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iPerÐlhyhH paroÔsa didaktorik  diatrib  asqoleÐtai me thn an�ptuxh mejìdwn beltistopoÐ-hshc me krit ria pou sqetÐzontai me th reustodunamik  sumperifor� twn sqediazìme-nwn susthm�twn me   qwrÐc metafor� jermìthtac. Oi mèjodoi pou parousi�zontaièqoun wc b�sh tic suneqeÐc suzugeÐc mejìdouc (wc th basik  sunist¸sa aitiokratik¸nmejìdwn beltistopoÐhshc, ìpou autèc eÐnai efarmìsimec) kai touc exeliktikoÔc algo-rÐjmouc (stoqastikèc plhjusmiakèc mejìdouc beltistopoÐhshc) en¸ epiqeireÐtai kai osunduasmìc-ubridismìc touc. 'Oson afor� stic suzugeÐc mejìdouc, pèran twn efar-mog¸n beltistopoÐhshc morf c, parousi�zetai kai mÐa nèa diadikasÐa beltistopoÐhshctopologÐac gia reustodunamik� probl mata, me   qwrÐc metafor� jermìthtac. Mèqrit¸ra, to pedÐo efarmog c twn mejìdwn beltistopoÐhshc, pou èqoun anaptuqjeÐ stoplaÐsio prohgoumènwn diatrib¸n sth Mon�da Par�llhlhc Upologistik c Reusto-dunamik c & BeltistopoÐhshc (MPUR&B/EJS), periel�mbane sunart seic-stìqoucoi opoÐec aforoÔsan kurÐwc sthn aerodunamik  apìdosh susthm�twn   sunistws¸ntouc, qwrÐc na dÐnetai èmfash sth metafor� jermìthtac. Sthn paroÔsa diatrib ,to pedÐo efarmog c twn mejìdwn sumperilamb�nei sunart seic-stìqouc, stic opoÐech metafor� jermìthtac paÐzei basikì rìlo. Wc ek toÔtou, to pedÐo efarmog c twnmejìdwn, ektìc twn strobilomhqan¸n, epekteÐnetai epÐshc sth beltistopoÐhsh susth-m�twn metafor�c jermìthtac, ìpwc sust mata paragwg c hlektrik c enèrgeiac, su-st mata gewjermik¸n antli¸n jermìthtac kaj¸c kai sth beltistopoÐhsh shmantik¸nsunistws¸n aut¸n twn susthm�twn p.q. enallakt¸n jermìthtac.Oi nèec suzugeÐc diatup¸seic pou parousi�zontai qrhsimopoioÔn wc b�sh th sune-q  suzug  (continuous adjoint) diatÔpwsh pou èqei anaptuqjeÐ sth MPUR&B/ E-JS, sth didaktorik  diatrib  tou A. Zum�rh ìpou gia pr¸th for� sth bibliografÐadiatup¸jhkan oi suzugeÐc exis¸seic gnwst¸n montèlwn tÔrbhc gia ton akrib  upo-logismì parag¸gwn euaisjhsÐac sthn perÐptwsh turbwd¸n ro¸n. H paroÔsa diatrib epekteÐnei th mèjodo se asumpÐestec roèc me metafor� jermìthtac, dÐnontac idiaÐte-rh èmfash ston akrib  upologismì twn parag¸gwn euaisjhsÐac. Gia na epiteuqjeÐautì, diatup¸nontai oi suzugeÐc merikèc diaforikèc exis¸seic gia asumpÐesto reustìme thn prosj kh thc energeiak c exÐswshc h opoÐa, en¸ sto eujÔ prìblhma lÔnetaiapemplegmènh apì tic upìloipec exis¸seic ro c kai thn exÐswsh tou montèlou tÔr-bhc (ed¸ tou montèlou miac exÐswshc twn Spalart-Allmaras), sto suzugèc prìblhmaparamènei peplegmènh me th suzug  exÐswsh thc orm c kaj¸c kai th suzug  exÐswshtou montèlou tÔrbhc. H diatÔpwsh twn suzug¸n exis¸sewn lamb�nontac upìyh thnenergeiak  exÐswsh apoteleÐ to pr¸to stoiqeÐo prwtotupÐac thc paroÔsac diatrib c.To pedÐo efarmog c thc mejìdou perilamb�nei kurÐwc agwgoÔc kaj¸c kai enall�-ktec jermìthtac. H meÐwsh twn apwlei¸n lìgw sunektikìthtac kai h aÔxhsh thcmetafor�c jermìthtac apoteloÔn tic sunart seic-stìqouc twn efarmog¸n. Apì ticefarmogèc sumperaÐnetai ìti h mèjodoc mporeÐ na upologÐsei parag¸gouc euaisjhsÐacme uyhl  akrÐbeia. Apì th diereÔnhsh thc epÐdrashc twn nèwn ìrwn pou emfanÐzontaistic suzugeÐc exis¸seic thc orm c kai tou montèlou tÔrbhc lìgw thc prosj khc thcexÐswshc thc enèrgeiac sto sÔsthma twn exis¸sewn kat�stashc, sumperaÐnetai ìtioi ìroi autoÐ sumb�lloun sth diat rhsh thc akrÐbeiac twn parag¸gwn euaisjhsÐac



iikai, sunep¸c, krÐnetai skìpimo na qrhsimopoioÔntai.StoqeÔontac se meÐwsh tou upologistikoÔ kìstouc miac diadikasÐac beltistopoÐh-shc, par�llhla me thn klasik  aitiokratik  mèjodo beltistopoÐhshc h opoÐa peri-lamb�nei, se k�je kÔklo beltistopoÐhshc, pr¸ta thn epÐlush twn exis¸sewn ro c,met� aut n twn suzug¸n exis¸sewn kai, sto tèloc, thn ananèwsh twn metablht¸nelègqou/sqediasmoÔ b�sei twn upologisjeis¸n parag¸gwn euaisjhsÐac, program-matÐsthke kai parousi�zetai h eponomasjeÐsa ��sugqronismènh epanalhptik  teqnik epÐlushc�� (one-shot technique). H teqnik  aut  basÐzetai sthn tautìqronh ananèwshtou eujèoc kai suzugoÔc pedÐou ro c kaj¸c kai twn metablht¸n elègqou/sqediasmoÔkai odhgeÐ se taqÔterh eÔresh thc bèltisthc lÔshc se sqèsh me thn apemplegmènhepanalhptik  diaqeÐrish/epÐlush aut¸n. Me stìqo thn peraitèrw meÐwsh tou upo-logistikoÔ kìstouc, o Ðdioc algìrijmoc thc teqnik c one-shot eÐnai plèon programma-tismènoc kai se epexergastèc kart¸n grafik¸n (GPUs), k�nontac qr sh thc sqeti-k c teqnognwsÐac programmatismoÔ pou tautìqrona anaptÔssetai apì sunadèlfoucsth MPUR&B/EJS. EpilÔontac probl mata beltistopoÐhshc mèsw aitiokratik¸nmejìdwn, thc suzugoÔc one-shot teqnik c, se k�rtec grafik¸n, epitugq�netai aisjht meÐwsh tou pragmatikoÔ qrìnou ulopoÐhshc thc beltistopoÐhshc.Par�llhla me th beltistopoÐhsh morf c, h diatrib  epekteÐnetai kai se probl ma-ta beltistopoÐhshc topologÐac sth mhqanik  twn reust¸n. Me ton ìro beltistopoÐhshtopologÐac noeÐtai h diadikasÐa anaz thshc thc bèltisthc (wc proc sugkekrimènhsun�rthsh-stìqo) topologÐac thc ro c (l.q. morf c agwg¸n kai twn diaklad¸se¸ntouc) se èna eurÔ qwrÐo sqediasmoÔ. Autì ulopoieÐtai orÐzontac èna pedÐo eikonikoÔ��por¸douc�� (se diakrit  morf , k�je kìmboc tou plègmatoc fèrei, pèran twn mege-j¸n thc ro c, kai mia tim  tou megèjouc ��por¸dec��) ìpou ¸ste afoÔ me b�sh tictopikèc timèc por¸douc ��stereopoihjeÐ�� tm ma tou qwrÐou, to apomènon tm ma naapoteleÐ to bèltisto (wc proc ta Ðdia krit ria) agwgì ro c. Sth beltistopoÐhshtopologÐac, oi timèc tou por¸douc se k�je shmeÐo-kìmbo tou upologistikoÔ qwrÐoukajorÐzoun tic perioqèc stereoÔ kai reustoÔ kai apoteloÔn tic metablhtèc elègqoutou probl matoc beltistopoÐhshc. Sunep¸c, oi metablhtèc sqediasmoÔ eÐnai polÔmeg�lou pl jouc (ìsoi kai oi kìmboi tou upologistikoÔ plègmatoc) kai h suzu-g c mèjodoc apoteleÐ th endeiknuìmenh teqnik  epÐlushc tou sqetikoÔ probl matocbeltistopoÐhshc. Sthn paroÔsa diatrib  anaptÔqjhke algìrijmoc kai programmatÐ-sthke logismikì beltistopoÐhshc topologÐac gia probl mata strwt c kai turb¸doucro c asumpÐestou reustoÔ me metafor� jermìthtac. H diatÔpwsh twn exis¸sewn thcro c kai twn suzug¸n exis¸sewn gia strwtèc kai turb¸deic roèc me metafor� jer-mìthtac, stic opoÐec mèsw nèwn ìrwn eis�getai h epÐdrash tou por¸douc, parousi�ze-tai gia pr¸th for� sth bibliografÐa. Gia thn perÐptwsh twn turbwd¸n ro¸n, oidiatup¸seic autèc kalÔptoun thn perÐptwsh qr shc montèlwn tÔrbhc qamhl¸n arij-m¸n Reynolds. Me thn eisagwg  tou por¸douc sthn exÐswsh tou montèlou tÔr-bhc epitugq�netai akribèsteroc kajorismìc tou stereoÔ toiq¸matoc kat� th di�rkeiatwn kÔklwn beltistopoÐhshc (lìgw tou akribèsterou upologismoÔ twn parag¸gwneuaisjhsÐac). O algìrijmoc efarmìzetai gia thn eÔresh thc bèltisthc topologÐacdiktÔou agwg¸n. Se probl mata me perissìterec apì mÐa exìdouc thc ro c, anagkaÐ-a eÐnai h epibol  periorism¸n, antiproswpeutik¸n me autoÔc pou sunant� kaneÐc se



iiibiomhqanikèc efarmogèc, ìpwc l.q. periorismoÐ wc proc thn posìstwsh paroq cm�zac kai/  th mèsh jermokrasÐa thc ro c se k�je èxodo.'Oson afor� stic stoqastikèc mejìdouc beltistopoÐhshc kai èqontac wc stìqothn epÐlush meg�lhc klÐmakac (�ra kai meg�lou kìstouc) problhm�twn beltistopoÐh-shc, me ìso to dunatì qamhlìtero upologistikì kìstoc, h diatrib  asqoleÐtai meth sÔzeuxh enìc asÔgqronou exeliktikoÔ algorÐjmou (AEA, Asynchronous Evo-
lutionary Algorithm), pou anaptÔqjhke sth didaktorik  diatrib  thc B. AsoÔth,me mÐa mèjodo topik c anÐqneushc. Prìkeitai, ousiastik�, gia mia sÔnjeth mèjodobeltistopoÐhshc h opoÐa sundu�zei stoqastikèc kai aitiokratikèc teqnikèc anÐqneu-shc kai h opoÐa ent�ssetai stic legìmenec ��ubridikèc mejìdouc beltistopoÐhshc��  ,eidikìtera, stouc legìmenouc mimhtikoÔc algorÐjmouc. Me ton proteinìmeno ubridi-smì, ekmetalleuìmaste thn prohghjeÐsa an�ptuxh suzug¸n mejìdwn kai logismikoÔgia th diekperaÐwsh thc diadikasÐac topik c anÐqneushc me th mèjodo apìtomhc ka-jìdou. O asÔgqronoc exeliktikìc algìrijmoc parousi�zei idiaÐtera pleonekt matalìgw thc kat�rghshc thc ènnoiac thc geni�c, megistopoi¸ntac me autìn ton trìpo thnekmet�lleush twn diajèsimwn epexergast¸n. O ubridismìc tou AEA me mÐa mèjodotopik c anÐqneushc od ghse sthn an�ptuxh enìc asÔgqronou mimhtikoÔ algorÐjmouuposthrizìmenou apì metaprìtupa (AMAMA, Asynchronous Metamodel-Assisted
Memetic Algorithm), upertereÐ se apìdosh tou AEA kai parousi�zetai gia pr¸thfor� sth bibliografÐa.Sto nèo autìn algìrijmo, sthn perÐptwsh polukrithriak c beltistopoÐhshc, k�je�tomo pou èqei  dh axiologhjeÐ kai ent�ssetai sto mètwpo twn mh-kuriarqoÔmenwnlÔsewn prowjeÐtai gia peraitèrw beltÐwsh me th mèjodo topik c anÐqneushc. Hmèjodoc topik c anÐqneushc apaiteÐ ton upologismì twn parag¸gwn euaisjhsÐac,thn ananèwsh tou atìmou mèsw enìc b matoc thc mejìdou apìtomhc kajìdou kaithn epanaxiolìghsh tou nèou atìmou, to opoÐo, kat� perÐptwsh, ektopÐzei   ìqi toarqikì ston trèqonta plhjusmì. Gia ton upologismì twn parag¸gwn euaisjhsÐacqrhsimopoi jhke h proanaferjeÐsa suzug c mèjodoc. Eidik� sthn polukrithriak beltistopoÐhsh, proteÐnetai ènac nèoc trìpoc, qamhloÔ kìstouc, gia ton upologismìtwn parag¸gwn euaisjhsÐac sto mimhtikì algìrijmo ¸ste na epilÔontai oi suzugeÐcexis¸seic mÐa for� se k�je axiolìghsh kai ìqi tìsec forèc ìsec kai oi stìqoi. Autìepitugq�netai me th sÔnjesh twn stìqwn se mÐa bajmwt  sun�rthsh me kat�llhlhepilog  twn suntelest¸n barÔthtac. O qeirismìc autìc apoteleÐ èna akìmh stoiqeÐoprwtotupÐac thc diatrib c. O AMAMA efarmìzetai-pistopoieÐtai se agwgoÔc, e-nall�ktec jermìthtac kai pterug¸seic strobilomhqan¸n, ìpou sumperaÐnetai ìti heisagwg  thc mejìdou topik c anÐqneushc ston AEA mei¸nei akìma perissìtero toupologistikì kìstoc gia thn eÔresh thc bèltisthc lÔshc.O asÔgqronoc exeliktikìc algìrijmoc qrhsimopoi jhke epÐshc gia th beltistopoÐ-hsh susthm�twn metafor�c jermìthtac, ìpwc mon�dwn paragwg c hlektrik c enèr-geiac me qr sh gewjermÐac kai gewjermik¸n antli¸n jermìthtac. 'Oson afor� sticmon�dec paragwg c hlektrik c enèrgeiac, o sqediasmìc kai h an�ptuxh miac prìtuphcmon�dac organikoÔ kÔklou Rankine (Organic Rankine Cycle), qrhsimopoi¸ntac gew-jermik� pedÐa qamhl c enjalpÐac, apotèlesan basikì stìqo tou èrgou LOW-BIN,
(Efficient Low Temperature Geothermal Binary Power (FP6)), tou opoÐou suntoni-



ivst c  tan to KAPE (Kèntro Anane¸simwn Phg¸n Enèrgeiac kai Exoikonìmhshc).H summetoq  thc MPUR&B/EJS , ìpwc apotup¸netai kai sthn paroÔsa diatrib ,ègkeitai sthn paroq  teqnognwsÐac wc proc tic mejìdouc beltistopoÐhshc gia tosqediasmì miac tètoiac mon�dac me stìqo th megistopoÐhsh tou bajmoÔ apìdoshckai thn elaqistopoÐhsh tou kìstouc kataskeu c thc. H ekmet�lleush gewjermik¸npedÐwn qamhl c enjalpÐac (65◦C < T < 90◦C) kajist� aparaÐthth thn an�ptuxhkai th beltistopoÐhsh thc teqnologÐac tou organikoÔ kÔklou Rankine. Sto plaÐ-sio thc beltistopoÐhshc tou organikoÔ kÔklou Rankine ent�ssetai h diereÔnhshgia ton entopismì tou bèltistou organikoÔ reustoÔ kaj¸c kai twn bèltistwn tÔ-pwn twn enallakt¸n jermìthtac pou qrhsimopoioÔntai ston kÔklo. Gia thn epilog tou bèltistou organikoÔ mèsou, ta organik� mèsa ta opoÐa dokim�sthkan eÐnai to
R-134a, R-410A, R-407C kai to R-600a, en¸ ìson afor� stouc enall�ktec jer-mìthtac sugkrÐnontai plakoeideÐc enall�ktec kai enall�ktec kelÔfouc-aul¸n. StoplaÐsio tou èrgou LOW-BIN, met� thn an�ptuxh thc teqnologÐac organikoÔ kÔklougia qamhl  enjalpÐa, kataskeu�sthke, egkatast�jhke kai leitourgeÐ mÐa prìtuphmon�da qrhsimopoi¸ntac to gewjermikì pedÐo thc pìlhc Simbach sth GermanÐa apodÐ-dontac 200kWe hlektrik c enèrgeiac. H deÔterh efarmog  sto pedÐo thc gewjermÐacafor� sto sqediasmì bèltistwn gewjermik¸n antli¸n jermìthtac k�nontac qr shtou AEA. Sto plaÐsio tou èrgou GROUND-MED, (Advanced Ground Source Heat
Pump Systems for Heating and Cooling in Mediterranean (FP7)), tou opoÐou sunto-nist c eÐnai to KAPE, h MPUR&B/EJS, di� thc paroÔsac diatrib c, sunèbale stosqediasmì bèltistwn gewjermik¸n antli¸n jermìthtac me stìqouc th megistopoÐhshthc apìdoshc kai, tautìqrona, thn elaqistopoÐhsh thc epif�neiac twn enallakt¸n.
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Abstract

This PhD thesis focuses on the development of optimization methods for the
design of thermo-fluid systems based on criteria related to fluid mechanics and/or
heat transfer. This thesis is concerned with the continuous adjoint method, as the
basic component of gradient-based optimization methods and evolutionary algo-
rithms, which are stochastic population-based search methods. The hybridization
of gradient-based and stochastic methods is also presented. Regarding the adjoint
methods, in addition to shape optimization, a new topology optimization method
for CFD applications with or without heat transfer is presented. Thus far, the opti-
mization methods developed in the context of previous PhD theses in PCOpt/LTT
was used along with objective functions related to the aerodynamic performance of
the systems, without laying emphasis on heat transfer effects. In this PhD thesis,
objective functions in which heat transfer plays an important role are used. There-
fore, the application domain, apart from turbomachinery applications, extends to
the design of heat transfer systems, such as geothermal power plants, ground source
heat pump systems and the design of some key components of them, such as heat
exchangers.

The developed adjoint methods are based on the continuous adjoint formulation
proposed in a previous PhD thesis (A. Zymaris, NTUA), where, for the first time
in the literature, the continuous adjoint to the turbulence model equation(s) was
presented so as to compute exact sensitivity derivatives in case of turbulent flows.
The present thesis extends this method to incompressible flows with heat transfer, by
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focusing on the accuracy of the computed sensitivity derivatives. For this purpose,
the formulation of the continuous adjoint equations for incompressible flows with
the addition of the energy equation is presented. Regarding the formulation of the
adjoint problem, the resulting adjoint momentum and turbulence model equation
(here, the Spalart-Allmaras one) are coupled to the energy equation, even though
the primal ones are decoupled to the energy one. The first point of novelty of this
thesis is the continuous adjoint method for incompressible flows with heat transfer,
which is presented for the first time. The method is applied mainly to ducts and heat
exchangers. The objective functions take into account viscous losses and exchanged
heat.

In the present PhD thesis, emphasis is laid to the reduction of the computational
cost of the optimization procedure. In standard gradient-based optimization meth-
ods, within each cycle, the flow and the adjoint equations are solved in a segregated
manner, followed by the shape update using the gradient of the objective function.
Over and above, this thesis presents the one-shot optimization technique, applied to
the aforementioned problems. The one-shot technique is based on the simultaneous
solution of the flow, adjoint and shape correction equations and reduces the overall
computational cost. In order to further reduce the turnaround time of the opti-
mization, the one-shot algorithm was ported on NVIDIA Graphics Processing Units
(GPUs), by using the PCOpt/LTT’s experience in programming on GPUs.The gain
from the use of the one-shot is superimposed to the gain in efficiency due to the use
of GPUs.

Apart from shape optimization, the present thesis is extended to topology opti-
mization problems in fluid mechanics and heat transfer. In fluid mechanics, topology
optimization is used for designing flow passages, connecting predefined inlets and
outlets, with optimal performance based on selected criteria. A variable porosity
field, to be determined during the optimization, is the means to define the optimal
topology. The computation of a real-valued porosity field must be performed over
an extended domain. Based on local porosity values, parts of the domain can be
solidified and the remaining areas define the optimal flow passage. In topology op-
timization, the porosity values at each node of the computational grid stands for
the design variables. Since the number of design variables is equal to the number of
nodes, which depending to the problem might be very high, the adjoint method is
the, by far, most appropriate optimization technique. In the present thesis, a topol-
ogy optimization algorithm for incompressible, laminar and turbulent flow problems
including heat transfer, was developed. The formulation of the primal and adjoint
equations for laminar and turbulent flows with heat transfer, by introducing new
porosity dependent terms, is presented for the first time in the literature. In turbu-
lent flows, the formulation is developed for low-Reynolds number turbulence model.
The topology optimization algorithm is used for the design of ducts/manifolds for
minimum total pressure losses and/or maximum temperature rise between the outlet
from and the inlet to the domain. In the topology optimization of manifolds with
more than one outlets, constraints similar to those used in industrial applications
are imposed. Among them, constraints on the desirable volume flow rate per outlet
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section and/or on the mean temperature of the outgoing flow, are worked out.

Regarding the stochastic optimization methods, aiming at the solution of com-
putationally demanding optimization problems, the present PhD thesis is concerned
with the combined use of an Asynchronous Evolutionary Algorithm (AEA), which
was initially presented in a previous PhD thesis (V. Asouti, NTUA) together with
a gradient-based method. With the proposed hybridization, the developed adjoint
methods and software are being used as local search tools. The AEA is a non-
generation-based algorithm, which, as such, maximizes the exploitation of the avail-
able computational resources. The hybridization of the AEA with a local search
method gave rise to a new asynchronous metamodel-assisted memetic algorithm
(AMAMA), which performs better than AEA. When this new algorithm is used
to solve multi-objective optimization problems, all individuals that enter the cur-
rent front of non-dominated individuals are automatically selected to undergo local
search. The local search method includes the computation of the objective function
gradient with respect to the design variables, the refinement of the individual using
steepest-descent and the re-evaluation of the refined individual, which may displace
or not the current individual.

In multi-objective optimization problems, in order to further reduce the CPU
cost, a new scheme for the computation of the sensitivity derivatives in the memetic
algorithm, according to which the adjoint equations are solved only once, instead of
as many times as the objectives, is proposed. This scheme is based on the synthesis
of the objectives into a scalar function multiplied by appropriate coefficients. The
latter is another novelty of this PhD thesis. The proposed algorithm is used to
optimize heat exchangers and turbomachinery cascades. It is concluded that the
implementation of local search which transformed the AEA to an asynchronous
memetic algorithm further reduces the computational cost of the optimization.

The AEA was also used for the optimization of heat transfer systems, such as
geothermal power plants and ground source heat pump systems. Regarding the
geothermal power plants, the design and the development of an Organic Rankine
Cycle (ORC) prototype, using low temperature geothermal resources, was the main
goal of the European project LOW-BIN (Efficient Low Temperature Geothermal
Binary Power, FP6). CRES (Centre for Renewable Energy Sources and Saving,
Greece) was the coordinator of this project and the contribution of PCOpt/LTT,
as reflected in this thesis, was to provide expertise on optimization methods for the
design of an efficient, low-cost ORC. The exploitation of low temperature geother-
mal fields (65◦C < T < 90◦C) requires the development and optimization of organic
Rankine cycle technologies. During the ORC optimization, the research focused
on the identification of the optimal organic fluid and the optimal heat exchanger
types. Regarding the organic fluids, the purpose was to choose among R-134a, R-
410A, R-407C and R-600a. On the other hand, flat plate and shell-and-tube heat
exchangers were compared. The project resulted in the manufacturing and installa-
tion of an ORC prototype for low temperature geothermal resources. This produces
200kWe using the geothermal field at Simbach in Germany. The second applica-
tion in the field of geothermal energy is concerned with the design of ground source
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heat pump systems (GSHPs) using the AEA. In the European project GROUND-
MED (Advanced Ground Source Heat Pump Systems for Heating and Cooling in
Mediterranean, FP7), coordinated by CRES, PCOpt/LTT through this thesis, con-
tributed to the desing of optimal GSHPs with maximum efficiency and miminum
heat exchangers’ surface.



