso pedÐo taqut twn (Reynolds averaged):

%u
∂u

∂x
+%v

∂u

∂y
−
[
∂

∂x

(
µ
∂u

∂x

)
+
∂

∂y

(
µ
∂u

∂y

)]
= −∂P

∂x
+

[
∂

∂x

(
µ
∂u

∂x

)
+
∂

∂y

(
µ
∂v

∂x

)]
−%∂u

′2

∂x
−%∂u

′v′

∂y

(2.2.1)

%u
∂v

∂x
+%v

∂v

∂y
−
[
∂

∂x

(
µ
∂v

∂x

)
+
∂

∂y

(
µ
∂v

∂y

)]
= −∂P

∂y
+

[
∂

∂x

(
µ
∂u

∂y

)
+
∂

∂y

(
µ
∂v

∂y

)]
−%∂u

′v′

∂x
−%∂v

′2

∂y

(2.2.2)

'Opou:

u = u+ u′ (2.2.3)

v = v + v′ (2.2.4)

u =
N∑
k=1

uk
N

(2.2.5)

v =
N∑
k=1

vk
N

(2.2.6)

u′2 =
N∑
k=1

u′2k
N

(2.2.7)

v′2 =
N∑
k=1

v′2k
N

(2.2.8)

v′u′ =
N∑
k=1

v′ku
′
k

N
(2.2.9)

TonÐzetai ìti gia na exaqjoÔn oi exis¸seic (2.2.1), (2.2.2) ta u′, v′ epilèqjhkan ètsi

¸ste na isqÔoun oi exis¸seic (2.2.10), (2.2.11). MporeÐ na mhn gÐnetai exarq c katanoh-

tìc o lìgoc par�jeshc twn parak�tw exis¸sewn, all� ja gÐnei sth sunèqeia ìpou ja

prèpei na axiologhjeÐ h statistik  tou peir�matoc. Epiplèon, anafèretai ìti oi exis¸seic

(2.2.3) wc (2.2.9) aforoÔn mÐa sugkekrimènh jèsh tou proc epÐlush pedÐou, dhlad  eÐnai

sunart seic thc jèshc. EpÐshc, epishmaÐnetai ìti oi ìroi [ ∂
∂x

(µ∂u
∂x

)+ ∂
∂y

(µ ∂v
∂x

)], [ ∂
∂x

(µ∂u
∂y

)+
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∂
∂y

(µ∂v
∂y

)], den up�rqoun stic proc epÐlush exis¸seic gia ro  stajeroÔ ix¸douc kai a-

sumpÐesth. Prostèjhkan qwrÐc bl�bh thc genikìthtac, giatÐ �llwste se perÐptwsh

stajeroÔ ix¸douc kai asumpÐestou, disdi�statou pedÐou kajÐstantai mhdenikoÐ.

u′ =
1

T

∫ T

0

u′(t)dt = 0 (2.2.10)

v′ =
1

T

∫ T

0

v′(t)dt = 0 (2.2.11)

ìpou T eÐnai to sunolikì di�sthma qronik c olokl rwshc twn exis¸sewn.

An sugkrijoÔn oi exis¸seic (2.2.1), (2.2.2) me tic (2.1.1), (2.1.2) antÐstoiqa, ka-

jÐstatai fanerì ìti h mình diafor� touc ègkeitai sthn Ôparxh twn turbwd¸n ìrwn an

profan¸c jewrhjeÐ ìti to u antistoiqeÐ se u, to v se v kai to P se P . Prèpei na dieu-

krinisteÐ ìti apì ed¸ kai pèra ìpote gÐnetai anafor� se taqÔthtec u, v   pedÐo pÐeshc

P ja ennoeÐtai to mèso pedÐo ektìc an anafèretai rht� k�ti �llo. Epomènwc, gÐnetai

katanohtì ìti oi exis¸seic orm c all� kai aut  thc diìrjwshc pÐeshc tou prohgoÔmenou

upokefalaÐou, aforoÔn ta mèsa pedÐa taqut twn kai pièsewn. T¸ra, autoÐ oi turb¸deic

ìroi mporoÔn na upologistoÔn �mesa apì ta dedomèna pou proèkuyan apì to peÐrama kai

pio sugkekrimèna apì thn qronik  plhroforÐa. Efìson oi upìloipoi ìroi èqei deiqjeÐ

p¸c upologÐzontai apì thn efarmog  thc mejìdou twn peperasmènwn ìgkwn, to mìno

pou mènei eÐnai na upologistoÔn me aut  th mèjodo kai oi turb¸deic ìroi. 'Etsi, gia touc

ìrouc thc (2.2.1), (2.2.2) èqoume antÐstoiqa:

−[(%u′2δy)e − (%u′2δy)w]− [(%u′v′δx)n − (%u′v′δx)s] (2.2.12)

−[(%u′v′δy)e − (%u′v′δy)w]− [(%v′2δx)n − (%v′2δx)s] (2.2.13)
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Epomènwc, me b�sh ìla ta parap�nw mporeÐ na eipwjeÐ ìti oi exis¸seic (2.1.6), (2.1.7)

exakoloujoÔn na isqÔoun kai tropopoioÔntai gia na sumperilhfjeÐ h tÔrbh apl� pro-

sjètontac touc ìrouc twn exis¸sewn (2.2.12), (2.2.13) stouc ìrouc phg c SΦ=u
U , SΦ=v

U

antÐstoiqa, afoÔ pr¸ta gÐnoun kat�llhlec parembolèc gia ton upologismì aut¸n sta

ìria e, w, n, s. Gia na gÐnoun katanohtèc oi parembolèc autèc, dÐnetai endeiktik� para-

k�tw mìno mÐa (blèpe exÐswsh 2.2.14) kai oi upìloipec pragmatopoioÔntai me parìmoio

trìpo. Parathr¸ntac thn exÐswsh (2.2.14) kai tic (2.2.12), (2.2.13), prèpei na gÐnoun

ta ex c sqìlia: h puknìthta jewreÐtai stajer  se ìlo to pedÐo kai ta δy, δx den qrei-

�zontai k�poia parembol  afoÔ lìgw tou en gènei omoiìmorfou plègmatoc thc mejìdou

PIV paramènoun stajer� ston ek�stote peperasmèno ìgko. Sqetik� me to eÐdoc tou

plègmatoc kai ta aparaÐthta dedomèna, ja dojoÔn se epìmeno upokef�laio kai �lla

stoiqeÐa. Tèloc, anafèretai ìti ìpwc diafaÐnetai apì thn (2.2.14), pragmatopoi jhkan

apl� grammikèc parembolèc sta ìria.

(%u′2)e =
(%u′2)E + (%u′2)P

2
(2.2.14)

Gia thn perÐptwsh tou kulÐndrou, qrhsimopoieÐtai montèlo tÔrbhc k-e. Oi antÐstoiqec

exis¸seic, dhlad  h exÐswsh thc kinhtik c enèrgeiac thc tÔrbhc kai aut  thc katastro-

f c thc, anagr�fontai parak�tw.

%u
∂k

∂x
+ %v

∂k

∂y
− ∂

∂x

[
(µt/σk + µl)

∂k

∂x

]
− ∂

∂y

[
(µt/σk + µl)

∂k

∂y

]
= G− %ε (2.2.15)

%u
∂ε

∂x
+%v

∂ε

∂y
− ∂

∂x

[
(µt/σε+µl)

∂ε

∂x

]
− ∂

∂y

[
(µt/σε+µl)

∂ε

∂y

]
= (εGC1−C2%ε

2)/k (2.2.16)

G = 2µ

[(
∂u

∂x

)2

+

(
∂v

∂y

)2]
+ µ

(
∂u

∂y
+
∂v

∂x

)2

(2.2.17)

µt = Cµ%
k2

ε
(2.2.18)
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C1 = 1, 44, C2 = 1.92, Cµ = 0.09, σε = 1.3, σk = 0.9 (2.2.19)

µ = µt + µl (2.2.20)

Se aut  th f�sh, prèpei na anaferjeÐ ìti gia tic exis¸seic (2.2.15), (2.2.16) qrhsi-

mopoi jhke h upìjesh tou Boussinesq. Kat' autì ton trìpo proèkuye kai ìroc G upì

th morf  pou faÐnetai sthn exÐswsh (2.2.17). H upìjesh aut  faÐnetai sthn exÐswsh

(2.2.21) se tanustik  graf  me i, j = 1, 2 ìpou to 1   2 antistoiqeÐ sth kateÔjunsh

kat� x   kat� y antÐstoiqa.

−%u′iu′j = µt

(
∂ui
∂xj

+
∂uj
∂xi

)
− 2/3%k (2.2.21)

An t¸ra efarmosteÐ stic exis¸seic (2.2.15), (2.2.16) h mèjodoc twn peperasmènwn

ìgkwn me qr sh tou Ðdiou ubridikoÔ sust matoc parag¸gishc pou qrhsimopoi jhke gia

Φ = u, v, prokÔptoun dÔo exis¸seic Ðdiac morf c me tic (2.1.6), (2.1.7) me Φ = k  

ε. Gia parap�nw leptomèreiec, o anagn¸sthc parapèmpetai sto kef�laio (2.5) kai touc

MpoÔrh (2007) kai Mpergelè (2012). Oi ìroi phg c pou prokÔptoun faÐnontai stic

exis¸seic (2.2.22), (2.2.23), (2.2.24), (2.2.25). Gia lìgouc plhrìthtac, anafèretai ìti

stouc ìrouc phg c den sumperilamb�nontai qronikoÐ ìroi giatÐ gÐnetai epÐlush tou mèsou

qronik� pedÐou.

SkP = −Cµ
k%2

µt
(2.2.22)

SkU = G (2.2.23)

SεP = −C2
ε%

k
(2.2.24)

SkU = C1Cµ
k%

µt
G (2.2.25)
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2.3 AparaÐthta dedomèna kai eisagwg  touc ston k¸dika

Sto parìn upokef�laio, ja dojoÔn stoiqeÐa sqetik� me thn di�rjrwsh twn dedo-

mènwn apì thn Ðdia th mèjodo PIV kaj¸c kai sqetik� me thn eisagwg  touc ston k¸dika.

KrÐnetai skìpimo, aut� ta stoiqeÐa na dojoÔn prin to upokef�laio pou afor� tic oriakèc

sunj kec, giatÐ ètsi ja up�rxei eukolìterh kai kalÔterh katanìhsh.

Katarq�c, ìpwc eip¸jhke kai sthn eisagwg , h mèjodoc PIV en gènei dÐnei N tw arij-

m¸ stigmiìtupa, dhlad  N stigmiaÐa pedÐa. Up�rqei perÐptwsh, apì to Ðdio to logismikì

me to opoÐo ègine h met�-epexergasÐa twn dedomènwn (post processing) na parèqetai kai

to mèso pedÐo. Se perÐptwsh pou den parèqetai, me tic sqèseic (2.2.5) wc (2.2.9), e-

x�getai autì kaj¸c kai ta aparaÐthta statistik� thc tÔrbhc apì ìla ta stigmiìtupa.

Sthn perÐptwsh tou kÔbou, parèqontai ta mèsa pedÐa taqut twn kai ta statistik� thc

tÔrbhc, en¸ se aut  tou kulÐndrou ex qjhsan me th graf  enìc aploÔ progr�mmatoc.

Me th mèjodo PIV to epÐpedo thc mètrhshc qwrÐzetai me NI kai NJ plegmatikèc

grammèc se diamerÐseic kat� x kai kat� y antÐstoiqa. To shmeÐo tom c twn orizìntiwn

me tic k�jetec plegmatikèc grammèc apoteleÐ ènan kìmbo tou pedÐou sth jèsh (I, J).

Kat� thn epÐlush twn exis¸sewn orm c, diìrjwshc pÐeshc kai an� perÐptwsh kai tou mo-

ntèlou k-e, h jèsh (I, J) antistoiqeÐ sto kèntro tou peperasmènou ìgkou P , h (I+1, J)

sto E shmeÐo, h (I, J + 1) sto N kai oÔtw kajex c. To sÔnoro n tou peperasmènou

ìgkou gia par�deigma, brÐsketai sto misì thc apìstashc metaxÔ twn shmeÐwn P,N kai

gi' autì apaiteÐtai parembol  ¸ste na upologistoÔn oi ìroi metafor�c stic proc epÐlush

exis¸seic, ìpwc �llwste eip¸jhke kai parap�nw. Parìmoia sumper�smata isqÔoun kai

gia ta sÔnora s, e, w. Epomènwc, sumperasmatik� mporeÐ na eipwjeÐ ìti h taqÔthta k�je

kìmbou apì th mèjodo PIV antistoiqeÐ sthn taqÔthta sto kèntro k�je peperasmènou

ìgkou kai kat' autì ton trìpo eis�gontai wc dedomèna ta pedÐa taqut twn ston k¸dika.

'Allo èna qr simo sumpèrasma, eÐnai ìti to plègma pou qrhsimopoieÐtai apì ton

k¸dika eÐnai to Ðdio me autì tou PIV me mÐa idiaiterìthta: to plègma tou k¸dika, gia to
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bìreio sÔnoro gia par�deigma, eÐnai ìpwc faÐnetai sto sq ma 2. Dhlad , jewreÐtai ìti

gia par�deigma o boreiìteroc peperasmènoc èqei mhdenikèc diast�seic kai wc ek toÔtou

ìti to shmeÐo n tautÐzetai me to N . TonÐzetai ìti den pragmatopoieÐtai epÐlush akrib¸c

p�nw sta sÔnora. Parìmoia gewmetrÐa plègmatoc apant�tai kai sta upìloipa sÔnora

kai den eÐnai skìpimo na dojeÐ sq ma kai gi' aut�. 'Allh mÐa allag  pou efarmìzetai eÐnai

h metafor� tou sust matoc suntetagmènwn. Dhlad , an to shmeÐo tom c tou sunìrou

W me to sÔnoro S tou epipèdou mètrhshc sto PIV den brÐsketai sto (0, 0) all� k�pou

alloÔ, metasqhmatÐzontai oi suntetagmènec ¸ste na brÐsketai sto (0, 0). Aut  h enèr-

geia profan¸c den ephre�zei kajìlou thn diadikasÐa epÐlushc, kai gÐnetai gia lìgouc

sumbatìthtac me ton trìpo eisagwg c twn dedomènwn ston k¸dika CAFFCA.

Sq ma 2:Endeiktik  apotÔpwsh gewmetrÐac bìreiou sunìrou (Phg : MpoÔrhc ,D. (2007))

Anaforik� t¸ra me thn tÔrbh, sthn perÐptwsh pou eis�gontai kateujeÐan oi t�seic

Reynolds ìpwc prokÔptoun apì thn peiramatik  diadikasÐa, isqÔei gia to plègma ì,ti

eip¸jhke kai gia tic taqÔthtec. Pio sugkekrimèna, efarmìzontai oi sqèseic (2.2.12),

(2.2.13) afoÔ pr¸ta gÐnoun oi kat�llhlec parembolèc ìpwc upodeiknÔontai apì th sqèsh

(2.2.14) kai prostÐjentai ta apotelèsmata stouc ìrouc phg c twn exis¸sewn orm c.

Gia thn perÐptwsh pou qrhsimopoieÐtai montèlo tÔrbhc, epilÔontai oi exis¸seic (2.2.15),

(2.2.16) me to plègma na eÐnai ìpwc proanafèrjhke. Ed¸ ìmwc, prèpei na gÐnoun oi

ex c dieukrinÐseic: pr¸ton, to arqikì pedÐo kinhtik c enèrgeiac thc tÔrbhc me to opoÐo
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trofodoteÐtai o k¸dikac, upologÐzetai mèsa ston Ðdio ton k¸dika me thn sqèsh (2.3.1)

na efarmìzetai se k�je jèsh tou pedÐou kai deÔteron gia thn katastrof  thc enèrgeiac

thc tÔrbhc, to arqikì pedÐo to opoÐo eis�getai eÐnai mhdenikì se k�je jèsh. TonÐzetai

ìti ta u′2, v′2 eis�gontai kateujeÐan apì th statistik  tou peir�matoc.

k =
u′2 + v′2

2
(2.3.1)

En suneqeÐa, epishmaÐnetai ìti kai to pedÐo twn arqik¸n pièsewn dÐnetai kai autì

mhdenikì kai proodeutik� all�zei mèqri na l�bei ikanopoihtik  tim  kat� thn diadikasÐa

epÐlushc. Tèloc, gia lìgouc plhrìthtac dÐnontai dÔo gewmetrikèc sqèseic pou isqÔoun

gia to plègma ef' ìson eÐnai omoiìmorfo.