ixAntÐ prolìgouJa  jela na ekfr�sw tic euqaristÐec mou se ìlouc ìsouc sunetèlesan sthnolokl rwsh thc paroÔsac diatrib c. Kat� arq n, euqarist¸ jerm� ton epiblèpontathc paroÔsac diatrib c Kajhght  EMP K. Giann�koglou, o opoÐoc me epimon  kaiupomon , me epèbleye, kajod ghse kai upost rixe se ìlh th di�rkeia thc diatrib c.EpÐshc, ja  jela na ton euqarist sw gia th di�jesh shmantikoÔ mèrouc tou qrìnoutou tìso kat� th f�sh an�ptuxhc twn mejìdwn ìso kai kat� th f�sh thc suggraf cthc diatrib c kaj¸c kai twn sqetik¸n ereunhtik¸n dhmosieÔsewn. Epiplèon jèlwna ton euqarist sw gia th dunatìthta pou mou èdwse na asqolhj¸ me èna tìsoendiafèron jèma kaj¸c kai gia tic gn¸seic pou apèkthsa kat� thn paramon  mou stoErgast rio Jermik¸n Strobilomhqan¸n.Sth sunèqeia, ja  jela na euqarist sw ta �lla dÔo mèlh thc trimeloÔc sum-bouleutik c epitrop c, ton omìtimo kajhght  EMP G. Mpergelè kai ton kajhght EMP K. Majioud�kh, gia thn empistosÔnh pou mou èdeixan me thn an�jesh thc di-atrib c, tic eÔstoqec parathr seic touc sqetik� me thn ergasÐa kai tic upodeÐxeicgia thn parousÐas  thc. Euqarist¸, epÐshc, ta upìloipa mèlh thc eptameloÔc exe-tastik c epitrop c, Ep. Kajhght  EMP I. Anagnwstìpoulo, An. Kajhght  EMPS. Boutsin�c, Kajhght  EMP G. TzampÐrac kai Kajhght  EMP S. Tsagg�rh giathn tim  pou mou k�noun na summet�sqoun se aut .Shmantik  kai aparaÐthth  tan epÐshc h sumbol  ìlwn twn mel¸n thc ereunhtik com�dac thc Mon�da Par�llhlhc Upologistik c Reustodunamik c & BeltistopoÐhshc,Dr. D. PapadhmhtrÐou, Dr. P. Liakìpoulo, Dr. B. AsoÔth, Dr. Q. GewrgopoÔlou,Dr. I. Kampìlh, Dr. A. Zum�rh, Dr. J. Zerbogi�nnh, X. TrompoÔkh, S. Kuri�kou,E. Papouts , K. Tsi�ka kai I. KabbadÐa, sth dhmiourgÐa euq�ristou klÐmatoc suner-gasÐac. Eidikìtera ja  jela na euqarist sw ton Dr. D. PapadhmhtrÐou kai tonDr. A. Zum�rh gia thn upost rixh pou mou pareÐqan kat� thn ènarxh thc enasqìlh-s c mou me tic suzugeÐc mejìdouc, tic polÔtimec sumboulèc touc kai th dhmiourgik sunergasÐa ìla aut� ta qrìnia. EpÐshc ja  jela na euqarist sw th Dr. B. AsoÔthgia thn upost rix  thc tìso se jèmata upologistik c reustodunamik c ìso kai sejèmata exeliktik¸n algorÐjmwn kaj¸c kai gia thn exairetik  sunergasÐa mac. Jerm�euqarist¸ touc upoy fiouc Did�ktorec thc ereunhtik c om�dac tou ergasthrÐou, tonX. TrompoÔkh, pou oloklhr¸nei th diatrib  tou sthn arijmhtik  epÐlush problh-m�twn aerodunamik c kai aeroelastikìthtac se epexergastèc kart¸n grafik¸n, giathn kajhmerin  epoikodomhtik  sunergasÐa pou eÐqame ìla aut� ta qrìnia kai ton E.Papouts  gia th sunergasÐa mac se jèmata beltistopoÐhshc topologÐac.Tèloc, jèlw na ekfr�sw tic jermèc mou euqaristÐec proc to Kèntro Anane¸simwnPhg¸n Enèrgeiac kai Exoikonìmhshc (KAPE) to opoÐo upost rixe oikonomik� thnparoÔsa diatrib  dÐnont�c mou th dunatìthta na pragmatopoi sw thn paroÔsa èreuna.IdiaÐtera ja  jela na euqarist sw ton Dr. K. KarÔtsa gia thn polÔtimh upost rix tou parèqont�c mou ta mèsa na efarmìsw tic anaptuqjeÐsec mejìdouc se pragmatikècefarmogèc ston tomèa thc gewjermÐac. EpÐshc, ja  jela na euqarist sw ìlouc toucsunadèlfouc tou tm matoc GewjermÐac tou KAPE gia thn exairetik  sunergasÐa kaitic gn¸seic pou moir�sthkan mazÐ mou.
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Kef�laio 1Eisagwg Skopìc thc paroÔsac diatrib c eÐnai h an�ptuxh nèwn mejìdwn beltistopoÐhshc,kat�llhlwn gia efarmogèc sto pedÐo thc jermo-reustodunamik c. Oi mèjodoi oiopoÐec parousi�zontai èqoun wc b�sh tic suneqeÐc suzugeÐc mejìdouc (adjoint meth-
ods) (wc th basik  sunist¸sa aitiokratik¸n mejìdwn beltistopoÐhshc, ìpou autèceÐnai efarmìsimec) kai touc exeliktikoÔc algorÐjmouc (stoqastikèc plhjusmiakècmejìdouc beltistopoÐhshc), en¸ epiqeireÐtai kai h sunergatik  qr sh twn dÔo aut¸nmejìdwn me th dhmiourgÐa enìc ubridikoÔ sq matoc beltistopoÐhshc. 'Oson afor� sticsuzugeÐc mejìdouc, pèran twn efarmog¸n beltistopoÐhshc morf c ìpou oi metablhtècsqediasmoÔ apoteloÔn sun jwc tic suntetagmènec shmeÐwn elègqou parametrik¸nkampul¸n pou elègqoun to sq ma tou sqediazìmenou s¸matoc, parousi�zetai kai mÐanèa diadikasÐa beltistopoÐhshc topologÐac gia jermo-reustodunamik� probl mata, hopoÐa stoqeÔei plèon sthn eÔresh thc bèltisthc topologÐac thc ro c kai ìqi toubèltistou parametropoihmènou sq matoc.Sta epìmena kef�laia pou pragmateÔontai th suneisfor� thc paroÔsac diatrib csthn perioq  thc an�ptuxhc twn suzug¸n mejìdwn parousi�zetai h sqetik  bibli-ografik  episkìphsh kai entopÐzontai ta stoiqeÐa prwtotupÐac thc paroÔsac diatri-b c. Pèran toÔtou, axÐzei na topojethjeÐ h paroÔsa diatrib  sto plaÐsio thc sqeti-k c èreunac pou pragmatopoieÐtai sth Mon�da Par�llhlhc Upologistik c Reusto-dunamik c & BeltistopoÐhshc (MPUR&B/EJS). 'Etsi, mèqri t¸ra, to pedÐo efar-mog c twn mejìdwn beltistopoÐhshc, pou èqoun anaptuqjeÐ se prohgoÔmenec dia-tribèc sth MPUR&B/EJS, periel�mbane sunart seic-stìqouc oi opoÐec aforoÔ-san kurÐwc sthn aerodunamik  apìdosh susthm�twn   sunistws¸n touc, qwrÐc nadÐnetai èmfash sth metafor� jermìthtac. Sthn paroÔsa diatrib , to pedÐo efar-mog c twn mejìdwn sumperilamb�nei sunart seic-stìqouc stic opoÐec upeisèrqetaih metafor� jermìthtac. Wc ek toÔtou, to pedÐo efarmog c twn mejìdwn, ektìctwn strobilomhqan¸n, epekteÐnetai epÐshc sth beltistopoÐhsh susthm�twn metafor�cjermìthtac kaj¸c kai shmantik¸n sunistws¸n aut¸n twn susthm�twn. AxÐzei nashmeiwjeÐ ìti oi mèjodoi beltistopoÐhshc pou parousi�zontai sthn paroÔsa diatrib kalÔptoun, ektìc apì th jermo-reustodunamik  beltistopoÐhsh (l.q. suzugeÐc mè-jodoi), probl mata apì diaforetikèc episthmonikèc perioqèc. Eidikìtera, oi exe-liktikoÐ algìrijmoi, ìpwc exelÐssontai sthn paroÔsa diatrib , efarmìzontai metaxÔ1



2 1. Εισαγωγή�llwn, kai se probl mata sqediasmoÔ bèltistwn susthm�twn paragwg c hlektrik cenèrgeiac me qr sh gewjermÐac kai gewjermik¸n antli¸n jermìthtac. Oi algìrijmoiautoÐ mporoÔn na efarmostoÔn kai se k�je �llo prìblhma arkeÐ na eÐnai diajèsimoto sqetikì logismikì axiolìghshc. Sto eisagwgikì autì kef�laio akoloujeÐ mÐasÔntomh anafor� sto jèma twn mejìdwn beltistopoÐhshc sth mhqanik  twn reust¸n.Epimèrouc episkop seic kai anaforèc se ergasÐec �llwn, parousi�zontai stic eisa-gwgikèc enìthtec twn epimèrouc kefalaÐwn. To kef�laio 1 kleÐnei me mÐa sunoptik parousÐash thc dom c thc diatrib c.1.1 Mèjodoi BeltistopoÐhshc se probl matajermo-reustodunamik c- Sumbol  thc dia-trib cOi mèjodoi beltistopoÐhshc diakrÐnontai se dÔo basikèc kathgorÐec, tic aitiokratikèckai tic stoqastikèc. O kÔrioc �xonac thc paroÔsac diatrib c kineÐtai gÔrw apìtic aitiokratikèc mejìdouc beltistopoÐhshc, ìpwc autèc qrhsimopoioÔntai gia thnepÐlush problhm�twn beltistopoÐhshc morf c all� kai topologÐac. Epiplèon qrhsi-mopoioÔntai gia ton ubridismì stoqastik¸n mejìdwn beltistopoÐhshc, p�nta sto plaÐ-sio efarmog¸n jermo-reustodunamik c. Oi aitiokratikèc mèjodoi apaitoÔn ton upo-logismì thc klÐshc thc sun�rthshc-stìqou, mèsw thc opoÐac epiqeireÐtai h diark cbhmatik  anab�jmish miac arqik c lÔshc. Oi basikèc mèjodoi anaz thshc, oi opoÐecqrhsimopoioÔn thn klÐsh thc sun�rthshc-stìqou gia thn eÔresh thc bèltisthc lÔshc,eÐnai h mèjodoc thc apìtomhc kajìdou, twn suzug¸n klÐsewn kai h mèjodoc Newtonstic di�forec parallagèc thc, [102, 151]. Basik  proapaÐthsh twn aitiokratik¸nmejìdwn eÐnai o upologismìc thc klÐshc thc sun�rthshc-stìqou. H mèjodoc twnpeperasmènwn diafor¸n, h opoÐa apaiteÐ pl joc epilÔsewn twn exis¸sewn thc ro can�logo tou pl jouc twn metablht¸n sqediasmoÔ, prokeimènou na upologÐsei thnklÐsh thc sun�rthshc-stìqou, eÐnai arket� qronobìra ¸ste na qrhsimopoihjeÐ wc��ergaleÐo�� upologismoÔ twn klÐsewn. Antijètwc, h suzug c mèjodoc, h opoÐa prw-toemfanÐsthke to 1984, [122], se probl mata aerodunamik c beltistopoÐhshc, kaisugkekrimèna dunamik¸n ro¸n, eÐnai anex�rthth tou arijmoÔ twn metablht¸n sqedi-asmoÔ kai to kìstoc thc epÐlushc twn suzug¸n exis¸sewn sqedìn isodunameÐ me tokìstoc epÐlushc twn exis¸sewn thc ro c. Argìtera, h suzug c mèjodoc anaptÔsse-tai gia tic exis¸seic Euler tou sumpiestoÔ reustoÔ, [69], kai epekteÐnetai sth sunè-qeia stic sunektikèc roèc, [71], kai se mh-domhmèna plègmata, [11], gia to sqediasmì
2D kai 3D morf¸n se probl mata exwterik c aerodunamik c kai strobilomhqan¸n,[114, 111, 112]. An�loga me ton trìpo sqhmatismoÔ twn suzug¸n exis¸sewn diakrÐ-nontai dÔo eÐdh suzug¸n mejìdwn, oi suneqeÐc kai oi diakritèc. Oi suzugeÐc exis¸-seic, b�sei thc suneqoÔc suzugoÔc mejìdou, prokÔptoun apì tic exis¸seic thc ro cprin autèc diakritopoihjoÔn en¸ oi diakritèc suzugeÐc exis¸seic sqhmatÐzontai apìtic  dh diakritopoihmènec exis¸seic thc ro c. H sqetik  bibliografik  episkìphshparousi�zetai sto sqetikì me tic suzugeÐc teqnikèc kef�laio.



1.1. Μέθοδοι Βελτιστοποίησης σε προβλήματα θερμο-ρευστοδυναμικής 3H an�ptuxh twn suzug¸n mejìdwn sth MPUR&B/EJS apotup¸netai se miaseir� dhmosieÔsewn kai se dÔo didaktorikèc diatribèc, [140, 143]. Sthn perÐptwshtwn turbwd¸n ro¸n kai ìson afor� sth suneq  suzug  mèjodo, h diatrib  [143]kai oi ergasÐec [166, 167] diatup¸noun pr¸tec tic suneqeÐc suzugeÐc exis¸seic giata qrhsimopoioÔmena montèla tÔrbhc, apofeÔgontac th sun jh paradoq  thc bibli-ografÐac, h opoÐa ameleÐ tic metabolèc twn metablht¸n twn montèlwn tÔrbhc wc proctic metabolèc twn metablht¸n sqediasmoÔ. 'Oson afor� sthn an�ptuxh twn suzug¸nmejìdwn gia thn epÐlush problhm�twn me krit ria pou sqetÐzontai me th jermo-reustodunamik  apìdosh twn sqediazìmenwn susthm�twn, axÐzei na shmeiwjeÐ ìtih bibliografÐa periorÐzetai se el�qistec ergasÐec me efarmogèc sumpiestoÔ reustoÔme metafor� jermìthtac. Basikìc skopìc thc paroÔsac diatrib c eÐnai h an�ptuxhsuzug¸n mejìdwn gia thn epÐlush problhm�twn asumpÐesthc ro c me metafor� jer-mìthtac se mh-domhmèna plègmata, oi opoÐec na apotelèsoun th b�sh gia th qr shtouc sth beltistopoÐhsh morf c kai topologÐac. Gia to lìgo autì, h diatrib  epike-ntr¸netai sth diatÔpwsh thc suneqoÔc suzugoÔc mejìdou se asumpÐestec strwtèc kaiturb¸deic roèc me metafor� jermìthtac. 'Oson afor� sth beltistopoÐhsh morf c, oisuzugeÐc autèc mèjodoi qrhsimopoioÔntai se sq ma beltistopoÐhshc basismèno sthntautìqronh ananèwsh tou eujèoc kai suzugoÔc pedÐou ro c kaj¸c kai twn metablh-t¸n sqediasmoÔ. H teqnik  aut  onom�zetai sugqronismènh epanalhptik  teqnik epÐlushc (one-shot technique), [62, 61, 60], kai mei¸nei ton apaitoÔmeno qrìno gia thneÔresh thc bèltisthc lÔshc perÐpou sto misì se sqèsh me thn ��klasik �� aitiokratik mèjodo beltistopoÐhshc pou perilamb�nei se k�je kÔklo beltistopoÐhshc pr¸ta thnepÐlush twn exis¸sewn ro c, met� aut n twn suzug¸n exis¸sewn kai, sto tèloc, thnananèwsh twn tim¸n twn metablht¸n sqediasmoÔ.Sthn kathgorÐa twn stoqastik¸n mejìdwn beltistopoÐhshc, oi exeliktikoÐ al-gìrijmoi (EA) apoteloÔn thn plèon diadedomènh plhjusmiak  mèjodo, h opoÐa ar-qÐzei na qrhsimopoieÐtai eurèwc sthn aerodunamik  beltistopoÐhsh sth dekaetÐa tou1990. Oi exeliktikoÐ algìrijmoi, lìgw thc ��organwmènhc tuqaiìthtac�� me thn opoÐadhmiourgoÔntai oi upoy fiec lÔseic, den apaitoÔn, se antÐjesh me tic aitiokratikècmejìdouc beltistopoÐhshc, th sunèqeia twn sunart sewn-stìqwn, oÔte thn Ôpar-xh logismikoÔ upologismoÔ twn klÐsewn aut¸n wc proc tic metablhtèc sqediasmoÔ.Mình apaÐthsh eÐnai h Ôparxh enìc logismikoÔ axiolìghshc twn upoyhfÐwn lÔsewn,kajist¸ntac me autì ton trìpo touc EA �mesa prosarmìsimouc se k�je prìblhmabeltistopoÐhshc, anexart twc thc diajesimìthtac anoiqtoÔ   kleistoÔ logismikoÔ a-xiolìghshc. Oi EA èqoun wc stìqo thn anÐqneush twn perioq¸n me pijan� akrìtataodhg¸ntac sthn eÔresh tou olikoÔ akrìtatou, apofeÔgontac ton egklwbismì se to-pik� akrìtata lìgw thc stoqastikìthtac me thn opoÐa exereunoÔn to pedÐo orismoÔ.Wstìso, gia thn eÔresh thc bèltisthc lÔshc, apaiteÐtai sun jwc meg�loc arijmìcaxiolog sewn o opoÐoc aux�nei ton upologistikì qrìno eidikìtera sta probl matathc reustodunamik c, ìpou to logismikì axiolìghshc ulopoieÐ th qronobìra epÐlushtwn exis¸sewn thc ro c. Ta teleutaÐa qrìnia, exaitÐac autoÔ tou uyhloÔ upologi-stikoÔ kìstouc, èna meg�lo mèroc thc sqetik c èreunac kineÐtai sthn kateÔjunsh thcmeÐwshc tou apaitoÔmenou upologistikoÔ qrìnou twn EA.Oi basikìteroi trìpoi antimet¸pishc autoÔ tou probl matoc sunoyÐzontai sth



4 1. ΕισαγωγήparallhlopoÐhsh twn EA, sth qr sh proseggistik¸n protÔpwn axiolìghshc   meta-protÔpwn kai sthn ubridopoÐhs  touc me aitiokratikèc mejìdouc beltistopoÐhshc. HparoÔsa diatrib  k�nei qr sh kai twn tri¸n aut¸n teqnik¸n proteÐnontac ènan EAme idiaÐtera pleonekt mata. Ta metaprìtupa qrhsimopoioÔntai stouc EA wc logi-smik� gr gorhc all� proseggistik c pro-axiolìghshc upokajist¸ntac to qronobìro��akribèc�� logismikì axiolìghshc. H apodotik  qr sh twn proseggistik¸n protÔ-pwn axiolìghshc se probl mata enìc   perissotèrwn stìqwn apotèlese to antikeÐ-meno prohghjeÐsac èreunac sth MPUR&B/EJS pou apotup¸netai stic didaktorikècdiatribèc [150, 152, 147, 148], me stìqo th beltÐwsh thc apìdoshc twn EA. Apìthn �llh, o ubridismìc twn stoqastik¸n mejìdwn me tic aitiokratikèc mejìdoucbeltistopoÐhshc apoteleÐ ènan trìpo ekmet�lleushc twn pleonekthm�twn kai twndÔo mejìdwn. H sunèrgei� touc, [123, 42, 78, 167], odhgeÐ sth dhmiourgÐa enìcubridikoÔ sq matoc, ìpou oi EA qrhsimopoioÔntai gia ton entopismì twn perioq¸nìpou up�rqoun akrìtata kai, sth sunèqeia, oi aitiokratikèc mèjodoi ekmetalleÔo-ntai aut n thn plhroforÐa esti�zontac se autèc tic perioqèc gia th leptomer  eÔreshtwn akrìtatwn. 'Enac trìpoc ubridismoÔ touc parousi�zetai stic [78, 167, 150] mèswtou poluepÐpedou ierarqikoÔ algorÐjmou beltistopoÐhshc. MÐa kathgorÐa ubridik¸nmejìdwn beltistopoÐhshc eÐnai oi mimhtikoÐ algìrijmoi (Memetic Algorithms, MA),[56, 106], oi opoÐoi sundu�zoun tic mejìdouc olik c exereÔnhshc kai topik c beltÐ-wshc. Kat� thn parallhlopoÐhsh twn EA, mèsw thc tautìqronhc axiolìghshc twnatìmwn miac geni�c se diaforetikoÔc epexergastèc, anagnwrÐsthkan oi epipt¸seictou sugqronismoÔ (sto tèloc k�je geni�c), h opoÐa periorÐzei to kèrdoc apì thnpar�llhlh axiolìghsh. Autì to prìblhma antimetwpÐsthke me touc asÔgqronouc exe-liktikoÔc algorÐjmouc (AEA), [8, 12], oi opoÐoi katargoÔn th geni� kai megistopoioÔnthn ekmet�lleush twn diajèsimwn upologistik¸n pìrwn. Se prohgoÔmenh diatrib sth MPUR&B/EJS, [148], anaptÔqjhke ènac nèoc asÔgqronoc exeliktikìc algìrij-moc (AEA) upobohjoÔmenoc apì metaprìtupa. Sthn paroÔsa diatrib , o algìrijmocautìc emploutÐzetai me aitiokratikèc mejìdouc beltistopoÐhshc kai, sugkekrimèna metic suzugeÐc mejìdouc pou anaptÔssontai ed¸, dhmiourg¸ntac èna nèo asÔgqronomimhtikì algìrijmo uposthrizìmeno apì metaprìtupa, o opoÐoc parousi�zetai giapr¸th for� sth bibliografÐa.Oi mèjodoi beltistopoÐhshc, oi opoÐec èqoun parousiasjeÐ mèqri stigm c, qronolo-goÔntai apì tic arqèc thc dekaetÐac tou 1990, ìson afor� stouc EA, [52, 98], ìtan ar-qÐzei ousiastik� h ex�plws  touc kai h qr sh touc sthn aerodunamik  beltistopoÐhsh,en¸ h suzug c mèjodoc prwtoemfanÐsthke se probl mata aerodunamik c beltistopoÐ-hshc to 1984, [122]. Antijètwc, h idèa thc beltistopoÐhshc topologÐac sth mhqanik twn reust¸n emfanÐzetai gia pr¸th for� mìlic prin mÐa dekaetÐa, kai sugkekrimènato 2003, [22], empneusmènh apì th qr sh thc beltistopoÐhshc topologÐac sthn peri-oq  thc mhqanik c stereoÔ s¸matoc. Apì to 1988 qrhsimopoieÐtai h beltistopoÐhshtopologÐac gia to sqediasmì mhqanik¸n dom¸n se fìrtish me stìqo thn epÐteuxhdomik c duskamyÐac elaqistopoi¸ntac thn elastikìthta aut¸n twn dom¸n. Mèqris mera, h mèjodoc thc beltistopoÐhshc topologÐac brÐskei efarmog  se di�forouctomeÐc, ìpwc l.q. gia thn epÐlush problhm�twn akoustik c, [41, 40], optik c, [21, 72],kaj¸c kai mikro-hlektromhqanik¸n susthm�twn, [92]. H basik  idèa thc beltistopoÐh-



1.1. Μέθοδοι Βελτιστοποίησης σε προβλήματα θερμο-ρευστοδυναμικής 5shc topologÐac, tìso sto mhqanik  stereoÔ s¸matoc ìso kai sth mhqanik  twnreust¸n, sunoyÐzetai sth mh-qr sh parametropoÐhshc thc morf c, dedomènou ìti denbasÐzetai se mÐa prokajorismènh gewmetrÐa apì thn arq  thc beltistopoÐhshc, ìpwcsumbaÐnei me th beltistopoÐhsh morf c. Antijètwc, h beltistopoÐhsh topologÐac,l.q. sth mhqanik  reust¸n, mporeÐ na orisjeÐ wc h diadikasÐa anaz thshc bèlti-stwn (wc proc sugkekrimènh sun�rthsh-stìqo) sqhmatism¸n twn pedÐwn ro c seèna eurÔ qwrÐo sqediasmoÔ, apallagmènwn apì periorismoÔc pou ja epèbale h ek�-stote mèjodoc parametropoÐhshc sthn perÐptwsh thc beltistopoÐhshc morf c. HulopoÐhsh thc idèac aut c pragmatopoieÐtai me thn eisagwg  thc ènnoiac tou por¸-douc se k�je kìmbo, upodeiknÔontac poioi kìmboi prèpei na ��stereopoihjoÔn�� ¸steoi enapomeÐnantec na dhmiourg soun th bèltisth diadrom  thc ro c. Dedomènou ìtioi timèc tou por¸douc se k�je kìmbo tou qwrÐou apoteloÔn tic metablhtèc sqe-diasmoÔ sth beltistopoÐhsh topologÐac, eÐnai profanèc ìti o meg�loc arijmìc twnmetablht¸n sqediasmoÔ epib�llei th qr sh thc suzugoÔc mejìdou. Oi pr¸tec efar-mogèc thc beltistopoÐhshc topologÐac me qr sh thc suzugoÔc mejìdou emfanÐzontaiston tomèa thc mhqanik c twn reust¸n, se roèc Stokes, [22, 54] kai, sth sunèqeia,epekteÐnontai se strwtèc roèc [54, 47, 104, 132], anaptÔssontac th suneq  kai thdiakrit  mèjodo. To endiafèron thc biomhqanÐac gia th beltistopoÐhsh topologÐacsth mhqanik  reust¸n gÐnetai emfanèc ta teleutaÐa qrìnia, eidikìtera sthn autoki-nhtobiomhqanÐa, [76, 110, 109], dÐnontac èmfash sthn eÔresh thc bèltisthc topologÐacthc ro c gia th dhmiourgÐa, apì thn arq , agwg¸n, [57]. Oi ergasÐec autèc aforoÔnse strwtèc kai turb¸deic roèc qwrÐc metafor� jermìthtac, amel¸ntac metabolècthc turb¸douc sunektikìthtac, wc proc to por¸dec se k�je shmeÐo tou qwrÐou. HparoÔsa diatrib , metaxÔ �llwn, dieurÔnei th qr sh thc beltistopoÐhshc topologÐacparousi�zont�c thn, gia pr¸th for� sth bibliografÐa, gia probl mata asumpÐestwnturbwd¸n ro¸n me metafor� jermìthtac. BasÐzetai ston upologismì twn akrib¸nklÐsewn thc sun�rthshc-stìqou, diatup¸nontac tic suneqeÐc suzugeÐc exis¸seic toumontèlou tÔrbhc Spalart-Allmaras kai thc exÐswshc thc enèrgeiac.H qr sh twn mejìdwn beltistopoÐhshc den periorÐzetai ìmwc mìno se efarmogècsqediasmoÔ bèltistwn sunistws¸n susthm�twn metafor�c jermìthtac, all� epe-kteÐnetai kai sto sqediasmì twn susthm�twn aut¸n kajaut¸n. Sthn paroÔsa di-atrib  parousi�zetai o sqediasmìc-beltistopoÐhsh susthm�twn metafor�c jermìth-tac, ta opoÐa qrhsimopoioÔn th gewjermik  enèrgeia gia paragwg  eÐte hlektrik c  jermik c/yuktik c enèrgeiac. Oi efarmogèc autèc aforoÔn se kÔklouc paragwg chlektrik c enèrgeiac me qr sh gewjermÐac qamhl c enjalpÐac kaj¸c kai se gew-jermikèc antlÐec jermìthtac gia jèrmansh/yÔxh ktirÐwn. Oi teqnologÐec autèc su-gkentr¸noun meg�lo endiafèron, to opoÐo epikentr¸netai tìso sthn an�ptuxh ìso kaisth beltistopoÐhsh twn sqetik¸n susthm�twn. Wc proc ta sust mata hlektropara-gwg c me qr sh gewjermÐac, oi teqnologÐec gia thn paragwg  hlektrik c enèrgeiacapì uyhl c kai mèshc enjalpÐac gewjermik� reust� (jermokrasÐac megalÔterhc apì90◦C) brÐskontai plèon se epÐpeda wrimìthtac, lìgw thc omoiìthtac touc me toucsumbatikoÔc kÔklouc hlektroparagwg c. Antijètwc, oi kÔkloi hlektroparagwg cme gewjermik� reust� qamhl c enjalpÐac (jermokrasÐac 65− 90◦C) basÐzontai sthnteqnologÐa tou organikoÔ kÔklou Rankine (Organic Rankine Cycle) kai den qrhsi-



6 1. ΕισαγωγήmopoioÔn to gewjermikì atmì gia ektìnwsh sto strìbilo, all� èna organikì reustìsto opoÐo metafèretai mèroc thc jermìthtac tou gewjermikoÔ reustoÔ. S mera, e-xair¸ntac el�qistec peiramatikèc mon�dec, den up�rqoun mon�dec hlektroparagwg cqamhl c enjalpÐac se emporik  leitourgÐa, [26, 94]. Autì kajist� idiaÐtera shma-ntik  thn an�ptuxh aut c thc teqnologÐac kaj¸c kai th beltistopoÐhsh aut¸n twnsusthm�twn. H spoudaiìthta thc beltistopoÐhshc twn susthm�twn hlektropara-gwg c me qamhl c enjalpÐac gewjermÐa epibebai¸netai anatrèqontac sta ereunhtik�èrga pou qrhmatodotoÔntai apì thn Eurwpaðk  'Enwsh ston tomèa twn anane¸simwnphg¸n enèrgeiac. Pio sugkekrimèna, ta perissìtera ereunhtik� progr�mmata peri-lamb�noun wc epimèrouc sunist¸sa th beltistopoÐhsh twn susthm�twn pou prìketaina anaptuqjoÔn. H paroÔsa diatrib  sunèbale sto sqediasmì bèltistwn organik¸nkÔklwn pou leitourgoÔn me qamhl c enjalpÐac gewjermÐa me th qr sh twn asÔgqro-nwn EA, èqontac wc stìqouc th megistopoÐhsh thc apìdoshc kai thn elaqistopoÐhshtou kìstouc twn susthm�twn aut¸n. H pragmatopoihjeÐsa èreuna sqetÐzetai me toeurwpaðkì èrgo LOW-BIN, Efficient Low Temperature Geothermal Binary Pow-
er, tou opoÐou suntonist c  tan to KAPE, to opoÐo uposthrizìmeno se jèmatabeltistopoÐhshc apì th MPUR&B/EJS sunèbale, dia thc paroÔsac diatrib c, stosqediasmì enìc bèltistou organikoÔ kÔklou. Stìqoc tou èrgou autoÔ, ektìc apì tosqediasmì bèltistwn mon�dwn, up rxe kai h kataskeu  kai leitourgÐa mÐac prìtuphcmon�dac ORC.An�logo endiafèron sugkentr¸noun kai oi Gewjermikèc AntlÐec Jermìthtac. Eu-rwpaðk� èrga ìpwc to GROUNDHIT, Ground Coupled Heat Pumps of High Tech-
nology kai to GROUND-MED, Advanced Ground Source Heat Pump Systems for
Heating and Cooling in Mediterranean epedÐwxan kai suneqÐzoun na epidi¸koun thnan�ptuxh nèwn teqnologi¸n gewjermik¸n antli¸n jermìthtac, jètontac wc basikìstìqo thn aÔxhsh thc apìdoshc twn susthm�twn aut¸n. Sugqrìnwc, epidi¸kounth meÐwsh tou kìstouc touc, ¸ste na auxhjeÐ h antagwnistikìtht� touc kai h dieÐs-dus  touc stic agorèc thc bìreiac kai kentrik c Eur¸phc all� kai twn mesogeiak¸nqwr¸n. H paroÔsa diatrib  sunèbale sto sqediasmì bèltistwn gewjermik¸n antli¸njermìthtac me th qr sh asÔgqronwn EA me stìqouc th megistopoÐhsh tou apìdoshckai thn elaqistopoÐhsh tou kìstouc. Oi AEA qrhsimopoi jhkan sto plaÐsio touèrgou GROUND-MED, tou opoÐou suntonist c eÐnai to KAPE, gia to sqediasmìbèltistwn gewjermik¸n antli¸n jermìthtac gia jèrmansh/yÔxh ktirÐwn.H diatrib  asqoleÐtai ekten¸c me ìla ta parap�nw. Ektìc apì th sÔntomhanafor� pou prohg jhke, o anagn¸sthc mporeÐ na brei ektenèsterh bibliografik episkìphsh sta antÐstoiqa kef�laia.1.2 Dom  thc diatrib cAkoloujeÐ mÐa sÔntomh par�jesh twn perieqomènwn twn kefalaÐwn thc paroÔsacdiatrib c:Sto kef�laio 2 gÐnetai anafor� stic exis¸seic asumpÐesthc ro c gia strwtèckai turb¸deic roèc me metafor� jermìthtac, oi opoÐec epilÔontai k�nontac qr sh