δxn,s =
∆x

2
(2.3.2)

δye,w =
∆y

2
(2.3.3)

2.4 Oriakèc sunj kec kai diadikasÐa epÐlushc

Se autì to upokef�laio, ja dojoÔn me akrÐbeia oi oriakèc sunj kec pou epibl jhkan

se ìlec tic proc epÐlush exis¸seic. Den ja gÐnei anafor� se k�je perÐptwsh xeqwrist�.

Ja parousiastoÔn ta diaforetik� eÐdh oriak¸n sunjhk¸n pou epistrateÔthkan kai sto

epìmeno kef�laio ja gÐnei sugkekrimènh anafor� sthn ek�stote perÐptwsh.

Katarq�c, h pÐesh sthn eÐsodo (dutikì sÔnoro) dÐnetai p�nta mhdenik  kai me b�sh

aut  upologÐzontai ìlec oi upìloipec pièseic. Se efarmogèc pou qrei�zetai h apìluth

pÐesh, prèpei na metr�tai kai h olik  pÐesh se èna sugkekrimèno shmeÐo. Gia thn pÐesh

se ìla ta upìloipa sÔnora, epib�lletai mhdenik  klÐsh thc dhlad  oriakèc sunj kec

Neumann me mÐa idiaiterìthta: ìtan lègetai ìti epib�lletai mhdenik  klÐsh, sthn ousÐa
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shmaÐnei ìti h pÐesh akrib¸c sto sÔnoro lamb�nei tim  Ðsh me aut  pou eÐqe to amèswc

pio eswterikì shmeÐo kat� thn prohgoÔmenh epan�lhyh. Genikìtera, ìtan apì ed¸ kai

pèra ja gÐnetai mneÐa se oriakèc sunj kec Neumann ja ennoeÐtai autì akrib¸c to opoÐo

periegr�fhke parap�nw. Epiplèon, oi taqÔthtec u, v kai h metablht  k se perÐptwsh

qr shc tou montèlou K- e, sthn eÐsodo paramènoun p�ntote stajerèc kai Ðsec me thn

arqik  tim  pou dÐnetai apì th mèjodo PIV. Gia autì ton lìgo den ja anaferjeÐ xan�

tÐpota gia tic oriakèc sunj kec eisìdou all� oÔte kai gi' autèc thc pÐeshc, afoÔ jew-

roÔntai gnwstèc.

T¸ra, ja perigrafoÔn dÔo diaforetikoÐ trìpoi epibol c oriak¸n sunjhk¸n, sugke-

krimèna gia peript¸seic me dedomèna pedÐa taqut twn apì PIV. Ja dojoÔn endeiktik�

gia to bìreio sÔnoro tou epÐpedou sto opoÐo pragmatopoieÐtai h epÐlush kai me parìmoio

trìpo epib�llontai kai ìpou alloÔ eÐnai epijumhtì. Oi sqèseic (2.4.1), (2.4.2), (2.4.3),

dÐnoun th basik  logik  epibol c aut¸n twn oriak¸n sunjhk¸n, ìpou Φ = u, v   k se

perÐptwsh pou qrhsimopoieÐtai to montèlo k-e.

(
%vΦ− µ∂Φ

∂y

)
n

An = (%V )0
nΦnAn − µJn

Φ0
N − ΦJ

P

∆Y
An (2.4.1)

SΦ
U = SΦ

U − (%V )0
nΦnAn + µJn

Φ0
N

∆Y
An (2.4.2)

SΦ
P = SΦ

P −
µJn
∆Y

An (2.4.3)

Φn =
Φ0
N + Φ0

P

2
(2.4.5)

Ed¸ prèpei na anaferjeÐ ìti gia tic exis¸seic (2.4.2), (2.4.3) up�rqoun dÔo basikoÐ

trìpoi efarmog c touc, exoÔ kai oi dÔo diaforetikoÐ trìpoi epibol c oriak¸n sunjhk¸n

PIV ìpwc eip¸jhke �nwjen. O pr¸toc ègkeitai sto ìti oi taqÔthtec kai h metablht 

Φ me deÐkth N paramènoun stajerèc kai Ðsec me tic timèc pou dÐnontai apeujeÐac apì to
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PIV. Epiplèon, ta megèjh sto sÔnoro n tou boreiìterou peperasmènou ìgkou brÐskontai

me aplèc grammikèc parembolèc metaxÔ twn dedomènwn tim¸n gia to kèntro tou ìgkou P

kai to shmeÐo N , ìpwc prokÔptoun apeujeÐac apì th mèjodo PIV. EnnoeÐtai ìti kai ta

megèjh me deÐkth n paramènoun kai aut� stajer�. Autì pou periegr�fh perifrastik�

 dh, ekfr�zetai kai majhmatik� me thn sqèsh (2.4.5), ìpou (0) antistoiqeÐ sta dedomèna

wc èqoun apì th mèjodo PIV kai o metrht c J dÐnei thn trèqousa epan�lhyh. Epo-

mènwc, sumperasmatik� mporeÐ na eipwjeÐ ìti ston pr¸to trìpo, epib�lletai stajerìc

ìroc metafor�c kai ìroc di�qushc pou all�zei mìno lìgw thc metablht c ΦP h opoÐa

kai all�zei se k�je epan�lhyh (kai lìgw tou ix¸douc se perÐptwsh qr shc montèlou

k-e).

O deÔteroc trìpoc, ousiastik� basÐzetai sthn efarmog  twn Ðdiwn exis¸sewn , apl�

me thn diafor� ìti plèon ta megèjh sto ìrio n (kai antÐstoiqa sta e, w, s) dièpontai

apì thn sqèsh (2.4.6). To ix¸dec sta sÔnora, gia thn perÐptwsh ìpou qrhsimopoieÐtai

montèlo k- e, dÐnetai p�ntote apì th sqèsh (2.4.7), alli¸c paramènei stajerì kai Ðso me

autì tou reustoÔ. Epomènwc, me epibol  oriak¸n sunjhk¸n ìpwc upagoreÔetai apì ton

deÔtero trìpo, all�zei se k�je epan�lhyh kai o ìroc di�qushc kai o ìroc metafor�c.

Φn =
Φ0
N + ΦJ

P

2
(2.4.6)

µJn = µJP (2.4.7)

Se autì to st�dio, prèpei na epishmanjeÐ ìti, parathr¸ntac to sq ma 2, gÐnetai ka-

tanohtì ìti sthn ousÐa shmeÐo N den eustajeÐ gia touc boreiìterouc peperasmènouc

ìgkouc lìgw thc gewmetrÐac tou CFD plègmatoc. Parìla aut�, stic oriakèc sunj kec

pou periegr�fhkan �nwjen, ta megèjh se autì dìjhkan apeujeÐac apì to PIV, tou o-

poÐou to plègma eÐnai tètoio ¸ste to shmeÐo autì na ufÐstatai. 'Etsi oi antÐstoiqoi ìroi
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el fjhsan apì to plègma tou PIV kai prosart jhkan stouc antÐstoiqouc ìrouc phg c.

Ektìc apì touc dÔo parap�nw trìpouc, gia to anatolikì sÔnoro (èxodo) up�rqei

kai h epilog  na epiblhjoÔn oriakèc sunj kec Neumann ìpwc periegr�fhkan kai gia

to pedÐo pÐeshc, me thn ex c diafor�: gÐnetai isologismìc gia thn metablht  u me b�sh

thn exerqìmenh kai thn eiserqìmenh m�za apì ta upìloipa sÔnora. Kat' autì ton trìpo

prokÔptoun oi taqÔthtec u(NI, J) apì tic u(NI − 1, J) me thn prìsjesh miac posìth-

tac pou prokÔptei apì ton isologismì m�zac. Apì ed¸ kai pèra, tètoiou eÐdouc oriakèc

sunj kec, ja onom�zontai oriakèc sunj kec exìdou. T¸ra, gia thn katastrof  thc

kinhtik c enèrgeiac thc tÔrbhc, epib�llontai p�ntote oriakèc sunj kec Neumann, ìti

kai na epileqjeÐ gia tic upìloipec metablhtèc. Tèloc, gia tic t�seic Reynolds, autèc

paramènoun Ðsec kai stajerèc me tic timèc pou prokÔptoun apì to peÐrama kai upolo-

gÐzontai sta ìria me aplèc grammikèc parembolèc, ìpwc faÐnetai sthn sqèsh (2.2.14).

Plèon èqoun dojeÐ ìlec oi proc epÐlush exis¸seic, o trìpoc me ton opoÐo eis�gontai

ta dedomèna kaj¸c kai pou epib�llontai oi oriakèc sunj kec, �ra eÐnai dunatì na para-

tejeÐ sunolik� h algorijmik  diadikasÐa epÐlushc. Parousi�zetai bhmatik� parak�tw:

1) DÐnontai wc dedomèna ta pedÐa taqut twn pou èqoun prokÔyei apì th mèjodo PIV

kaj¸c kai ta statistik� thc tÔrbhc, en gènei apeujeÐac wc t�seic Reynolds   me th

morf  kinhtik c enèrgeiac thc tÔrbhc Ôstera apì thn efarmog  thc sqèshc (2.3.1) ìtan

qrhsimopoieÐtai montèlo k-e. En suneqeÐa , lÔnetai h exÐswsh diìrjwshc pÐeshc (2.1.15).

2)Efarmìzontai oi sqèseic (2.1.10) wc (2.1.14) kai prokÔptoun ta diorjwmèna epÐpeda

taqut twn kai pÐeshc.

3)'Ustera, se perÐptwsh pou gÐnetai qr sh k-e, lÔnetai h exÐswsh (2.1.6) gia Φ = k

arqik� kai Ôstera gia Φ = ε me touc ìrouc phg c na dÐnontai apì tic sqèseic (2.2.22)

wc (2.2.25). Autì to b ma profan¸c den efarmìzetai se perÐptwsh pou h tÔrbh monte-

lopoieÐtai me qr sh twn turbwd¸n t�sewn Reynolds.

4)UpologÐzetai to ix¸dec apì tic sqèseic (2.2.18) kai (2.2.20), an kai efìson montelo-
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poieÐtai h tÔrbh me k- e.

5) Sth sunèqeia, epilÔetai h exÐswsh (2.1.6) gia Φ = u kai Φ = v me touc ìrouc phg c na

dÐnontai apì tic exis¸seic (2.1.4) kai (2.1.5) antÐstoiqa. Se perÐptwsh montelopoÐhshc

tÔrbhc me t�seic Reynolds autoÐ oi ìroi prosaux�nontai me touc ìrouc twn exis¸sewn

(2.2.12), (2.2.13) antÐstoiqa. 'Etsi prokÔptoun nèa pedÐa taqut twn.

6)Epanalamb�nontai ek nèou ta b mata 1 wc 5 èwc ìtou up�rxei sÔgklish twn exis¸se-

wn. Aut  h sÔgklish epitugq�netai ìtan to upìloipo metaxÔ dÔo epanal yewn ft�sei

k�tw apì èna prokajorismèno ìrio. TonÐzetai ìti lìgw thc en gènei trisdi�stathc fÔshc

thc ro c kaj¸c kai tuqìntwn sfalm�twn sthn peiramatik  diadikasÐa, aut  h sÔgklish

den epèrqetai p�nta gia ìlec tic exis¸seic.

H exÐswsh (2.1.6) efarmìzetai gia k�je shmeÐo tou plègmatoc kai to grammikì sÔsth-

ma pou prokÔptei èqei pentadiag¸nia morf . H mèjodoc me thn opoÐa epilÔetai autì to

sÔsthma me ton k¸dika eÐnai h TDMA4 me enallag  kateujÔnsewn. Den krÐnetai skìpi-

mo na dojoÔn pio poll� stoiqeÐa gia aut  th mèjodo. O endiaferìmenoc anagn¸sthc

mporeÐ na brei pollèc plhroforÐec sthn egq¸ria kai diejn  bibliografÐa.

4Tridiagonal Matrix Algorith
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2.5 Qr sima stoiqeÐa arijmhtik c an�lushc kai loipèc

plhroforÐec

Sto parìn upokef�laio, dÐnontai qr simec sqèseic kai plhroforÐec sqetikèc me me-

jìdouc arijmhtik c an�lushc pou qrhsimopoioÔntai kaj' ìlh thn èktash thc paroÔsac

ergasÐac, eÐte ston k¸dika epÐlushc autìn kaj' autìn, eÐte gia par�pleurouc upologi-

smoÔc ìpwc gia par�deigma thn eÔresh tou upoloÐpou m�zac apeujeÐac apì ta dedomèna

thc mejìdou PIV.

To pr¸to stoiqeÐo pou prèpei na anaferjeÐ eÐnai ìti se k�je epan�lhyh eÐnai aparaÐth-

th h efarmog  upoqal�rwshc stic exis¸seic. H sqèsh me thn opoÐa aut  h upoqal�rwsh

efarmìzetai gia thn metablht  Φ = u, v, k, P ′   ε eÐnai h (2.5.1), ìpou Φnew eÐnai h lÔsh

pou prokÔptei apì thn trèqousa epan�lhyh, Φold eÐnai h lÔsh apì thn prohgoÔmenh kai

Φ eÐnai aut  pou prokÔptei Ôstera apì thn efarmog  thc upoqal�rwshc. EpishmaÐnetai

ìti me ω sumbolÐzetai o suntelest c upoqal�rwshc o opoÐoc mporeÐ na epilegeÐ dia-

foretikìc gia k�je exÐswsh. H tim  tou brÐsketai empeirik� mèsw dokim¸n kai isqÔei

0 ≤ ω ≤ 1.

Φ = ωΦnew + (1− ω)Φold (2.5.1)

Me thn antikat�stash thc sqèshc (2.5.1) sthn (2.1.6), prokÔptei h (2.5.2) h opoÐa

kai faÐnetai parak�tw. Epomènwc, plèon lÔnetai to parak�tw pentadiag¸nio sÔsthma

kai ìqi autì thc (2.1.6).

(αΦ
P − SΦ

P )

ω
ΦP = αΦ

NΦold
N + αΦ

SΦold
S + αΦ

EΦold
E + αΦ

WΦold
W + SΦ

U +
(αΦ

P − SΦ
P )

ω
Φold
P (2.5.2)

αΦ
P = αΦ

N + αΦ
S + αΦ

E + αΦ
W (2.5.3)

Sth sunèqeia, ja dojoÔn plhroforÐec sqetik� me ton trìpo pou ègine h diakritopo-

Ðhsh twn klÐsewn diafìrwn megej¸n se peript¸seic ìpou qrei�sthke. Katarq�c, ja
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dojeÐ to ubridikì sq ma me to opoÐo ègine h diakritopoÐhsh twn ìrwn di�qushc kai meta-

for�c thc metablht c Φ (exÐswsh (2.1.3)). Autì faÐnetai endeiktik� sth sqèsh (2.5.4).

Sthn exÐswsh (2.5.5) dÐnetai o arijmìc Peclet sto anatolikì sÔnoro tou peperasmènou

ìgkou kaj¸c kai o suntelest c f o opoÐoc èqei sqèsh me th gewmetrÐa tou plègmatoc.

Sthn prokeimènh perÐptwsh ìpou èqoume omoiìmorfo plègma, ja eÐnai p�nta Ðsoc me 1
2
.

TonÐzetai ìti me parìmoio trìpo gÐnontai oi parembolèc kai sta upìloipa sÔnora twn

peperasmènwn ìgkwn. Plhroforiak� anafèretai ìti o arijmìc Peclet eÐnai ènac adi�sta-

toc arijmìc o opoÐoc apoteleÐ mia èndeixh gia to pìso isquroÐ eÐnai oi ìroi metafor�c

wc proc touc ìrouc di�qushc enìc pedÐou.

(2.5.4)

Φe = ΦP Pee ≥ 2

Φe = fΦe + (1− f)ΦP − 2 < Pee < 2

Φe = ΦE Pee ≤ −2

Pee =

(
%u∆x

ΓΦ

)
e

, f =
δx

∆x
(2.5.5)

'Ustera, ja dojeÐ h sqèsh me thn opoÐa gÐnetai h diakritopoÐhsh tou ìrou di�qushc

sto anatolikì sÔnoro e sÔmfwna me to ubridikì sq ma. Profan¸c, me parìmoio trìpo

upologÐzontai oi ìroi di�qushc kai sta sÔnora n, s, w.