1.2. Δομή της διατριβής 7thc teqnik c thc yeudosumpiestìthtac. Epiplèon, parousi�zetai analutik� h diakri-topoÐhsh twn exis¸sewn kai h epÐlus  touc me mejìdouc qronoproèlashc. Oi ìgkoielègqou sqhmatÐzontai gÔrw apì touc kìmbouc mh-domhmènou upologistikoÔ plèg-matoc sÔmfwna me thn kentrokombik  diatÔpwsh thc teqnik c twn peperasmènwnìgkwn. To kef�laio 2 katal gei me thn pistopoÐhsh tou logismikoÔ epÐlushc seefarmogèc strwt c kai turb¸douc ro c me kai qwrÐc metafor� jermìthtac.Sto kef�laio 3 parousi�zetai h suneq c suzug c mèjodoc gia ton upologismìtwn parag¸gwn euaisjhsÐac se probl mata asumpÐestwn strwt¸n ro¸n me metafor�jermìthtac. To megalÔtero tm ma tou kefalaÐou asqoleÐtai me thn an�ptuxh tousuzugoÔc probl matoc, diatup¸nontac tic suzugeÐc exis¸seic, tic suzugeÐc oriakècsunj kec kai thn èkfrash twn parag¸gwn euaisjhsÐac gia strwtèc roèc me metafor�jermìthtac. Dedomènou ìti h paroÔsa diatrib  epekteÐnei th suzug  mèjodo se a-sumpÐestec roèc me metafor� jermìthtac, kat� th diatÔpwsh twn suzug¸n exis¸sewnsumperilamb�netai kai h exÐswsh thc enèrgeiac. Stìqoc tou kefalaÐou autoÔ eÐnaih pistopoÐhsh thc akrÐbeiac twn parag¸gwn euaisjhsÐac pou upologÐzontai me thnproteinìmenh suzug  mèjodo, epidi¸kontac taÔtish twn parag¸gwn aut¸n me tic timècanafor�c pou prokÔptoun apì th mèjodo twn peperasmènwn diafor¸n. Gia to lì-go autì, to kef�laio oloklhr¸netai me thn parousÐash efarmog¸n metafor�c jer-mìthtac oi opoÐec kurÐwc aposkopoÔn sth sÔgkrish twn parag¸gwn euaisjhsÐac.Sumplhrwmatik�, sto kef�laio 4 arqik� parousi�zetai h diatÔpwsh tou suzugoÔcprobl matoc gia asumpÐestec turb¸deic roèc me metafor� jermìthtac kai sugkrÐno-ntai oi upologizìmenec par�gwgoi euaisjhsÐac me tic parag¸gouc anafor�c kaj¸ckai me tic parag¸gouc pou ja upolìgize h suzug c mèjodoc amel¸ntac th metabol thc turb¸douc sunektikìthtac. Tèloc, sto Ðdio kef�laio parousi�zetai h èntaxh thcsuzugoÔc mejìdou se brìqo beltistopoÐhshc. Ektìc apì thn klasik  aitiokratik mèjodo beltistopoÐhshc, parousi�zetai kai h ��sugqronismènh epanalhptik  teqnik epÐlushc�� (one-shot technique). Dedomènou ìti o algìrijmoc thc teqnik c one-shotkai autìc thc klasik c (apemplegmènhc) aitiokratik c mejìdou beltistopoÐhshc eÐnaiplèon programmatismènoc kai se epexergastèc kart¸n grafik¸n (GPUs), stic efar-mogèc pou parousi�zontai, ektìc apì to sqediasmì autì kajautì, dÐnetai èmfash stokèrdoc apì thn aisjht  meÐwsh tou qrìnou beltistopoÐhshc lìgw thc qr shc thcsuzugoÔc one-shot teqnik c se k�rtec grafik¸n.To kef�laio 5 epekteÐnei th qr sh twn suzug¸n mejìdwn se probl mata beltisto-poÐhshc topologÐac sth mhqanik  twn reust¸n. Arqik� paratÐjetai bibliografik episkìphsh thc beltistopoÐhshc topologÐac tìso sth mhqanik  twn reust¸n ìsokai sth mhqanik  tou stereoÔ s¸matoc, ìpou prwtoemfanÐsthke, epishmaÐnontac tapleonekt mata thc beltistopoÐhshc topologÐac se sqèsh me th beltistopoÐhsh mor-f c. Amèswc met�, parousi�zetai h prosj kh nèwn ìrwn pou exart¸ntai apì topor¸dec sthn exÐswsh thc enèrgeiac kai sthn exÐswsh tou montèlou tÔrbhc, mestìqo thn epèktash thc beltistopoÐhshc topologÐac se probl mata turbwd¸n ro¸nme metafor� jermìthtac. Sth sunèqeia parousi�zetai h majhmatik  diatÔpwsh thcsuneqoÔc suzugoÔc mejìdou gia strwtèc kai turb¸deic roèc me metafor� jermìth-tac me stìqo ton upologismì akrib¸n parag¸gwn euaisjhsÐac twn sunart sewn-stìqwn wc proc to por¸dec. Tèloc, oi par�gwgoi autèc qrhsimopoioÔntai se mia



8 1. Εισαγωγήseir� apì probl mata beltistopoÐhshc topologÐac me stìqo thn eÔresh thc bèltisthctopologÐac diktÔwn agwg¸n, gia strwtèc kai turb¸deic roèc, me   qwrÐc metafor�jermìthtac.To kef�laio 6 epikentr¸netai sth qr sh twn suzug¸n mejìdwn pou anaptÔqjhkansta dÔo pr¸ta kef�laia kat� ton ubridismì stoqastik¸n kai aitiokratik¸n mejìdwnbeltistopoÐhshc. Sugkekrimèna, sto kef�laio autì met� th bibliografik  episkìphshtwn stoqastik¸n mejìdwn beltistopoÐhshc, kai eidikìtera stouc EA, parousi�zetaiènac nèoc asÔgqronoc mimhtikìc algìrijmoc uposthrizìmenoc apì metaprìtupa (A-MAMA, Asynchronous Metamodel Assisted Memetic Algorithm). Autìc basÐzetaiston ubridismì tou asÔgqronou exeliktikoÔ algorÐjmou (AEA, Asynchronous Evolu-
tionary Algorithm) thc MPUR&B/EJS me tic suzugeÐc mejìdouc pou anaptÔssontaisth diatrib , me stìqo th meÐwsh tou qrìnou eÔreshc thc bèltisthc lÔshc. Gia to lì-go autì, arqik� parousi�zetai o AEA kai, sth sunèqeia, dÐnetai idiaÐterh èmfash stontrìpo me ton opoÐo ent�ssetai h suzug c mèjodoc ston AEA gia th dhmiourgÐa touproteinìmenou mimhtikoÔ algorÐjmou. O nèoc autìc algìrijmoc pistopoieÐtai arqik�se majhmatikèc sunart seic qamhloÔ upologistikoÔ kìstouc kai, sth sunèqeia, stosqediasmì- beltistopoÐhsh sunistws¸n susthm�twn, ìpwc enallakt¸n jermìthtackai pterug¸sewn strobilomhqan¸n. Epiplèon, dÐnetai èmfash sthn polukrithriak beltistopoÐhsh, ìpou parousi�zetai mÐa nèa qamhloÔ kìstouc teqnik  gia ton upo-logismì twn parag¸gwn twn sunart sewn-stìqwn sto mimhtikì algìrijmo ¸ste naepilÔontai oi suzugeÐc exis¸seic mÐa for� kai ìqi tìsec forèc ìsec kai oi stìqoi.Sto kef�laio 7, wc sunèqeia tou kefalaÐou 6, parousi�zetai h qr sh tou AEAse probl mata sqediasmoÔ bèltistwn susthm�twn metafor�c jermìthtac, me èmfashston tomèa thc gewjermÐac. Oi efarmogèc aforoÔn sth beltistopoÐhsh kÔklwnparagwg c hlektrik c enèrgeiac me qr sh gewjermÐac (mon�dec organikoÔ kÔklou
Rankine) kaj¸c kai gewjermikèc antlÐec jermìthtac me stìqo th megistopoÐhsh toubajmoÔ apìdoshc kai thn elaqistopoÐhsh tou kìstouc kataskeu c twn susthm�twnaut¸n. Arqik� parousi�zetai mÐa sÔntomh perigraf  tou organikoÔ kÔklou Rankinekai twn gewjermik¸n antli¸n jermìthtac kai sqoli�zetai h shmasÐa beltistopoÐhshctwn susthm�twn aut¸n. Epiplèon, sto Ðdio kef�laio perigr�fontai oi algìrijmoipou dhmiourg jhkan gia thn an�lush/axiolìghsh aut¸n twn susthm�twn. Tèloc,parousi�zetai h diatÔpwsh k�je sqetikoÔ probl matoc beltistopoÐhshc pou prag-matopoi jhke, perigr�fontac tic metablhtèc sqediasmoÔ kai touc periorismoÔc pouepib�llontai kai ta apotelèsmata thc beltistopoÐhshc.Tèloc, to kef�laio 8 sunoyÐzei ta sumper�smata thc paroÔsac didaktorik c dia-trib c.



Kef�laio 2Arijmhtik  epÐlush twnexis¸sewn asumpÐesthc ro c memetafor� jermìthtacSto kef�laio autì parousi�zetai o epilÔthc twn exis¸sewn asumpÐesthc ro c giastrwtèc kai turb¸deic roèc me metafor� jermìthtac, k�nontac qr sh thc teqnik cthc yeudosumpiestìthtac. Epiplèon, parousi�zetai h an�ptuxh twn exis¸sewn touasumpÐestou reustoÔ, h diakritopoÐhs  touc kaj¸c kai h epÐlush touc me mejìdoucqronoproèlashc. To parìn kef�laio katal gei me thn pistopoÐhsh tou epilÔth seefarmogèc strwt c kai turb¸douc ro c me kai qwrÐc metafor� jermìthtac, mèsw thcsÔgkris c tou me apotelèsmata �llwn arijmhtik¸n prolèxewn  /kai peiramatik¸nmetr sewn.2.1 Oi exis¸seic tou asumpÐestou reustoÔOi dÔo basikèc teqnikèc oi opoÐec sunant¸ntai sth bibliografÐa, gia thn epÐlushasumpÐestwn ro¸n eÐnai h teqnik  thc diìrjwshc pÐeshc kai h teqnik  thc yeudosumpi-estìthtac. Sthn ergasÐa [119], parousi�sthke apì touc Patankar, Spalding h teqnik thc diìrjwshc pÐeshc, kai, sÔmfwna me aut n, arqik� epilÔontai oi exis¸seic thc or-m c gia ton upologismì tou pedÐou thc taqÔthtac me b�sh èna arqikì pedÐo pÐeshc.Sth sunèqeia, to pedÐo thc pÐeshc diorj¸netai gia thn ikanopoÐhsh thc exÐswshc thcsunèqeiac. H prìodoc, h opoÐa parathr jhke, sth dekaetÐa tou 1980, sthn an�ptuxharijmhtik¸n mejìdwn gia thn epÐlush sumpiest¸n ro¸n, èdwse ¸jhsh sthn an�ptuxhtwn mejìdwn thc yeudosumpiestìthtac gia thn epÐlush asumpÐestwn ro¸n. H mèjo-doc thc yeudosumpiestìthtac, anaptÔqjhke apì ton Chorin, [28], eis�gontac ènanìro teqnht c sumpiestìthtac sthn exÐswsh thc sunèqeiac, mèsw thc yeudoqronik cparag¸gou thc pÐeshc. Me autì to tèqnasma, h elleiptik -parabolik  fÔsh twn e-xis¸sewn metatrèpetai se uperbolik -parabolik  kai ètsi ��elègqetai�� h sÔzeuxh twnexis¸sewn sunèqeiac kai orm c. Aut  h teqnik  èdwse th dunatìthta se mejìdoucpou qrhsimopoioÔntan  dh stic sumpiestèc roèc na qrhsimopoihjoÔn kai stic asumpÐ-9



10 2. Αριθμητική επίλυση των εξισώσεων ασυμπίεστης ροής με μεταφορά θερμότηταςestec. Sthn paroÔsa diatrib , programmatÐsjhke epilÔthc o opoÐoc basÐzetai sthmèjodo thc yeudosumpiestìthtac. Oi exis¸seic asumpÐestou reustoÔ me thn teqnik thc yeudosumpiestìthtac, ìpwc anaptÔqjhke apì ton Chorin, [28], diatup¸nontaisth morf 
Rp =

1

β2

∂p

∂t
+

∂vj

∂xj
= 0

Rvi
=

∂vi

∂t
+ vj

∂vi

∂xj
+

∂p

∂xi
− ∂

∂xj

[

ν

(

∂vi

∂xj
+

∂vj

∂xi

)]

= 0 (2.1)ìpou me p sumbolÐzetai h statik  pÐesh diairemènh me thn puknìthta ρ, vi eÐnai oisunist¸sec thc taqÔthtac kai ν h kinhmatik  sunektikìthta tou reustoÔ. Me βsumbolÐzetai o suntelest c yeudosumpiestìthtac kai o ìroc 1
β2

∂p
∂t

antistoiqeÐ sthnyeudoqronik  par�gwgo thc pÐeshc h opoÐa eis�getai sthn exÐswsh thc sunèqeiac. Osuntelest c β, [28, 120], paÐzei shmantikì rìlo sthn epit�qunsh thc sÔgklishc kaisthn eust�jeia thc mejìdou.H mèjodoc thc yeudosumpiestìthtac epekteÐnetai to 1987 apì ton Turkel, [154],prosjètontac qronikèc parag¸gouc thc pÐeshc se ìlec tic exis¸seic. H ergasÐa[154] parousi�zei mÐa melèth twn legìmenwn mejìdwn prostajeropoÐhshc gia thnepÐlush twn asumpÐestwn ro¸n, all� kai twn sumpiest¸n se qamhlèc taqÔthtec. Hprosj kh teqnht¸n qronik¸n parag¸gwn thc pÐeshc se ìlec tic exis¸seic, kai ìqimìno sthn exÐswsh thc sunèqeiac, epitrèpei taqÔterh sÔgklish kai eniaÐa diaqeÐrishtou sust matoc twn exis¸sewn gia tic sunthrhtikèc kai mh-sunthrhtikèc metablhtèc.Oi exis¸seic thc ro c, se mh-sunthrhtik  morf , ìpwc proteÐnetai apì ton Turkel,gr�fontai sth morf 
Rp =

1

β2

∂p

∂t
+

∂vj

∂xj

= 0

Rvi
=

avi

β2

∂p

∂t
+

∂vi

∂t
+ vj

∂vi

∂xj

+
∂p

∂xi

− ∂

∂xj

[

ν

(

∂vi

∂xj

+
∂vj

∂xi

)]

= 0 (2.2)ìpou, ektìc apì to suntelest  yeudosumpiestìthtac β, eis�getai o suntelest c amèsw thc prosj khc twn qronik¸n parag¸gwn thc pÐeshc stic exis¸seic thc or-m c. Sthn paroÔsa didaktorik  diatrib  epilègetai h an�ptuxh kai diakritopoÐhshtou sust matoc twn genikìterwn exis¸sewn 2.2. Se autèc basÐzetai kai o epilÔthcpou programmatÐsthke. Se perÐptwsh pou eÐnai epijumht  h epÐlush twn exis¸sewn2.1, epilègetai apl� a = 0. To prostajeropoihmèno sÔsthma twn exis¸sewn 2.2 sesunthrhtik  morf  gr�fetai
Rp =

1

β2

∂p

∂t
+

∂vj

∂xj
= 0

Rvi
=

(a + 1) vi

β2

∂p

∂t
+

∂vi

∂t
+

∂ (vivj)

∂xj
+

∂p

∂xi
− ∂

∂xj

[

ν

(

∂vi

∂xj
+

∂vj

∂xi

)]

= 0 (2.3)



2.1. Οι εξισώσεις του ασυμπίεστου ρευστού 11Me autìn ton trìpo, to sÔsthma 2.3 lamb�nei pl rwc sunthrhtik  morf , gia ticqronik� mìnimec roèc. To sÔsthma twn exis¸sewn 2.3 mporeÐ na grafeÐ se sunthrhtik dianusmatik  morf  wc
Γ−1 ∂~V

∂t
+

∂ ~f inv
i

∂xi
− ∂ ~f vis

i

∂xi
= 0 (2.4)ìpou ~V to di�nusma twn metablht¸n thc ro c kai ~f inv

i , ~f vis
i ta dianÔsmata twn atrib¸nkai sunektik¸n ro¸n, antÐstoiqa. Gia 2D roèc kai kartesianì sÔsthma suntetagmè-nwn, eÐnai

~V =







p
v1

v2







, ~f inv
1 =







v1

p + v1
2

v1v2







, ~f inv
2 =







v2

v1v2

p + v2
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~f vis
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0
2ν ∂v1

∂x1

ν
(

∂v1

∂x2

+ ∂v2

∂x1

)







, ~f vis
2 =







0

ν
(

∂v1

∂x2

+ ∂v2

∂x1

)

2ν ∂v2

∂x2





Sthn exÐswsh 2.4, wc Γ−1 emfanÐzetai o antÐstrofoc enìc mhtr¸ou Γ, to opoÐoonom�zetai mhtr¸o prostajeropoÐhshc (preconditioning matrix) kai o opoÐoc pol-laplasi�zei ton yeudoqronikì ìro twn exis¸sewn. To mhtr¸o prostajeropoÐhshc Γkaj¸c kai o antÐstrofoc tou Γ−1, ìpwc prokÔptoun apì th sunthrhtik  graf  twnexis¸sewn 2.3, eÐnai
Γ−1 =







1
β2 0 0

(a+1)v1

β2 1 0
(a+1)v2

β2 0 1







, Γ =






β2 0 0
− (a + 1) v1 1 0
− (a + 1) v2 0 1




 (2.5)Pollaplasi�zontac, arister�, me Γ thn exÐswsh 2.4, an jewr soume mìno touc a-tribeÐc ìrouc, prokÔptei

∂~V

∂t
+ Γ

∂ ~f inv
i

∂xi
= 0⇒ ∂~V

∂t
+ Γ

∂ ~f inv
i

∂~V

∂~V

∂xi
= 0⇒ ∂~V

∂t
+ ΓAi

∂~V

∂xi
= 0 (2.6)ìpou Ai = ∂ ~f inv

i

∂ ~V
eÐnai ta Iakwbian� mhtr¸a twn atrib¸n ro¸n, en¸ me AΓi

= ΓAisumbolÐzontai ta prostajeropoihmèna iakwbian� mhtr¸a, ìpwc faÐnetai sthn exÐswsh2.7.
∂~V

∂t
+ ΓAi

∂~V

∂xi

= 0⇒ ∂~V

∂t
+ AΓi

∂~V

∂xi

= 0 (2.7)
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AΓGia thn epÐlush twn exis¸sewn thc ro c eÐnai aparaÐthth h eÔresh twn idiotim¸n kaitwn idiodianusm�twn thc orÐzousac tou prostajeropoihmènou mhtr¸ou AΓ = AΓi

ni,ìpou ni oi sunist¸sec tou dianÔsmatoc ~n. To mhtr¸o AΓ isoÔtai me
AΓ =






0 β2n1 β2n2

n1 −av1n1 + vn −av1n2

n2 −av2n1 −av2n2 + vn




 (2.8)ìpou vn = vini. To diag¸nio mhtr¸o Λ twn idiotim¸n λi, oi opoÐec upologÐzontai apìth sqèsh | λiI − AΓ |= 0, eÐnai to

Λ =






λ1 0 0
0 λ2 0
0 0 λ3




 (2.9)me

λ1,3 =
1

2

[

(1− a) vn ±
√

(1− a)2 vn
2 + 4β2

]

λ2 = vn (2.10)Ta mhtr¸a twn idiodianusm�twn, L kai L−1, ta opoÐa diagwnopoioÔn thn orÐzousa AΓ,epitrèpontac aut  na grafeÐ wc AΓ = L Λ L−1, perièqoun ta dexi� idiodianÔsmatast lhc kai ta arister� idiodianÔsmata gramm c tou A, antÐstoiqa, kai upologÐzontaiwc
L−1 =






1 λ2n1 λ2n2

a (v1n2 − v2n1) β2n2 − av2vn −β2n1 − av1vn

1 λ3n1 λ3n2




 (2.11)

L =







λ3

λ3−λ2
0 λ2

λ2−λ3

l21
n2

β2−avn
2 l23

l31 − n1

β2−avn
2 l33







(2.12)ìpou



2.3. Διακριτοποίηση του διανύσματος ροής 13
l21 =

−a (v1n2 − v2n1) λ3n2 + av1vn − β2n1

(λ3 − λ2) (β2 − avn
2)

l23 =
a (v1n2 − v2n1) λ2n2 − av1vn + β2n1

(λ3 − λ2) (β2 − avn
2)

l31 =
a (v1n2 − v2n1) λ3n1 + av2vn − β2n2

(λ3 − λ2) (β2 − avn
2)

l33 =
−a (v1n2 − v2n1) λ2n1 − av2vn + β2n2

(λ3 − λ2) (β2 − avn
2)2.3 DiakritopoÐhsh tou dianÔsmatoc ro cGia th diakritopoÐhsh tou dianÔsmatoc thc ro c qrhsimopoieÐtai h mèjodoc twn pepera-smènwn ìgkwn me kentrokombik  apoj keush twn metablht¸n thc ro c, h opoÐa e-farmìzetai se mh-domhmèna kai ubridik� plègmata. Gia thn epÐlush 2D ro¸n to upo-logistikì plègma mporeÐ na apoteleÐtai apì trigwnik� kai tetrapleurik� stoiqeÐa. Giathn olokl rwsh twn exis¸sewn thc ro c apaiteÐtai o orismìc tou ìgkou elègqou. Hsqhmatik  apeikìnish tou ìgkou elègqou gÔrw apì ènan kìmbo tou plègmatoc faÐne-tai sto sq ma 2.1. Oi ìgkoi elègqou gÔrw apì k�je kìmbo sqhmatÐzontai apì tabarÔkentra twn gÔrw stoiqeÐwn kai ta mèsa twn akm¸n pou suntrèqoun ston kìm-bo. Oi prostajeropoihmènec exis¸seic 2.6 oloklhr¸nontai ston ìgko elègqou Ω toukìmbou P ,

∫

Ω

∂~V

∂t
dΩ + Γ

∫

Ω

∂ ~f inv
i

∂xi

dΩ = 0 (2.13)'Opwc kai sth diatrib  [148], ìpou anaptÔqjhke h teqnik  thc prostajeropoÐhshcqamhl¸n arijm¸n Mach stic sumpiestèc roèc, eis�getai h pr¸th paradoq  ìti tomhtr¸o Γ paramènei ektìc tou oloklhr¸matoc sthn exÐswsh 2.13 ¸ste na dieuko-lunjeÐ h efarmog  tou jewr matoc Green-Gauss. Autì paÔei na eÐnai paradoq  an tomhtr¸o Γ eÐnai anex�rthto twn roðk¸n megej¸n, an dhlad  a = −1. Efarmìzontacto je¸rhma Green-Gauss, prokÔptei ìti
∫

Ω

∂~V

∂t
dΩ + Γ

∫

S

~f inv
i nidS = 0 (2.14)ìpou S to ìrio tou ìgkou elègqou Ω. Gr�fontac se diakrit  morf  thn exÐswsh 2.14prokÔptei

ΩP

∆tP

∆~VP + ΓP

∑

Q∈nei(P )

~Φinv
P Q∆S = 0 (2.15)
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Q
nP

RL

Σχήμα 2.1: ΄Ογκος ελέγχου γύρω από τον κόμβο P σε 2Δ πλέγμα τριγωνικών
στοιχείων. Με Q συμβολίζεται ένας γειτονικός κόμβος του κόμβου P και με ~n το
κάθετο διάνυσμα στον όγκο ελέγχου.ìpou Q o k�je geitonikìc kìmboc tou P (Q ∈ nei(P )) kai ~Φinv

P Q to di�nusma ro c an�mon�da m kouc tou koinoÔ orÐou dÔo upologistik¸n kuyel¸n, pou orÐzontai gÔrw apìtouc kìmbouc P kai Q.Gia ton upologismì tou dianÔsmatoc thc atriboÔc ro c qrhsimopoieÐtai o monodi�-statoc epilÔthc Riemann, [10, 139], ìpou
~Φinv

P Q =
1

2

[

~H inv
(

~V L
P Q, ~nP Q

)

+ ~H inv
(

~V R
P Q, ~nP Q

)]

− 1

2
| AP Q |

(

~V R
P Q − ~V L

P Q

) (2.16)ìpou | AP Q | h Iakwbian  orÐzousa gia tic apìlutec idiotimèc upologizìmenh me ticmèsec timèc twn metablht¸n sto mesìkombo kai ~H inv = ~f inv
i ni. Ta ~V L

P Q kai ~V R
P Q eÐnaita dianÔsmata twn metablht¸n ro c arister� kai dexi� thc diepif�neiac, dhlad  toumèsou tou tm matoc P Q, antÐstoiqa, ìpwc faÐnetai kai sto sq ma 2.1. Ta dianÔsmatathc ro c ~H inv

(

~V L
P Q, ~nP Q

) kai ~H inv
(

~V R
P Q, ~nP Q

) dÐnontai apì tic sqèseic
~H inv

(

~V L
P Q, ~nP Q

)

= AP
~VP (2.17)

~H inv
(

~V R
P Q, ~nP Q

)

= AQ
~VQ (2.18)kai h sqèsh 2.16 xanagr�fetai wc

~Φinv
P Q =

1

2

[

AP
~VP + AQ

~VQ

]

− 1

2
| AP Q

(

~V R
P Q − ~V L

P Q

) (2.19)



2.3. Διακριτοποίηση του διανύσματος ροής 15'Opwc kai sth diatrib  [148], to di�nusma thc atriboÔc ro c, exÐswsh 2.19, pol-laplasi�zetai me to monadiaÐo mhtr¸o Γ−1Γ kai, upì paradoqèc, dÐnei thn telik èkfrash tou dianÔsmatoc thc atriboÔc ro c
~Φinv

P Q =
1

2

[

AP
~VP + AQ

~VQ

]

− 1

2
| Γ−1

P QΓP QAP Q |
(

~VQ − ~VP

)

' 1

2

[

AP
~VP + AQ

~VQ

]

− 1

2
Γ

−1

P Q | ΓP QAP Q |
(

~VQ − ~VP

)

=
1

2

[

AP
~VP + AQ

~VQ

]

− 1

2
Γ

−1

P Q | AΓP Q |
(

~VQ − ~VP

) (2.20)Lamb�nontac upìyh kai th diakritopoÐhsh tou dianÔsmatoc thc sunektik c ro c,h exÐswsh 2.15 gr�fetai
ΩP

∆tP
∆~VP + ΓP

∑

Q∈nei(P )

~Φinv
P Q∆S + ΓP

∑

T ∈neiT (P )

~Φvis
P,T ∆S = 0 (2.21)ìpou neiT (P ) eÐnai to sÔnolo twn trig¸nwn pou perib�lloun ton ìgko elègqou ΩP .To di�nusma thc sunektik c ro c ~Φvis

P,T upologÐzetai me dÔo trìpouc, an�logame to eÐdoc tou plègmatoc. Se plègmata trigwnik¸n stoiqeÐwn qrhsimopoieÐtai o��an� stoiqeÐo�� upologismìc, upologÐzontac to di�nusma ~Φvis
T se k�je stoiqeÐo touplègmatoc. AntÐjeta, o ��an� akm �� upologismìc, o opoÐoc eÐnai pio genikìc, mporeÐna qrhsimopoihjeÐ gia ubridik� plègmata, sar¸nontac tic akmèc tou plègmatoc kaiapodÐdontac tim  sto di�nusma ~Φvis

P Q se k�je akm  pou sundèei touc kìmbouc P kai Q.Gia ton upologismì twn parag¸gwn thc taqÔthtac sÔmfwna me ton ��an� stoiqeÐo��upologismì isqÔei
(

∂vi

∂xj

)

T

=
3∑

k=1

∂Lk

∂xk

vi,k (2.22)ìpou Lk oi sunart seic morf c tou kìmbou k tou trig¸nou. AntÐstoiqa, h par�gwgocthc taqÔthtac se mÐa akm  pou sundèei touc kìmbouc P kai Q dÐnetai apì th sqèsh
(

∂vi

∂xj

)

P Q

=
1

2





(

∂vi

∂xj

)

P

+

(

∂vi

∂xj

)

Q



−



1

2





(

∂vi

∂xj

)

P

+

(

∂vi

∂xj

)

Q



nj −
vQ

i − vP
i

| ~P Q |



nj(2.23)Perissìterec leptomèreiec gia touc trìpouc diakritopoÐhshc tou dianÔsmatoc thcsunektik c ro c parousi�zontai stic diatribèc [139, 144].