µ

(
∂Φ

∂x

)
e

= µe
ΦE − ΦP

∆x
(2.5.6)

Oi klÐseic pÐeshc pou sumperilamb�nontai stouc ìrouc phg c twn exis¸sewn orm c,

diakritopoioÔntai me èna aplì sq ma peperasmènwn diafor¸n deÔterhc t�xhc, to opoÐo

dÐnetai sthn exÐswsh (2.5.7) gia thn klÐsh kat� x. Me antÐstoiqo trìpo gÐnetai kai o

upologismìc thc klÐshc kat� y. 'Idio sq ma parag¸gishc qrhsimopoieÐtai kai gia tic
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klÐseic thc diìrjwshc pÐeshc P ′ oi opoÐa eis�gontai sthn exÐswsh sunèqeiac mèsw twn

exis¸sewn (2.1.11), (2.1.12). An o endiaferìmenoc anagn¸sthc epijumeÐ plhroforÐec gia

tic parembolèc sta sÔnora, ¸ste na upologistoÔn oi taqÔthtec pou sumperilamb�nontai

sthn exÐswsh tou ìrou phg c thc diìrjwshc pÐeshc, dhlad  sthn (2.1.17), parapèmpetai

ek nèou sta gegrammèna tou MpoÔrh (2007).

∂P

∂x

∣∣∣∣
P

=
PE − PW

2∆x
(2.5.7)

'Ena �llo qr simo stoiqeÐo eÐnai h eÔresh k�poiou trìpou ¸ste na mporeÐ na ektimhjeÐ

h poiìthta twn dedomènwn apì thn mèjodo PIV, me ta opoÐa trofodoteÐtai o k¸dikac.

H pr¸th skèyh eÐnai na ektimhjeÐ kat� pìso ikanopoieÐtai h exÐswsh sunèqeiac. Gia na

gÐnei autì prèpei aut  na diakritopoihjeÐ kai na upologisteÐ se k�je jèsh tou pedÐou

to upìloipo thc. H diakritopoÐhsh thc faÐnetai sthn exÐswsh (2.5.8), ìpou CR5 eÐnai

to upìloipo thc upologismèno gia ton ek�stote peperasmèno ìgko. EpishmaÐnetai ìti h

exÐswsh (2.5.8) efarmìzetai gia i = 2, NI−1 kai j = 2, NJ−1. Se k�poiec perist�seic,

mporeÐ na dÐnei kalÔterh eikìna to adiastatopoihmèno upìloipo exÐswshc sunèqeiac, to

opoÐo dÐnetai apì th sqèsh (2.5.9).

uE − uW
2∆x

+
vN − vS

2∆y
= CR (2.5.8)

CRN =
CR(
Ut

2∆x

) (2.5.9)

'Opou:

Ut =
NI·NJ∑
k=1

(√
u2 + v2

)
k

NI ·NJ
(2.5.10)

Pollèc forèc, eÐte lìgw meg�lwn topik¸n klÐsewn thc taqÔthtac eÐte lìgw kakoÔ

5CR ek tou Continuity Residual
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upologismoÔ touc, mporeÐ se orismèna shmeÐa to CR na prokÔyei exwpragmatik� me-

g�lo se sqèsh me tic timèc sta geitonik� shmeÐa. Gia autì ton lìgo, upologÐzetai kai

to upìloipo thc oloklhrwmatik c exÐswshc thc sunèqeiac ICR6, to opoÐo sthn ousÐa

ekfr�zei to upìloipo apì thn exÐswsh diat rhsh m�zac se ìlo to proc epÐlush pedÐo. H

analutik  èkfrash gia autì to upìloipo dÐnetai apì thn exÐswsh (2.5.11). TonÐzetai ìti

jewreÐtai pwc ∆z = 1 kai gi' autì den emfanÐzetai poujen�. Epiplèon, to prìshmo twn

taqut twn prosdiorÐzetai me b�sh to sÔsthma suntetagmènwn. Dhlad , gia par�deigma,

jetik  taqÔthta u sta sÔnora W,E shmaÐnei taqÔthta me Ðdia kateÔjunsh me ton jetikì

hmi�xona twn x.

ICR =

(∫ Ymax

Ymin

%uEdy−
∫ Ymax

Ymin

%uWdy

)
+

(∫ Xmax

Xmin

%vNdx−
∫ Xmax

Xmin

%vSdx

)
(2.5.11)

Gia ton upologismì twn oloklhrwm�twn, prèpei na epistrateuteÐ mia mèjodoc arij-

mhtik c olokl rwshc. Aut  h opoÐa protim jhke sthn paroÔsa ergasÐa eÐnai h mèjodoc

Simpson 1/3 thc opoÐac h genik  èkfrash diafaÐnetai sthn exÐswsh (2.5.12), ìpou g mia

tuqaÐa sun�rthsh kai n o arijmìc twn shmeÐwn ta opoÐa summetèqoun ston upologismì

tou oloklhr¸matoc. EpishmaÐnetai ìti h sqèsh (2.5.12) afor� Ðsa diast mata metaxÔ

twn shmeÐwn i.

I ≈ (b− a)
g(x0) + g(xn) + 4

∑n−1
n=1,3,5 g(xi) + 2

∑n−2
n=2,4,6 g(xi)

3n
(2.5.12)

Gia to anatolikì sÔnoro gia par�deigma, h exÐswsh (2.5.12) efarmìzetai ìpwc faÐnetai

parak�tw:

g(xi) = %ue,i, i = 1, NJ, b− a = Ymax − Ymin (2.5.13)

Me parìmoio trìpo upologÐzontai ta oloklhr¸mata kai gia ta upìloipa sÔnora. 'U-

6Integral Continuity Residual
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stera apì ton upologismì twn oloklhrwm�twn sta sÔnora kai thn efarmog  thc sqèshc

(2.5.11) upologÐzetai to ICR. 'Opwc kai gia to CR, prosfèretai kai mÐa adiastato-

poihmènh èkfrash tou ICR, pou faÐnetai sthn exÐswsh (2.5.14). O ìroc me ton opoÐo

adiastatopoieÐtai to ICR epilègetai ètsi giatÐ ousiastik� eÐnai mÐa mèsh paroq  m�zac

tou pedÐou proc epÐlush. Tèloc, anafèretai ìti ta CRN, ICRN parousi�zontai pollèc

forèc wc posost�(%).

ICRN =
ICR

%Ut(Xtot + Ytot)/2
, Xtot = Xmax −Xmin, Ytot = Ymax − Ymin (2.5.14)

'Ena akìmh qr simo stoiqeÐo me to opoÐo mporeÐ na ektimhjeÐ h poiìthta twn apotele-

sm�twn, eÐnai o èlegqoc tou kat� pìso isqÔoun oi exis¸seic (2.2.10), (2.2.11). Me autìn

ton èlegqo praktik� dÐnetai mia ektÐmhsh thc poiìthtac thc statistik c tou peir�matoc.

Sthn ousÐa autèc oi sqèseic dÐnoun tic mèsec timèc twn u′, v′ oi opoÐec prèpei na eÐnai Ðsec

me 0. Sta diakrit� majhmatik� loipìn, autèc oi sqèseic metasqhmatÐzontai stic (2.5.15),

(2.5.16), ìpou N ìpwc èqei  dh eipwjeÐ eÐnai o arijmìc stigmiìtupwn.

u′ =
N∑
i=1

u′

N
(2.5.15)

v′ =
N∑
i=1

v′

N
(2.5.16)

Oi ekfr�seic ìmwc (2.5.15), (2.5.16) qwrÐc k�poia adiastatopoÐhsh, den apoteloÔn kai

to kalÔtero epoptikì ergaleÐo. Epomènwc epilègetai na adiastatopoihjeÐ h men (2.5.15)

me u kai h de (2.5.16) me v. Oi adiastatopoihmènec sqèseic autèc efarmìzontai se k�je

jèsh tou pedÐou kai ex�gontai ta antÐstoiqa apotelèsmata.

T¸ra, ìpwc eip¸jhke  dh, o k¸dikac diorj¸nei ta pedÐa taqut twn pou proèrqontai

apì th mèjodo PIV, ¸ste na ikanopoioÔn thn exÐswsh sunèqeiac. Epomènwc, mporeÐ
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na diatupwjeÐ h sqèsh tou sqetikoÔ sf�lmatoc metaxÔ thc taqÔthtac se mia jèsh tou

pedÐou wc èqei apì to PIV kai aut c pou prokÔptei met� to pèrac thc epanalhptik c

diadikasÐac. O trìpoc upologismoÔ autoÔ tou sqetikoÔ sf�lmatoc, dÐnetai sthn exÐswsh

(2.5.17). H metablht  Φ sthn prokeimènh perÐptwsh mporeÐ na p�rei tic timèc u, v   Ut ( 

P gia thn perÐptwsh dedomènwn CFD, ìpou m�lista ìpou PIV qrhsimopoieÐtai deÐkthc

CFD).

εcorr,Φ(%) = 100 · |ΦCORR − ΦPIV |
|ΦPIV |

(2.5.17)

MÐa akìmh sqèsh pou ja faneÐ qr simh sthn sunèqeia eÐnai h exÐswsh Bernoulli, h

opoÐa kai ja efarmosteÐ kateujeÐan gia ta dedomèna apì PIV. H efarmog  aut  thc

exÐswshc Bernoulli dÐnetai sthn exÐswsh (2.5.18), ìpou UPIV,t eÐnai h sunistamènh twn

u, v pou proèkuyan apì to peÐrama, wc Pref jewreÐtai h pÐesh sthn eÐsodo kai lamb�netai

Ðsh me 0, en¸ wc Uref,t jewreÐtai h mèsh taqÔthta eisìdou apì th mèjodo PIV me th logik 

ìti ston k¸dika h pÐesh anafor�c Ðsh me 0 eÐnai aut  sto dutikì sÔnoro dhlad  sthn

eÐsodo.

Panal,PIV = Pref + (
1

2
%U2

ref,t −
1

2
%U2

PIV,t) (2.5.18)

3 Apotelèsmata-Sqìlia

Se autì to kef�laio, ja paratejoÔn ta apotelèsmata kai ja gÐnei kai sqoliasmìc

touc, kaj¸c kai ja exaqjoÔn k�poia memonwmèna sumper�smata. H di�rjrwsh tou kefa-

laÐou eÐnai h ex c: sto pr¸to upokef�laio ja dojoÔn ta diagr�mmata pou aforoÔn thn

perÐptwsh- dokim  me dedomèna apì CFD gia thn perÐptwsh tou strwtoÔ str¸matoc

di�tmhshc, sto deÔtero ja dojoÔn ta apotelèsmata gia thn perÐptwsh tou peristre-

fìmenou kulÐndrou me dedomèna pedÐa taqut twn apì PIV en¸ sto trÐto kai teleutaÐo

ja parousiastoÔn kai ja sqoliastoÔn ta apotelèsmata pou aforoÔn ton kÔbo se mhde-

nik  gwnÐa prìsptwshc anèmou.
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3.1 Strwtì str¸ma di�tmhshc(CFD)

Sthn ousÐa, ègine ektèlesh tou progr�mmatoc CAFFCA2D me tic kat�llhlec oriakèc

sunj kec kai proèkuyan orismèna pedÐa taqut twn kai pÐeshc. Gia na gÐnei katanoht 

h perÐptwsh pou exet�zetai ed¸ kai na exhghjeÐ kai to eÐdoc twn oriak¸n sunjhk¸n

pou epibl jhkan kat� thn CFD epÐlush krÐnetai skìpimo katarq�c na dojeÐ to profÐl

taqÔthtac eisìdou, dhlad  autì tou dutikoÔ sunìrou, me to opoÐo trofodot jhke o

CAFFCA2D.

Autì to profÐl dÐnetai sto sq ma 3, ìpou o k�jetoc �xonac antistoiqeÐ sto adiasta-

topoihmèno profÐl sunistamènhc taqut twn (U/UIN) tou dutikoÔ sunìrou tou qwrÐou

proc epÐlush kai o orizìntioc �xonac antistoiqeÐ sthn kaj' Ôyoc suntetagmènh tou qw-

rÐou proc epÐlush, dhlad  thn suntetagmènh y tou qwrÐou autoÔ. Oi men taqÔthtec

eÐnai adiastatopoihmènec me th mèsh taqÔthta eisìdou UIN Ðsh me 0.000100 m/s kai

oi de kaj' Ôyoc suntetagmènec me mÐa stajer� m kouc adiastatopoÐhshc, thn Rl, Ðsh

me 0.100000 m. Apì autì to profÐl thc taqÔthtac gÐnetai katanohtì ìti dhmiourgeÐ-

tai str¸ma di�tmhshc gia y/Rl = 0.5 afoÔ se ekeÐno to shmeÐo èrqontai se epaf  dÔo

roèc diaforetik¸n taqut twn (all� Ðdiwn fusik¸n idiot twn). TonÐzetai ìti h k�jeth

sunist¸sa thc taqÔthtac sthn eÐsodo eÐnai mhdenik .

Sq ma 3: Adiastatopoihmèno profÐl taqÔthtac eisìdou (dutikoÔ sunìrou) gia strwtì str¸ma di-
�tmhshc
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Sto sq ma 4, dÐnetai endeiktik� èna grammikì sqedi�gramma tou qwrÐou epÐlushc,

sto opoÐo faÐnetai h arq  tou sust matoc suntetagmènwn, oi diast�seic tou qwrÐou

kaj¸c kai oi plegmatikèc grammèc. O �xonac y èqei Ðdia dieÔjunsh me to sÔnoro W

(dutikì), en¸ o x Ðdia me to sÔnoro S (nìtio). Epomènwc, to profÐl eisìdou to opoÐo

dìjhke nwrÐtera, antistoiqeÐ se x = 0. TonÐzetai ìti ta pedÐa taqut twn thc epÐlushc

CFD dìjhkan pantoÔ mhdenik� ektìc apì thn eÐsodo en¸ autì thc pÐeshc eis qjh pantoÔ

-sumperilambanomènhc kai thc eisìdou- mhdenikì. Epiplèon, epishmaÐnetai ìti se kamÐa

perÐptwsh den thr jhke 1:1 analogÐa metaxÔ tou �xona y kai x.

Sq ma 4: Endeiktikì sqèdio tou qwrÐou epÐlushc gia to strwtì str¸ma di�tmhshc

Sto shmeÐo autì prèpei na dieukrinistoÔn oi oriakèc sunj kec oi opoÐec epibl jh-

kan kat� thn CFD epÐlush mèsw tou k¸dika CAFFCA2D. Sto anatolikì sÔnoro jew-

r jhkan oriakèc sunj kec exìdou en¸ sto dutikì oriakèc sunj kec eisìdou ìpwc autèc

periegr�fhkan sto upokef�laio (2.4). Apì to bìreio kai nìtio sÔnoro, jewr jhke ìti

dièrqontai �xonec summetrÐac, pr�gma pou mèsw CFD epÐlushc me ton CAFFCA2D,

shmaÐnei dÔo tin�: pr¸ton, ìlec oi metablhtèc dèqontai oriakèc sunj kec Neumann,

deÔteron, h k�jeth sunist¸sa thc taqÔthtac, v, jewreÐtai mhdenik  epÐ aut¸n twn su-

nìrwn.
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AfoÔ loipìn ektelèsthke o k¸dikac CAFFCA kai proèkuyan ta pedÐa taqut twn a-

pì epÐlush CFD, doj kan aut� ta pedÐa wc dedomèna kai ektelèsthke to tropopoihmèno

prìgramma, kat�llhlo gia eisagwg  pedÐwn taqut twn apì PIV. Par�llhla, dìjhke se

autì ton tropopoihmèno k¸dika mhdenikì pedÐo pièsewn, ¸ste na exakribwjeÐ an mporeÐ

na par�xei to Ðdio pedÐo pÐeshc me autì thc epÐlushc CFD.

T¸ra, krÐnetai skìpimo na gÐnei mneÐa stic oriakèc sunj kec oi opoÐec epibl jhkan

kat� thn ektèlesh tou tropopoihmènou k¸dika: gia to nìtio (S) kai bìreio (N) sÔnoro,

kajorÐzontai oriakèc sunj kec ìpwc autèc pou upagoreÔontai apì tic exis¸seic (2.4.1)

wc (2.4.3), ìpou ìmwc Φn = Φ0
N ,Φs = Φ0

S gia Φ = u, v afoÔ prìkeitai gia strwt  ro .

Gia to anatolikì sÔnoro efarmìsthkan oriakèc sunj kec exìdou.

Tèloc, prèpei na dojoÔn kai k�poia peraitèrw dedomèna ta opoÐa apaitoÔntai gia thn

diadikasÐa epÐlushc. Aut� faÐnontai sthn èkfrash (3.1.1).

% = 998.300
kg

m3
, µ = 0.102000 · 10−3 kg

ms
,NI = 85, NJ = 63 (3.1.1)

H perÐptwsh autoÔ tou upokefalaÐou, up�rqei sthn paroÔsa ergasÐa q�rin elègqou

(validation). Gia autì to lìgo, krÐnetai skìpimo na parousiastoÔn mìno dÔo sq mata:

sto sq ma 5 dÐnetai to sf�lma metaxÔ thc sunistamènhc twn taqut twn ìpwc prokÔptei

apì CFD kai thc telik c ìpwc upologÐzetai apì thn ektèlesh tou tropopoihmènou k¸di-

ka kai sto sq ma 6 dÐnetai to antÐstoiqo sqetikì sf�lma gia tic pièseic.

Gia na apofeuqjeÐ opoiad pote sÔgqush, wc PCFD jewroÔntai oi pièseic pou proèku-

yan apì thn CFD epÐlush, en¸ wc P sumbolÐzetai h pÐesh pou proèkuye trofodot¸ntac

ton tropopoihmèno k¸dika me mhdenikì pedÐo pièsewn kai me tic taqÔthtec pou proèkuyan

apì CFD epÐlush, antimetwpÐzontac autèc wc pedÐa taqut twn PIV. AntÐstoiqoi sumbo-

lismoÐ qrhsimopoioÔntai kai gia tic taqÔthtec, dhlad  h sunistamènh taqÔthta apì CFD

sumbolÐzetai wc Ut,CFD kai aut  apì thn metèpeita epÐlush wc Ut.
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Sq ma 5: Sqetikì sf�lma εcorr,Ut
(%) = 100 · |Ut,CFD−Ut|

|Ut,CFD|

Sq ma 6: Sqetikì sf�lma εcorr,P (%) = 100 · |PCFD−P |
|PCFD|
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Sto shmeÐo autì krÐnetai skìpimo na gÐnoun k�poia sqìlia epÐ twn sqhm�twn. Sto

sq ma 5, diafaÐnetai ìti to pedÐo taqut twn all�zei el�qista met� to pèrac thc ektèle-

shc tou k¸dika. To mègisto sqetikì sf�lma eÐnai thc t�xhc tou 0.012%, posostì genik�

amelhtèo. TonÐzetai ìti autì to gegonìc apì mìno tou den bohj� sthn �mesh exagw-

g  sumperasm�twn. M�lista,  tan anamenìmeno afoÔ ta pedÐa taqut twn me ta opoÐa

trofodot jhke to prìgramma, eÐnai dedomèna CFD ta opoÐa eÐnai amig¸c disdi�stata

kai apallagmèna apì peiramatik� sf�lmata. Gia autì to lìgo to prìgramma sugklÐnei

gr gora, afoÔ ta pedÐa taqut twn ta opoÐa eis�gontai eÐnai kai aut� proðìn sÔgklishc

tou CAFFCA2D. P�ntwc, apoteleÐ mia kal  èndeixh upì thn ènnoia ìti to prìgramma

mporeÐ na par�sqei swst� apotelèsmata an trofodothjeÐ me swst� dedomèna.

Anaforik� t¸ra me to pedÐo pÐeshc, apì to sq ma 6 gÐnetai katanohtì ìti se k�poia

shmeÐa to sqetikì sf�lma ft�nei mèqri kai 16%. Genik�, den antiproswpeÔetai bèltista

h pragmatikìthta me autì to di�gramma, afoÔ ta shmeÐa sta opoÐa to sqetikì sf�lma

uperbaÐnei to 5% eÐnai 28 ston arijmì. Me dedomèno ìti isqÔei NI ·NJ = 85 ·63 = 5355,

prokÔptei ìti ta 28 shmeÐa antistoiqoÔn sto 0, 52% olìklhrou tou pedÐou. 'Ara mporeÐ

na eipwjeÐ me sqetik  asf�leia ìti to tropopoihmèno prìgramma mporeÐ na upologÐsei

ikanopoihtik� to pedÐo pÐeshc (se pr¸th f�sh, gia strwtèc roèc), an kai efìson tou

dojoÔn swst� pedÐa taqut twn.

3.2 PerÐptwsh peristrefìmenou kulÐndrou (dedomèna PIV)

H epìmenh perÐptwsh h opoÐa ja exetasteÐ eÐnai aut  epÐpedou k�jetou se �xona

summetrÐac peristrefìmenou kulÐndrou. Se autì to epÐpedo eÐnai gnwst� ta pedÐa taqu-

t twn ta opoÐa upologÐsthkan me thn peiramatik  mèjodo PIV. Ousiastik�, jewroÔntai

dedomèna 200 stigmiìtupa autoÔ tou epipèdou, apì ta opoÐa ex�getai to mèso pedÐo taqu-

t twn. Skopìc eÐnai na exaqjeÐ kai to mèso pedÐo pÐeshc. Epidi¸ketai na sumperilhfjeÐ

kai h tÔrbh sto prìblhma. Aut  epiqeir jhke na eisaqjeÐ apeujeÐac me tic turb¸deic
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t�seic Reynolds pr�gma to opoÐo den od ghse se ikanopoihtik  sÔgklish tou k¸dika,

afoÔ ta enapomeÐnanta upìloipa twn exis¸sewn kumaÐnontan se meg�lec timèc. Sthn

sunèqeia, epistrateÔthke montèlo k-e, me to opoÐo proèkuyan apotelèsmata ta opoÐa

axiolog jhkan wc fusik� sunep . M�lista, me qr sh tou montèlou autoÔ o k¸dikac

sunèkline kanonik�.

Gia na gÐnei pio katanoht  h gewmetrÐa thc perÐptwshc pou exet�zetai ètsi ¸ste na

parousiasteÐ swst� kai o trìpoc me ton opoÐo epibl jhkan oi oriakèc sunj kec, pa-

ratÐjetai parak�tw to sq ma 7. Se autì to sq ma faÐnetai olìklhro to dianusmatikì

pedÐo thc perÐptwshc upì exètash. H perÐkleisth orjogwnik  epif�neia eÐnai aut  sthn

opoÐa pragmatopoi jhke h epÐlush. To kèntro tou kulÐndrou den faÐnetai se autì to

di�gramma all� brÐsketai perÐpou sthn jèsh (x, y) = (−21 mm, 8.3 mm) en¸ h aktÐna

tou eÐnai Ðsh me 12.5 mm.

TonÐzetai ìti kat� thn epÐlush to sÔsthma suntetagmènwn metafèrjhke katakìrufa

ètsi ¸ste to shmeÐo tom c tou W sunìrou me to S na tautÐzetai me thn arq  twn a-

xìnwn. Profan¸c aut  h metafor� tou sust matoc den ephre�zei me opoiod pote trìpo

thn epÐlush. EpÐshc, prèpei na epishmanjeÐ ìti kat� to peÐrama, o kÔlindroc briskìtan

embujismènoc se akÐnhto reustì to opoÐo periballìtan apì èna orjogwnikoÔ sq matoc

doqeÐo. Autì shmaÐnei, ìti to reustì kat� thn kÐnhsh tou lìgw thc peristrof c tou

kulÐndrou, deqìtan sunektikèc t�seic apì ta toiq¸mata autoÔ tou doqeÐou ta opoÐa kai

 tan akÐnhta. To bèloc, deÐqnei thn for� peristrof c tou kulÐndrou.
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Sq ma 7: Metrhmèno dianusmatikì pedÐo taqut twn apì PIV kai gewmetrÐa qwrÐou proc epÐlush gia
thn perÐptwsh tou peristrefìmenou kulÐndrou

T¸ra, krÐnetai skìpimo na exhghjeÐ o trìpoc me ton opoÐo epibl jhkan oi oriakèc

sunj kec. Sto nìtio kai to bìreio sÔnoro epib�llontai ìpwc autèc upagoreÔontai apì

tic exis¸seic (2.4.1) wc (2.4.3) gia Φ = u, v, k, ìpou ìmwc jewreÐtai ìti v = 0 gia to

nìtio. Aut  h paradoq  eÐnai eÔlogh afoÔ parathr jhke ìti ìntwc h taqÔthta v ekeÐ

eÐnai polÔ mikrìterh apì ìti sto upìloipo pedÐo. Gia to anatolikì sÔnoro efarmìzontai

oriakèc sunj kec exìdou ìpwc autèc periegr�fhkan  dh.

Sthn sqèsh (3.2.1) faÐnontai ta aparaÐthta dedomèna gia thn algorijmik  diadikasÐa

epÐlushc, pou pragmatopoieÐtai kat� thn ektèlesh tou progr�mmatoc. TonÐzetai ìti h

puknìthta kai to ix¸dec el fjhsan apì ton Tsagg�rh (2016, sel.37), kaj¸c kai ;ìti

to m koc adiastatopoÐhshc Rl eÐnai Ðso me thn aktÐna tou kulÐndrou, Rcyl.

% = 997, 3
kg

m3
, µ = 0.101000·10−2 kg

ms
,Rl = Rcyl = 0.0125 m,Ncyl = 150RPM,NI = 85, NJ = 53

(3.2.1)

Prin parousiastoÔn ta diagr�mmata pou proèkuyan, èna akìmh stoiqeÐo pou prèpei na

dojeÐ eÐnai h analutik  lÔsh gia peristrefìmeno kÔlindro se astrìbilh kai asumpÐesth

ro . Autì krÐnetai skìpimo ¸ste na up�rqei k�poioc trìpoc, èstw endeiktikìc, ¸ste na

elegqjeÐ kat� pìso h lÔsh eÐnai fusik� sunep c. Apì ton Tsagg�rh (2016), mporeÐ na
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prosomoiwjeÐ aut  h perÐptwsh me qr sh mÐac shmeiak c phg c sto shmeÐo (0, 0). Pio

sugkekrimèna, katarq�c isqÔoun oi sqèseic (3.2.2), (3.2.3).

uanal = − Γ

2π

y

x2 + y2
(3.2.2)

vanal =
Γ

2π

x

x2 + y2
(3.2.3)

'Ustera, prèpei na brejeÐ h kukloforÐa Γ. Prokeimènou na upologisteÐ, prèpei na

lhfjeÐ upìyin ìti gia (x, y) = (0,−Rcyl) isqÔei (u, v) = (
2πNcyl

60
Rcyl, 0) kai gia (x, y) =

(Rcyl, 0) ìti (u, v) = (0,
2πNcyl

60
Rcyl). O kÔlindroc peristrèfetai aristerìstrofa. Aut�

pou eip¸jhkan, metafr�zontai stic parak�tw sqèseic:

uanal(0,−Rcyl) = 0, 19635 (3.2.4)

vanal(0,−Rcyl) = 0 (3.2.5)

uanal(Rcyl, 0) = 0 (3.2.6)

vanal(Rcyl, 0) = 0, 19635 (3.2.7)

Apì thn sqèsh (3.2.4) prokÔptei ìti Γ
2π

= 0, 002454 kai me aut  thn tim  epalhjeÔo-

ntai kai oi sqèseic (3.2.5), (3.2.6), (3.2.7). Epomènwc, oi telikèc analutikèc sqèseic gia

thn perÐptwsh tou peristrefìmenou kulÐndrou eÐnai oi (3.2.8), (3.2.9), gia x2+y2 ≥ R2
cyl.

uanal = −0, 002454
y

x2 + y2
(3.2.8)

vanal = 0, 002454
x

x2 + y2
(3.2.9)

Gia ton upologismì thc pÐeshc efarmìzetai h exÐswsh Bernoulli ìpwc faÐnetai sthn

sqèsh (3.2.10). Ta Pref , Uref,t èqoun oristeÐ  dh sto upokef�laio (2.5), en¸ wc Uanal,t
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sumbolÐzetai h sunistamènh twn uanal, vanal..

Panal = Pref + (
1

2
%U2

ref,t −
1

2
%U2

anal,t) (3.2.10)

Epiplèon prèpei na anaferjeÐ ìti gia ta pedÐa pièsewn kai taqut twn pou aforoÔn thn

analutik  lÔsh peristrefìmenou kulÐndrou (exis¸seic (3.2.8), (3.2.9), (3.2.10)), prokei-

mènou na mporoÔn na sugkrijoÔn me aut� pou prokÔptoun apì thn epanalhptik  diadika-

sÐa all� kai me aut� thc mejìdou PIV, ègine metafor� tou sust matoc suntetagmènwn

ek twn ustèrwn qwrÐc ìmwc autì na ephre�zei me opoiod pote trìpo ta apotelèsmata.

Ta pr¸ta diagr�mmata pou ja dojoÔn eÐnai oi isoôyeÐc thc orizìntiac sunist¸sac thc

taqÔthtac u, gia 3 peript¸seic: dedomèna apeujeÐac apì PIV, apotelèsmata tou k¸dika

o opoÐoc diorj¸nei ta dedomèna PIV, ¸ste na ikanopoioÔn thn exÐswsh sunèqeiac kai a-

potelèsmata pou prokÔptoun apì thn analutik  lÔsh peristrefìmenou kulÐndrou. Aut�

ta diagr�mmata faÐnontai sto sq ma 8. Gia tic Ðdiec peript¸seic, dÐnontai sto sq ma 9

kai oi isoôyeÐc thc k�jethc sunist¸sac thc taqÔthtac v. Ed¸, prèpei na anaferjeÐ ìti

to epÐpedo epÐlushc, den perilamb�nei ton kÔlindro all� brÐsketai lÐgo pio makri� tou.

H analutik  lÔsh upologÐsthke se epÐpedo tètoio ¸ste ta mètra twn taqut twn na eÐnai

paremfer  me aut� twn �llwn dÔo peript¸sewn. Apì ed¸ kai pèra deÐkthc CORR, ja

antapokrÐnetai sthn deÔterh perÐptwsh, deÐkthc PIV sthn pr¸th kai deÐkthc anl sthn

trÐth. Oi isoôyeÐc Ðdiac tim c, antistoiqoÔn kai se Ðdio qr¸ma sta diagr�mmata.

En suneqeÐa, sto sq ma 10, dÐnetai sto Ðdio di�gramma to dianusmatikì pedÐo twn ta-

qut twn gia dedomèna kateujeÐan apì PIV all� kai twn diorjwmènwn taqut twn ìpwc

prokÔptoun apì thn epÐlush. Sto sq ma 11, dÐnetai to sqetikì sf�lma thc sunistamènhc

twn taqut twn, ìpwc upagoreÔetai apì th sqèsh (2.5.17).
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uCORR (m/s) uPIV (m/s)

uanl (m/s)

Sq ma 8: IsoôyeÐc gia: uCORR (p�nw arister�), uPIV (p�nw dexi�), uanl (k�tw)
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vCORR (m/s) vPIV (m/s)

vanl (m/s)

Sq ma 9: IsoôyeÐc gia: vCORR (p�nw arister�), vPIV (p�nw dexi�), vanl (k�tw)
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Sq ma 10: Dianusmatik� pedÐa gia: tic diorjwmènec taqÔthtec kai autèc apì PIV (pr�sino: dianu-
smatikì pedÐo PIV, mwb: diorjwmèno dianusmatikì pedÐo)

Sq ma 11: Sqetikì sf�lma metaxÔ sunistamènhc taqut twn apì dedomèna (PIV) kai diorjwmènhc
sunistamènhc apì to prìgramma

49



Parathr¸ntac ta sq mata 8,9,10 kai 11 mporeÐ na eipwjeÐ ìti h ektèlesh tou

progr�mmatoc all�zei el�qista ta dedomèna pou eis�gontai. Autì Ðswc shmaÐnei ìti

katarq�c h ro  eÐnai proseggistik� disdi�stath, kat� deÔteron ìti ta sf�lmata kat�

thn peiramatik  diadikasÐa eÐnai sto mètro tou epitreptoÔ kai ìti kat� trÐton genik�

ikanopoieÐtai h exÐswsh sunèqeiac. Bèbaia, ed¸ prèpei na epishmanjeÐ ìti h orjìthta

thc allag c tou arqikoÔ pedÐou apì PIV den eÐnai sÐgoura exasfalismènh, afoÔ exar-

t�tai apì ton trìpo me ton opoÐo epib�llontai oi oriakèc sunj kec kaj¸c kai apì th

montelopoÐhsh thc tÔrbhc kai kat' epèktash den mporeÐ na eipwjeÐ me sigouri� an to

diorjwmèno   to pedÐo PIV eÐnai swstìtero.