16 2. Αριθμητική επίλυση των εξισώσεων ασυμπίεστης ροής με μεταφορά θερμότητας2.4 Upologismìc yeudoqronikoÔ b matocO upologismìc tou yeudoqronikoÔ b matoc olokl rwshc gÐnetai kai autìc me dÔotrìpouc, ��an� stoiqeÐo�� kai ��an� akm ��, brÐskontac efarmog  se plègmata me tri-gwnik� stoiqeÐa kai se plègmata me opoiond pote sunduasmì stoiqeÐwn, antÐstoiqa.Sthn pr¸th perÐptwsh isqÔei ìti, [139],
∆tP = CFL

h2
T

λmaxhT + 2 ν
Pr

(2.24)ìpou
λmax =

1

2

[

(1− a) | ~v | +
√

(1− a)2 | ~v |2 + 4β2

]ìpou hT to el�qisto Ôyoc tou trigwnikoÔ stoiqeÐou, en¸ to λmax antistoiqeÐ sthmègisth idiotim . Me CFL sumbolÐzetai o arijmìc Courant-Friedrichs-Lewy, [30, 65,66], o opoÐoc pollaplasi�zei to qronikì b ma kajorÐzontac thn tim  tou ¸ste tosq ma na eÐnai eustajèc. O suntelest c yeudosumpiestìthtac β mèsw thc idiotim c
λmax ephre�zei thn tim  tou yeudoqronikoÔ b matoc sumb�llontac shmantik� sthnepit�qunsh thc sÔgklishc kai sthn eust�jeia thc mejìdou.Gia th deÔterh perÐptwsh, antÐ tou upologismoÔ tou yeudoqronikoÔ b matoc ��an�akm ��, [75], isqÔei ìti

∆tP =
CFL ΩP

∑2
i λmaxΩP i + 2ν ΩP∑

2

i
ΩP i

(2.25)ìpou ΩP i oi probolèc tou ìgkou elègqou tou kìmbou P kat� tic kateujÔnseic qi =
1, 2.2.5 Mèjodoc arijmhtik c epÐlushcGia thn epÐlush twn exis¸sewn thc ro c qrhsimopoieÐtai to shmeiak� peplegmènosq ma. SÔmfwna me autì kai th dèlta diatÔpwsh, b�sei thc opoÐac upologÐzetai hdiìrjwsh ∆~V n+1

P sto yeudoqronikì b ma n + 1, h exÐswsh 2.21 gr�fetai sth morf 
ΩP

∆tP
∆~V n+1

P = −~Rn
ΓP

(2.26)ìpou ~Rn+1
ΓP

to upìloipo twn diakritopoihmènwn exis¸sewn thc ro c, en¸ to ∆~V n+1
P =

~V n+1
P − ~V n

P antistoiqeÐ sth diìrjwsh twn metablht¸n an� yeudoqronikì b ma n. Toupìloipo twn exis¸sewn isoÔtai me
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~Rn

ΓP
= ΓP

∑

Q∈nei(P )

(
~Φinv

P Q − ~Φvis
P Q

)

∆S (2.27)kai gr�fetai sunart sei tou upoloÐpou sto prohgoÔmeno b ma n wc
~Rn+1

ΓP
= ~Rn

ΓP
+

∂ ~RΓP

∂~V
∆~V n+1

P (2.28)Epomènwc, h sqèsh 2.26 gr�fetai wc



ΩP

∆tP

IP +




∂ ~RΓP

∂~V





P



∆~V n+1
P = −~Rn

ΓP
(2.29)ìpou IP to monadiaÐo mhtr¸o, me mh-mhdenikèc timèc tic timèc twn stoiqeÐwn sthn kÔriadiag¸nio pou antistoiqoÔn ston kìmbo P . Dedomènou ìti o ìroc (∂ ~RΓP

∂ ~V

)

P
apoteleÐtaiapo diag¸nia (Dn

P ) kai mh-diag¸nia (Zn
Q) stoiqeÐa, ta opoÐa ekfr�zoun thn emplok twn geitìnwn tou kìmbou P , h exÐswsh 2.29 gr�fetai

Dn
P ∆~V n+1

P + Zn
Q∆~V n+1

Q = −~Rn
ΓP

(2.30)h opoÐa epilÔetai epanalhptik� me th mèjodo Jacobi, me jmax eswterikèc epanal yeic,wc proc th diìrjwsh ∆~V n+1
P .2.6 MontelopoÐhsh thc tÔrbhc kai thc metafo-r�c jermìthtacGia th montelopoÐhsh thc tÔrbhc sthn paroÔsa diatrib  qrhsimopoieÐtai to montèlotÔrbhc mÐac exÐswshc twn Spalart kai Allmaras, [135], h opoÐa gr�fetai wc

Rν̃ =
∂(viν̃)

∂xi
− ∂

∂xi

[(

ν +
ν̃

σ

)
∂ν̃

∂xi

]

− cb2

σ

(

∂ν̃

∂xi

)2

− ν̃P (ν̃) + ν̃D (ν̃) = 0 (2.31)ìpou me ν̃ sumbolÐzetai h metablht  tou montèlou tÔrbhc, apì thn opoÐa upologÐzetaih turb¸dhc sunektikìthta
νt = ν̃fv1 (2.32)en¸

fv1 =
χ3

χ3 + c3
v1

, χ =
ν̃

ν
(2.33)



18 2. Αριθμητική επίλυση των εξισώσεων ασυμπίεστης ροής με μεταφορά θερμότηταςOi ìroi paragwg c P (ν̃) kai katastrof c D (ν̃) thc exÐswshc 2.31 dÐnontai apì ticsqèseic
P (ν̃) = cb1S̃, D (ν̃) = cw1fw

ν̃

d2
(2.34)ìpou

S̃ = Sfv3 +
ν̃

d2κ2
fv2, S =| eijk

∂vk

∂xj

~ii |, fv2 =
1

(

1 + χ
cv2

)3 ,

fv3 =
1 + χfv1

cv2

[

3
(

1 +
χ

cv2

)

+
(

χ

cv2

)2
] (

1 +
χ

cv2

)−3

, fw = g

(

1 + c6
w3

g + c6
w3

)1/6

,

g = r + cw2

(

r6 − r
)

, r =
ν̃

S̃κ2d2me d thn apìstash k�je kìmbou apì ta stere� toiq¸mata kai S to mètro thc stro-bilìthtac. Oi stajerèc pou emfanÐzontai stic parap�nw sqèseic lamb�noun tic timèc
cb1 = 0.1355, cb2 = 0.622, κ = 0.4187, σ =

2

3
, cw1 =

cb1

κ2
+

1 + cb2

σ
, cw2 = 0.3,

cw3 = 2, cv1 = 7.1, cv2 = 5Gia th montelopoÐhsh thc metafor�c jermìthtac se asumpÐestec roèc epilÔetaiarijmhtik� h exÐswsh thc enèrgeiac, [84], h opoÐa dÐnetai apì th sqèsh
RT =

∂ (viT )

∂xi
− ∂

∂xi

[(
ν

P r
+

νt

P rt

)
∂T

∂xi

]

= 0 (2.35)ìpou P r = 0.71 kai P rt = 0.9, antÐstoiqa. O ìroc ν
P r

antistoiqeÐ sto suntelest jermik c di�qushc, o opoÐoc sumbolÐzetai me adiff , ìpou adiff = ν
P r

= k
ρcp

me k thnjermik  agwgimìthta kai cp to suntelest  jermoqwrhtikìthtac.2.7 To sÔsthma twn exis¸sewn'Opwc anafèrjhke kai prohgoumènwc, en¸ h diatÔpwsh, diakritopoÐhsh kai program-matismìc twn exis¸sewn basÐsthke stic prostajeropoihmènec exis¸seic 2.3, stic e-farmogèc pou akoloujoÔn epilègetai a = −1, katal gontac sthn klasik  teqnik thc yeudosumpiestìthtac. Wc proc ton ìro pou antistoiqeÐ sto suntelest  yeudo-sumpiestìthtac, epilègetai β2 = 10. To sÔsthma twn exis¸sewn pou epilÔetai giaturb¸deic asumpÐestec roèc me metafor� jermìthtac eÐnai to ex c
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Rp = β2 ∂vj

∂xj
= 0

Rvi
= vj

∂vi

∂xj
+

∂p

∂xi
− ∂

∂xj

[

(ν + νt)

(

∂vi

∂xj
+

∂vj

∂xi

)]

= 0 (2.36)
Rν̃ =

∂(viν̃)

∂xi
− ∂

∂xi

[(

ν +
ν̃

σ

)
∂ν̃

∂xi

]

− cb2

σ

(

∂ν̃

∂xi

)2

− ν̃P (ν̃) + ν̃D (ν̃) = 0

RT =
∂ (viT )

∂xi
− ∂

∂xi

[(
ν

P r
+

νt

P rt

)
∂T

∂xi

]

= 0Shmei¸netai ìti h exÐswsh thc enèrgeiac den eÐnai peplegmènh me tic exis¸seicthc ro c kai, gia autì to lìgo, aut  mporeÐ na lujeÐ anex�rthta apì to sÔsthmatwn upoloÐpwn exis¸sewn (Rp = 0, Rvi
= 0, Rν̃ = 0), qrhsimopoi¸ntac apl� topedÐo taqÔthtac kai turb¸douc sunektikìthtac pou upologÐsjhke apì autèc. Oisunj kec pou ��kleÐnoun�� to sÔsthma twn exis¸sewn sta ìria tou pedÐou ro c eÐnaioi ex c: (a) sthn eÐsodo tou pedÐou epib�llontai gia thn taqÔthta, th metablht 

ν̃ kai th jermokrasÐa sunj kec tÔpou Dirichlet kai gia th statik  pÐesh mhdenik 
Neumann sunj kh (b) sthn èxodo tou pedÐou, gia thn taqÔthta, th metablht  ν̃ kaith jermokrasÐa epib�lletai mhdenik  Neumann sunj kh kai gia thn pÐesh mhdenik 
Dirichlet sunj kh, kai (g) sta stere� toiq¸mata dÐnetai gia thn taqÔthta kai thmetablht  ν̃ mhdenik  Dirichlet sunj kh, Dirichlet sunj kh gia th jermokrasÐa kaimhdenik  Neumann sunj kh gia th statik  pÐesh.2.8 PistopoÐhsh tou logismikoÔ epÐlushc memetafor� jermìthtacStìqoc thc enìthtac aut c eÐnai h pistopoÐhsh tou logismikoÔ epÐlushc twn a-sumpÐestwn ro¸n me metafor� jermìthtac. 'Etsi, stic efarmogèc pou akoloujoÔnparousi�zontai sugkrÐseic twn apotelesm�twn tou logismikoÔ epÐlushc me �lloucupologismoÔc apì th bibliografÐa   peiramatikèc metr seic. Gia lìgouc plhrìthtac,oi efarmogèc autèc perilamb�noun strwtèc kai turb¸deic roèc, me   qwrÐc metafor�jermìthtac.2.8.1 Strwt  ro  se 2D pterÔgwshH pr¸th efarmog  afor� sthn prìlexh strwt c asumpÐesthc ro c se mÐa 2D pterÔ-gwsh me aerotom  NACA 0012. O arijmìc Reynolds thc ro c pou basÐzetai sthqord  thc aerotom c isoÔtai me Rec = 1000. H pterÔgwsh èqei gwnÐa klÐshc 30◦kai h gwnÐa prìsptwshc thc ro c isoÔtai me α1 = 0◦. To upologistikì plègma, meperÐpou 11000 kìmbouc kai 22000 stoiqeÐa, gÔrw apì thn pterÔgwsh faÐnetai stosq ma 2.2. H ro  gÔrw apì aut  thn pterÔgwsh upologÐsjhke arqik� apì touc
Rosenfeld kai Wolfshtein, [127]. Ta apotelèsmata pou prokÔptoun apì thn paroÔsa
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Σχήμα 2.2: Στρωτή ροή σε 2Δ πτερύγωση. Το υπολογιστικό πλέγμα του χωρίου
κοντά στην αεροτομή της πτερύγωσης.an�lush sugkrÐnontai me ta apotelèsmata thc ergasÐac [127]. H sÔgkrish afor�sthn katanom  tou suntelest  pÐeshc sthn aerotom , cp = pT −pin

1

2
v2

1,in

, ìpou pT h olik pÐesh, pin h mèsh statik  pÐesh sthn eÐsodo kai v1,in h axonik  taqÔthta sthn eÐsodo.Sto sq ma 2.3 parousi�zetai sÔgkrish thc katanom c tou suntelest  pÐeshc pouprokÔptei apì to logismikì epÐlushc pou anaptÔqjhke sthn paroÔsa diatrib  kai ticprolèxeic twn Rosenfeld kai Wolfshtein. 'Opwc faÐnetai kai apì to sq ma, h sÔgkrishtwn apotelesm�twn eÐnai polÔ ikanopoihtik .2.8.2 Turb¸dhc ro  gÔrw apì memonwmènh aerotom Sthn paroÔsa efarmog  epilÔetai h ro  gÔrw apì th memonwmènh aerotom  NACA
0012 kai sugkrÐnetai me ta peiramatik� apotelèsmata tou Gregory, [53]. Sto sq ma2.4 faÐnetai leptomèreia tou urbidikoÔ upologistikoÔ plègmatoc, me perÐpou 14000kìmbouc kai 28000 stoiqeÐa, gÔrw apì thn pterÔgwsh. H ro  epilÔetai gia dÔopeript¸seic me tic ex c sunj kec gia ton arijmì Reynolds kai thn ep� �peiro gwnÐaro c: (a) Re∞ = 2.8×106 kai α∞ = 0◦, (b) Re∞ = 2.8×106 kai α∞ = 6◦. H sÔgkrishtwn parìntwn apotelesm�twn me ta peiramatik� afor� sto suntelest  pÐeshc kat�m koc thc aerotom c, o opoÐoc orÐzetai wc cp = p−p∞

1

2
v2

∞

, ìpou p∞ kai v∞ h statik pÐesh kai taqÔthta thc ep� �peiro ro c. Oi sugkrÐseic, oi opoÐec parousi�zontai stosq ma 2.5, pistopoioÔn ta apotelèsmata tou logismikoÔ epÐlushc pou qrhsimopoieÐtai



2.8. Πιστοποίηση του λογισμικού επίλυσης 21

-1

-0.5

 0

 0.5

 1

 1.5

 2

 0  0.2  0.4  0.6  0.8  1

c p

x

PRESENT
OTHER

Σχήμα 2.3: Στρωτή ροή σε 2Δ πτερύγωση (Rec = 1000, α1 = 0◦). Σύγκριση της
κατανομής του συντελεστή πίεσης υπολογισμένου με το λογισμικό επίλυσης της ροής
της παρούσας διατριβής και τη μέθοδο της εργασίας [127].sthn paroÔsa diatrib .2.8.3 Turb¸dhc ro  me metafor� jermìthtac se 2D a-gwgìH paroÔsa efarmog  afor� sthn prìlexh thc turb¸douc ro c se èna 2D eujÔ agwgìme metafor� jermìthtac. Stìqoc thc efarmog c eÐnai h pistopoÐhsh tou logismikoÔepÐlushc se roèc me metafor� jermìthtac. To reustì eisèrqetai se èna leÐo agwgìme jermokrasÐa Tin = 293K, en¸ ta stere� toiq¸mata tou agwgoÔ èqoun stajer jermokrasÐa Twall = 353K. Gia ton upologismì tou arijmoÔ Nusselt gia turb¸deicroèc se leÐouc agwgoÔc h bibliografÐa proteÐnei thn exÐswsh Dittus-Boelter, [39],

Nu = 0.023Re0.8P r0.4 (2.37)h opoÐa èqei prokÔyei apì peiramatikèc metr seic. H susqètish aut  qrhsimopoieÐtaisun jwc gia Re > 10000 kai agwgoÔc me L/D > 10, ìpou L to m koc kai D hdi�metroc tou agwgoÔ. 'Omwc, sthn pr�xh, h susqètish aut  qrhsimopoieÐtai kai giaqamhlìterouc arijmoÔc Reynolds upologÐzontac me akrÐbeia ton arijmì Nu arkeÐ hro  na paramènei turb¸dhc, [124, 133, 6]. Sthn paroÔsa efarmog  h ro  epilÔetai,me to anaptuqjèn logismikì, gia arijmoÔc Reynolds sto di�sthma 3000−9000 upo-logÐzontac touc antÐstoiqouc arijmoÔc Nusselt, oi opoÐoi sugkrÐnontai sto sq ma 2.6me ton arijmì Nusselt ìpwc upologÐzetai apì thn exÐswsh 2.37. O mèsoc arijmìc
Nusselt, Nu, ston agwgì upologÐzetai wc
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Nu =
qD

Ak
(

Twall − T
) (2.38)ìpou q h jermìthta pou metafèretai sto reustì, D h di�metroc tou agwgoÔ, kh jermik  agwgimìthta tou reustoÔ kai T = T in+T out

2
, ìpou T in kai T out h mèshjermokrasÐa sthn eÐsodo kai èxodo tou qwrÐou, antÐstoiqa. Oi sugkrÐseic oi opoÐecparousi�zontai sto sq ma 2.6 pistopoioÔn ta apotelèsmata tou logismikoÔ epÐlushcpou qrhsimopoieÐtai sthn paroÔsa diatrib  se probl mata metafor�c jermìthtac.
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Σχήμα 2.4: Τυρβώδης ροή γύρω από μεμονωμένη αεροτομή. Λεπτομέρειες του
υβριδικού υπολογιστικού πλέγματος κοντά στην αεροτομή.
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(a) Re∞ = 2.8× 106, α∞ = 0◦
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(b) Re∞ = 2.8× 106, α∞ = 6◦
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Σχήμα 2.5: Τυρβώδης ροή γύρω από μεμονωμένη αεροτομή. Σύγκριση της κατανομής
του συντελεστή πίεσης με πειραματικά αποτελέσματα της εργασίας [53].



2.8. Πιστοποίηση του λογισμικού επίλυσης 25

 15

 20

 25

 30

 35

 3000  4000  5000  6000  7000  8000  9000  10000

N
u

Re

PRESENT
EQ. DITTUS-BOELTER

Σχήμα 2.6: Τυρβώδης ροή με μεταφορά θερμότητας σε 2Δ αγωγό. Σύγκριση του
μέσου αριθμού Nusselt του αγωγού υπολογισμένου από την εξίσωση 2.38 με τον αριθμό
Nusselt που προκύπτει από την εξίσωση Dittus-Boelter, εξίσωση 2.37, συναρτήσει του
αριθμού Reynolds.
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Kef�laio 3H suneq c suzug c mèjodoc giaasumpÐestec strwtèc roèc memetafor� jermìthtacSto kef�laio autì parousi�zetai h suneq c suzug c mèjodoc gia ton upologismìtwn parag¸gwn euaisjhsÐac se probl mata asumpÐestwn strwt¸n ro¸n me metafor�jermìthtac. To kef�laio xekin� me mia genikìterh eisagwg  stic suzugeÐc teqnikèc meidiaÐterec anaforèc se ergasÐec oi opoÐec aforoÔn sth qr sh twn suzug¸n teqnik¸nse probl mata metafor�c jermìthtac. Sth sunèqeia, lamb�nei q¸ra h an�ptuxh tousuzugoÔc probl matoc diatup¸nontac tic suzugeÐc exis¸seic, tic suzugeÐc oriakècsunj kec kai thn èkfrash twn parag¸gwn euaisjhsÐac gia strwtèc roèc me metafor�jermìthtac. Sto epìmeno kef�laio parousi�zetai h diatÔpwsh gia turb¸deic roèc memetafor� jermìthtac. To kef�laio oloklhr¸netai me thn parousÐash efarmog¸n meskopì thn pistopoÐhsh thc akrÐbeiac twn parag¸gwn euaisjhsÐac pou upologÐzontaime thn proteinìmenh mèjodo.3.1 Bibliografik  EpiskìphshH suzug c mèjodoc prwtoemfanÐsthke to 1984 apì ton Pironneau, [122], se pro-bl mata aerodunamik c beltistopoÐhshc kai sugkekrimèna dunamik¸n ro¸n, ta opoÐadièpontai apì elleiptikèc exis¸seic. To 1988 o Jameson, [69], epekteÐnei th suzug mèjodo anaptÔssontac th suneq  suzug  mèjodo gia tic exis¸seic Euler tou sumpi-estoÔ reustoÔ. Se epìmenh ergasÐa tou, [70], parathreÐtai shmantik  prìodoc,ft�nontac sto sqediasmì 2D kai 3D morf¸n gia tic exis¸seic Euler. Stic ergasÐecautèc parousi�zontai efarmogèc thc mejìdou gia to sqediasmì bèltistwn aerotom¸nkai pterÔgwn se dihqhtikèc roèc. AxÐzei na shmeiwjeÐ ìti oi ergasÐec autèc aforoÔnsthn epÐlush twn exis¸sewn Euler kai twn suzug¸n exis¸sewn se domhmèna plègma-ta. Ta epìmena qrìnia h ereunhtik  om�da tou Jameson epekteÐnei th suneq  suzug mèjodo se probl mata beltistopoÐhshc uperhqhtik¸n ro¸n se poluepexergastikìperib�llon, [126]. Sthn ergasÐa [71] diatup¸netai h suzug c mèjodoc gia tic exis¸-27



28 3. Η συνεχής συζυγής μέθοδος για ασυμπίεστες στρωτές ροές με μεταφορά θερμότηταςseic Navier Stokes epekteÐnontac, me autìn ton trìpo, th mèjodo kai stic sunektikècroèc. Oi sunart seic stìqou pou qrhsimopoioÔntai stic ergasÐec autèc aforoÔn sthnelaqistopoÐhsh tou suntelest  opisjèlkousac kaj¸c kai sto sqediasmì ptèrugacaerosk�fouc me stìqo dedomènh katanom  pÐeshc. To 1997 oi Anderson, Venkatakr-
ishnan diatup¸noun th suneq  kai diakrit  suzug  teqnik  se mh-domhmèna plègmatagia sunektikèc roèc, [11], proqwr¸ntac sth sÔgkrish twn dÔo mejìdwn kaj¸c kai sthsÔgkrish twn parag¸gwn euaisjhsÐac pou upologÐzontai me th mèjodo twn pepera-smènwn diafor¸n.Oi suneqeÐc diatup¸seic stic ergasÐec pou èqoun anaferjeÐ mèqri stigm c emperiè-qoun stic ekfr�seic twn parag¸gwn euaisjhsÐac qwrikoÔc ìrouc (qwrik� oloklhr¸-mata twn metabol¸n twn gewmetrik¸n posot twn), o upologismìc twn opoÐwn a-paiteÐ arketì upologistikì qrìno kai eis�gei anakrÐbeiec. To 2003, o Jamesonprìteine gia atribeÐc roèc kai domhmèna plègmata, mia diatÔpwsh thc suneqoÔc suzu-goÔc mejìdou, h opoÐa epitrèpei ton upologismì twn parag¸gwn euaisjhsÐac me b�shsunoriak� oloklhr¸mata kai mìno. Stic ergasÐec [18, 134] parousi�zetai epÐshc hsuzug c mèjodoc gia atribeÐc roèc, me thn èkfrash twn parag¸gwn euaisjhsÐac naeÐnai anex�rthth apì qwrik� oloklhr¸mata. Sthn ergasÐa [113] parousi�zetai giapr¸th for� apì touc Papadimitriou, Giannakoglou diatÔpwsh thc suneqoÔc suzu-goÔc mejìdou, gia sunektikèc roèc, h opoÐa qrhsimopoieÐ mìno sunoriak� oloklhr¸-mata gia ton upologismì twn parag¸gwn euaisjhsÐac. Kajist¸ntac tic parag¸gouceuaisjhsÐac anex�rthtec metabol¸n twn gewmetrik¸n posot twn tou plègmatoc, h mè-jodoc genikeÔetai se domhmèna kai mh-domhmèna plègmata. Sthn ergasÐa [113] kaj¸ckai se epìmenec, [114, 111, 112], anaptÔssetai h suneq c suzug c mèjodoc tìso giaprobl mata antÐstrofou sqediasmoÔ (me th sun�rthsh-stìqo na orÐzetai sta stere�toiq¸mata) ìso kai gia �llec sunart seic-stìqouc, ìpwc th gènesh entropÐac stopedÐo (qwrikì olokl rwma) kai tic ap¸leiec olik c pÐeshc (olokl rwma sta sÔnoraeisìdou kai exìdou tou pedÐou), me tic efarmogèc na epekteÐnontai kai sto sqediasmìpterug¸sewn strobilomhqan¸n.To 1996, par�llhla me th suneq  suzug  mèjodo, anaptÔssetai h diakrit  suzu-g c mèjodoc, me thn opoÐa den asqoleÐtai h paroÔsa diatrib . Sthn perÐptwsh twnsuneq¸n suzug¸n mejìdwn, oi suzugeÐc exis¸seic prokÔptoun apì tic exis¸seic thcro c prin autèc diakritopoihjoÔn. H diakritopoÐhsh twn suzug¸n exis¸sewn prag-matopoieÐtai se deÔterh f�sh. Antijètwc, sth diakrit  suzug  mèjodo, oi diakritècsuzugeÐc exis¸seic sqhmatÐzontai ap� apeujeÐac apì tic diakritopoihmènec exis¸seicthc ro c. H an�ptuxh thc diakrit c suzugoÔc mejìdou pragmatopoi jhke arqik� apìtouc Elliott, Peraire to 1996 gia atribeÐc roèc kai mh-domhmèna plègmata, [43], en¸,sth sunèqeia, epekt�jhke stic sunektikèc roèc, [44, 11]. H diakrit  suzug c mèjodocparousi�zetai epÐshc stic ergasÐec twn Giles kai Pierce, ìpou parousi�zetai sÔgkrishthc suneqoÔc me th diakrit  mèjodo se efarmogèc ro¸n exwterik c aerodunamik c mekÔmata kroÔshc kai se pterug¸seic strobilomhqan¸n, [51, 50]. Sthn ergasÐa [112]parousi�zontai epÐshc sugkrÐseic metaxÔ suneqoÔc kai diakrit c mejìdou. Amfì-terec epekteÐnontai se probl mata aerodunamikoÔ sqediasmoÔ se qamhlèc taqÔthtecme qr sh prostajeropoÐhshc qamhl¸n arijm¸n Mach sthn ergasÐa [16]. H sÔgkrishtwn dÔo mejìdwn deÐqnei ìti h diafor� sthn akrÐbeia twn parag¸gwn euaisjhsÐac pou