T¸ra, apì to sq ma 11 diafaÐnetai ìti genik� to sqetikì sf�lma eÐnai k�tw tou

10% gia ta perissìtera shmeÐa tou pedÐou me lÐgec exairèseic proc thn èxodo tou. Apì

to sq ma 10, diapist¸netai ìti up�rqei sqedìn taÔtish twn dÔo dianusmatik¸n pedÐwn.

Tèloc, kai ta sq mata twn isoôy¸n apodeiknÔoun thn isqÔ ìswn proanafèrjhkan. 'A-

ra, sumperaÐnetai ìti up�rqoun isqurèc endeÐxeic sqetik� me thn epituqÐa efarmog c thc

mejìdou epÐlushc sta sugkekrimèna dedomèna.

Epiplèon, epishmaÐnetai ìti ta diagr�mmata twn analutik¸n lÔsewn dìjhkan peris-

sìtero gia na pragmatopoihjoÔn poiotikèc sugkrÐseic, afoÔ �llwste aforoÔn astrìbi-

lo, asumpÐesto kai mh sunektikì pedÐo, strwt c ro c. Me poiotik  sÔgkrish loipìn,

prokÔptoun ta ex c: pr¸ton, oi kampÔlec isotaqÔthtac emfanÐzontai kuklikèc gia thn

orizìntia sunist¸sa thc taqÔthtac, gia ìlec tic peript¸seic. DeÔteron, h morf  twn

isoôy¸n thc k�jethc sunist¸sac v eÐnai parìmoia kai gia ta trÐa diagr�mmata tou sq ma-

toc 9. TrÐton, h analutik  lÔsh dÐnei polÔ megalÔterec taqÔthtec gia thn Ðdia perioq 

kai autèc diathroÔntai gia polÔ pio ektetamèno tm ma tou pedÐou. Autì exhgeÐtai apì to

gegonìc ìti prìkeitai gia lÔsh me je¸rhsh amelhtèac sunektikìthtac kai wc gnwstìn

h sunektikìthta eujÔnetai gia ap¸leiec olik c pÐeshc (statik c kai dunamik c).

Sth sunèqeia, sto sq ma 12, dÐnetai sto Ðdio di�gramma to dianusmatikì pedÐo al-
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l� kai oi isoôyeÐc thc sunistamènhc twn taqut twn (Ut,CORR), pou proèkuyan apì thn

epÐlush, me qr sh tou logismikoÔ Tecplot. Sto sq ma 13, dÐnontai oi isoôyeÐc thc pÐe-

shc pou prokÔptoun apì thn diadikasÐa epÐlushc, me qr sh tou logismikoÔ Tecplot.

Tèloc, sto sq ma 14 dÐnontai oi pièseic gia 3 diaforetikèc peript¸seic: oi isoôyeÐc thc

ìpwc proèkuyan apì thn ektèlesh tou k¸dika, autèc pou prokÔptoun apì thn analutik 

lÔsh, kaj¸c kai autèc pou prokÔptoun me apeujeÐac efarmog  thc exÐswshc Bernoulli

sta dedomèna (blèpe exis¸seic (2.5.26), (2.5.27)). Wc P orÐzetai h pÐesh thc pr¸thc

perÐptwshc, PBern thc trÐthc kai Panl thc deÔterhc.

Sq ma 12: Dianusmatikì pedÐo kai isoôyeÐc thc Ut,CORR (m/s) (X = x/Rl, Y = y/Rl)

Sq ma 13 IsoôyeÐc thc P (Pa) (X = x/Rl, Y = y/Rl)
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P (Pa) PBern (Pa)

Panl (Pa)

Sq ma 14: IsoôyeÐc gia: P (p�nw arister�), PBern (p�nw dexi�), Panl (k�tw)
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Parathr¸ntac to sq ma 14 ex�getai èna shmantikì sumpèrasma: mporeÐ oi iso-

ôyeÐc thc P na mhn èqoun akrib¸c thn Ðdia morf  me thc PBern, all� h mègisth kai h

el�qisth pÐesh kai gia tic dÔo autèc peript¸seic sqedìn tautÐzontai kai èqoun timèc pe-

rÐpou 0 (Pa) kai −1.2 (Pa) antÐstoiqa. Epiplèon, genikìtera isqÔei ìti ìso 'boreiìtera'

proqwr�ei kaneÐc sta diagr�mmata tou sq matoc 14, tìso pio meg�lh eÐnai h upopÐesh,

kat' apìluth tim . Dhlad , ìso plhsi�zei kaneÐc proc to kÔlindro tìso mikrìterh eÐnai

h statik  pÐesh thc ro c. Upì aut  thn �poyh, h poiotik  sÔgkrish metaxÔ twn tri¸n

peript¸sewn faner¸nei ìti up�rqei fusikì nìhma sto upologismèno apì ton k¸dika pe-

dÐo.

Apì ta sq mata 12 kai 13, diafaÐnetai ìti sta shmeÐa, ta opoÐa qarakthrÐzontai a-

pì mikrìterec statikèc pièseic, emfanÐzontai oi mègistec taqÔthtec. To gegonìc autì

dikaiologeÐtai èstw poiotik� apì thn exÐswsh Bernoulli. Profan¸c, lìgw sunektikìth-

tac up�rqei ap¸leia olik c pÐeshc (statik c kai dunamik c), all� mporeÐ na eipwjeÐ ìti

genik� ìpou h dunamik  pÐesh eÐnai megalÔterh, anamènoume mikrìterh statik  pÐesh.

En suneqeÐa, krÐnetai skìpimo na gÐnei mia pio endeleq c ektÐmhsh thc orjìthtac twn

apotelesm�twn. 'Opwc eip¸jhke sto upokef�laio (2.5), k�poia endeiktik� ergaleÐa eÐnai

ta upìloipa m�zac (CR, ICR) all� kai o èlegqoc tou kat� pìso isqÔoun oi exis¸seic

(2.2.10), (2.2.11) (me qr sh twn diakrit¸n ekfr�sewn tou kefalaÐou (2.5)). Genikìtera,

epidi¸ketai na gÐnei mia prosp�jeia na ektimhjeÐ kat� pìso eÐnai disdi�stath h upìsta-

sh twn dedomènwn pedÐwn taqut twn, an up�rqoun poll� sf�lmata apì thn peiramatik 

diadikasÐa all� kai na dojeÐ mia ex ghsh sqetik� me to giatÐ den ex qjhsan axiìlo-

ga apotelèsmata me thn apeujeÐac eisagwg  thc tÔrbhc mèsw twn turbwd¸n t�sewn

Reynolds. Sto sq ma 15 dÐnetai to CRN , ìpwc orÐsthke sto upokef�laio (2.5).
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Sq ma 15: Adiastatopoihmèno upìloipo m�zac CRN(%)

Apì to sq ma 15, diapist¸netai ìti to adiastatopoihmèno upìloipo thc exÐswshc

sunèqeiac, se mÐa ektetamènh perioq , kumaÐnetai metaxÔ 6 kai 10%. Ta posost� aut�

nai men den eÐnai anepÐtrepta, all� apì thn �llh den eÐnai oÔte amelhtèa, eidik� an ske-

fteÐ kaneÐc ìti o par�gontac adiastatopoÐhshc apoteleÐ mia perÐptwsh meg�lhc klÐshc

thc u. Sthn paroÔsa f�sh den mporoÔn na eipwjoÔn poll� pr�gmata akìmh. Mìlic ja

parousiasteÐ kai h perÐptwsh tou kÔbou, tìte ja mporoÔn na gÐnoun sugkrÐseic metaxÔ

twn upoloÐpwn twn dÔo peript¸sewn.

Se autì to shmeÐo, krÐnetai skìpimo na dojeÐ kai to adiastatopoihmèno upìloipo

thc oloklhrwmatik c exÐswshc sunèqeiac, ICRN(%). Autì brÐsketai Ðso me 6.875%.

Ousiastik�, autì shmaÐnei ìti to upìloipo m�zac sto upì epÐlush qwrÐo eÐnai Ðso perÐpou

me to 7% mÐac mèshc paroq c m�zac pou dièrqetai apì autì to qwrÐo. Autì ofeÐletai

pijan¸c sto ìti up�rqei isqur  trÐth sunist¸sa thc taqÔthtac pou den èqei sumperi-

lhfjeÐ sthn epÐlush all� kai se sf�lmata kat� thn peiramatik  diadikasÐa. BebaÐwc,

ufÐstatai kai h je¸rhsh thc mh sumpiestìthtac tou reustoÔ, all� dedomènou ìti to
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reustì autì eÐnai nerì se kanonikèc jermokrasÐec, aut  h je¸rhsh eÐnai akrib c. 'Opwc

kai na èqei, den eÐnai shmantikì posostì, all� autì ja faneÐ kalÔtera sth sunèqeia

pou ja parousiastoÔn ta apotelèsmata gia thn perÐptwsh tou kÔbou.

Tèloc, upologÐsthkan ta u′/u, v′/v se ìlec tic jèseic tou pedÐou kai h mègisth tim 

touc brèjhke perÐpou 0.8% h opoÐa genik� krÐnetai amelhtèa. Epomènwc, den faÐnetai na

ègkeitai ekeÐ to prìblhma sqetik� me thn apotuqÐa sÔgklishc tou k¸dika me eisagwg 

thc tÔrbhc apeujeÐac me t�seic Reynolds. O lìgoc mporeÐ na eÐnai ìti ta stigmiìtupa

eÐnai polÔ lÐga ston arijmì,  toi 200 kai epomènwc den eÐnai ikan� na parèqoun stati-

stik¸c anex�rthta dedomèna gia tic turb¸deic t�seic.

3.3 PerÐptwsh kÔbou se mhdenik  gwnÐa prìsptwshc a-

nèmou (dedomèna PIV)

Oi epìmenec om�dec dedomènwn PIV stic opoÐec efarmìsthke h diadikasÐa epÐlushc

thc paroÔsac ergasÐac aforoÔn 2 epÐpeda k�jeta se 2 èdrec tou kÔbou. H akrib c gew-

metrÐa kai ta epÐpeda aut� ja fanoÔn kalÔtera me thn par�jesh enìc sq matoc (sq ma

16). TonÐzetai ìti ta epÐpeda sta opoÐa efarmìzetai h mèjodoc eÐnai ta A,C. Se aut�

mporeÐ na jewrhjeÐ proseggistik� ìti ufÐstatai disdi�stath ro , paradoq  h opoÐa pa-

rìla aut� ja elegqjeÐ me thn eÔresh twn upoloÐpwn m�zac.

Sq ma 16: Prìoyh (arister�) kai k�toyh (dexi�) tou kÔbou kai twn epipèdwn mètrhshc (phg :
Manolesos et al. (2018))
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Parathr¸ntac to sq ma 16, diafaÐnontai dÔo profÐl taqÔthtac anèmou: èna mikrìte-

rhc klÐshc wc proc y (Low Shear) kai èna megalÔterhc (High Shear). Epomènwc,  dh gia

k�je epÐpedo apì ta dÔo antistoiqoÔn dÔo peript¸seic pedÐwn taqÔthtac. Ousiastik�

ìmwc eÐnai 4, afoÔ up�rqoun kai anoÐgmata stic plaðnèc èdrec tou kÔbou kai epomènwc

gÐnontai dÔo peir�mata: èna me ta anoÐgmata kleist� kai èna me anoiqt�. 'Ara gia k�je

epÐpedo up�rqoun oi ex c peript¸seic: High Shear Open (HSO), High Shear Closed

(HSC), Low Shear Open (LSO), Low Shear Closed (LSC). Apì ed¸ kai pèra h opoia-

d pote anafor� se k�poia apì autèc tic tèssereic peript¸seic ja gÐnetai me ta arqik�

pou faÐnontai stic parenjèseic. T¸ra, prèpei na anaferjeÐ ìti o anagn¸sthc o opoÐ-

oc epijumeÐ peraitèrw leptomèreiec gia to peÐrama parapèmpetai stouc Manolesos et al.

(2018) oi opoÐoi �llwste diex gagan kai to peÐrama.

'Ustera, prèpei na anaferjoÔn oi oriakèc sunj kec oi opoÐec epibl jhkan sta sÔnora

tou ek�stote epipèdou sto opoÐo pragmatopoieÐtai h epÐlush. EpishmaÐnetai ìti kai gia

ta 2 epÐpeda, efarmìsthkan oriakèc sunj kec akrib¸c me ton Ðdio trìpo. Sto bìreio

kai nìtio sÔnoro efarmìzontai oriakèc sunj kec sÔmfwna me tic opoÐec all�zoun kai

oi ìroi di�qushc kai metafor�c en¸ gia to anatolikì all�zei mìno o ìroc di�qushc kai

epib�lletai stajerìc ìroc metafor�c, gia Φ = u, v afoÔ den epistrateÔetai montèlo

tÔrbhc k-e.

Ant' autoÔ, h tÔrbh eis�getai apeujeÐac me tic turb¸deic t�seic Reynolds ìpwc pro-

kÔptoun apì ta dedomèna tou peir�matoc. Sthn perÐptwsh aut  sunèkline o k¸dikac

pijan¸c lìgw tou ìti ta stigmiìtupa apì PIV  tan perissìtera kai wc ek toÔtou kai h

statistik  tou peir�matoc kalÔtera metrhmènh. Kai ed¸ lamb�netai wc dedomèno to mèso

pedÐo taqut twn kai epidi¸ketai o upologismìc tou mèsou pedÐou pÐeshc. Ta aparaÐthta

dedomèna gia thn ektèlesh tou k¸dika diafaÐnontai sthn sqèsh (3.3.1).

% = 1.21
kg

m3
, µ = 0.179 · 10−4

kg

ms
,Rl = Hc = 0.110000 m (3.3.1)
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DieukrinÐzetai ìti Hc eÐnai to Ôyoc tou kÔbou kai epilègetai wc m koc adiastatopoÐh-

shc twn suntetagmènwn kat� x kai kat� y kaj¸c kai ìti h puknìthta kai to ix¸dec eÐnai

idiìthtec tou aèra se jermokrasÐa 20°C, ìpwc anagr�fetai apì ton Tsagg�rh (2016,

sel. 37).

To pl�no pou ja akoloujhjeÐ t¸ra eÐnai to ex c: to parìn upokef�laio ja qwristeÐ

se dÔo mikrìtera upokef�laia me to kajèna na antistoiqeÐ se kajèna apì ta epÐpeda

sta opoÐa epidi¸ketai na gÐnei h epÐlush, dhlad  sta A,C antÐstoiqa. H dom  ja eÐnai

paremfer c me aut  tou upokefalaÐou pou aforoÔse ton kÔlindro.

3.3.1 EpÐpedo A, peir�mata LSO, LSC, HSO, HSC

Arqik�, dÐnontai sto sq ma 17 oi isoôyeÐc thc sunistamènhc twn taqut twn gia 2

peript¸seic: gia ta dedomèna ìpwc eis�gontai apì th mèjodo PIV all� kai gia tic dior-

jwmènec taqÔthtec ìpwc autèc prokÔptoun apì thn ektèlesh tou k¸dika gia to LSO

peÐrama. Wc Ut,CORR orÐzetai h sunistamènh thc deÔterhc perÐptwshc en¸ wc Ut,P IV

orÐzetai thc pr¸thc. Sta sq mata 18,19 kai 20 dÐnontai ta Ðdia diagr�mmata gia ta pei-

r�mata LSC, HSO, HSC antÐstoiqa.

Sto sq ma 21 dÐnontai ta dianusmatik� pedÐa twn Ut,CORR, Ut,P IV thc perÐptwshc

LSO, se perioq  kont� ston kÔbo h opoÐa kai eÐnai aut  pou parousi�zei to megalÔtero

endiafèron. Sta sq mata 22,23 kai 24 dÐnontai ta Ðdia diagr�mmata gia tic �llec treic

peript¸seic. En suneqeÐa, dÐnetai to sqetikì sf�lma metaxÔ twn sunistamènwn taqu-

t twn gia to peÐrama LSO, ìpwc autì orÐzetai sto upokef�laio (2.5) (sq ma 25). Sta

sq mata 26,27 kai 28 dÐnetai to Ðdio mègejoc gia ta upìloipa peir�mata.
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Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 17: IsoôyeÐc gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�), epÐpedo A, peÐrama
LSO

Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 18: IsoôyeÐc gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�), epÐpedo A, peÐrama
LSC
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Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 19: IsoôyeÐc gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�), epÐpedo A, peÐrama
HSO

Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 20: IsoôyeÐc gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�), epÐpedo A, peÐrama
HSC
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Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 21: Dianusmatikì pedÐo gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�),epÐpedo
A, peÐrama LSO

Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 22: Dianusmatikì pedÐo gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�),epÐpedo
A, peÐrama LSC
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Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 23: Dianusmatikì pedÐo gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�),epÐpedo
A, peÐrama HSO

Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 24: Dianusmatikì pedÐo gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�),epÐpedo
A, peÐrama HSC
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Sq ma 25: Sqetikì sf�lma εcorr,Ut
(%) = 100 · |Ut,CORR−Ut,PIV |

|Ut,PIV | gia ro  gÔrw apì kÔbo, epÐpedo A

peÐrama LSO

Sq ma 26: Sqetikì sf�lma εcorr,Ut(%) = 100 · |Ut,CORR−Ut,PIV |
|Ut,PIV | gia ro  gÔrw apì kÔbo, epÐpedo A

peÐrama LSC
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Sq ma 27: Sqetikì sf�lma εcorr,Ut
(%) = 100 · |Ut,CORR−Ut,PIV |

|Ut,PIV | gia ro  gÔrw apì kÔbo, epÐpedo A

peÐrama HSO

Sq ma 28: Sqetikì sf�lma εcorr,Ut(%) = 100 · |Ut,CORR−Ut,PIV |
|Ut,PIV | gia ro  gÔrw apì kÔbo, epÐpedo A

peÐrama HSC
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Se autì to st�dio, prèpei na dieukrinisteÐ ìti lìgw èlleiyhc dedomènwn gia ta u′
2
,

v′
2
sto nìtio sÔnoro gia to peÐrama HSC, ègine h paradoq  ìti oi timèc se ekeÐnec tic

jèseic eÐnai Ðsec me tic timèc tou amèswc boreiìterou peperasmènou ìgkou.

Prin paratejoÔn kai ta upìloipa sq mata, krÐnetai skìpimo na sqoliastoÔn aut�

pou dìjhkan  dh. Pio sugkekrimèna, arqik� ja sqoliastoÔn sugkentrwtik� kai ta 4

peir�mata mazÐ giatÐ k�ti tètoio fant�zei dìkimo efìson parathreÐtai Ðdia sumperifor�

tou k¸dika gia thn ek�stote perÐptwsh. Parathr¸ntac ta diagr�mmata twn sqhm�twn

17, 18, 19 kai 20, gÐnetai katanohtì ìti oi taqÔthtec all�zoun all� ìqi polÔ. Autì pou

prèpei na sqoliasteÐ eÐnai ìti sthn perioq  qamhl� kai kont� ston kÔlindro, to tm ma

qamhl¸n taqut twn emfanÐzetai polÔ pio ektetamèno met� thn epÐlush apì ìti  tan sthn

arq . AxÐzei na shmeiwjeÐ epÐshc ìti apì ta sq mata 21, 22, 23 kai 24 diafaÐnetai ìti se

ekeÐno to tm ma tou pedÐou Ôstera apì thn epÐlush, emfanÐzetai anakukloforÐa h opoÐa

den faÐnetai na up rqe sta dedomèna kateujeÐan apì to PIV.

'Allo èna stoiqeÐo pou axÐzei na dojeÐ, eÐnai ìti katarq�c up�rqei mia perioq  gia

y ≈ 0 kai x ∈ [1.3, 1.6] ìpou faÐnetai ìti h epÐlush èqei apotÔqei pl rwc afoÔ emfa-

nÐzetai mia mikr  perioq  me polÔ meg�lec taqÔthtec. 'Ena �llo endiafèron sumpèrasma,

eÐnai ìti to shmeÐo anakop c emfanÐzetai kai sto pedÐo pou prokÔptei apì thn epÐlush

all� kai se autì apì ta dedomèna PIV perÐpou sto Ðdio shmeÐo. To shmeÐo autì eÐnai

ekeÐ perÐpou ìpou ìlec oi isoôyeÐc sugklÐnoun. H al jeia eÐnai ìti Ðswc metatopÐzetai

lÐgo to shmeÐo anakop c all� ìqi tìso ¸ste na parapoieÐtai to pedÐo kai na q�nei thn

orj  fusik  tou upìstash. DieukrinÐzetai ìti genik� (X, Y ) = (x/Rl, y/Rl) all� kai

ìti ((x/Rl)max, (y/Rl)max) = (1.68, 1.63).

'Ustera, anafèretai ìti apì to sq ma 25, faÐnetai to sf�lma na megistopoieÐtai sthn

perioq  ìpou emfanÐzetai to shmeÐo anakop c, dhlad  se perioq  ìpou oi taqÔthtec eÐnai

polÔ qamhlèc. 'Opwc eip¸jhke  dh, autì den eÐnai aparaÐthta èndeixh kak c epÐlushc.

Dhlad , an gia par�deigma sthn perÐptwsh tou PIV oi taqÔthtec se ekeÐnh thn perioq 
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eÐnai thc t�xhc tou 10−7 kai h Ut,CORR eÐnai thc t�xhc tou 10−8 to sf�lma prokÔptei

perÐpou 90% en¸ kai stic dÔo peript¸seic oi timèc eÐnai kont� sto 0. Kai gia ta upìloipa

peir�mata, h eikìna tou diagr�mmatoc tou sqetikoÔ sf�lmatoc eÐnai parìmoia kai gi' autì

den krÐnetai skìpimo na gÐnei xeqwrist  mneÐa se aut�.

Tèloc, an kaneÐc exet�sei ta sq mata 21,22,23 kai 24 faÐnetai ìti kai gia ta 4 pei-

r�mata, sto dianusmatikì pedÐo pou antistoiqeÐ sto exhgmèno apì th mèjodo PIV pedÐo,

up�rqei mia ken  perioq  apì dianÔsmata taqut twn. Autì mporeÐ na ofeÐletai se adu-

namÐa thc mejìdou PIV na metr sei orj� tic taqÔthtec sthn perioq  aut  (sen�rio ìqi

polÔ pijanì)   se Ôparxh mhdenik¸n taqut twn. Parìla aut�, autèc oi perioqèc qwrÐc

dianÔsmata den emfanÐzontai sta antÐstoiqa dianusmatik� pedÐa thc Ut,CORR, pr�gma pou

pijan¸c na upodeiknÔei adunamÐa tou k¸dika na diorj¸sei orj� ta pedÐa, eidik� se ekeÐnh

thn perioq  pou eÐnai kont� sto anatolikì sÔnoro. Epiplèon, den faÐnetai na all�zoun

shmantik� oi klÐseic twn taqut twn met� thn epÐlush, pou shmaÐnei ìti h analogÐa metaxÔ

orizìntiac kai k�jethc sunist¸sac thc taqÔthtac, paramènei sqetik� analloÐwth.

Sth sunèqeia, sta sq mata 29, 30, 31 kai 32 dÐnontai oi isoôyeÐc thc pÐeshc ìpwc pro-

kÔptoun apì thn epÐlush (P ) all� kai me apeujeÐac efarmog  thc exÐswshc Bernoulli

sta dedomèna (PBern), gia ta peir�mata LSO, LSC, HSO, HSC antÐstoiqa.
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P (Pa) PBern (Pa)

Sq ma 29: IsoôyeÐc gia ro  gÔrw apì kÔbo: P (arister�), PBern (dexi�), epÐpedo A, peÐrama LSO

P (Pa) PBern (Pa)

Sq ma 30: IsoôyeÐc gia ro  gÔrw apì kÔbo: P (arister�), PBern (dexi�), epÐpedo A, peÐrama LSC

66



P (Pa) PBern (Pa)

Sq ma 31: IsoôyeÐc gia ro  gÔrw apì kÔbo: P (arister�), PBern (dexi�), epÐpedo A, peÐrama HSO

P (Pa) PBern (Pa)

Sq ma 32: IsoôyeÐc gia ro  gÔrw apì kÔbo: P (arister�), PBern (dexi�), epÐpedo A, peÐrama HSC

67



Parathr¸ntac ta sq mata 29,30,31 kai 32, ex�gontai ta ex c sumper�smata: oi

pièseic pou prokÔptoun me efarmog  thc exÐswshc Bernoulli kumaÐnontai perÐpou stic

Ðdiec timèc me autèc pou proèkuyan apì thn epÐlush. MporeÐ oi isoôyeÐc na mhn èqoun thn

Ðdia morf  all� èstw poiotik� h lÔsh faÐnetai na èqei fusikì nìhma. EpÐshc, h tim  thc

mègisthc pÐeshc pou prokÔptei apì thn epÐlush me aut  thc exÐswshc Bernoulli eÐnai se

ìlec tic peript¸seic polÔ kont� kai m�lista emfanÐzetai perÐpou sto Ðdio shmeÐo. Autì

to shmeÐo eÐnai profan¸c to shmeÐo anakop c gia to opoÐa ègine  dh mneÐa. MÐa �llh

parat rhsh pou mporeÐ na gÐnei eÐnai ìti ìso eggÔtera ston kÔbo exet�zetai to pedÐo

tìso pio meg�lec eÐnai oi pièseic pr�gma anamenìmeno afoÔ ekeÐ h ro  epibradÔnetai.

PerÐpou sto Y = 1 pou antistoiqeÐ sto Ôyoc tou kÔbou, sto anatolikì sÔnoro, pa-

rousi�zontai upopièseic oi opoÐec eÐnai anamenìmenec efìson h ro  se ekeÐno to shmeÐo

epitaqÔnetai wc apotèlesma thc gewmetrÐac thc kataskeu c. Se genikèc grammèc, me

poiotik  sÔgkrish tou pedÐou pÐeshc pou proèkuye me autì pou ex�getai apì Bernoulli,

faÐnetai ìti h lÔsh eÐnai fusik� sunep c. An antiparatejoÔn ta sq mata twn isoôy¸n

thc pÐeshc me ta antÐstoiqa twn isoôy¸n twn taqut twn gia thn perÐptwsh epÐlushc apì

ton k¸dika, diafaÐnetai ìti sta shmeÐa ìpou h taqÔthta (kai �ra kai h dunamik  pÐesh)

eÐnai mègisth, h statik  pÐesh eÐnai el�qisth kai toÔmpalin.

EpÐshc, apì tic isoôyeÐc thc P faÐnetai ìti oi peript¸seic me kleist� ta anoÐgmata em-

fanÐzoun megalÔterec pièseic apì tic antÐstoiqec me anoiqt�, pr�gma anamenìmeno afoÔ

oi taqÔthtec lìgw twn adiapèrastwn toiqwm�twn, topik� lamb�noun mikrìterec timèc

apì autèc sthn perÐptwsh diaperat¸n toiqwm�twn. Tèloc, sta Low Shear peir�mata, oi

pièseic prokÔptoun megalÔterec apì autèc twn High Shear, pr�gma epÐshc anamenìme-

no, an skefteÐ kaneÐc ìti to profÐl taqÔthtac mikrìterhc klÐshc èqei megalÔterh orm 

qamhl�.

Kat� thn diexagwg  tou peir�matoc, el fjhsan metr seic thc pÐeshc me opèc kat�

m koc thc gramm c pou faÐnetai sto sq ma 33. Epomènwc, mporeÐ na gÐnei sÔgkrish tou
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profÐl pÐeshc pou prokÔptei sto anatolikì sÔnoro me autì pou metr jhke. Ed¸ prèpei

ìmwc na shmeiwjeÐ ìti to metrhmèno profÐl pÐeshc eÐnai akrib¸c p�nw ston kÔbo en¸

autì tou anatolikoÔ sunìrou pou ex�getai apì thn epÐlush eÐnai lÐgo dutikìtera. 'Ara

mèsw aut c thc sÔgkrishc den epidi¸ketai ta dÔo profÐl na tautÐzontai all� perissìte-

ro na èqoun thn Ðdia morf  poiotik�.

H sÔgkrish aut  faÐnetai sto sq ma 34 gia ìla ta diaforetik� peir�mata pou die-

x qjhsan sto epÐpedo A. TonÐzetai ìti wc CPexp orÐzetai o suntelest c pÐeshc pou

el fjh apì ton P�no (2017) kai afor� tic peiramatikèc metr seic pièsewn me opèc p�nw

sta toiq¸mata tou kulÐndrou, en¸ wc CP orÐzetai o suntelest c pÐeshc pou upolo-

gÐsthke apì to prìgramma. O genikìc orismìc tou CP eÐnai CP = ∆P/P0, ìpou ∆P

eÐnai h diafor� pÐeshc metaxÔ tou ek�stote shmeÐou kai thc statik c pÐeshc thc eleÔje-

rhc ro c kai P0 h dunamik  pÐesh sto Ôyoc tou kulÐndrou genik� Ðsh me P0 = 1/2%U2
t ,

ìpou Ut h sunistamènh taqÔthta sto Ôyoc tou kÔbou, 6 Ôyh kÔbou an�nti apì to kèntro

tou. Apì ton P�no (2017), h dunamik  pÐesh gia thn Low Shear perÐptwsh, lamb�netai

Ðsh me 7.33 Pa kai gia thn High Shear Ðsh me 5.99 Pa. Sto sq ma 34, oi mwb kampÔlec

antistoiqoÔn ston CP kai oi pr�sinec ston CPexp.

Sq ma 33: Gramm  kat� m koc thc opoÐac metr jhkan peiramatik� oi pièseic
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LSO LSC

HSO HSC

Sq ma 34:SÔgkrish metaxÔ CP kai CPexp gia ta peir�mata LSO, LSC, HSO, HSC

Parathr¸ntac to sq ma 34, ex�getai to ex c sugkentrwtikì sumpèrasma kai gia

ta tèssera peir�mata: to profÐl tou CP akoloujeÐ pist� autì tou CPexp sqedìn kaj'

ìlo to Ôyoc tou kÔbou (y/Rl ∈ [0 : 1]) kai mìno kont� sth b�sh tou faÐnontai k�poiec

uperpièseic apì thn epÐlush, oi opoÐec den antapokrÐnontai stic metrhmènec pièseic (pe-

rÐpou gia y/Rl = 0.1). Autì den shmaÐnei aparaÐthta apotuqÐa thc mejìdou, afoÔ oi

metr seic lamb�nontai akrib¸c p�nw ston kÔbo en¸ h epÐlush gÐnetai an�nti tou toi-

70



q¸matoc tou kÔbou. 'Allwste, ta shmeÐa sta opoÐa emfanÐzontai autèc oi uperpièseic

eÐnai tw arijm¸ 3-4, pl joc to opoÐo eÐnai polÔ mikrì se sqèsh me to sÔnolo twn sh-

meÐwn sta opoÐa upologÐzetai h pÐesh. Tèloc, kont� sth b�sh tou kÔbou, brÐsketai to

nìtio ìrio tou pedÐou (perÐpou gia y/Rl = 0.14) kai ètsi upeisèrqetai h epÐdrash twn

oriak¸n sunjhk¸n me apotèlesma na up�rqoun apoklÐseic kont� se autì. 'Allwste, h

exÐswsh diìrjwshc pÐeshc, dèqetai oriakèc sunj kec Neumann sta sÔnora, pr�gma pou

dhmiourgeÐ anakrÐbeiec kont� se aut�, efìson me tic Neumann jewreÐtai mhdenik  klÐsh

pÐeshc pr�gma pou sthn pragmatikìthta den isqÔei p�ntote, eidikìtera an up�rqoun kai

meg�lec klÐseic taqut twn se ekeÐnh thn perioq .

En suneqeÐa, ìpwc kai gia thn perÐptwsh tou kulÐndrou, krÐnetai skìpimo na dojoÔn

ta upìloipa m�zac pou ufÐstantai sta dedomèna apì th mèjodo PIV. 'Opwc èqei  dh

eipwjeÐ, èqoun oristeÐ 2 tètoia adiastatopoihmèna upìloipa: to ICRN kai to CRN .

Sto sq ma 35 dÐnetai to CRN gia to peÐrama LSO. Sta sq mata 36,37 kai 38 dÐnetai to

Ðdio mègejoc gia ta upìloipa peir�mata. Ston pÐnaka 1, dÐnontai ta ICRN, ICR kai gia

ta 4 peir�mata.