3.1. Βιβλιογραφική Επισκόπηση 29upologÐzontai me tic dÔo mejìdouc mei¸netai ìso aux�netai h di�stash tou upologi-stikoÔ plègmatoc. 'Oson afor� sth majhmatik  diatÔpwsh, h suneq c mèjodoc eÐnaiek twn pragm�twn pio apaithtik  apì ìti h diakrit . 'Omwc axÐzei na shmeiwjeÐ ìti hdiakrit  mèjodoc den parèqei euelixÐa se epÐpedo majhmatik c diatÔpwshc, dedomènouìti oi diakritèc suzugeÐc exis¸seic prokÔptoun �mesa apì tic diakritopoihmènec exi-s¸seic thc ro c me anastrof  twn mhtr¸wn pou prokÔptoun apì th grammikopoÐhshtwn exis¸sewn thc ro c.Sthn perÐptwsh twn turbwd¸n ro¸n, h ereunhtik  om�da tou Anderson ana-ptÔssei th diakrit  suzug  mèjodo gia turb¸deic roèc, [9, 101], sthn opoÐa lamb�ne-tai upìyh h metabol  twn turbwd¸n posot twn thc ro c diatup¸nontac th suzug exÐswsh tou montèlou tÔrbhc twn Spalart-Allmaras, h opoÐa epilÔetai tautìqroname tic suzugeÐc exis¸seic. 'Oson afor� sth suneq  suzug  mèjodo gia turb¸deicroèc, h didaktorik  diatrib  tou A. Zum�rh, [143], kai oi ergasÐec [166, 167] eÐnai oipr¸tec pou diatup¸noun tic suneqeÐc suzugeÐc exis¸seic gia montèla tÔrbhc qamhl¸nkai uyhl¸n arijm¸n Reynolds k�nontac qr sh tou montèlou tÔrbhc mÐac exÐswshctwn Spalart-Allmaras kai tou montèlou tÔrbhc dÔo exis¸sewn k − ε me sunart seictoÐqou, antÐstoiqa. Stic ergasÐec autèc apofeÔgetai h sun jhc paradoq  thc bi-bliografÐac, [11, 113, 108], ìti oi metabolèc twn metablht¸n twn montèlwn tÔrbhcwc proc tic metabolèc thc proc sqediasmì morf c eÐnai amelhtèec. Se pollèc peri-pt¸seic, h paradoq  aut  mporeÐ na odhg sei se arket� lanjasmènec ektim seic twnparag¸gwn euaisjhsÐac.Sthn pleionìtht� touc, oi ergasÐec oi opoÐec parousi�sthkan mèqri t¸ra, perilam-b�noun efarmogèc sumpiestoÔ reustoÔ ìpou oi sunart seic-stìqoi aforoÔn kurÐwcsthn aerodunamik  apìdosh twn proc sqediasmì morf¸n, qwrÐc na dÐnetai èmfashsth metafor� jermìthtac. Dedomènou ìti to pedÐo efarmog c thc paroÔsac dia-trib c afor� sto sqediasmì bèltistwn morf¸n ìpou h metafor� jermìthtac paÐzeibasikì rìlo, paratÐjetai sth sunèqeia h bibliografÐa h opoÐa anafèretai sth qr shsuzug¸n mejìdwn gia thn epÐlush problhm�twn beltistopoÐhshc me metafor� jer-mìthtac. 'Oson afor� sth metafor� jermìthtac se stereì s¸ma, h suzug c mè-jodoc qrhsimopoieÐtai se mia seir� apì ergasÐec, [17, 81, 159, 157, 68, 155], oiopoÐec aforoÔn se probl mata beltistopoÐhshc morf c me stìqo th megistopoÐhshthc jèrmanshc   yÔxhc epifanei¸n, se probl mata elègqou thc jermokrasÐac kai seprobl mata antÐstrofou sqediasmoÔ (me stìqo dedomènh morf  s¸matoc   katanom jermokrasÐac). Endeiktik�, sthn ergasÐa [17], anaptÔssetai h diakrit  suzug c mèjo-doc gia th 1D exÐswsh thc sunagwg c thc jermìthtac gia to sqediasmì thc bèltisthcmorf c pterugÐou enall�kth jermìthtac, èqontac wc stìqo thn elaqistopoÐhsh thcjermokrasÐac tou pterugÐou. H ereunhtik  om�da tou Zabaras se mÐa seir� apì er-gasÐec, [81, 159, 157], stic opoÐec asqoleÐtai me th metafor� jermìthtac kat� thdiadikasÐa stereopoÐhshc enìc ulikoÔ, anaptÔssei th suneq  suzug  mèjodo gia pro-bl mata antÐstrofou sqediasmoÔ (me stìqo dedomènh morf  thc diepif�neiac metaxÔstereoÔ kai ugroÔ) kaj¸c kai gia probl mata elègqou thc jermokrasÐac sta stere�toiq¸mata thc diepif�neiac. Sthn kathgorÐa twn problhm�twn elègqou me qr sh thcsuzugoÔc teqnik c, se prìsfath ergasÐa touc to 2011 oi Ito, Suzuki, [68], anaptÔs-soun th suzug  mejìdo gia th 1D exÐswsh thc sunagwg c jermìthtac me skopì to



30 3. Η συνεχής συζυγής μέθοδος για ασυμπίεστες στρωτές ροές με μεταφορά θερμότηταςbèltisto èlegqo thc jermokrasÐac twn ulik¸n sto eswterikì hlektronik¸n suskeu¸nkai, sugkekrimèna, sth dÐodo enìc palmikoÔ laser. Ta teleutaÐa qrìnia, oi suzugeÐcmèjodoi qrhsimopoioÔntai epÐshc gia ton prosdiorismì tou mhtr¸ou twn deutèrwnparag¸gwn, [116, 16, 115, 117]. Oi par�gwgoi autèc mporoÔn na qrhsimopoihjoÔn,sth sunèqeia, apì th mèjodo Newton. Sthn ergasÐa [155], upologÐzontai oi deÔterecpar�gwgoi k�nontac qr sh thc suzugoÔc mejìdou kai, mèsw thc mejìdou Newton,epitugq�netai o bèltistoc èlegqoc thc jermokrasÐac asumpÐestou reustoÔ.H qr sh twn suzug¸n mejìdwn gia thn epÐlush problhm�twn me metafor� jer-mìthtac sth reustodunamik  parousi�zetai se el�qistec ergasÐec sugkritik� me autècpou aforoÔn sth metafor� jermìthtac se stereì s¸ma. Sthn ergasÐa [99], oi Mori-
moto, Suzuki, Kasagi anaptÔssoun th suzug  teqnik  gia to sqediasmì enallakt¸njermìthtac kai, sugkekrimèna, gia thn eÔresh thc bèltisthc kumatoeidoÔc morf ctwn plak¸n plakoeidoÔc enall�kth me stìqo thn aÔxhsh thc metafor�c jermìthtac.Sthn ergasÐa aut  qrhsimopoieÐtai h suzug c suneq c mèjodoc gia strwtèc roèc.H paroÔsa diatrib  kai h sunaf c ergasÐa [86] eÐnai h pr¸th pou parousi�zei thdiatÔpwsh thc suneqoÔc suzugoÔc mejìdou se asumpÐestec strwtèc kai turb¸deicroèc me metafor� jermìthtac. Perilamb�nei to sqediasmì agwg¸n kai enallakt¸njermìthtac ìpou, ektìc apì th meÐwsh twn apwlei¸n lìgw sunektikìthtac, h aÔxhshthc metafor�c jermìthtac apoteleÐ mÐa epiplèon sun�rthsh-stìqo.Sto parìn kef�laio anaptÔssetai h diatÔpwsh tou suneqoÔc suzugoÔc probl -matoc gia strwtèc asumpÐestec roèc me metafor� jermìthtac, en¸ sto kef�laio 4parousi�zetai gia pr¸th for� h diatÔpwsh gia turb¸deic roèc me metafor� jermìth-tac, qrhsimopoi¸ntac wc b�sh th suneq  suzug  diatÔpwsh gia turb¸deic roèc pouanaptÔqjhke sth didaktorik  diatrib  tou A. Zum�rh, [143]. Pèran thc diatÔpwshctwn suneq¸n suzug¸n exis¸sewn gia th ro  asumpÐestou reustoÔ me metafor� jer-mìthtac parousi�zontai efarmogèc metafor�c jermìthtac. Se autèc sugkrÐnontai oipar�gwgoi pou upologÐzei h proteinìmenh suzug c mèjodoc me autèc pou prokÔptounapì th mèjodo twn peperasmènwn diafor¸n kai oi opoÐec ja jewroÔntai wc ��timècanafor�c��.3.2 H diatÔpwsh tou suzugoÔc probl matoc'Estw ìti eÐnai epijumhtìc o sqediasmìc-beltistopoÐhsh miac reustodunamik c mor-f c me b�sh èna prokajorismèno krit rio. To krit rio autì ekfr�zetai apì thnelaqistopoÐhsh thc tim c miac prokajorismènhc sun�rthshc-stìqou F . Gia to sqe-diasmì thc reustodunamik c morf c apaiteÐtai h parametropoÐhsh thc gewmetrÐacthc morf c qrhsimopoi¸ntac polu¸numa Bézier-Bernstein, Splines, NURBS k.a., taopoÐa kajorÐzoun to di�nusma twn N metablht¸n sqediasmoÔ ~b = (b1, b2..., bN ). Hsun�rthsh-stìqoc exart�tai apì tic metablhtèc sqediasmoÔ tìso �mesa ìso kai èmme-sa mèsw twn metablht¸n thc ro c ~V (~b). Gia k�je metabol  twn metablht¸n sqedia-smoÔ ~b, h opoÐa antistoiqeÐ se metabol  thc gewmetrÐac thc morf c, to ~V (~b) metab�l-letai ikanopoi¸ntac tic exis¸seic ro c, R~V = 0, sto nèo qwrÐo thc ro c, dhlad  stonèo upologistikì plègma to opoÐo prokÔptei. Gia to lìgo autì, h sun�rthsh-stìqoc
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Πίνακας 3.1: Οι πρωτεύουσες μεταβλητές και οι αντίστοιχες συζυγείς μεταβλητές
τους, για στρωτές αλλά και τυρβώδεις (με βάση το μοντέλο τύρβης μιας εξίσωσης των
Spalart-Allmaras) ροές.PrwteÔousa metablht  AntÐstoiqh suzug c metablht PÐesh p Suzug c pÐesh qSunist¸sec thc taqÔthtac vi SuzugeÐc sunist¸sec thc taqÔthtac uiJermokrasÐa T Suzug c jermokrasÐa TaMetablht  tou montèlou tÔrbhc ν̃ Suzug c metablht  tou montèlou tÔrbhc ν̃adiatup¸netai wc F = F (~V (~b),~b).Gia th diatÔpwsh tou suzugoÔc probl matoc qrhsimopoioÔntai pollaplasiastèc

Lagrange gia to sqhmatismì thc legìmenhc epauxhmènhc sun�rthshc-stìqou, Faug.Dedomènou ìti R~V = 0, apì th stigm  pou ikanopoioÔntai oi exis¸seic thc ro c, gia thdhmiourgÐa thc Faug prostÐjetai sth sun�rthsh-stìqo F to qwrikì olokl rwma tou
R~V pollaplasiasmèno me pollaplasiastèc Lagrange. Oi pollaplasiastèc autoÐ deneÐnai �lloi apì to di�nusma ~Ψ twn suzug¸n metablht¸n. SÔmfwna me ta prohgoÔmena,h epauxhmènh sun�rthsh-stìqoc orÐzetai wc

Faug = F +
∫

Ω

~ΨR~V dΩ = F +
∫

Ω
qRpdΩ +

∫

Ω
uiRvi

dΩ +
∫

Ω
TaRT dΩ (3.1)ìpou ~Ψ = [q, ui, Ta]T . Oi suzugeÐc metablhtèc q, ui, Ta kaj¸c kai h suzug c metablht tou montèlou tÔrbhc ν̃a, h opoÐa eis�getai sto kef�laio 4, sugkentr¸nontai stonpÐnaka 3.1.Gia thn eisagwg  thc metafor�c jermìthtac sto suzugèc prìblhma, prostÐje-tai sthn epauxhmènh sun�rthsh to qwrikì olokl rwma thc exÐswshc thc enèrgeiacpollaplasiasmèno me th nèa suzug  metablht ,  toi th suzug  jermokrasÐa Ta. De-domènou ìti o deÔteroc ìroc thc exÐswshc 3.1, ∫Ω ~ΨR~V dΩ, isoÔtai me mhdèn, gia tonupologismì tou rujmoÔ metabol c thc sun�rthshc-stìqou wc proc tic metablhtècsqediasmoÔ, δF

δbl
, arkeÐ na upologisteÐ o rujmìc thc metabol c, δFaug

δbl
, thc epauxh-mènhc sun�rthshc wc proc to bl (l = 1, ..,N ), wc
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δbl
=

δF

δbl
+
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dΩ +

∫

Ω

~ΨR~V

δ (dΩ)

δbl
(3.2)O olikìc rujmìc metabol c miac posìthtac thc ro c Φ wc proc bl ekfr�zetai wc to�jroisma tou rujmoÔ metabol c, ∂Φ

∂bl
, thc kombik c posìthtac Φ lìgw thc metabol ctou bl, kai tou rujmoÔ metabol c tou Φ lìgw thc metatìpishc tou antÐstoiqou kìmbou,dhlad 
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δbl

, ìpwc èqei apodeiqjeÐ sthdidaktorik  diatrib  tou D. PapadhmhtrÐou, [140], isqÔei
δ (dΩ)

δbl
=

∂

∂xk

(

δxk

δbl

)

dΩ (3.4)Gia Φ = R~V o deÔteroc ìroc thc exÐswshc 3.2 gÐnetai
∫

Ω

~Ψ
δR~V

δbl
dΩ =

∫

Ω

~Ψ
∂R~V

∂bl
dΩ +

∫

Ω

~Ψ
∂R~V

∂xk

δxk

δbl
dΩ (3.5)K�nontac qr sh thc sqèshc 3.4 kai oloklhr¸nontac kat� par�gontec, to teleutaÐoolokl rwma thc exÐswshc 3.2, isoÔtai me

∫

Ω

~ΨR~V

δ (dΩ)

δbl

=
∫

Ω

~ΨR~V

∂

∂xk

(

δxk

δbl

)

dΩ

= −
∫

Ω

∂~Ψ

∂xk

R~V

δxk

δbl

dΩ−
∫

Ω

~Ψ
∂R~V

∂xk

δxk

δbl

dΩ +
∫

S

~ΨR~V

δxk

δbl

nkdS (3.6)ìpou S to ìrio tou pedÐou thc ro c Ω kai nk oi sunist¸sec tou k�jetou monodi�statoudianÔsmatoc sto S. To S orÐzetai wc S = SI ∪ SO ∪ SW me SI thn eÐsodo, SOthn èxodo kai SW ta stere� toiq¸mata pou pedÐou ro c. Met� thn antikat�stashtwn exis¸sewn 3.5 kai 3.6 sthn exÐswsh 3.2, o rujmìc metabol c thc epauxhmènhcsun�rthshc-stìqou dÐnetai apì th sqèsh
δFaug

δbl
=

δF

δbl
+
∫

Ω

~Ψ
∂R~V

∂bl
dΩ +

∫

S

~ΨR~V

∂xk

∂bl
nkdS

=
δF

δbl
+
∫

Ω
q

∂Rp

∂bl
dΩ +

∫

Ω
ui

∂Rvi

∂bl
dΩ +

∫

Ω
Ta

∂RT

∂bl
dΩ

+
∫

S
(qRp + uiRvi

+ TaRT )
δxk

δbl
nkdS (3.7)Sthn exÐswsh 3.7 emfanÐzontai oi rujmoÐ metabol c twn exis¸sewn thc ro c, ∂Rp

∂bl
kai

∂Rvi

∂bl
, kai thc exÐswshc thc enèrgeiac, ∂RT

∂bl
, wc proc tic metablhtèc sqediasmoÔ. Giaton upologismì aut¸n twn posot twn parousi�zetai, sth sunèqeia, h diafìrish twnexis¸sewn thc ro c kai thc enèrgeiac. Oi exis¸seic thc ro c kai thc enèrgeiac giastrwt  ro  dÐnontai apì tic exis¸seic 2.36 ìpou νt = 0. DiaforÐzontac thn exÐswshthc sunèqeiac prokÔptei

∂Rp

∂bl
= β2 ∂

∂xj

(

∂vj

∂bl

) (3.8)Antikajist¸ntac ton ìro ∂Rp

∂bl
sto olokl rwma ∫Ω q ∂Rp

∂bl
dΩ thc exÐswshc 3.7 kai k�no-ntac qr sh tou jewr matoc Green-Gauss prokÔptei

∫

Ω
β2q

∂

∂xj

(

∂vj

∂bl

)

dΩ =
∫

S
β2q

∂vj

∂bl
njdS −

∫

Ω
β2 ∂q

∂xj

∂vj

∂bl
dΩ (3.9)



3.2. Η διατύπωση του συζυγούς προβλήματος 33AntÐstoiqa, apì th diafìrish twn exis¸sewn Rvi
lamb�netai h sqèsh

∂Rvi

∂bl
=

∂vj

∂bl

∂vi

∂xj
+ vj

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂p

∂bl

)

− ν
∂

∂xj

[

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

)] (3.10)AnaptÔssontac to olokl rwma ∫Ω ui
∂Rvi

∂bl
dΩ thc exÐswshc 3.7, me thn antikat�stashtwn tess�rwn ìrwn thc exÐswshc 3.10, prokÔptoun ekfr�seic gia ta tèssera qwrik�oloklhr¸mata

∫

Ω
ui

∂vj

∂bl

∂vi

∂xj
dΩ =

∫

S
uivinj

∂vj

∂bl
dS −

∫

Ω
vi

∂

∂xj

(

ui
∂vj

∂bl

)

dΩ (3.11)
∫

Ω
uivj

∂

∂xj

(

∂vi

∂bl

)

dΩ =
∫

S
uivjnj

∂vi

∂bl
dS −

∫

Ω

∂vi

∂bl

∂

∂xj
(uivj) dΩ (3.12)

∫

Ω
ui

∂

∂xi

(

∂p

∂bl

)

dΩ =
∫

S
uini

∂p

∂bl
dS −

∫

Ω

∂ui

∂xi

∂p

∂bl
dΩ (3.13)

∫

Ω
uiν

∂

∂xj

[

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

)]

dΩ =
∫

S
νuinj

[

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

)]

dS

−
∫

Ω
ν

∂ui

∂xj

[

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

)]

dΩ

=
∫

S
νuinj

∂

∂bl

(

∂vi

∂xj

+
∂vj

∂xi

)

dS

−
∫

S
ν

∂ui

∂xj

∂vi

∂bl
njdS −

∫

S
ν

∂ui

∂xj

∂vj

∂bl
nidS

+
∫

Ω
ν

∂2ui

∂xj
2

∂vi

∂bl
dΩ +

∫

Ω
ν

∂2ui

∂xj∂xi

∂vi

∂bl
dΩ(3.14)Apì th diafìrish thc exÐswshc thc enèrgeiac prokÔptei

∂RT

∂bl
=

∂

∂xi

(

T
∂vi

∂bl

)

+
∂

∂xi

(

vi
∂T

∂bl

)

− ν

P r

∂

∂xi

[

∂

∂bl

(

∂T

∂xi

)] (3.15)'Omoia, gia ton upologismì tou oloklhr¸matoc ∫Ω Ta
∂RT

∂bl
dΩ, oi treic ìroi thc pro-hgoÔmenhc èkfrashc gr�fontai

∫

Ω
Ta

∂

∂xi

(

T
∂vi

∂bl

)

dΩ =
∫

S
TaTni

∂vi

∂bl
dS −

∫

Ω

∂Ta

∂xi
T

∂vi

∂bl
dΩ (3.16)
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∫

Ω
Ta

∂

∂xi

(

vi
∂T

∂bl

)

dΩ =
∫

S
Tavini

∂T

∂bl
dS −

∫

Ω

∂Ta

∂xi
vi

∂T

∂bl
dΩ (3.17)

∫

Ω

ν

P r
Ta

∂

∂xi

[

∂

∂bl

(

∂T

∂xi

)]

dΩ =
∫

S

ν

P r
Tani

∂

∂xi

(

∂T

∂bl

)

dS −
∫

Ω

ν

P r

∂Ta

∂xi

∂

∂xi

(

∂T

∂bl

)

dΩ

=
∫

S

ν

P r
Tani

∂

∂xi

(

∂T

∂bl

)

dS −
∫

S

ν

P r

∂Ta

∂xi

∂T

∂bl

nidS

+
∫

Ω

ν

P r

∂2Ta

∂xi
2

∂T

∂bl

dΩ (3.18)Antikajist¸ntac tic exis¸seic 3.9, 3.11 èwc 3.14 kai 3.16 èwc 3.18 sthn èkfrashthc metabol c thc epauxhmènhc sun�rthshc-stìqou, exÐswsh 3.7, kai omadopoi¸ntactouc ìrouc twn sunoriak¸n kai qwrik¸n oloklhrwm�twn, prokÔptei ìti
δFaug

δbl

=
δF

δbl

+
∫

S
(uini)

∂p

∂bl

dS −
∫

Ω

∂ui

∂xi

∂p

∂bl

dΩ

+
∫

S

[

β2qni + uivinj + uivjnj + ν

(

∂ui

∂xj

+
∂uj

∂xi

)

nj + TaTni

]

∂vi

∂bl

dS

+
∫

Ω

[

−vj

(

∂uj

∂xi
+

∂ui

∂xj

)

− ν
∂

∂xj

(

∂ui

∂xj
+

∂uj

∂xi

)

− β2 ∂q

∂xj
− T

∂Ta

∂xi

]

∂vi

∂bl
dΩ

+
∫

S

(

Tavini +
ν

P r

∂Ta

∂xi
ni

)

∂T

∂bl
dS −

∫

Ω

(

vi
∂Ta

∂xi
+

ν

P r

∂2Ta

∂xi
2

)

∂T

∂bl
dΩ

−
∫

S
νuinj

∂

∂bl

(

∂vi

∂xj

+
∂vj

∂xi

)

dS −
∫

S

ν

P r
Tani

∂

∂bl

(

∂T

∂xi

)

dS

+
∫

S
(qRp + uiRvi

+ TaRT )
δxk

δbl
nkdS (3.19)3.3 QrhsimopoioÔmenec sunart seic-stìqoiSthn enìthta aut , diatup¸nontai oi sunart seic-stìqoi F proc elaqistopoÐhsh,oi opoÐec qrhsimopoioÔntai sta probl mata beltistopoÐhshc morf c pou analÔontaisthn paroÔsa diatrib . Sta probl mata ta opoÐa prìkeitai na parousiastoÔn sthsunèqeia kai ta opoÐa aforoÔn, kurÐwc, sto sqediasmì bèltistwn agwg¸n kaj¸c kaipterug¸sewn strobilomhqan¸n, suqn� epidi¸ketai h elaqistopoÐhsh twn apwlei¸nolik c pièshc thc ro c metaxÔ thc eisìdou (SI) kai thc exìdou (SO) tou qwrÐou thcro c. Gia to lìgo autì, h sun�rthsh-stìqoc apoteleÐtai apì sunoriak� oloklhr¸ma-ta twn posot twn twn apwlei¸n olik c pÐeshc sthn eÐsodo kai thn èxodo tou qwrÐoukai ekfr�zetai wc

F1SI,O
= −

∫

SI

(

p +
1

2
ρv2

)

vinidS −
∫

SO

(

p +
1

2
ρv2

)

vinidS (3.20)



3.3. Χρησιμοποιούμενες συναρτήσεις-στόχοι 35ìpou v to mètro tou dianÔsmatoc thc taqÔthtac. H olik  pÐesh eÐnai pollaplasia-smènh me thn paroq  ìgkou tou reustoÔ pou dièrqetai apì thn kajorismènh diatom thc eisìdou   exìdou tou pedÐou ro c. To arnhtikì prìshmo kai stouc dÔo ìroucofeÐletai sthn kateÔjunsh tou monadiaÐou k�jetou dianÔsmatoc ni, h opoÐa ex orismoÔeÐnai proc to exwterikì tou Ω.Sthn paroÔsa diatrib  parousi�zontai kurÐwc efarmogèc me metafor� jermìthtacoi opoÐec aforoÔn sto sqediasmì bèltistwn agwg¸n me stìqo th megistopoÐhsh thcmetafor�c jermìthtac metaxÔ twn jerm¸n stere¸n toiqwm�twn kai tou reustoÔ poudiarrèei to qwrÐo. Dedomènou ìti h oriak  sunj kh eisìdou tou probl matoc thc ro ceÐnai kajorismènh-gnwst  katanom  jermokrasÐac, h megistopoÐhsh thc metafor�cjermìthtac isodunameÐ me th megistopoÐhsh thc jermokrasÐac sthn èxodo tou qwrÐou.Gia to lìgo autì, h sun�rthsh-stìqoc ekfr�zetai wc h diafor� thc jermokrasÐacmetaxÔ thc eisìdou kai thc exìdou tou qwrÐou
F2SI,O

=
∫

SO

TdS −
∫

SI

TdS (3.21)Se epìmeno kef�laio ja qrhsimopoihjeÐ enallaktik� h sqèsh 5.6 h opoÐa basÐzetaista oloklhr¸mata twn jermokrasi¸n pollaplasiasmènwn me th paroq  ìgkou toureustoÔ. Se orismènec apì tic efarmogèc pou akoloujoÔn epidi¸ketai tautoqrì-nwc h elaqistopoÐhsh twn apwlei¸n olik c pÐeshc kai h megistopoÐhsh thc diafor�cthc jermokrasÐac. Sta probl mata aut�, sqhmatÐzetai eniaÐa sun�rthsh F , h opoÐaapoteleÐtai apì to �jroisma twn dÔo epimèrouc sunart sewn-stìqwn, F1 kai F2,pollaplasiasmènwn me suntelestèc barÔthtac, ω1 kai ω2, touc opoÐouc epilègei oqr sthc. EÐnai dhlad 
F = ω1F1 − ω2F2 (3.22)Oi mon�dec twn ω1 kai ω2 eÐnai kat�llhlec ¸ste na eÐnai efikt  h �jroish twn dia-stat¸n sunart sewn F1 kai F2 pollaplasiasmènwn me touc suntelestèc autoÔc. Sthsunèqeia, ta diastat� megèjh ω1 kai ω2 ja parousi�zontai qwrÐc na anagr�fontaioi sqetikèc diast�seic. Sthn èkfrash 3.19 emfanÐzetai h par�gwgoc δF

δbl
h opoÐa,dedomènou ìti apoteleÐtai mìno apì sunoriak� oloklhr¸mata, mporeÐ na grafeÐ sthgenik  thc morf  wc

δF

δbl
=
∫

S

∂F

∂bl
dS +

∫

S

∂F

∂xk

δxk

δbl
dS +

∫

S
F

δ (dS)

δbl
(3.23)Gia dieukìlunsh thc omadopoÐhshc twn sunoriak¸n oloklhrwm�twn sthn èkfrash3.19 wc proc tic metabolèc twn roðk¸n megej¸n, ∂p

∂bl
, ∂vi

∂bl
kai ∂T

∂bl
, h exÐswsh 3.23gÐnetai

δF

δbl

=
∫

S

∂F

∂p

∂p

∂bl

dS +
∫

S

∂F

∂vi

∂vi

∂bl

dS +
∫

S

∂F

∂T

∂T

∂bl

dS +
∫

S

∂F

∂xk

δxk

δbl

dS +
∫

S
F

δ (dS)

δbl(3.24)



36 3. Η συνεχής συζυγής μέθοδος για ασυμπίεστες στρωτές ροές με μεταφορά θερμότηταςSthn perÐptwsh twn epimèrouc sunart sewn-stìqwn pou parousi�sjhkan prohgoumè-nwc, enopoihmènwn sth sun�rthsh F , oi metabolèc thc F wc proc tic posìthtec thcro c dÐnontai apì tic ekfr�seic
∂FSI

∂p
= −ω1vini

∂FSO

∂vi
= −ω1

(
1

2
v2ni + vivλnλ + pni

) (3.25)
∂FSO

∂T
= −ω2Sth sunèqeia, h suzug c mejìdoc parousi�zetai anex�rthta apì tic qrhsimopoioÔmenecsunart seic-stìqouc.3.4 Oi suzugeÐc exis¸seicMet� apì antikat�stash thc èkfrashc thc parag¸gou δF

δbl
, exÐswsh 3.24, h exÐswsh3.19 lamb�nei th morf 

δFaug

δbl
=
∫

S

(

uini +
∂F

∂p

)

∂p

∂bl
dS −

∫

Ω

∂ui

∂xi

∂p

∂bl
dΩ

+
∫

S

[

β2qni + uivinj + uivjnj + ν

(

∂ui

∂xj
+

∂uj

∂xi

)

nj + TaTni +
∂F

∂vi

]

∂vi

∂bl
dS

+
∫

Ω

[

−vj

(

∂uj

∂xi
+

∂ui

∂xj

)

− ν
∂

∂xj

(

∂ui

∂xj
+

∂uj

∂xi

)

− β2 ∂q

∂xj
− T

∂Ta

∂xi

]