Sq ma 35: Upìloipo m�zac CRN(%) gia ro  gÔrw apì kÔbo, epÐpedo A, peÐrama LSO
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Sq ma 36: Upìloipo m�zac CRN(%) gia ro  gÔrw apì kÔbo, epÐpedo A, peÐrama LSC

Sq ma 37: Upìloipo m�zac CRN(%) gia ro  gÔrw apì kÔbo, epÐpedo A, peÐrama HSO
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Sq ma 38: Upìloipo m�zac CRN(%) gia ro  gÔrw apì kÔbo, epÐpedo A, peÐrama HSC

PeÐrama LSO LSC HSO HSC

ICR (kg/s) -0.4322 -0.4548 -0.3792 -0.3952

ICRN (%) -62.3108 -65.7694 -58.9816 -61.7815

PÐnakac 1: Upìloipa ICR (kg/s) kai ICRN (%) gia ìla ta peir�mata

Apì ta sq mata 35,36,37 kai 38 diapist¸netai ìti to mègisto CRN emfanÐzetai

kont� sto anatolikì sÔnoro. M�lista, h tim  tou se ekeÐnh thn perioq  aggÐzei to 10

% gia ta peir�mata LSO, HSO kai to 8 % gia ta LSC, HSC. Autì genik�, eÐnai k�ti

anamenìmeno giatÐ sthn perioq  kont� ston kÔbo, h trÐth sunist¸sa thc taqÔthtac (w),

gÐnetai isqurìterh se sqèsh me thn tim  thc sto upìloipo pedÐo en¸ tautìqrona oi �llec

dÔo sunist¸sec lamb�noun thn mikrìterh tim c touc. Epomènwc, o ìroc ∂w
∂z

pou up�r-

qei kanonik� sthn trisdi�stath morf  thc exÐswshc sunèqeiac asumpÐestou reustoÔ,

lamb�nei tim  sugkrÐsimh me touc disdi�statouc ìrouc pou faÐnontai kai sthn exÐswsh

(2.1.8). Autì pou periegr�fhke  dh perifrastik�, faÐnetai kai sto sq ma 39 parak�tw

gia thn perÐptwsh LSO ìpou dÐnontai oi isoôyeÐc tou megèjouc |w/u| (%), apì dedomèna
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pou  tan diajèsima apì tic metr seic pou peril�mbanan th trÐth sunist¸sa (stereo PIV).

Sta sq mata 40,41 kai 42 dÐnetai to Ðdio mègejoc gia ta upìloipa peir�mata.

'Ustera, prèpei na sqoliastoÔn ta upìloipa thc oloklhrwmatik c exÐswshc sunèqeiac

pou faÐnontai ston pÐnaka 1. H pr¸th parat rhsh pou prèpei na gÐnei eÐnai ìti oi timèc

touc se kamÐa perÐptwsh den eÐnai amelhtèec. Ousiastik� to ICRN , me ton trìpo pou

èqei adiastatopoihjeÐ, kumaÐnetai metaxÔ tou 59 % kai tou 66 % perÐpou, thc tim c thc

paroq c m�zac pou ja dierqìtan apì mÐa epif�neia diast�sewn (Xtot + Ytot)/2 · Ztot7me

taqÔthta Ðsh me th mèsh qwrik� taqÔthta ìlou tou pedÐou. O basikìc lìgoc mÐac tètoiac

adiastatopoÐhshc eÐnai prokeimènou na mporoÔn na gÐnoun sugkrÐseic metaxÔ twn diafo-

retik¸n om�dwn dedomènwn sta opoÐa efarmìsthke h diadikasÐa epÐlushc.

'Ena �llo endiafèron stoiqeÐo pou prèpei na paratejeÐ eÐnai ìti to telikì upìloipo

thc exÐswshc pÐeshc tou ek�stote peir�matoc ( toi twn LSO, LSC, HSO, HSC) lamb�nei

tim  kont� sto antÐstoiqo ICR. To gegonìc autì den ja èprepe na ekpl ssei, afoÔ

ousiastik� mèsw thc epÐlushc thc exÐswshc diìrjwshc pÐeshc epidi¸ketai h ikanopoÐh-

sh thc exÐswshc sunèqeiac, thc opoÐac to upìloipo ekfr�zetai kai me to ICR. Autì

bèbaia shmaÐnei, ìti to prìgramma den mporeÐ na mei¸sei p�ra polÔ autì to upìloipo

mèsw twn diorj¸sewn. Parìla aut�, to jetikì to opoÐo ekporeÔetai apì thn parap�nw

an�lush, eÐnai ìti akìmh kai apì dedomèna pou sundèontai me shmantik� upìloipa m�zac,

to prìgramma thc paroÔsac ergasÐac mporeÐ na par�sqei pedÐa pÐeshc.

An gÐnei sÔgkrish metaxÔ twn peript¸sewn tou pedÐou A kai tou kulÐndrou, ex�gontai

ta ex c endiafèronta sumper�smata: to CRN kumaÐnetai se parapl siec timèc kai gia

tic dÔo peript¸seic kai epomènwc den mporeÐ na qrhsimopoihjeÐ wc deÐkthc axiìlogwn

sugkrÐsewn. Autì ìmwc pou prèpei na eipwjeÐ, eÐnai ìti to ICRN thc perÐptwshc tou

kulÐndrou, to opoÐo brèjhke Ðso me 6.875%, eÐnai polÔ mikrìtero apì to antÐstoiqo twn

7Sthn ousÐa, oi mon�dec mètrhshc tou ICR eÐnai kg
m·s . Jewr jhke ìmwc ìti ta ek�stote oloklh-

r¸mata ro c m�zac pollaplasi�zontai kai me th di�stash kat� z tou pedÐou, h opoÐa kai jewr jhke
Ztot = 1.
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peiram�twn sto epÐpedo A. Akìmh perissìtero endiafèron Ðswc èqei to gegonìc ìti to

upìloipo thc exÐswshc diìrjwshc pÐeshc èqei tim  polÔ qamhlìterh apì autèc twn pei-

ram�twn tou epipèdou A en¸ par�llhla kai to ICR8 eÐnai polÔ mikrìtero gia aut  thn

perÐptwsh. Epomènwc, faner¸netai mÐa sÔndesh metaxÔ tou ICR kai thc sÔgklishc tou

progr�mmatoc, h opoÐa sthn ousÐa upodeiknÔei ìti ìso mikrìtero eÐnai, tìso kalÔtera

ja sugklÐnei h exÐswsh diìrjwshc pÐeshc. Ed¸ ìmwc prèpei na shmeiwjeÐ ìti upeisèr-

qetai kai �lloc ènac par�gontac, pou den eÐnai �lloc apì to pìso isqur  eÐnai h trÐth

sunist¸sa tou pedÐou h opoÐa den lamb�netai upìyin. Autì shmaÐnei ìti an aut  h suni-

st¸sa eÐnai isqur  tìte den mporeÐ na zhteÐtai apì to prìgramma na sugklÐnei pèra apì

èna kajorismèno ìrio upìloipou exÐswshc diìrjwshc pÐeshc, qwrÐc aut  na eis�getai

kaj¸c kai genikìtera ìloi oi ìroi pou sundèontai me thn trÐth di�stash.

Sq ma 39: IsoôyeÐc tou megèjouc |w/u| % gia ro  gÔrw apì kÔbo, epÐpedo A, peÐrama LSO

8Den dìjhke sto antÐstoiqo kef�laio gia ton kÔlindro, all� brèjhke Ðso me 0.0467 (kg/s).
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Sq ma 40: IsoôyeÐc tou megèjouc |w/u| % gia ro  gÔrw apì kÔbo, epÐpedo A, peÐrama LSC

Sq ma 41: IsoôyeÐc tou megèjouc |w/u| % gia ro  gÔrw apì kÔbo, epÐpedo A, peÐrama HSO
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Sq ma 42: IsoôyeÐc tou megèjouc |w/u| % gia ro  gÔrw apì kÔbo, epÐpedo A, peÐrama HSC

3.3.2 EpÐpedo C, peir�mata LSC, HSC

O trìpoc epibol c twn oriak¸n sunjhk¸n kaj¸c kai ta aparaÐthta dedomèna dìjhkan

 dh. Autì pou prèpei na dieukrinisteÐ eÐnai ìti gia to peÐrama LSC h ro  jewr jhke

strwt , giatÐ ètsi h sÔgklish  tan kalÔterh. Autì èrqetai se antÐjesh me thn prag-

matik  upìstash thc ro c h opoÐa eÐnai kai turb¸dhc kai mporeÐ na ofeÐletai sto ìti

up�rqei k�poio prìblhma sta statistik� pou aforoÔn thn tÔrbh kai qrhsimopoioÔntai

gia ton upologismì twn t�sewn Reynolds .Arqik�, dÐnontai sto sq ma 43 oi isoôyeÐc

thc sunistamènhc twn taqut twn gia 2 peript¸seic: gia ta dedomèna ìpwc eis�gontai

apì th mèjodo PIV all� kai gia tic diorjwmènec taqÔthtec ìpwc autèc prokÔptoun a-

pì thn ektèlesh tou k¸dika gia to LSC peÐrama. Wc Ut,CORR orÐzetai -kai se autì to

upokef�laio- h sunistamènh thc deÔterhc perÐptwshc en¸ wc Ut,P IV orÐzetai thc pr¸thc.

Sto sq ma 44 dÐnetai to Ðdio di�gramma gia to peÐrama HSC.

Sta sq mata 45 kai 46, faÐnontai olìklhra ta dianusmatik� pedÐa gia ta peir�mata

LSC, HSC antÐstoiqa.

77



Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 43: IsoôyeÐc gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�), epÐpedo C, peÐrama
LSC

Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 44: IsoôyeÐc gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�), epÐpedo C, peÐrama
HSC
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Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 45: Dianusmatikì pedÐo gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�), epÐpedo
C, peÐrama LSC

Ut,CORR (m/s) Ut,PIV (m/s)

Sq ma 46: Dianusmatikì pedÐo gia ro  gÔrw apì kÔbo: Ut,CORR (arister�), Ut,PIV (dexi�), epÐpedo
C, peÐrama HSC
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ProtoÔ dojoÔn kai ta upìloipa sq mata pou aforoÔn ta peir�mata tou epipèdou

C, eÐnai qr simo na sqoliastoÔn aut� pou parousi�sthkan  dh. Apì ta sq mata 43 kai

44, diafaÐnetai ìti h epÐlush all�zei ta pedÐa taqut twn. Pio sugkekrimèna, sthn pe-

rioq  twn qamhl¸n taqut twn, up�rqei mia diìlou amelhtèa metabol . Eidikìtera kont�

sto X = 1, ìpou apì tic isoôyeÐc apì to PIV faÐnetai mia ektetamènh perioq  sqedìn

mhdenik¸n taqut twn, up�rqei mia shmantik  aÔxhsh. Gia to peÐrama LSC de, aut  h

aÔxhsh eÐnai akìmh megalÔterh, pr�gma pou mporeÐ na ofeÐletai sto ìti den sumperilam-

b�netai h tÔrbh mèsw twn t�sewn Reynolds en antijèsei me to peÐrama HSC. H perioq 

twn uyhlìterwn taqut twn, dhlad  sta megalÔtera Y , paramènei sqetik� �jikth gia

thn HSC perÐptwsh, en¸ gia thn LSC faÐnetai na all�zei kai aut , kont� sto anatolikì

sÔnoro. DieukrinÐzetai ìti kai ed¸ isqÔei ìti eip¸jhke sto prohgoÔmeno kef�laio gia

tic suntetagmènec X, Y twn sqhm�twn.

H exètash twn dianusmatik¸n pedÐwn, sunhgoreÐ sto Ðdio sumpèrasma, ìti dhlad  oi

taqÔthtec gia to peÐrama HSC, all�zoun ligìtero apì autèc tou LSC. EpÐshc, diapi-

st¸netai yhl� sto anatolikì sÔnoro, aut  h astoqÐa thc mejìdou gia to peÐrama LSC

gia thn opoÐa ègine lìgoc nwrÐtera. M�lista, den ja  tan uperbol  na eipwjeÐ ìti to

pedÐo gia profÐl taqÔthtac High Shear den faÐnetai na all�zei idiaÐtera.

Se genikèc grammèc, den mporeÐ na exaqjeÐ k�poio kathgorhmatikì sumpèrasma prin

exetastoÔn kai ta pedÐa pièsewn pou par�gontai. Sta sq mata 47 kai 48 dÐnontai oi iso-

ôyeÐc thc pÐeshc ìpwc prokÔptoun apì thn epÐlush (P ) all� kai me apeujeÐac efarmog 

thc exÐswshc Bernoulli sta dedomèna (PBern), gia ta peir�mata LSC, HSC antÐstoiqa.
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P (Pa) PBern (Pa)

Sq ma 47: IsoôyeÐc gia ro  gÔrw apì kÔbo: P (arister�), PBern (dexi�), epÐpedo C, peÐrama LSC

P (Pa) PBern (Pa)

Sq ma 48: IsoôyeÐc gia ro  gÔrw apì kÔbo: P (arister�), PBern (dexi�), epÐpedo C, peÐrama HSC
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Apì poiotik  sÔgkrish twn pedÐwn pÐeshc me aut� pou prokÔptoun apì Bernoulli,

den parathreÐtai h paramikr  taÔtish. Bèbaia, ìpwc èqei eipwjeÐ  dh, h efarmog  thc

exÐswshc Bernoulli proôpojètei strwt  ro  mh sunektik , astrìbilh (se perÐptwsh

pou den en¸nei kamÐa gramm  ro c ta shmeÐa sta opoÐa aut  efarmìzetai), mìnimh kai

asumpÐesth. Kat� thn epÐlush, lamb�netai upìyin kai h sunektikìthta all� kai h tÔr-

bh, par�metroi oi opoÐec mporeÐ na paÐzoun meg�lo rìlo gia thn morf  twn isoôy¸n

thc pÐeshc. Gia par�deigma, mporeÐ poiotik� apì Bernoulli na anamènontai uperpièseic se

perioqèc qamhl¸n taqut twn, all� sthn pragmatikìthta epidr� kai h sunektikìthta h o-

poÐa mporeÐ na odhg sei se pt¸sh pÐeshc (dunamik c kai statik c) kai ètsi na ufÐstantai

upopièseic. EpÐshc, pÐsw apì mh aerodunamik� s¸mata ìpwc eÐnai o kÔboc, emfanÐzo-

ntai fainìmena apokìllhshc kai ètsi profan¸c den prosomoi�zei oÔte kat� di�noia se

astrìbilo pedÐo, h proc exètash ro . Tèloc, èna teleutaÐo sqìlio pou mporeÐ na gÐnei

eÐnai ìti h perioq  upopièsewn eÐnai xek�jara pio ektetamènh gia to HSC peÐrama.

'Iswc èqei perissìtero nìhma h sÔgkrish tou profÐl tou CP sto dutikì sÔnoro me to

CPexp, upologismèno p�nw sto kat�nti toÐqwma tou kÔbou, ìpwc upodeiknÔetai �llwste

kai apì to sq ma 33 tou prohgoÔmenou upokefalaÐou. H sÔgkrish aut  faÐnetai gia

ta peir�mata LSC, HSC sto sq ma 49. EpishmaÐnetai ìti kai gia to epÐpedo C, isqÔei

gia touc CP , CPexp ìti eip¸jhke kai gia to epÐpedo A. DieukrinÐzetai ìti to mègejoc d

pou emfanÐzetai adiastatopoihmèno ston �xona x, eÐnai h apìstash apì thn koruf  tou

kÔbou.
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LSC HSC

Sq ma 49: SÔgkrish metaxÔ CP (mwb kampÔlh) kai CPexp (pr�sinh kampÔlh) gia ta peir�mata LSC,
HSC

Apì to sq ma 49, faÐnetai ìti o upologismènoc suntelest c pÐeshc, akoloujeÐ

arket� pist� ton peiramatik� metrhmèno, ektìc apì thn b�sh tou kÔbou, dhlad  gia

d/Rl ∈ [0.8, 1]. Autì den ja èprepe na proxeneÐ entÔpwsh, afoÔ �llwste h Ðdia sumpe-

rifor� emfanÐsthke kai gia to antÐstoiqo sq ma tou epipèdou A. Oi oriakèc sunj kec

Neumann pou efarmìzontai gia thn pÐesh se ìla ta ìria, dhmiourgoÔn anakrÐbeiec ìpwc

�llwste exhg jhke kai nwrÐtera. M�lista, k�ti pou axÐzei na anaferjeÐ eÐnai ìti o

k¸dikac, epib�llei mhdenikèc pièseic akrib¸c p�nw sta ìria kai gia autì to lìgo ta

profÐl tou CP pou faÐnontai eÐnai perÐpou 0.5∆X anatolikìtera. Apì aut� ta dÔo

stoiqeÐa loipìn gÐnetai katanohtì ìti kont� sthn b�sh tou kÔbou dhlad  sto nìtio ìrio

tou pedÐou, eis�gontai sf�lmata kat� thn diadikasÐa epÐlushc. Parìla aut�, o upolo-

gismìc twn CP krÐnetai arket� ikanopoihtikìc. 'Allwste, den prèpei na lhsmoneÐtai ìti

ta profÐl tou CP se antÐjesh me aut� tou CPexp den antistoiqoÔn sta profÐl akrib¸c

p�nw sto toÐqwma, kai k�poia apìklish eÐnai apìluta logik .
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'Ustera, ìpwc kai gia ta dÔo prohgoÔmena upokef�laia, krÐnetai skìpimo na do-

joÔn ta upìloipa m�zac pou en gènei enup�rqoun sta dedomèna pedÐa taqut twn apì thn

mèjodo PIV. 'Opwc èqei  dh eipwjeÐ, èqoun oristeÐ 2 tètoia adiastatopoihmèna upìloipa:

to ICRN kai to CRN . Sta sq mata 50 kai 51 dÐnetai to CRN gia ta peir�mata LSC,

HSC antÐstoiqa. Ston pÐnaka 2, dÐnontai ta ICR, ICRN kai gia ta 2 peir�mata.

Sq ma 50: Upìloipo m�zac CRN(%) gia ro  gÔrw apì kÔbo, epÐpedo C, peÐrama LSC

Sq ma 51: Upìloipo m�zac CRN(%) gia ro  gÔrw apì kÔbo, epÐpedo C, peÐrama HSC
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PeÐrama LSC HSC

ICR (kg/s) -0.194 -0.115

ICRN (%) -45.38 -34.06

PÐnakac 2: Upìloipa ICR (kg/s) kai ICRN (%) gia ta peir�mata LSC, HSC

Apì ta sq mata 50 kai 51 diapist¸netai ìti to CRN emfanÐzei mègistec timèc

stic perioqèc ìpou ufÐstantai qamhlèc taqÔthtec u kai v. Autì eÐnai anamenìmeno, giatÐ

-ìpwc kai sthn perÐptwsh tou epipèdou A- se autì to tm ma tou pedÐou, h sunist¸sa W

h opoÐa den lamb�netai upìyin kat� thn epÐlush, gÐnetai shmantik  se sqèsh me tic �llec

dÔo sunist¸sec afoÔ ekeÐ autèc lamb�noun tic qamhlìterec timèc touc. Kat' epèktash,

o ìroc ∂w
∂z

pou up�rqei kanonik� sthn trisdi�stath morf  thc exÐswshc sunèqeiac asu-

mpÐestou reustoÔ, lamb�nei tim  sugkrÐsimh me touc disdi�statouc ìrouc pou faÐnontai

kai sthn exÐswsh (2.1.8). Profan¸c, mporeÐ autèc oi asunèqeiec apl¸c na ekporeÔontai

apì peiramatik� sf�lmata.

Se sÔgkrish t¸ra me ta antÐstoiqa diagr�mmata tou epipèdou A, diapist¸netai ìti gia

to epÐpedo C ta CRN emfanÐzontai mikrìtera, all� èqoun tim  kont� sthn mègisth gia

polÔ megalÔterh èktash tou pedÐou. Se sqèsh de me thn perÐptwsh tou kulÐndrou, to

CRN eÐnai xek�jara mikrìtero. Autì ìmwc den shmaÐnei ìti aparaÐthta to mègejoc w/u

eÐnai megalÔtero gia to pedÐo tou kulÐndrou. Genikìtera, oi asunèqeiec ofeÐlontai kai

se peiramatik� sf�lmata, pou sthn perÐptwsh tou kulÐndrou anamènetai na eÐnai peris-

sìtera, afoÔ ta stigmiìtupa apì ta opoÐa ex�getai to mèso pedÐo, eÐnai polÔ ligìtera.

En suneqeÐa, krÐnetai skìpimo na sqoliastoÔn kai ta apotelèsmata pou dÐnontai

ston pÐnaka 2. ParathreÐtai ìti ta ICRN eÐnai emfan¸c mikrìtera apì aut� pou pro-

èkuyan gia ta peir�mata tou epipèdou A, all� polÔ megalÔtera apì autì tou pedÐou

tou kulÐndrou. Den èqei nìhma na gÐnei mneÐa sta ICR, afoÔ sugkritik� sumper�smata

mporoÔn na exaqjoÔn mìno mèsw twn adiastatopoihmènwn megej¸n.
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4 Sumper�smata

O stìqoc thc ergasÐac,  tan h exagwg  pedÐou pÐeshc apì metr seic me thn peira-

matik  mèjodo PIV. 'Opwc eip¸jhke  dh, dÔo eÐnai oi kurÐarqoi trìpoi upologismoÔ

twn pièsewn apì tètoiou eÐdouc peiramatik� dedomèna: h epÐlush mÐac exÐswshc Poisson

gia thn pÐesh, h opoÐa prokÔptei apì ton sugkerasmì thc exÐswshc sunèqeiac kai twn

exis¸sewn orm c kai h qr sh algorÐjmou thc oikogèneiac SIMPLE, mèsw tou opoÐou

afenìc ex�getai to pedÐo pièsewn apì dedomèna PIV kai afetèrou diorj¸nontai ta Ðdia

ta dedomèna ¸ste na ikanopoioÔn thn exÐswsh sunèqeiac. 'Enac tètoioc algìrijmoc qrh-

simopoi jhke kai sthn paroÔsa ergasÐa.

Pio sugkekrimèna, pragmatopoi jhke epÐlush tou asumpÐestou mèsou qronik� pedÐou

gia thn perÐptwsh peristrefìmenou kulÐndrou all� kai gia dÔo epÐpeda -èna an�nti kai

èna kat�nti- gia kÔbo se mhdenik  gwnÐa prìsptwshc anèmou. 'Enac basikìc par�gontac

ìmwc, eÐnai ìti eis qjh kai h tÔrbh sto prìblhma eÐte me epistr�teush montèlou k-e, eÐte

apeujeÐac mèsw twn turbwd¸n t�sewn Reynolds. UpenjumÐzetai ìti mìno oi Jaw et al.

(2009) kai Gunaydinoglu and Kurtulus (2019) eÐqan epiqeir sei mÐa tètoia mejodologÐa

epÐlushc gia dedomèna pedÐa taqut twn apì PIV. Ed¸, krÐnetai skìpimo na epishmanjeÐ

ìti autoÐ nai men den èlaban upìyin thn tÔrbh, all� ex gagan kai stigmiaÐa pedÐa pièsewn

apì stigmiaÐa pedÐa taqut twn. Epiplèon, prèpei na anaferjeÐ ìti oi proanaferjèntec

qrhsimopoÐhsan algìrijmo SIMPLER sÔmfwna me ton opoÐo den lÔnetai exÐswsh mìno

gia thn diìrjwsh pÐeshc, all� kai gia thn pÐesh aut  kaj' aut . Autì episÔrei wc apo-

tèlesma thn exagwg  swstoÔ pedÐou pÐeshc, an o algìrijmoc trofodoteÐtai me swst�

pedÐa taqut twn. K�ti tètoio sthn paroÔsa ergasÐa den efarmìsthke.

Anaforik� t¸ra me ta apotelèsmata thc ergasÐac, prèpei aut� na exetastoÔn ¸ste

na axiologhjeÐ to kat� pìso epeteÔqjhsan oi stìqoi oi opoÐoi eÐqan arqik� tejeÐ. Ka-

tarq�c, apì to upokef�laio (3.1) sumperaÐnetai ìti o k¸dikac eÐnai en gènei ikanìc na
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par�gei swstì pedÐo pÐeshc apì swstèc dedomènec taqÔthtec, me thn qr sh bèbaia kai

swst¸n oriak¸n sunjhk¸n, pr�gma pou sunhgoreÐ kai me ta sumper�smata twn pro-

anaferjèntwn episthmìnwn. Apì to upokef�laio (3.2) thc perÐptwshc tou kulÐndrou,

mporeÐ na eipwjeÐ ìti ìtan den up�rqei epark c qronik  plhroforÐa kai kat' epèktash

h dunatìthta eisagwg c thc tÔrbhc mèsw t�sewn Reynolds, eÐnai dunat  h qr sh mo-

ntèlou tÔrbhc ¸ste na anaplhr¸sei ikanopoihtik� aut  thn èlleiyh. Tèloc, apì to

upokef�laio (3.3), ekporeÔetai to sumpèrasma ìti eÐnai dunat  h montelopoÐhsh thc

tÔrbhc mèsw twn t�sewn Reynolds, dhlad  me dedomèna apeujeÐac apì to peÐrama. Autì

to sumpèrasma eÐnai idiaÐtera barÔnousac shmasÐac, giatÐ apodeiknÔetai ìti me swstèc

metr seic twn stigmiaÐwn pedÐwn, den eÐnai aparaÐthth h qr sh k�poiou montèlou tÔrbhc

to opoÐo sun jwc basÐzetai se paradoqèc kai eis�gei anakrÐbeiec, afoÔ den lamb�netai

mèsw autoÔ upìyin h idiaÐterh qroi� tou ek�stote peir�matoc, h opoÐa apotup¸netai

mèsw thc tÔrbhc, dhlad  mèso enìc stoqastikoÔ fainomènou.

Efìson dìjhkan ta epimèrouc sumper�smata apì k�je perÐptwsh, krÐnetai skìpimo

na gÐnei mÐa prosp�jeia genÐkeushc touc. Oi kuriìteroi par�gontec gia thn epituqÐa thc

mejìdou krÐjhke ek tou apotelèsmatoc ìti eÐnai oi ex c: pr¸ton to mègejoc tou egge-

noÔc upoloÐpou m�zac to opoÐo ufÐstatai sta arqik� dedomèna (kuriìtera me thn èkfrash

tou ICRN pou periegr�fh nwrÐtera), deÔteron h poiìthta thc qronik c plhroforÐac

 toi thc statistik c tou peir�matoc kai tèloc to upìloipo thc exÐswshc diìrjwshc

pÐeshc. Eidikìtera to teleutaÐo eÐnai Ðswc h basikìterh par�metroc me thn opoÐa epi-

lègontai oi oriakèc sunj kec kai o prosanatolismìc tou pedÐou. Autì sumbaÐnei giatÐ oi

exis¸seic orm c sunèklinan sqedìn p�ntote se ikanopoihtikèc timèc, en antijèsei me thn

proanaferjeÐsa exÐswsh. Dhlad , kat� thn epÐlush, Ðswc h basikìterh epidÐwxh ¸ste

na euodwjeÐ o upologismìc tou pedÐou pÐeshc, eÐnai h elaqistopoÐhsh tou upoloÐpou thc

exÐswshc diìrjwshc pÐeshc.

'Ena �llo polÔ basikì sumpèrasma, eÐnai ìti h qr sh oriak¸n sunjhk¸n Neumann
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gia thn exÐswsh diìrjwshc thc pÐeshc, den eÐnai h idanik  lÔsh. Eidikìtera, se sÔnora

pou oi klÐseic twn taqut twn kai kat' epèktash kai twn pièsewn eÐnai meg�lec, den noeÐ-

tai wc bèltisth epilog  h qr sh oriak¸n sunjhk¸n Neumann kai �ra mhdenikèc klÐseic

gia thn pÐesh se ekeÐnec tic perioqèc. Parìla aut�, epistrateÔjhkan autèc lìgw èllei-

yhc k�poiac elkustikìterhc lÔshc. H adunamÐa aut¸n twn oriak¸n sunjhk¸n f�nhke

kai apì ta sq mata 34 kai 49, ìpou mèsw thc sÔgkrishc tou peiramatikoÔ suntelest 

pÐeshc me autìn pou upologÐsthke apì ton k¸dika, diapist¸jhke ìti kont� sth perioq 

tou nìtiou sunìrou h epÐlush den  tan ikanopoihtik .

Upì autì to prÐsma, mÐa prìtash gia peraitèrw melèth epÐ tou antikeimènou ja mporoÔ-

se na eÐnai h antikat�stash twn Neumann oriak¸n sunjhk¸n me k�poiou �llou eÐdouc.

Ja mporoÔse gia par�deigma, me opèc   me opoiad pote �llh sumbatik  mèjodo mètrhshc

pÐeshc, na ex�gontai oi timèc thc sta sÔnora kai na epib�llontai wc oriakèc sunj kec

Dirichlet ¸ste na apofeÔgontai oi anakrÐbeiec pou periegr�fhsan nwrÐtera. MÐa �llh

pijan  lÔsh, eÐnai h epÐlush mÐac Poisson gia thn pÐesh, qr sh tou prokÔptontoc pedÐou

wc arqikoÔ pedÐou se algìrijmo tÔpou SIMPLE kai par�llhlh epibol  oriak¸n sunjh-

k¸n Dirichlet me qr sh twn sunoriak¸n tim¸n thc pÐeshc pou proèkuyan.

Bèbaia, oi oriakèc sunj kec pou epib�llontai sthn exÐswsh diìrjwshc pÐeshc den

eÐnai oi mìnec oi opoÐec eis�goun abebaiìthtec. 'Opwc f�nhke kai apì ta antÐstoiqa

sq mata twn isoôy¸n twn taqut twn pou proèkuyan apì ton tropopoihmèno k¸dika,

se poll� ìria tou qwrÐou sto opoÐo pragmatopoieÐtai h epÐlush, den diathroÔntan oi

katanomèc kai pollèc forèc oi taqÔthtec se tm mata aut¸n twn sunìrwn prìkuptan

entel¸c fusik� asunepeÐc. Epomènwc, h mellontik  èreuna prèpei na epikentrwjeÐ kai

sthn beltÐwsh twn oriak¸n sunjhk¸n pou epib�llontai sta sÔnora gia tic exis¸seic

orm c.

Epiplèon, k�ti pou anafèrjhke poll�kic eÐnai ìti kat� thn epÐlush den el fjh upìyin

h trÐth sunist¸sa thc taqÔthtac kai genikìtera oi trisdi�statoi ìroi stic epimèrouc exi-
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s¸seic. Autì ja mporoÔse na apofeuqjeÐ an up rqan èna an�nti kai èna kat�nti epÐpedo

se sqèsh me to ek�stote proc epÐlush pedÐo kat� thn ènnoia thc kateÔjunshc z, sta

opoÐa na efarmìzetai h mèjodoc PIV. Profan¸c ja èprepe aut� ta dÔo epÐpeda, na

brÐskontai polÔ kont� sto proc epÐlush ¸ste oi aparaÐthtec klÐseic wc proc z na upo-

logÐzontan me fusik  sunèpeia. Bèbaia, up�rqei kai h epilog  mejìdou tomografikoÔ

PIV9 h opoÐa eÐnai ikan  na par�sqei trisdi�stata dedomèna gia ènan olìklhro ìgko kai

ìqi apl� èna epÐpedo (Scarano, 2013).

MÐa peraitèrw epèktash thc paroÔsac ergasÐac, ja mporoÔse na eÐnai h anaz thsh

enìc trìpou ¸ste na ex�gontai swst� stigmiaÐa pedÐa pièsewn apì stigmiaÐa pedÐa taqu-

t twn turb¸douc ro c. MÐa pijan  lÔsh ja mporoÔse na eÐnai h efarmog  thc mejìdou

aut c thc ergasÐac se k�je stigmiìtupo xeqwrist�, jewr¸ntac to wc mèso pedÐo enìc

polÔ mikrìterou qronikoÔ diast matoc olokl rwshc. Autì bèbaia proôpojètei kai polÔ

mikrìtero qronikì di�sthma deigmatolhyÐac kai kat' epèktash polÔ megalÔtero arijmì

stigmiìtupwn, gegonìc pou proskroÔei kai se teqnologikoÔc periorismoÔc kai eÐnai du-

natìn na xefeÔgei apì ta ìria tou dunatoÔ.

Tèloc, se tm mata tou pedÐou ìpou up�rqei meg�lo upìloipo m�zac, meg�lec klÐseic

kai genik� dusmeneÐc sunj kec efarmog c tou parìntoc k¸dika, mÐa lÔsh ja mporoÔse

na  tan h epibol  oriak¸n sunjhk¸n apì PIV me par�llhlh eisagwg  mhdenikoÔ arqikoÔ

pedÐou taqut twn (data assimilation). Me autì ton trìpo ja mporoÔse na epiteuqjeÐ mÐa

exarq c epÐlush tou pedÐou, h opoÐa sèbetai th fusik  tou probl matoc mèsw epibol c

oriak¸n sunjhk¸n apì dedomèna PIV.

9tomographic PIV
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