∂vi

∂bl
dΩ

+
∫

S

(

Tavini +
ν

P r

∂Ta

∂xi

ni +
∂F

∂T

)

∂T

∂bl

dS −
∫

Ω

(

vi
∂Ta

∂xi

+
ν

P r

∂2Ta

∂xi
2

)

∂T

∂bl

dΩ

−
∫

S
νuinj

∂

∂bl

(

∂vi

∂xj
+

∂vj

∂xi

)

dS −
∫

S

ν

P r
Tani

∂

∂bl

(

∂T

∂xi

)

dS

+
∫

S
(qRp + uiRvi

+ TaRT )
δxk

δbl
nkdS

+
∫

S

∂F

∂xk

δxk

δbl
dS +

∫

S
F

δ (dS)

δbl
(3.26)Sthn èkfrash 3.26, h par�gwgoc euaisjhsÐac thc epauxhmènhc sun�rthshc-stìqouapoteleÐtai apì sunoriak� kai qwrik� oloklhr¸mata ta opoÐa exart¸ntai apì toucrujmoÔc metabol c twn roðk¸n metablht¸n, ìpwc ∂p

∂bl
, ∂vi

∂bl
, ∂T

∂bl
, kaj¸c kai apì ìroucoi opoÐoi exart¸ntai apì touc rujmoÔc metabol c gewmetrik¸n posot twn, ìpwc

δ(dS)
δbl

, δxk

δbl
, wc proc bl. EÐnai profanèc ìti, gia ton upologismì twn metabol¸n twnmetablht¸n thc ro c k�nontac l.q. qr sh thc mejìdou twn peperasmènwn diafo-r¸n, ja apaiteÐto meg�lo upologistikì kìstoc. Antijètwc, to kìstoc pou apaiteÐtaigia ton upologismì twn metabol¸n thc parametropoihmènhc gewmetrÐac eÐnai sqedìn



3.4. Οι συζυγείς εξισώσεις 37amelhtèo. Gia to lìgo autì, kat� th suzug  mèjodo apofasÐzetai h apaloif  twnìrwn pou perilamb�noun metabolèc roðk¸n metablht¸n. Me autìn ton trìpo, apaleÐ-fontac ta qwrik� kai sunoriak� oloklhr¸mata, sta opoÐa emfanÐzontai posìthtec pouexart¸ntai apì tic metabolèc twn roðk¸n megej¸n, prokÔptoun oi suzugeÐc pediakècexis¸seic kai oriakèc sunj kec, antÐstoiqa.Oi pediakèc suzugeÐc exis¸seic thc ro c (Rq = 0, Rui
= 0) kai thc exÐswshc thcenèrgeiac (RTa

= 0) prokÔptoun sth morf 
Rq =

∂uj

∂xj

= 0 (3.27)
Rui

= −vj

(

∂uj

∂xi
+

∂ui

∂xj

)

− ν
∂

∂xj

(

∂ui

∂xj
+

∂uj

∂xi

)

− β2 ∂q

∂xj
− T

∂Ta

∂xi
= 0 (3.28)

RTa
= −vi

∂Ta

∂xi

− ν

P r

∂2Ta

∂x2
i

= 0 (3.29)Apì th diafìrish thc exÐswshc thc enèrgeiac emfanÐzetai sth suzug  exÐswsh thcorm c o ìroc T ∂Ta

∂xi
, o opoÐoc exart�tai apì th suzug  metablht  thc jermokrasÐac. HparousÐa autoÔ tou ìrou sth suzug  exÐswsh thc orm c thn kajist� peplegmènh me thsuzug  exÐswsh thc enèrgeiac kai, gia to lìgo autì, apaiteÐtai h tautìqronh epÐlushtwn suzug¸n exis¸sewn, ìtan sto prwteÔon prìblhma oi exis¸seic diat rhshc paro-q c kai orm c den eÐnai peplegmènec me thn exÐswsh thc enèrgeiac.Gia th diakritopoÐhsh twn prostajeropoihmènwn suzug¸n exis¸sewn 3.27, 3.28kai 3.29 qrhsimopoieÐtai h teqnik  twn peperasmènwn ìgkwn, ìpwc kai sto eujÔprìblhma, ìpwc parousi�sthke kai sth diatrib  [148] gia th diakritopoÐhsh twnprostajeropoihmènwn suzug¸n exis¸sewn qamhl¸n arijm¸n Mach gia sumpiestècroèc. Ikanopoi¸ntac tic suzugeÐc exis¸seic 3.27, 3.28 kai 3.29 me tic oriakèc sun-j kec pou akoloujoÔn sthn enìthta 3.5, h èkfrash twn parag¸gwn euaisjhsÐacpaÐrnei th morf 
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38 3. Η συνεχής συζυγής μέθοδος για ασυμπίεστες στρωτές ροές με μεταφορά θερμότητας3.5 Oi suzugeÐc oriakèc sunj kecOi suzugeÐc oriakèc sunj kec prokÔptoun apì thn èkfrash thc epauxhmènhc sun�rth-shc-stìqou, exÐswsh 3.30, Ôstera apì apaloif  twn sunoriak¸n oloklhrwm�twn taopoÐa exart¸ntai apì tic metabolèc twn roðk¸n metablht¸n wc proc bl.3.5.1 SuzugeÐc oriakèc sunj kec eisìdouDedomènou ìti h morf  twn orÐwn thc eisìdou SI den metab�lletai, ta trÐa teleu-taÐa oloklhr¸mata thc exÐswshc 3.30 mhdenÐzontai. EpÐshc dedomènou ìti oi sun-j kec eisìdou tou probl matoc thc ro c eÐnai kajorismènec katanomèc taqÔthtackai jermokrasÐac, oi opoÐec eÐnai anex�rthtec twn metabol¸n thc gewmetrÐac, isqÔei
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Ta = 0ìpou ti oi sunist¸sec tou monadiaÐou efaptomenikoÔ dianÔsmatoc.3.5.2 SuzugeÐc oriakèc sunj kec exìdouSta ìria thc exìdou SO, epeid  δp
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= 0 kai h morf  tou orÐou paramènei anephrèasthapì metabolèc thc gewmetrÐac pou beltistopoieÐtai, ta trÐa teleutaÐa oloklhr¸matathc exÐswshc 3.30 kai o ìroc pou exart�tai apì th metabol  ∂p
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3.7. Πιστοποίηση της ακρίβειας υπολογισμού των παραγώγων ευαισθησίας 41H èkfrash aut  exart�tai mìno apì touc rujmoÔc metabol c twn gewmetrik¸n posot -twn kaj¸c kai tic metablhtèc thc ro c kai tic suzugeÐc touc, oi opoÐec eÐnai gnwstècmet� thn epÐlush twn exis¸sewn thc ro c kai twn suzug¸n exis¸sewn.3.7 PistopoÐhsh thc akrÐbeiac upologismoÔ twnparag¸gwn euaisjhsÐac'Opwc anafèrjhke kai prohgoumènwc, h diatÔpwsh twn suzug¸n exis¸sewn gia a-sumpÐestec roèc lamb�nontac upìyh kai thn exÐswsh thc enèrgeiac parousi�zetaigia pr¸th for� sth bibliografÐa. Stìqoc thc enìthtac aut c eÐnai h pistopoÐhsh thcproteinìmenhc akriboÔc suzugoÔc mejìdou gia asumpÐestec strwtèc roèc me metafor�jermìthtac. H èntaxh thc suzugoÔc mejìdou se brìqo beltistopoÐhshc-sqediasmoÔmorf¸n den apoteleÐ stìqo aut c thc enìthtac, all� ja akolouj sei sto epìmenokef�laio. Gia thn pistopoÐhsh thc mejìdou apaiteÐtai èlegqoc thc akrÐbeiac twnparag¸gwn euaisjhsÐac pou upologÐzontai. Stìqoc eÐnai na deiqjeÐ ìti h proteinìme-nh mèjodoc mporeÐ na upologÐsei tic zhtoÔmenec parag¸gouc euaisjhsÐac me uyhl pistìthta. Gia to lìgo autì, stic efarmogèc pou parousi�zontai se aut  thn enìth-ta, gÐnetai sÔgkrish twn parag¸gwn pou upologÐzei h proteinìmenh mèjodoc me ticparag¸gouc pou prokÔptoun apì th mèjodo twn peperasmènwn diafor¸n, h opoÐaupologÐzei tic legìmenec ��parag¸gouc anafor�c��. H taÔtish twn parag¸gwn eu-aisjhsÐac me tic parag¸gouc twn peperasmènwn diafor¸n apodeiknÔei thn pistìthtathc mejìdou gia strwtèc roèc me metafor� jermìthtac. H mèjodoc twn kentrik¸npeperasmènwn diafor¸n gia ton upologismì twn parag¸gwn euaisjhsÐac δF
δbl

eÐnaideÔterhc t�xhc akrÐbeiac kai oi par�gwgoi dÐnontai apì th sqèsh
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(3.44)ìpou l = 1, ..,N . Gia ton upologismì twn parag¸gwn apaiteÐtai na epilujoÔn dÔoforèc oi exis¸seic thc ro c gia k�je mÐa apì tic N metablhtèc sqediasmoÔ. Sthmèjodo twn peperasmènwn diafor¸n, stic efarmogèc pou akoloujoÔn, dokim�zontaidiaforetikèc timèc thc stoiqei¸douc posìthtac diafìrishc ε gia ton upologismì twnparag¸gwn kai uiojetoÔntai ta apotelèsmata thc mejìdou pou eÐnai anex�rthta tou

ε. H parametrik  aut  melèth eÐnai upoqrewtik  kai pragmatopoieÐtai opoted poteqrhsimopoieÐtai h mèjodoc twn peperasmènwn diafor¸n sthn paroÔsa diatrib .Oi efarmogèc perilamb�noun peript¸seic ro¸n se agwgoÔc kai h sun�rthsh-stìqoc pou qrhsimopoieÐtai afor� sth megistopoÐhsh thc metafor�c jermìthtac,exÐswsh 3.21, qwrÐc na lamb�netai upìyh h meÐwsh twn apwlei¸n olik c pÐeshc, ètsi¸ste na eleqjoÔn oi par�gwgoi euaisjhsÐac thc sun�rthshc-stìqou F2 kai, sunep¸c,na eleqjeÐ h diatÔpwsh tou suzugoÔc probl matoc me thn prosj kh thc exÐswshc thcenèrgeiac. Gia to lìgo autì epilègontai suntelestèc barÔthtac ω1 = 0.0, ω2 = 1.0,opìte gia th sun�rthsh-stìqo isqÔei F = F2.



42 3. Η συνεχής συζυγής μέθοδος για ασυμπίεστες στρωτές ροές με μεταφορά θερμότητας3.7.1 Agwgìc me strof  90◦H efarmog  aut  afor� sth melèth thc ro c sto eswterikì enìc agwgoÔ me strof thc ro c kat� 90◦. O arijmìc Reynolds upologismènoc me b�sh to Ôyoc tou agw-goÔ sthn eÐsodo isoÔtai me Re = 500. To reustì eisèrqetai sto qwrÐo me stajer jermokrasÐa TSI = 293K, en¸ ta toiq¸mata tou agwgoÔ èqoun stajer  jermokrasÐ-a TSW = 353K metafèrontac th jermìthta touc sto qamhlìterhc jermokrasÐacreustì. To tm ma thc strof c tou agwgoÔ parametropoieÐtai qrhsimopoi¸ntac polu¸-numa Bézier-Bernstein me 7 shmeÐa elègqou se k�je pleur� tou agwgoÔ, ìpwc faÐnetaikai sto sq ma 3.1. To pr¸to kai to teleutaÐo shmeÐo elègqou thc eswterik c kaithc exwterik c pleur�c tou agwgoÔ diathroÔntai stajer� kai to Ðdio isqÔei gia tictetmhmènec twn upoloÐpwn shmeÐwn elègqou, katal gontac telik� se 10 metablhtècsqediasmoÔ.Gia aut� ta shmeÐa elègqou upologÐzontai oi par�gwgoi euaisjhsÐac me thn pro-teinìmenh mèjodo kai, sto sq ma 3.2, sugkrÐnontai me tic parag¸gouc pou prokÔptounqrhsimopoi¸ntac th mèjodo twn peperasmènwn diafor¸n. ParathreÐtai taÔtish twnapotelesm�twn twn dÔo mejìdwn. Oi timèc twn parag¸gwn twn shmeÐwn elègqou stotm ma thc strof c thc ro c antistoiqoÔn se metabolèc thc gewmetrÐac oi opoÐec jaodhgoÔsan sthn elaqistopoÐhsh thc sun�rthshc-stìqou, dhlad  sth megistopoÐhshthc jermokrasÐac sthn èxodo tou agwgoÔ. Oi pr¸tec 5 arnhtikèc par�gwgoi kai oiepìmenec 5 jetikèc tou sq matoc 3.2 antistoiqoÔn sta shmeÐa elègqou sthn eswterik kai exwterik  pleur� tou agwgoÔ, antÐstoiqa. Autì upodhl¸nei ìti ta shmeÐa elègqouprèpei na kinhjoÔn proc to eswterikì tou agwgoÔ mei¸nontac th diatom  sto tm mathc strof c tou, to opoÐo ja prokaloÔse epit�qunsh kai kat� epèktash aÔxhsh thcmetafor�c jermìthtac sto shmeÐo autì.Sto sq ma 3.3 parousi�zontai to pedÐo thc jermokrasÐac kai to pedÐo thc suzu-goÔc jermokrasÐac. ParathreÐtai ìti o omìrrouc tou pedÐou thc suzugoÔc jermokra-sÐac eÐnai ��an�podoc�� autoÔ tou pedÐou thc jermokrasÐac. Autì ofeÐletai sto dia-foretikì prìshmo pou èqoun oi ìroi thc metafor�c sthn exÐswsh thc enèrgeiac kaisth suzug  exÐswsh thc enèrgeiac, to opoÐo upodhl¸nei thn antÐjeth kateÔjunsh thcmet�doshc thc plhroforÐac sta dÔo pedÐa.3.7.2 Agwgìc enall�kth kelÔfouc/aul¸nSthn efarmog  aut  melet�tai h metafor� jermìthtac gÔrw apì ton agwgì enìcenall�kth kelÔfouc/aul¸n. Sth jèsh miac tupik c diatom c enìc agwgoÔ enal-l�kth kelÔfouc/aul¸n epilègetai h aerotom  tou sq matoc 3.4. H ro  eisèrqetaime mhdenik  gwnÐa kai me stajer  jermokrasÐa TSI = 293K kai èrqetai se epaf me ta stajer c jermokrasÐac, TSW = 353K, toiq¸mata tou agwgoÔ. O arijmìc
Reynolds basismènoc sto m koc thc diatom c tou agwgoÔ (qord  thc aerotom c)isoÔtai me Re = 100. H gewmetrÐa tou agwgoÔ parametropoieÐtai qrhsimopoi¸ntacpolu¸numa Bézier-Bernstein me 8 shmeÐa elègqou se k�je pleur�, sq ma 3.4. 'Olata shmeÐa elègqou, ektìc twn dÔo pr¸twn sthn akm  prìsptwshc kai autoÔ sthnakm  ekfug c stic dÔo pleurèc tou agwgoÔ, eÐnai eleÔjera na metakinhjoÔn kat�
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Σχήμα 3.1: Αγωγός με στροφή 90◦. Το σχήμα του αγωγού και τα 8 σημεία ελέγχου
Bézier. ΄Ολα τα σημεία ελέγχου εκτός του πρώτου και του τελευταίου στην εσωτερική
και εξωτερική πλευρά του αγωγού είναι ελεύθερα να μετακινηθούν κατά y.

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 0  2  4  6  8  10

S
en

si
tiv

ity
 d

er
iv

at
iv

es

Design Variable

adjoint
finite differences

Σχήμα 3.2: Αγωγός με στροφή 90◦. Σύγκριση των παραγώγων ευαισθησίας που
υπολογίζει η συζυγής μέθοδος με τις παραγώγους που προκύπτουν από τη μέθοδο των
πεπερασμένων διαφορών.

y. Epomènwc, orÐzontai 10 metablhtèc sqediasmoÔ sunolik�, gia tic opoÐec upolo-gÐzontai oi par�gwgoi euaisjhsÐac apì th sqèsh 3.44. Sto sq ma 3.5 parousi�zo-ntai oi par�gwgoi euaisjhsÐac oi opoÐec upologÐzontai me thn proteinìmenh mèjodokai th mèjodo twn peperasmènwn diafor¸n. ParathreÐtai ìti oi par�gwgoi pou u-pologÐsjhkan me th suzug  mèjodo pou anaptÔqjhke brÐskontai se apìluth taÔtishme tic parag¸gouc anafor�c. To prìshmo twn parag¸gwn twn shmeÐwn elègqou thc�nw kai k�tw pleur�c tou agwgoÔ antistoiqeÐ se mia tètoia metabol  twn tetagmènwntwn shmeÐwn elègqou h opoÐa ja odhgoÔse se aÔxhsh tou p�qouc tou agwgoÔ kai
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Σχήμα 3.3: Αγωγός με στροφή 90◦. Το πεδίο της θερμοκρασίας T (πάνω) και της
συζυγούς θερμοκρασίας Ta (κάτω).
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Σχήμα 3.4: Αγωγός εναλλάκτη κελύφους/αυλών. Η γεωμετρία του αγωγού και τα
σημεία ελέγχου Bézier. ΄Ολα τα σημεία ελέγχου εκτός των δύο πρώτων στην ακμή
πρόσπτωσης και αυτού στην ακμή εκφυγής είναι ελεύθερα να μετακινηθούν κατά y και
στις δύο πλευρές του αγωγού.
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Σχήμα 3.5: Αγωγός εναλλάκτη κελύφους/αυλών. Σύγκριση των παραγώγων ευ-
αισθησίας που υπολογίζει η συζυγής μέθοδος με τις παραγώγους που προκύπτουν από
τη μέθοδο των πεπερασμένων διαφορών.wc proc tic dÔo pleurèc. Aut  h aÔxhsh tou p�qouc odhgeÐ se tautìqronh aÔxhshthc epif�neiac sunallag c jermìthtac. To pedÐo thc jermokrasÐac kai to pedÐo thcsuzugoÔc jermokrasÐac parousi�zontai sto sq ma 3.6, ìpou, ìpwc kai sthn prohgoÔ-menh efarmog , parathreÐtai ìti sqhmatÐzetai o omìrrouc tou pedÐou thc suzugoÔcjermokrasÐac se an�podh for� autoÔ tou pedÐou thc jermokrasÐac.
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Σχήμα 3.6: Αγωγός εναλλάκτη κελύφους/αυλών. Το πεδίο της θερμοκρασίας T
(πάνω) και της συζυγούς θερμοκρασίας Ta (κάτω).



Kef�laio 4H suzug c mèjodoc giaasumpÐestec turb¸deic roèc memetafor� jermìthtac- One-shotparallag  kai pistopoÐhshH an�ptuxh thc suneqoÔc suzugoÔc mejìdou se asumpÐestec strwtèc roèc me metafo-r� jermìthtac kai h pistopoÐhsh thc mejìdou wc proc tic zhtoÔmenec parag¸gouceuaisjhsÐac apoteleÐ axiìpisth b�sh gia thn epèktash thc mejìdou se turb¸deic roèc.Sto kef�laio autì parousi�zetai arqik� h diatÔpwsh tou suneqoÔc suzugoÔc pro-bl matoc gia asumpÐestec turb¸deic roèc me metafor� jermìthtac. Sth sunèqeia,pragmatopoieÐtai sÔgkrish twn parag¸gwn euaisjhsÐac pou upologÐzei h proteinìme-nh mèjodoc me tic parag¸gouc pou upologÐzontai me peperasmènec diaforèc ¸ste naelegqjeÐ h akrÐbei� touc. Sthn teleutaÐa enìthta tou kefalaÐou, parousi�zetai hèntaxh thc suzugoÔc mejìdou se brìqo beltistopoÐhshc, basismènh sthn ��klasik ��aitiokratik  mèjodo beltistopoÐhshc kai sthn teqnik  one-shot, all� kai h qr shtwn dÔo aut¸n mejìdwn se efarmogèc beltistopoÐhshc morf c.4.1 H diatÔpwsh tou suzugoÔc probl matocGia th diatÔpwsh twn suzug¸n exis¸sewn gia turb¸deic roèc, oi opoÐec sthn paroÔsadiatrib  montelopoioÔntai mèsw tou montèlou tÔrbhc twn Spalart-Allmaras, eÐnaiaparaÐthth h eisagwg  thc suzugoÔc metablht c tou montèlou tÔrbhc ν̃a, ìpwcparousi�sthke sth didaktorik  diatrib  tou A. Zum�rh, [143]. Epomènwc, to di�nusmatwn suzug¸n metablht¸n eÐnai plèon ~Ψ = [q, ui, Ta, ν̃a]T kai h epauxhmènh sun�rthsh-stìqoc orÐzetai wc
Faug = F +

∫

Ω

~ΨR~V dΩ = F +
∫

Ω
qRpdΩ +

∫

Ω
uiRvi

dΩ +
∫

Ω
TaRT dΩ +

∫

Ω
ν̃aRν̃dΩ(4.1)47



48 4. Η συζυγής μέθοδος για ασυμπίεστες τυρβώδεις ροές με μεταφορά θερμότηταςO rujmìc metabol c thc epauxhmènhc sun�rthshc-stìqou wc proc tic metablhtècsqediasmoÔ bl dÐnetai apì th sqèsh
δFaug

δbl
=

δF

δbl
+
∫

Ω
q

∂Rp

∂bl
dΩ +

∫

Ω
ui

∂Rvi

∂bl
dΩ +

∫

Ω
Ta

∂RT

∂bl
dΩ +

∫

Ω
ν̃a

δRν̃

δbl
dΩ

+
∫

S
(qRp + uiRvi

+ TaRT + ν̃aRν̃)
δxk

δbl
nkdS (4.2)Sth sunèqeia, parousi�zetai h diafìrish twn exis¸sewn thc ro c kai anaptÔsso-ntai oi ìroi oi opoÐoi prokÔptoun apì thn olokl rwsh twn rujm¸n metabol c touc.H an�ptuxh aut , qwrÐc th sumbol  thc exÐswshc thc enèrgeiac, èqei parousiasjeÐanalutik� sthn [143]. Gia thn exÐswsh thc sunèqeiac, sth diatÔpwsh pou sumperi-lamb�nei (se antÐjesh me thn ergasÐa [143]) kai to suntelest  yeudosumpiestìthtac,ìpwc parousi�sthke sto kef�laio 3, prokÔptei

∂Rp

∂bl
= β2 ∂

∂xj

(

∂vj

∂bl

) (4.3)
∫

Ω
β2q

∂

∂xj

(

∂vj

∂bl

)

dΩ =
∫

S
β2q

∂vj

∂bl
njdS −

∫

Ω
β2 ∂q

∂xj

∂vj

∂bl
dΩ (4.4)Apì th diafìrish twn exis¸sewn Rvi

prokÔptei h sqèsh
∂Rvi

∂bl
=

∂vj

∂bl

∂vi

∂xj
+ vj

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂p

∂bl

)

− ∂

∂xj

[

∂νt

∂bl

(

∂vi

∂xj
+

∂vj

∂xi

)]

︸ ︷︷ ︸

termνtRvi

− ∂

∂xj

[

(ν + νt)

(

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

))] (4.5)Oi treÐc pr¸toi ìroi tou dexioÔ mèlouc thc exÐswshc 4.5 eÐnai oi Ðdioi me touc antÐ-stoiqouc treic ìrouc thc exÐswshc 3.10 pou dièpei strwtèc roèc. H Ôparxh thcturb¸douc sunektikìthtac νt diaforopoieÐ ton teleutaÐo ìro en¸ emfanÐzetai kaiènac epiplèon ìroc, o termνtRvi
, o opoÐoc exart�tai apì to rujmì metabol c thcturb¸douc sunektikìthtac. Apì thn an�ptuxh twn dÔo teleutaÐwn ìrwn thc exÐswshc4.5 prokÔptei ìti

∫

Ω
ui

∂

∂xj

[

∂νt

∂bl

(

∂vi

∂xj
+

∂vj

∂xi

)]

dΩ =
∫

S
uinj

∂νt

∂bl

(

∂vi

∂xj
+

∂vj

∂xi

)

dS

−
∫

Ω

∂ui

∂xj

∂νt

∂bl

(

∂vi

∂xj
+

∂vj

∂xi

)

dΩ (4.6)
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∫

Ω
ui

∂

∂xj

[

(ν + νt)

(

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

))]

dΩ =

∫

S
(ν + νt) uinj

[

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

)]

dS

−
∫

Ω
(ν + νt)

∂ui

∂xj

[

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

)]

dΩ =

∫

S
(ν + νt) uinj

[

∂

∂xj

(

∂vi

∂bl

)

+
∂

∂xi

(

∂vj

∂bl

)]

dS

−
∫

S
(ν + νt)

∂ui

∂xj

∂vi

∂bl
njdS −

∫

S
(ν + νt)

∂ui

∂xj

∂vj

∂bl
nidS

+
∫

Ω
(ν + νt)

∂2ui

∂xj
2

∂vi

∂bl

dΩ +
∫

Ω
(ν + νt)

∂2ui

∂xj∂xi

∂vi

∂bl

dΩ (4.7)Apì th diafìrish thc exÐswshc thc enèrgeiac, exÐswsh 4.8, emfanÐzetai o ìroc termνtRT
,o opoÐoc den up�rqei sthn antÐstoiqh exÐswsh 3.15 tou kefalaÐou 3 kai proèrqetaiapì to rujmì metabol c thc turb¸douc sunektikìthtac. EÐnai

∂RT

∂bl
=

∂

∂xi

(

T
∂vi

∂bl

)

+
∂

∂xi

(

vi
∂T

∂bl

)

− ∂

∂xi

(

∂νt

∂bl

∂T

∂xi

)

︸ ︷︷ ︸

termνtRT

− ∂

∂xi

[(
ν

P r
+

νt

P rt

)
∂

∂bl

(

∂T

∂xi

)] (4.8)Gia ton upologismì tou oloklhr¸matoc ∫Ω Ta
∂RT

∂bl
dΩ, h olokl rwsh twn dÔo pr¸twnìrwn thc prohgoÔmenhc èkfrashc dÐnetai apì tic sqèseic 3.16 kai 3.17, en¸ ta qwrik�oloklhr¸mata twn dÔo teleutaÐwn ìrwn gr�fontai

∫

Ω
Ta

∂

∂xi

(

∂νt

∂bl

∂T

∂xi

)

dΩ =
∫

S
Tani

∂νt

∂bl

∂T

∂xi

dS −
∫

Ω

∂Ta

∂xi

∂νt

∂bl

∂T

∂xi

dΩ (4.9)
∫

Ω
Ta

∂

∂xi

[(
ν

P r
+

νt

P rt

)
∂

∂bl

(

∂T

∂xi

)]

dΩ =
∫

S

(
ν

P r
+

νt

P rt

)

Tani
∂

∂xi

(

∂T

∂bl

)

dS

−
∫

Ω

(
ν

P r
+

νt

P rt

)
∂Ta

∂xi

∂

∂xi

(

∂T

∂bl

)

dΩ

=
∫

S

(
ν

P r
+

νt

P rt

)

Tani
∂

∂xi

(

∂T

∂bl

)

dS

−
∫

S

(
ν

P r
+

νt

P rt

)
∂Ta

∂xi

∂T

∂bl

nidS

+
∫

Ω

(
ν

P r
+

νt

P rt

)
∂2Ta

∂xi
2

∂T

∂bl

dΩ (4.10)
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∂νt

∂bl
=

δνt

δν̃

∂ν̃

∂bloi ìroi 4.6 kai 4.9 gr�fontai wc ex c
∫

S
uinj

∂νt

∂bl

(

∂vi

∂xj
+

∂vj

∂xi

)

dS −
∫

Ω

∂ui

∂xj

∂νt

∂bl

(

∂vi

∂xj
+

∂vj

∂xi

)

dΩ =

∫

S
uinj

δνt

δν̃

(

∂vi

∂xj
+

∂vj

∂xi

)

∂ν̃

∂bl
dS −

∫

Ω

∂ui

∂xj

δνt

δν̃

(

∂vi

∂xj
+

∂vj

∂xi

)

∂ν̃

∂bl
dΩ (4.11)kai

∫

S
Tani

∂νt

∂bl

∂T

∂xi
dS −

∫

Ω

∂Ta

∂xi

∂νt

∂bl

∂T

∂xi
dΩ =

∫

S
Tani

δνt

δν̃

∂T

∂xi

∂ν̃

∂bl
dS −

∫

Ω

∂Ta

∂xi

δνt

δν̃

∂T

∂xi

∂ν̃

∂bl
dΩ(4.12)DiaforÐzontac thn exÐswsh tou montèlou Spalart-Allmaras katal goume sthn èk-frash

∂Rν̃

∂bl
=

∂

∂xi

(

∂vi

∂bl
ν̃

)

+
∂

∂xi

(

∂ν̃

∂bl
vi

)

− 1

σ

∂

∂xi

[

(ν + ν̃)
∂

∂xi

(

∂ν̃

∂bl

)]

− 1

σ

∂

∂xi

(

∂ν̃

∂bl

∂ν̃

∂bl

)(4.13)
− 2

cb2

σ

∂ν̃

∂xi

∂

∂xi

(

∂ν̃

∂bl

)

+ ν̃

(

−∂P

∂bl
+

∂D

∂bl

)

+ (−P + D)
∂ν̃

∂blH an�ptuxh tou oloklhr¸matoc ∫Ω ν̃a
δRν̃

δbl
dΩ parousi�zetai analutik�, gia k�je ìrothc exÐswshc 4.13, sth didaktorik  diatrib  tou A. Zum�rh. Oi ìroi pou prokÔptounapì aut n thn an�ptuxh faÐnontai sthn èkfrash tou rujmoÔ metabol c thc epauxh-mènhc sun�rthshc-stìqou, exÐswsh 4.14, h opoÐa dÐnetai apì th sqèsh
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δFaug

δbl
=

δF

δbl
+
∫

S
(uini)

∂p

∂bl
dS −

∫

Ω

∂ui

∂xi

∂p

∂bl
dΩ

+
∫

S

[

β2qni + uivinj + uivjnj + (ν + νt)

(

∂ui

∂xj
+

∂uj

∂xi

)

nj + TaTni + ν̃aν̃ni

]

∂vi

∂bl
dS

+
∫

Ω

[

−vj

(

∂uj

∂xi
+

∂ui

∂xj

)

− (ν + νt)
∂

∂xj

(

∂ui

∂xj
+

∂uj

∂xi

)

− β2 ∂q

∂xj
− T

∂Ta

∂xi
− ν̃

∂ν̃a

∂xi

]

∂vi

∂bl
dΩ

+
∫

S

(

Tavini +
(

ν

P r
+

νt

P rt

)
∂Ta

∂xi

ni

)

∂T

∂bl

dS −
∫

Ω

(

vi
∂Ta

∂xi

+
(

ν

P r
+

νt

P rt

)
∂2Ta

∂xi
2

)

∂T

∂bl

dΩ

−
∫

S

δνt

δν̃
uinj

(

∂vi

∂xj

+
∂vj

∂xi

)

∂ν̃

∂bl
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δνt

δν̃
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∂xj
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∂vi
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+
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∂xi

)
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δνt
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∂xi

∂ν̃
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∫
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∂xi
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+
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∂xi
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−
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1
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∂

∂xj
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∂xj

]
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dΩ +

∫
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1

σ
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∂xj

∂ν̃

∂xj

∂ν̃

∂bl
dΩ

+
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2
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σ

∂

∂xj

(
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∂ν̃

∂xj

)

∂ν̃

∂bl

dΩ +
∫
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∂D
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+
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δνt

δν̃
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∂xj
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∂vi
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+

∂vj

∂xi

)
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∫
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∂bl
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ν̃aν̃ejliejmq
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∫
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∂ν̃

∂bl
dS +
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1
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∂xj
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∂bl
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−
∫

S
ν̃a
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∂

∂xj
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∂ν̃

∂bl

)
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∫
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1
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(ν + ν̃)

∂ν̃a

∂xj

∂ν̃

∂bl

njdS −
∫
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2

cb2
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ν̃a

∂ν̃

∂xj

∂ν̃

∂bl

njdS

+
∫

S
ν̃aν̃ejliejmq
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S

∂vq
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∂vk

δbl
dS +

∫
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(qRp + uiRvi

+ TaRT + ν̃aRν̃)
δxk

δbl
nkdS(4.14)ìpou

S = |eijk
∂vk

∂xj

~ii|

CS =
(

−cb1 − cw1C (ν̃)
r

d̃

)

fυ3
, C (ν̃) =

∂fw

∂g

∂g

∂r

ν̃

d̃2

Cν̃ =
(

−cb1 − cw1C (ν̃)
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d̃

)(

δfυ3
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d +

1

κ2d2
fυ2

+
δfυ2

δν̃

ν̃

κ2d2

)

+ cw1C (ν̃)
r

ν̃
+ cw1

fw

d2Gia dieukìlunsh thc omadopoÐhshc twn sunoriak¸n oloklhrwm�twn sthn èkfrash4.14 wc proc tic metabolèc twn roðk¸n megej¸n, ∂p
∂bl

, ∂vi

∂bl
, ∂T

∂bl
kai ∂T

∂ν̃
h metabol  δF

δbl
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δF

δbl
=
∫

S

∂F

∂p

∂p

∂bl
dS +

∫

S

∂F

∂vi

∂vi

∂bl
dS +

∫

S

∂F

∂T

∂T

∂bl
dS +

∫

S

∂F

∂ν̃

∂ν̃

∂bl
dS

+
∫

S

∂F

∂xk

δxk

δbl
dS +

∫

S
F

δ (dS)

δbl
(4.15)Sthn perÐptwsh twn sunart sewn-stìqwn pou parousi�sjhkan sthn enìthta 3.3,oi metabolèc thc F wc proc tic posìthtec thc ro c dÐnontai apì tic ekfr�seic

∂FSI

∂p
= −ω1vini

∂FSO

∂vi
= −ω1

(1

2
v2ni + vivλnλ + pni

)

∂FSO

∂T
= −ω2 (4.16)

∂FSO

∂ν̃
= 04.2 Oi suzugeÐc exis¸seicOi suzugeÐc pediakèc exis¸seic gia turb¸deic roèc me metafor� jermìthtac prokÔ-ptoun apaleÐfontac ta qwrik� oloklhr¸mata sta opoÐa emfanÐzontai posìthtec pouexart¸ntai apì tic metabolèc twn roðk¸n megej¸n, ìpwc oi ∂p

∂bl
, ∂vi

∂bl
, ∂T

∂bl
, ∂ν̃

∂bl
. OisuzugeÐc exis¸seic thc diat rhshc thc paroq c kai orm c (Rq = 0, Rui

= 0), thcexÐswshc thc enèrgeiac (RTa
= 0) kai thc exÐswshc tou montèlou tÔrbhc (Rν̃a

= 0)diatup¸nontai wc
Rq =

∂uj

∂xj
= 0 (4.17)

Rui
= −vj

(

∂uj

∂xi
+

∂ui

∂xj

)

− ∂

∂xj

[

(ν+νt)

(

∂ui

∂xj
+

∂uj

∂xi

)]

− β2 ∂q

∂xj
− T

∂Ta

∂xi
︸ ︷︷ ︸

termTRui

− ν̃
∂ν̃a

∂xi
− ∂

∂xl

(

ejliejmq
CS

S

∂vq

∂xm
ν̃ν̃a

)

= 0 (4.18)
RTa

= −vi
∂Ta

∂xi
−
(

ν

P r
+

νt

P rt

)
∂2Ta

∂x2
i

= 0 (4.19)
Rν̃a

= vj
∂ν̃a

∂xj
+

∂

∂xj
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σ
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]

− 1

σ
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∂xj
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∂xj
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σ

∂

∂xj

(

ν̃a
∂ν̃

∂xj

)

− ν̃aν̃ Cν̃(ν̃,~v)− δνt

δν̃

∂ui

∂xj

(

∂vi

∂xj

+
∂vj

∂xi

)

− (−P +D) ν̃a +
δνt

δν̃

∂Ta

∂xi

∂T

∂xi
︸ ︷︷ ︸

termTRν̃a

= 0 (4.20)



4.3. Οι συζυγείς οριακές συνθήκες 53Sth suzug  exÐswsh thc orm c, exÐswsh 4.18, se sÔgkrish me thn exÐswsh 3.28 giastrwtèc roèc, ektìc apì ton ìro termTRui
, o opoÐoc up rqe lìgw thc diafìrishc thcexÐswshc thc enèrgeiac, emfanÐzontai kai oi dÔo teleutaÐoi ìroi oi opoÐoi proèrqontaiapì th diafìrish tou montèlou tÔrbhc. AntÐstoiqa, sth suzug  exÐswsh tou montèloutÔrbhc, emfanÐzontai dÔo nèoi ìroi oi opoÐoi proèrqontai apì ton ìro di�qushc thcexÐswshc thc orm c kai ton ìro di�qushc thc exÐswshc thc enèrgeiac, termTν̃a

. Seprobl mata metafor�c jermìthtac gia turb¸deic roèc, h parousÐa twn ìrwn termTRuikai termTRν̃a
sthn exÐswsh thc orm c kai tou montèlou tÔrbhc, antÐstoiqa, kajist�tic dÔo autèc exis¸seic peplegmènec me thn exÐswsh thc enèrgeiac.4.3 Oi suzugeÐc oriakèc sunj kecOi suzugeÐc oriakèc sunj kec prokÔptoun, ìpwc kai sto kef�laio 3, Ôstera apì a-paloif  twn sunoriak¸n oloklhrwm�twn pou exart¸ntai apì touc rujmoÔc metabol ctwn roðk¸n metablht¸n wc proc to bl apì thn èkfrash thc epauxhmènhc sun�rthshc-stìqou, exÐswsh 4.14.4.3.1 SuzugeÐc oriakèc sunj kec eisìdouDedomènou ìti sthn eÐsodo tou pedÐou ro c epib�llontai sunj kec tÔpou Dirichletgia tic metablhtèc thc ro c vi, T kai ν̃, kai afoÔ δxk

δbl
= 0 isqÔei ∂vi

∂bl
= ∂T

∂bl
= ∂ν̃

∂bl
= 0.Gia thn apaloif  twn ìrwn pou apomènoun sthn exÐswsh 4.14 prèpei na isqÔei

νuinj
∂

∂bl

(

∂vi

∂xj
+

∂vj

∂xi

)

= 0

uini +
∂FSI

∂p
= 0 (4.21)

(
ν

P r
+

νt

P rt

)

Tani
∂

∂bl

(

∂T

∂xi

)

= 0

ν̃a
1

σ
(ν + ν̃)

∂

∂xj

(

∂ν̃

∂bl

)

= 0Gia autì to lìgo epib�llontai oi sunj kec
uiti = 0

uini = −∂FSI

∂p
(4.22)

Ta = 0

ν̃a = 0ìpou ti oi sunist¸sec tou monadiaÐou efaptomenikoÔ dianÔsmatoc.



54 4. Η συζυγής μέθοδος για ασυμπίεστες τυρβώδεις ροές με μεταφορά θερμότητας4.3.2 SuzugeÐc oriakèc sunj kec exìdouSta ìria thc exìdou tou pedÐou ro c epib�lletai sunj kh tÔpou Dirichlet gia thnpÐesh kai afoÔ δxk

δbl
= 0 isqÔei ∂p

∂bl
= 0. Epiplèon, lìgw twn sunjhk¸n tÔpou Neumanngia ta vi, ν̃ kai T , mhdenÐzontai oi metabolèc ∂

∂bl

(
∂vi

∂xj
nj

)

, ∂
∂bl

(
∂ν̃
∂xj

nj

) kai ∂
∂bl

(
∂T
∂xj

nj

).Prokeimènou na apaleifjoÔn ìroi oi opoÐoi exart¸ntai apì touc rujmoÔc metabol c
∂vi

∂bl
, ∂T

∂bl
kai ∂ν̃

∂bl
, epib�llontai antÐstoiqa oi sunj kec

β2qni + uivinj + uivjnj + (ν + νt)

(
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∂xj
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)
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︸ ︷︷ ︸
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∂vq

∂xj
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δbl

= 0 (4.23)
Tavini +

(
ν

P r
+

νt

P rt

)
∂Ta

∂xi

ni +
∂FSO

∂T
= 0 (4.24)

ν̃avjnj +
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ν̃
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∂ν̃a

∂xj

nj−
δνt

δν̃
ui

(

∂vi

∂xj

∂vj

∂xi

)

nj +
∂SO

∂ν̃
− δνt

δν̃
Tani

∂T

∂xi
︸ ︷︷ ︸

S−termTRν̃a

= 0 (4.25)Sthn èxodo tou qwrÐou, oi exis¸seic 4.23, 4.24 kai 4.25 qrhsimopoioÔntai gia ton ka-jorismì thc suzugoÔc pÐeshc kai mÐac ek twn dÔo sunistws¸n thc suzugoÔc taqÔth-tac, thc suzugoÔc jermokrasÐac kai thc suzugoÔc metablht c tou montèlou tÔrbhc,antÐstoiqa. Oi ìroi S − termTRui
kai S − termTRν̃a

proèrqontai apì th diafìrishtwn ìrwn thc metafor�c kai thc di�qushc thc exÐswshc thc enèrgeiac, exÐswsh 4.8,antÐstoiqa.4.3.3 SuzugeÐc oriakèc sunj kec stereoÔ toiq¸matocH oriak  sunj kh tÔpou Dirichlet pou epib�lletai sth metablht  tou montèlou tÔr-bhc sto stereì toÐqwma, ν̃ = 0, dÐnei δν̃
δbl

= 0 kai kat� epèktash
∂ν̃

∂bl
= − ∂ν̃

∂xk

δxk

δbl
(4.26)Me antikat�stash thc prohgoÔmenhc èkfrashc sthn exÐswsh 4.14 kai dedomènou ìti

vi = 0, isqÔei gia to rujmì metabol c thc epauxhmènhc sun�rthshc sta stere� ìriaìti
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nkdS(4.27)'Opwc parousi�sjhke sto kef�laio 3, oi oriakèc sunj kec pou epib�llontai stastere� toiq¸mata gia th suzug  taqÔthta kai jermokrasÐa eÐnai oi ex c

uini +
∂FSW

∂p
= 0 (4.28)

Ta = 0 (4.29)OmoÐwc, gia thn apaloif  twn ìrwn pou exart¸ntai apì thn par�gwgo ∂
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(
∂ν̃
∂xj

)epib�lletai ìti ν̃a = 0 sto SW .4.4 'Ekfrash twn parag¸gwn euaisjhsÐacH genik  telik  èkfrash twn parag¸gwn euaisjhsÐac gia turb¸deic roèc me metafor�jermìthtac eÐnai h
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]Gia tic sunart seic-stìqouc pou qrhsimopoioÔntai sthn paroÔsa diatrib  kai b�seithc metabol c ∂FSW

∂p
= −ω1vini = 0 sta stere� toiq¸mata, h sqèsh 3.38 mhdenÐzei ticsunist¸sec thc suzugoÔc taqÔthtac ui = 0. Antikajist¸ntac epiplèon thn èkfrashtou Rp sthn exÐswsh 4.30, oi par�gwgoi euaisjhsÐac lamb�noun th morf 
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δbl
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−
∫
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nj
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∂xk

δxk

δbl
dS +

∫

Ω
ν̃aν̃ Cd(ν̃,~v)

∂d

∂bl
dΩ (4.31)4.5 PistopoÐhsh thc akrÐbeiac twn parag¸gwneuaisjhsÐac'Eqontac katal xei sthn telik  èkfrash gia tic parag¸gouc euaisjhsÐac, pou upo-logÐzei h suneq c suzug c mèjodoc gia asumpÐestec turb¸deic roèc me metafor�jermìthtac, h pistopoÐhsh thc mejìdou apoteleÐ ton epìmeno stìqo. 'Opwc kai stokef�laio 3, oi par�gwgoi pou upologÐzei h proteinìmenh mèjodoc sugkrÐnontai me ticparag¸gouc anafor�c pou prokÔptoun apì th mèjodo twn peperasmènwn diafor¸n.Epiplèon, upologÐzontai oi par�gwgoi me th suzug  mèjodo k�nontac qr sh thcsun jouc paradoq c thc ��pagwmènhc�� turb¸douc sunektikìthtac, dhlad  amel¸-ntac th metabol  thc turb¸douc sunektikìthtac, δνt

δbl
= 0. Efarmìzontac aut nthn paradoq , den apaiteÐtai h diafìrish tou montèlou tÔrbhc kai kat� epèktashkai oi epiplèon ìroi pou emfanÐzontai sth suzug  exÐswsh thc orm c, exÐswsh 4.18,kai stic oriakèc sunj kec gia th suzug  taqÔthta kai pÐesh, exÐswsh 4.23, lìgwmetabol c twn posot twn thc tÔrbhc. EpÐshc, kat� ton upologismì twn parag¸gwn,den sumperilamb�nontai oi dÔo teleutaÐoi ìroi sthn telik  èkfrash twn parag¸gwnthc exÐswshc 4.31, dhlad  oi ìroi pou proèrqontai apì th diafìrish tou montèloutÔrbhc.Sth didaktorik  diatrib  [143] pistopoi jhke ìti h qr sh thc paradoq c thc ��pa-gwmènhc�� turb¸douc sunektikìthtac den odhgeÐ se akribeÐc parag¸gouc euaisjhsÐac.AntÐjeta, h epiplèon epÐlush twn suzug¸n exis¸sewn tou montèlou tÔrbhc odhgeÐse parag¸gouc uyhl c pistìthtac. Stìqoc twn efarmog¸n metafor�c jermìthtacpou akoloujoÔn eÐnai h pistopoÐhsh thc akrÐbeiac thc proteinìmenhc suzugoÔc diatÔ-pwshc, h opoÐa perilamb�nei thn eisagwg  thc metafor�c jermìthtac se turb¸deicroèc, sugkrÐnontac tic parag¸gouc pou upologÐzontai me tic parag¸gouc anafor�c.Par�llhla, pragmatopoieÐtai sÔgkrish me tic parag¸gouc pou upologÐzontai me thnparadoq  thc ��pagwmènhc�� turb¸douc sunektikìthtac ¸ste na faneÐ h diafor� sthn



4.5. Πιστοποίηση της ακρίβειας των παραγώγων ευαισθησίας 57akrÐbeia me thn opoÐa upologÐzontai oi par�gwgoi me tic dÔo autèc mejìdouc. Hsun�rthsh-stìqoc pou qrhsimopoieÐtai stic epìmenec efarmogèc ekfr�zei mìno thmegistopoÐhsh thc metafor�c jermìthtac, exÐswsh 3.21, (ω1 = 0.0, ω2 = 1.0).4.5.1 Agwgìc me strof  90◦Sthn efarmog  aut  upologÐzontai oi par�gwgoi euaisjhsÐac se ènan agwgì o opoÐocpragmatopoieÐ strof  thc ro c kat� 90◦ kai h gewmetrÐa tou eÐnai Ðdia me aut n thcefarmog c 3.7.1. O arijmìc Reynolds thc ro c, upologismènoc me b�sh to Ôyoctou agwgoÔ sthn eÐsodo isoÔtai me Re = 6 × 105. H sun�rthsh-stìqoc afor�th megistopoÐhsh thc jermokrasÐac exìdou tou reustoÔ ìtan autì eisèrqetai stonagwgì me TSI = 293K kai aux�nei th jermokrasÐa tou kaj¸c èrqetai se epaf me ta stajer c jermokrasÐac, TSW = 353K, toiq¸mata tou agwgoÔ. Oi par�gw-goi euaisjhsÐac pou upologÐzontai me thn proteinìmenh mèjodo, thn paradoq  thc��pagwmènhc�� turb¸douc sunektikìthtac kai th mèjodo twn peperasmènwn diafor¸nupologÐzontai gia 10 shmeÐa elègqou, sq ma 3.1, kai parousi�zontai sto sq ma 4.1.Oi basismènec sthn èkfrash 4.31 par�gwgoi euaisjhsÐac sqedìn tautÐzontai apì-luta me tic parag¸gouc anafor�c pistopoi¸ntac me autì ton trìpo thn akrÐbeiathc proteinìmenhc suzugoÔc diatÔpwshc. Apì thn �llh, oi par�gwgoi pou upolo-gÐzontai me thn paradoq  thc ��pagwmènhc�� turb¸douc sunektikìthtac ìqi mìno di-afèroun apì tic parag¸gouc twn peperasmènwn diafor¸n all�, gia k�poia shmeÐa,èqoun kai antÐjeto prìshmo. Sto sq ma 4.1 faÐnetai ìti oi par�gwgoi autèc, pouantistoiqoÔn sta tèssera shmeÐa elègqou thc exwterik c pleur�c tou agwgoÔ, è-qoun antÐjeto prìshmo apì tic parag¸gouc anafor�c. Autì shmaÐnei ìti, an qrhsi-mopoioÔntan autèc oi par�gwgoi me mèjodo beltistopoÐhshc morf c basismènh sthnklÐsh, ja odhgoÔsan th beltistopoÐhsh se l�joc kateÔjunsh, dhlad  h ananèwshtwn metablht¸n sqediasmoÔ den ja odhgoÔse se sq ma to opoÐo ja elaqistopoioÔseth sun�rthsh-stìqo. Sto sq ma 4.2 parousi�zontai to pedÐo thc jermokrasÐac kaithc suzugoÔc jermokrasÐac. Se sÔgkrish me thn efarmog  3.7.1 gia strwt  ro ,o an�podoc omìrrouc tou pedÐou thc suzugoÔc jermokrasÐac eÐnai pio eudi�kritoc.Sto suzugèc prìblhma, h plhroforÐa metadÐdetai apì thn èxodo, ìpou kajorÐzetai htim  thc suzugoÔc jermokrasÐac mèsw thc exÐswshc 4.24. Sto prwteÔon prìblhma, hmet�dosh thc plhroforÐac èqei antÐjeth kateÔjunsh me oriak  sunj kh TSI = 293Ksthn eÐsodo. H antistoiqÐa twn dÔo aut¸n pedÐwn gÐnetai antilhpt  parathr¸ntacta pedÐa sthn eÐsodo kai sthn èxodo tou agwgoÔ. Oi apost�seic pou apaitoÔntaigia na ��sb soun�� oi oriakèc sunj kec thc suzugoÔc jermokrasÐac sthn èxodo thcjermokrasÐac sthn eÐsodo eÐnai perÐpou Ðdiec.4.5.2 Agwgìc enall�kth kelÔfouc/aul¸nH efarmog  afor� sth metafor� jermìthtac gÔrw apì agwgì enall�kth kelÔ-fouc/aul¸n kai eÐnai parìmoia me thn efarmog  3.7.2 me ton arijmì Reynolds naisoÔtai t¸ra me Re = 1 × 105, upologismèno me b�sh to m koc thc diatom c touagwgoÔ. Kai se aut n thn efarmog , h sun�rthsh-stìqoc afor� sth megistopoÐhsh
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Σχήμα 4.1: Αγωγός με στροφή 90◦. Παράγωγοι ευαισθησίας υπολογισμένες χρησι-
μοποιώντας την προτεινόμενη μέθοδο (adjoint), την παραδοχή της ‘‘παγωμένης’’ τυρβώ-
δους συνεκτικότητας και τη μέθοδο των πεπερασμένων διαφορών.thc jermokrasÐac exìdou tou reustoÔ (TSI = 293K) afoÔ èrjei se epaf  me tonagwgì pou èqei jermokrasÐa toiqwm�twn TSW = 353K. H efarmog  aposkopeÐ sthnepibebaÐwsh twn sumperasm�twn thc prohgoÔmenhc efarmog c wc proc thn akrÐbeia methn opoÐa upologÐzontai oi par�gwgoi euaisjhsÐac ìtan diaforÐzontai kai oi exis¸seictou montèlou tÔrbhc. H gewmetrÐa tou agwgoÔ parametropoieÐtai qrhsimopoi¸ntacpolu¸numa Bézier-Bernstein me 8 shmeÐa elègqou se k�je pleur�, ìpwc faÐnetai kaisto sq ma 3.4. Met� th sÔgkrish twn parag¸gwn pou upologÐzontai me thn pro-teinìmenh mèjodo, thn paradoq  thc ��pagwmènhc�� turb¸douc sunektikìthtac kai thmèjodo twn peperasmènwn diafor¸n gia 10 shmeÐa elègqou, sq ma 4.3, epibebai¸netaigia mÐa akìmh for� to sumpèrasma ìti oi par�gwgoi euaisjhsÐac pou upologÐzontaiapì thn èkfrash 4.31 dÐnoun me exairetik  akrÐbeia tic parag¸gouc anafor�c. 'EqeiidiaÐterh shmasÐa na prosèxei kaneÐc ìti 7 stic 10 parag¸gouc pou upologÐzontai methn paradoq  thc ��pagwmènhc�� turb¸douc sunektikìthtac èqoun antÐjeto prìshmoapì autì twn peperasmènwn diafor¸n. Sto sq ma 4.4 parousi�zetai h metafor� jer-mìthtac apì ton agwgì sto reustì kaj¸c kai to pedÐo thc suzugoÔc jermokrasÐac.4.5.3 2D pterÔgwsh strobÐlouH efarmog  aut  afor� sthn pistopoÐhsh thc akrÐbeiac twn parag¸gwn euaisjhsÐacse mia 2D pterÔgwsh strobÐlou. H pterÔgwsh èqei stajer  gwnÐa klÐshc 38.44◦kai lìgo b matoc proc qord  Ðso me 0.8. H ro  eisèrqetai me mhdenik  gwnÐa kaime jermokrasÐa TSI = 293K en¸ h jermokrasÐa sta toiq¸mata thc pterÔgwshc eÐ-nai Ðsh me TSW = 353K. O arijmìc Reynolds basismènoc sth qord  isoÔtai me
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Σχήμα 4.2: Αγωγός με στροφή 90◦. Το πεδίο της θερμοκρασίας T (πάνω) και της
συζυγούς θερμοκρασίας Ta (κάτω).
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Σχήμα 4.3: Αγωγός εναλλάκτη κελύφους/αυλών. Παράγωγοι ευαισθησίας υπο-
λογισμένες χρησιμοποιώντας την προτεινόμενη μέθοδο (adjoint), την παραδοχή της
‘‘παγωμένης’’ τυρβώδους συνεκτικότητας και τη μέθοδο των πεπερασμένων διαφορών.

Rec = 1 × 106. H aerotom  parametropoieÐtai qrhsimopoi¸ntac 8 shmeÐa elègqouse k�je pleur�, sq ma 4.5. Kai stic dÔo pleurèc thc aerotom c, ta dÔo pr¸tashmeÐa elègqou sthn akm  prìsptwshc kai ta dÔo sthn akm  ekfug c paramènounamet�blhta. Ta upìloipa shmeÐa eÐnai eleÔjera na metakinhjoÔn kat� y. Epomènwc,qrhsimopoioÔntai 8 shmeÐa elègqou sunolik� gia ta opoÐa upologÐzontai oi par�gwgoieuaisjhsÐac. Sto sq ma 4.6 parousi�zetai h sÔgkrish twn parag¸gwn euaisjhsÐacpou upologÐzontai me thn proteinìmenh mèjodo kai thn paradoq  thc ��pagwmènhc��turb¸douc sunektikìthtac me tic parag¸gouc pou prokÔptoun apì th mèjodo twnpeperasmènwn diafor¸n. ParathreÐtai ìti oi par�gwgoi pou upologÐsjhkan me thnproteinìmenh mèjodo tautÐzontai me tic parag¸gouc anafor�c. Antijètwc, h paradoq thc ��pagwmènhc�� turb¸douc sunektikìthtac upoektim� tic parag¸gouc. Eidikìterasthn pleur� upopÐeshc, sthn opoÐa antistoiqoÔn to tètarto èwc to ìgdoo shmeÐo e-lègqou tou sq matoc 4.6, parathreÐtai megalÔterh apìklish apì tic timèc anafor�c.Ta pedÐa thc jermokrasÐac T kai to pedÐo thc suzugoÔc jermokrasÐac Ta parousi�-zontai sto sq ma 4.7, ìpou diakrÐnetai o an�podoc omìrrouc tou pedÐou thc suzugoÔcjermokrasÐac Ta se sqèsh me autìn tou pedÐou thc jermokrasÐac T .
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Σχήμα 4.4: Αγωγός εναλλάκτη κελύφους/αυλών. Το πεδίο της θερμοκρασίας T
(πάνω) και της συζυγούς θερμοκρασίας Ta (κάτω).
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Σχήμα 4.5: 2Δ πτερύγωση στροβίλου. Το περίγραμμα της αεροτομής και τα σημεία
ελέγχου Bézier. ΄Ολα τα σημεία ελέγχου εκτός των δύο πρώτων στην ακμή πρόσπτωσης
και των δύο τελευταίων στην ακμή εκφυγής, και στις δύο πλευρές της αεροτομής, είναι
ελεύθερα να μετακινούνται κατά y.
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Σχήμα 4.6: 2Δ πτερύγωση στροβίλου. Παράγωγοι ευαισθησίας υπολογισμένες χρησι-
μοποιώντας την προτεινόμενη μέθοδο (adjoint), την παραδοχή της ‘‘παγωμένης’’ τυρβώ-
δους συνεκτικότητας και τη μέθοδο των πεπερασμένων διαφορών.
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Σχήμα 4.7: 2Δ πτερύγωση στροβίλου. Το πεδίο της θερμοκρασίας T (πάνω) και της
συζυγούς θερμοκρασίας Ta (κάτω).



64 4. Η συζυγής μέθοδος για ασυμπίεστες τυρβώδεις ροές με μεταφορά θερμότητας4.6 BeltistopoÐhsh me qr sh thc teqnik c one-

shotH ��klasik �� aitiokratik  mèjodoc beltistopoÐhshc perilamb�nei, se k�je kÔklobeltistopoÐhshc, pr¸ta thn epÐlush twn exis¸sewn ro c, met� aut n twn suzug¸nexis¸sewn kai, sto tèloc, thn ananèwsh twn metablht¸n elègqou/sqediasmoÔ b�seitwn upologisjeis¸n parag¸gwn euaisjhsÐac, ìpwc faÐnetai sto sq ma 4.8 (p�nw).StoqeÔontac se meÐwsh tou upologistikoÔ kìstouc miac diadikasÐac beltistopoÐh-shc, sth bibliografÐa parousi�zetai h eponomasjeÐsa ��sugqronismènh epanalhptik teqnik  epÐlushc�� (one-shot technique), [138, 91, 59, 62, 61, 60], h opoÐa basÐze-tai sthn tautìqronh ananèwsh tou eujèoc kai suzugoÔc pedÐou ro c kaj¸c kaitwn metablht¸n sqediasmoÔ, sq ma 4.8 (k�tw). Aut  odhgeÐ se taqÔterh eÔreshthc bèltisthc lÔshc se sqèsh me thn apemplegmènh epanalhptik  diaqeÐrish/epÐlushaut¸n. En¸ stic prohgoÔmenec ergasÐec proteÐnetai h pragmatopoÐhsh enìc yeudo-qronikoÔ b matoc gia tic exis¸seic thc ro c kai tic suzugeÐc exis¸seic se k�je kÔklobeltistopoÐhshc, stic ergasÐec [31, 32] pragmatopoieÐtai ènac arijmìc epanal yewngia thn epÐlush twn exis¸sewn thc ro c kai twn suzug¸n exis¸sewn, upologÐzo-ntac proseggistikèc parag¸gouc euaisjhsÐac kai anane¸nontac sth sunèqeia, b�seiaut¸n, tic metablhtèc sqediasmoÔ. K�nontac qr sh thc teqnik c one-shot, o a-paitoÔmenoc qrìnoc gia thn eÔresh thc bèltisthc lÔshc eÐnai perÐpou o misìc au-toÔ thc ��klasik c�� prosèggishc. Gia thn klasik  aitiokratik  mèjodo h opoÐabasÐzetai sthn apemplegmènh epanalhptik  epÐlush twn exis¸sewn thc ro c kai twnsuzug¸n exis¸sewn qrhsimopoieÐtai o agglikìc ìroc segregated adjoint. Gia tic e-farmogèc pou akoloujoÔn, programmatÐsthkan kai parousi�zontai kai oi dÔo teqnikècbeltistopoÐhshc dÐnontac èmfash sthn epit�qunsh pou epitugq�netai lìgw qr shc thcteqnik c one-shot.'Eqontac wc stìqo thn peraitèrw meÐwsh tou upologistikoÔ kìstouc, o algì-rijmoc thc teqnik c one-shot kai thc klasik c teqnik c programmatÐsthke kai seepexergastèc kart¸n grafik¸n (GPUs), k�nontac qr sh thc sqetik c teqnognwsÐacprogrammatismoÔ pou tautìqrona anaptÔssetai sto plaÐsio thc didaktorik c dia-trib c tou X. TrompoÔkh sth MPUR&B/EJS, [145]. H met�bash apì thn epoq programmatismoÔ se kentrikèc mon�dec epexergasÐac (CPUs) stic poll� uposqìmenecmon�dec epexergasÐac grafik¸n (GPUs) epit�qune thn epÐlush problhm�twn diafì-rwn episthmonik¸n kl�dwn. Ston tomèa thc Upologistik c Reustodunamik c, h qr shtwn GPUs od ghse se shmantik  epit�qunsh thc prìlexhc thc ro c. Sth diatrib [145] kai stic sqetikèc ergasÐec [79, 15, 153] parousi�zetai h an�ptuxh enìc epilÔthtwn 2D qronik� mh-mìnimwn exis¸sewn Navier-Stokes kai twn 3D qronik� mh-mìnimwnexis¸sewn Euler se k�rtec grafik¸n kaj¸c kai h epit�qunsh h opoÐa epitugq�netai sesqèsh me ton antÐstoiqo epilÔth stic CPUs. H empeirÐa aut  qrhsimopoi jhke gia thnapodotik  metafor� tou k¸dika epÐlushc twn exis¸sewn asumpÐesthc ro c all� kaitwn antÐstoiqwn suzug¸n exis¸sewn, ìpwc autèc parousi�sthkan sta prohgoÔmenakef�laia, apì th CPU sth GPU, [14]. Sthn paroÔsa diatrib , h qr sh thc suzu-goÔc one-shot teqnik c se k�rtec grafik¸n, uperjètei sthn  dh up�rqousa epit�qun-
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Σχήμα 4.8: Η ‘‘κλασική’’ αιτιοκρατική μέθοδος βελτιστοποίησης (segregated adjoint)
(πάνω) και η ‘‘συγχρονισμένη επαναληπτική τεχνική επίλυσης’’ (one-shot technique)
(κάτω).sh, pou epitugq�netai apì ton algorÐjmo one-shot, thn epit�qunsh pou epifèrei hmetafor� tou algorÐjmou apì th CPU sth GPU. Me autìn ton trìpo, mei¸netaiaisjht� o pragmatikìc qrìnoc ulopoÐhshc thc beltistopoÐhshc. Sthn paroÔsa enìth-ta qrhsimopoieÐtai o algìrijmoc one-shot gia to sqediasmì agwgoÔ me strof  90◦kai to sqediasmì thc morf c twn agwg¸n enall�kth.4.6.1 Sqediasmìc agwgoÔ me strof  90◦H efarmog  aut  afor� sto sqediasmì enìc agwgoÔ me strof  thc ro c kat� 90◦me stìqo thn elaqistopoÐhsh twn apwlei¸n olik c pÐeshc sth morf  thc sun�rthshc

F1. H sunart sh-stìqoc F1 orÐzetai apì thn exÐswsh 3.20. O arijmìc Reynoldsupologismènoc me b�sh to Ôyoc tou agwgoÔ sthn eÐsodo isoÔtai me Re = 65000.To tm ma thc strof c tou agwgoÔ parametropoieÐtai qrhsimopoi¸ntac polu¸numa
Bézier-Bernstein me 7 shmeÐa elègqou se k�je pleur� tou agwgoÔ, ìpwc faÐnetaikai sto sq ma 3.1 thc efarmog c 3.7.1 ìpou ekeÐ pragmatopoieÐtai pistopoÐhsh twnparag¸gwn euaisjhsÐac. To pr¸to kai to teleutaÐo shmeÐo elègqou thc eswterik ckai thc exwterik c pleur�c tou agwgoÔ kai oi tetmhmènec twn upoloÐpwn shmeÐwnelègqou diathroÔntai stajer� katal gontac sunolik� se 10 metablhtèc sqediasmoÔ.O algìrijmoc thc teqnik c one-shot kai thc klasik c teqnik c, programmatismènocse GPUs, qrhsimopoieÐtai gia to sqediasmì tou agwgoÔ k�nontac qr sh kai twndÔo teqnik¸n. Sto sq ma 4.9, pragmatopoieÐtai sÔgkrish thc poreÐac sÔgklishc
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Σχήμα 4.9: Σχεδιασμός αγωγού με στροφή 90◦. Η πορεία της σύγκλισης με την
‘‘κλασική’’ αιτιοκρατική μέθοδο και την τεχνική one-shot. Οι απώλειες ολικής πίεσης F1

ως προς τον πραγματικό χρόνο βελτιστοποίησης (wall clock time).

thc klasik c aitiokratik c mejìdou kai thc teqnik c one-shot wc proc ton prag-matikì qrìno beltistopoÐhshc (wall clock time). Sto sq ma autì o pr¸toc kÔ-kloc beltistopoÐhshc thc teqnik c one-shot, ìpou oi exis¸seic tou prwteÔontoc kaitou suzugoÔc probl matoc sugklÐnoun pl rwc (ìpwc sumbaÐnei dhlad  sthn kla-sik  teqnik ) paraleÐpetai kai gia tic dÔo teqnikèc. ParathreÐtai ìti h teqnik  one-
shot brÐskei thn Ðdia bèltisth lÔsh perÐpou 1.7 forèc grhgorìtera apì thn klasik teqnik , dedomènou ìti apaitoÔntai perÐpou 4 lept� antÐ 7 pou qrei�zetai h klasik teqnik  (ston Ðdio epexergast  k�rtac grafik¸n NVIDIA Tesla M2050), ìpwc faÐne-tai kai apì to sq ma 4.9.Epiplèon, ìson afor� sthn epit�qunsh pou epitugq�netai qrhsimopoi¸ntac to
GPU k¸dika thc teqnik c one-shot se sqèsh me ton antÐstoiqo CPU aut  eÐnai èwc kai
37x gia plègma perÐpou 40000 kìmbwn pou qrhsimopoieÐtai sthn paroÔsa efarmog .Sunolik�, uperjètontac, sto kèrdoc apì th qr sh thc teqnik c one-shot (1.7x), thnepit�qunsh lìgw thc metafor�c tou algorÐjmou apì th CPU sth GPU (37x), heÔresh thc bèltisthc lÔshc pragmatopoieÐtai perÐpou 60 forèc pio gr gora apì tona qrhshmopoioÔse kaneÐc thn klasik  teqnik  programmatismènh sth CPU. Gia thmètrhsh aut c thc epit�qunshc (37x), o CPU k¸dikac ekteleÐtai se epexergast  Intel
Xeon (E5620). To arqikì kai to bèltisto sq ma tou agwgoÔ faÐnontai sto sq ma4.10, en¸ ta pedÐa thc taqÔthtac gia ton arqikì kai to bèltisto agwgì tou sq matoc4.10 faÐnontai sto sq ma 4.11.
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Σχήμα 4.10: Σχεδιασμός αγωγού με στροφή 90◦. Το αρχικό (συνεχής γραμμή) και
το βέλτιστο (διακεκομμένη γραμμή) σχήμα του αγωγού (πάνω).4.6.2 Sqediasmìc bèltistou enall�kth jermìthtacH efarmog  aut  parousi�zei th beltistopoÐhsh tou sq matoc enìc agwgoÔ enal-l�kth kelÔfouc/aul¸n me stìqo el�qistec ap¸leiec olik c pÐeshc, sth morf  thcsun�rthshc F1, kai mègisth metafor� jermìthtac, sth morf  thc sun�rthshc F2. Oisunart seic-stìqoi F1 kai F2 orÐsjhkan stic exis¸seic 3.20 kai 3.21. Gia th sÔnjeshtwn dÔo stìqwn se mÐa eniaÐa sun�rthsh-stìqo epilègontai suntelestèc barÔthtac

ω1 = 0.9 kai ω2 = 0.1. Oi enall�ktec jermìthtac kelÔfouc/aul¸n qrhsimopoioÔntaieurèwc se biomhqanikèc efarmogèc. Aut  h 2D melèth eÐnai, fusik�, epark c miackai h ro  gÔrw apì thn pl�ka sto mèso tou m kouc tou enall�kth jermìthtac a-ntiproswpeÔei èna meg�lo tm ma thc 3D ro c an exairèsoume ta �kra. Shmei¸netaiìti to m koc twn agwg¸n eÐnai arket� megalÔtero apì to pl�toc touc, [160]. Oi a-gwgoÐ kai ta ìria tou 2D upologistikoÔ qwrÐou faÐnontai sto sq ma 4.12. Lìgw thcperiodik� epanalambanìmenhc di�taxhc twn agwg¸n, to upologistikì qwrÐo sumpe-rilamb�nei tèsseric agwgoÔc. To ìrio thc exìdou topojeteÐtai se apìstash arket¸nqord¸n met� touc teleutaÐouc agwgoÔc, k�ti to opoÐo de faÐnetai sto sq ma 4.12. Tomh-domhmèno upologistikì plègma èqei perÐpou 85000 kìmbouc kai 170000 trigwnik�stoiqeÐa. To reustì eisèrqetai sto qwrÐo me jermokrasÐa Tinlet = 293K kai o arij-mìc Reynolds thc ro c, basismènoc sto m koc w (sq ma 4.12), isoÔtai me Re= 160.Sto eswterikì twn agwg¸n jewreÐtai ìti rèei reustì uyhl c jermokrasÐac, diathr¸-ntac stajer  th jermokrasÐa sthn epif�neia touc, Twall =353K (anexart ta apì thnopoiad pote metabol  tou sq matoc twn agwg¸n kat� th beltistopoÐhsh kai kat�epèktash thc paroq c tou reustoÔ pou rèei sto eswterikì touc).To sq ma twn agwg¸n eÐnai summetrikì wc proc ton orizìntio �xona kai parametro-
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Σχήμα 4.11: Σχεδιασμός αγωγού με στροφή 90◦. Τα πεδία της ταχύτητας της
αρχικής (πάνω) και της βέλτιστης λύσης (κάτω).poieÐtai qrhsimopoi¸ntac polu¸numa Bézier-Bernstein me 8 shmeÐa elègqou se k�jepleur�. 4 apì aut� mporoÔn na metab�llontai kai stic dÔo kateujÔnseic en¸ todeÔtero kai to èbdomo metab�llontai mìno kat� thn k�jeth sth qord  kateÔjunshkatal gontac sunolik� se 10 metablhtèc sqediasmoÔ, ìpwc faÐnetai sto 4.13. 'Oloi
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T=353 K 

T=293 K 

w=2c 4c
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Σχήμα 4.12: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Σχηματική αναπαρά-
σταση ενός εναλλάκτη κελύφους/αυλών. Η μαύρη γραμμή σημειώνει τα όρια του υπολο-
γιστικού χωρίου.

Σχήμα 4.13: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Παραμετροποίηση της
άνω πλευράς του σχήματος του αγωγού. Η παραμετροποίηση της κάτω πλευράς κα-
θορίζεται αυτόματα από την ως προς τον οριζόντιο άξονα συμμετρία. Οι μεταβλητές
σχεδιασμού αντιστοιχούν στις συνιστώσες των σημείων ελέγχου Bézier.oi agwgoÐ eÐnai panomoiìtupoi kai topojethmènoi se prokajorismènec jèseic.Kai se aut n thn efarmog  sugkrÐnetai h poreÐa sÔgklishc thc GPU ekdoq c touk¸dika thc klasik c aitiokratik c mejìdou kai thc teqnik c one-shot wc proc tonpragmatikì qrìno beltistopoÐhshc (wall clock time), sq ma 4.14. ParathreÐtai ìti hteqnik  one-shot odhgeÐ sthn eÔresh thc bèltisthc lÔshc se perÐpou 10 lept� ènanti

18 lept¸n thc klasik c teqnik c (epit�qunsh 1.78x). Dedomènou ìti h epit�qunshtou algorÐjmou sth GPU exart�tai apì to pl joc twn kìmbwn tou upologistikoÔplègmatoc, sthn paroÔsa efarmog  h epit�qunsh tou GPU algorÐjmou thc teqnik c
one-shot se sqèsh me ton antÐstoiqo CPU eÐnai perÐpou 40x. Epomènwc, h GPUekdoq  tou k¸dika thc teqnik c one-shot eÐnai 70 forèc pio gr gorh apì thn klasik aitiokratik  mèjodo programmatismènh sth CPU. To arqikì (F1=0.89, F2=35.23) kaito bèltisto (F1=0.70, F2=34.1) sq ma tou agwgoÔ parousi�zontai sto sq ma 4.15,en¸ ta pedÐa thc jermokrasÐac gia ton arqikì kai to bèltisto agwgì tou sq matoc4.15 faÐnontai sto sq ma 4.16.
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Σχήμα 4.14: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Η πορεία της σύγκλισης
με την ‘‘κλασική’’ αιτιοκρατική μέθοδο και την τεχνική one-shot. Η ενιαία συνάρτηση F
(F = 0.9F1− 0.1F2) ως προς τον πραγματικό χρόνο βελτιστοποίησης (wall clock time).
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Σχήμα 4.15: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Το αρχικό (F1=0.89,
F2 =35.23) και το βέλτιστο (F1 =0.70, F2 =34.1) σχήμα του αγωγού του εναλλάκτη
θερμότητας.
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Σχήμα 4.16: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Τα πεδία της
θερμοκρασίας για τον αρχικό (πάνω) και το βέλτιστο αγωγό (κάτω) του σχήματος 4.15.
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Kef�laio 5BeltistopoÐhsh topologÐac meth suzug  mèjodoSto kef�laio autì, se antÐjesh me ta dÔo prohgoÔmena kef�laia ìpou anaptÔqjhkeh suneq c suzug c mèjodoc gia probl mata beltistopoÐhshc morf c, parousi�zetaimia mèjodoc beltistopoÐhshc topologÐac, k�nontac qr sh thc suneqoÔc suzugoÔcmejìdou, se probl mata asumpÐestwn turbwd¸n ro¸n me metafor� jermìthtac. MÐaepiskìphsh thc bibliografÐac thc beltistopoÐhshc topologÐac deÐqnei ìti h idèa thcbeltistopoÐhshc topologÐac prwtoemfanÐsthke sthn perioq  thc mhqanik c tou stere-oÔ s¸matoc. Gia pr¸th for� to 1988 oi Bendsoe kai Kikuchi, [19], qrhsimopoioÔnth beltistopoÐhsh topologÐac gia to sqediasmì mhqanik¸n dom¸n se fìrtish me stì-qo thn epÐteuxh domik c duskamyÐac elaqistopoi¸ntac thn elastikìthta aut¸n twndom¸n. H idèa basÐzetai sth qr sh miac suneqoÔc sun�rthshc gia thn puknìth-ta tou ulikoÔ sto upì melèth qwrÐo ìpou meg�lec timèc puknìthtac antistoiqoÔnse ulikì en¸ mikrèc timèc se kenì. Me b�sh autì, oi metablhtèc sqediasmoÔ thcbeltistopoÐhshc eÐnai h puknìthta tou ulikoÔ se k�je shmeÐo tou diakritoÔ qwrÐou.Me thn epÐlush tou probl matoc beltistopoÐhshc upologÐzetai h bèltisth gia domik duskamyÐa katanom  puknìthtac sto qwrÐo melèthc kai, sunep¸c, prosdiorÐzetai hmorf  thc mhqanik c dom c (p.q. h dom  enìc diktu¸matoc, sq ma 5.1). Ta epìme-na qrìnia h qr sh thc mejìdou epekteÐnetai se èna meg�lo arijmì problhm�twn thcdomik c mhqanik c. Pollèc apì tic sqetikèc ergasÐec brÐskontai sugkentrwmènecsto biblÐo Topology optimization - Theory, methods and applications, [20]. SticergasÐec [131, 46, 163] parousi�zetai h beltistopoÐhsh topologÐac se probl ma-ta sunagwg c jermìthtac sth domik  mhqanik  me stìqo thn eÔresh thc bèltisthckatanom c tou ulikoÔ sto qwrÐo ¸ste na elaqistopoieÐtai h jermìthta pou apojhkeÔe-tai sto sÔsthma lìgw thc epibol c dedomènwn jermik¸n fortÐwn. Sthn pleioyhfÐatwn problhm�twn beltistopoÐhshc topologÐac sth domik  mhqanik  eÐnai aparaÐththh epibol  periorism¸n pou aforoÔn sto el�qisto epitrepìmeno posostì tou ìgkoutou qwrÐou melèthc pou mporeÐ na katalamb�nei h mhqanik  dom . H mèjodoc thcbeltistopoÐhshc topologÐac brÐskei, epÐshc, efarmog  se di�forouc tomeÐc, ìpwc l.q.gia thn epÐlush problhm�twn akoustik c, [41, 40], optik c, [21, 72] kaj¸c kai mikro-hlektromhqanik¸n susthm�twn, [92]. 73
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Σχήμα 5.1: Βελτιστοποίηση τοπολογίας στη δομική μηχανική με στόχο την εύρεση
της βέλτιστης κατανομής της πυκνότητας υλικού σε κάθε σημείο του χωρίου (δοκός
ΜΒΒ, [132], πάνω) για την απόκτηση της βέλτιστης μορφής με τη μέγιστη δυσκαμψία
(κάτω). Οι δοκοί με μαύρο χρώμα αντιστοιχούν σε μεγάλες τιμές πυκνότητας, δηλαδή
υλικό, ενώ τα χωρία με άσπρο χρώμα σε μηδενικές πυκνότητες δηλαδή κενό.Ston tomèa thc mhqanik c twn reust¸n, h beltistopoÐhsh topologÐac parousi�ze-tai se el�qistec ergasÐec, sugkritik� me �llec perioqèc. Oi perissìterec apì autècaforoÔn se roèc qamhl¸n arijm¸n Reynolds (èrpousec) stic opoÐec eÐnai kurÐar-qoi oi sunektikoÐ ìroi. Sthn ergasÐa [22], emfanÐzetai gia pr¸th for� h idèa thcbeltistopoÐhshc topologÐac sth mhqanik  twn reust¸n, kai, sugkekrimèna, se pro-bl mata ro¸n Stokes me stìqo thn elaqistopoÐhsh twn apwlei¸n enèrgeiac stoupì melèth qwrÐo. Ousiastik�, metafèretai h idèa thc katanom c thc puknìthtacenìc ulikoÔ sto upì melèth qwrÐo apì th mhqanik  stereoÔ s¸matoc sth mhqanik twn reust¸n, eis�gontac èna metablhtì pedÐo por¸douc stic exis¸seic orm c, [22].To ��por¸dec�� (porosity),   alli¸c ��mh-diaperatìthta�� (non-permeability) ìpwcanafèretai sthn ergasÐa [22], apoteleÐ thn antÐstoiqh ènnoia thc puknìthtac touulikoÔ sth mhqanik  twn reust¸n. Mh-mhdenikèc topikèc timèc tou por¸douc, toopoÐo sumbolÐzetai me α, antistoiqoÔn se perioqèc pou prèpei na stereopoihjoÔn en¸mhdenikèc timèc antistoiqoÔn se perioqèc rèontoc reustoÔ. Sth mhqanik  twn reust¸nh beltistopoÐhsh topologÐac orÐzetai wc h diadikasÐa kat� thn opoÐa anazhteÐtai tobèltisto (wc proc sugkekrimènh sun�rthsh-stìqo) pedÐo tou por¸douc se èna eurÔqwrÐo melèthc ¸ste, afoÔ me b�sh tic topikèc timèc por¸douc stereopoihjeÐ tm matou qwrÐou, to apomènon tm ma na apoteleÐ to bèltisto (wc proc ta Ðdia krit ria)agwgì ro c. Sto sq ma 5.2 parousi�zetai h logik  thc beltistopoÐhshc topologÐacsth mhqanik  twn reust¸n.Basizìmenoi se aut n th logik  kai prin thn episkìphsh thc bibliografÐac thcbeltistopoÐhshc topologÐac sth mhqanik  twn reust¸n, axÐzei na epishmanjoÔn tapleonekt mata thc beltistopoÐhshc topologÐac se sqèsh me th beltistopoÐhsh mor-f c. Sth beltistopoÐhsh morf c, proapaitoÔmeno eÐnai h parametropoÐhsh thc sqe-



75
α>ε

α≤ε

S
I

S
W

SO

S
α

Σχήμα 5.2: Βελτιστοποίηση τοπολογίας στη μηχανική των ρευστών-σχηματική ανα-
παράσταση του βέλτιστου πεδίου του πορώδους. Στόχος της βελτιστοποίησης είναι η
εύρεση της βέλτιστης διαδρομής της ροής, δηλαδή της βέλτιστης κατανομής του πορώ-
δους στο χωρίο αυτό με στερεά τοιχώματα SW , ανάμεσα σε μία είσοδο SI και μία έξοδο
SO, με σκοπό την ελαχιστοποίηση της συνάρτησης-στόχου, έστω λ.χ. των απωλειών
ολικής πίεσης. Μετά το πέρας της βελτιστοποίησης, περιοχές με μη-μηδενική τιμή του
πορώδους (α 6= 0, πρακτικά α > ε όπου ε είναι μία απειροστά μικρή θετική ποσότητα),
οι οποίες φαίνονται με μαύρο χρώμα, αντιστοιχούν στις περιοχές που πρέπει να στερε-
οποιηθούν (περιοχές χωρίς ροή). Αντιθέτως, περιοχές με γκρι χρώμα υποδεικνύουν τη
διαδρομή του ρέοντος ρευστού και το πορώδες έχει εκεί μηδενική τιμή (α = 0 ή, πρα-
κτικά, α ≤ ε). Οι διεπιφάνειες ανάμεσα στις δύο προαναφερθείσες περιοχές αποτελούν
τα στερεά τοιχώματα, Sα, του βέλτιστου αγωγού.

diazìmenhc morf c, mèsw mejìdwn perigraf c kampul¸n   epifanei¸n (poluwnumikècekfr�seic, NURBS, klp). Autì proôpojètei th gn¸sh ek twn protèrwn thc en gèneimorf c touc sq matoc pou prìkeitai na parametropoihjeÐ. H parametropoÐhsh aut kajorÐzei tic metablhtèc sqediasmoÔ, all� periorÐzei tautìqrona th morfopoÐhshtou telikoÔ s¸matoc, apokleÐontac endeqomènwc kalÔterec se apìdosh morfèc, mh-anapar�ximec apì aut n. Wc par�deigma, sthn perÐptwsh tou sq matoc 5.3, ìpou faÐ-nontai ta pedÐa ro c gia dÔo diaforetikèc topologÐec se èna qwrÐo, h parametropoÐhshmorf c mporeÐ na d¸sei austhr� mÐa apì tic dÔo topologÐec, analìgwc thc parametro-poÐhshc, pou uiojet jhke, adunat¸ntac ek twn pragm�twn na diereun sei endeqìmenhkatallhlìthta thc �llhc. Antijètwc, h beltistopoÐhsh topologÐac, h opoÐa orÐsjhkewc h diadikasÐa anaz thshc bèltistwn sqhmatism¸n twn pedÐwn ro c se èna qwrÐob�sei thc sun�rthshc-stìqou, den basÐzetai se gewmetrÐa prokajorismènh apì thnarq  thc beltistopoÐhshc. L.q. sto par�deigma tou sq matoc 5.3, h beltistopoÐhshtopologÐac ja apofasÐsei pìsec kai poièc sunen¸seic   diaklad¸seic eÐnai aparaÐth-tec ¸ste na elaqistopoihjeÐ h sun�rthsh-stìqoc. Se autì to par�deigma, stìqoc
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Σχήμα 5.3: Βελτιστοποίηση τοπολογίας. Σχεδιασμός αγωγού που συνδέει δύο
προκαθορισμένες εισόδους της ροής στα αριστερά του χωρίου μελέτης με δύο προκα-
θορισμένες εξόδους στα δεξιά. Στην πρώτη περίπτωση (αριστερά) δημιουργούνται δύο
ξεχωριστές διαδρομές ενώ, στη δεύτερη περίπτωση (δεξιά), αυξάνοντας το μήκος του
χωρίου, η τοπολογία της ροής διαφέρει από την πρώτη σχηματίζοντας δύο αγωγούς οι
οποίοι ενώνονται για να ελαχιστοποιήσουν τα τοιχώματα τους άρα και τις απώλειες ολικής
πίεσης μεταξύ εισόδου και εξόδου.thc beltistopoÐhshc eÐnai h eÔresh thc topologÐac twn agwg¸n me el�qistec ap¸leieclìgw sunektikìthtac se strwt  ro . Oi dÔo morfèc tou agwgoÔ pou parousi�zontaiantiproswpeÔoun dÔo pijanèc topologÐec. H bèltisth lÔsh exart�tai ousiastik� apìthn orizìntia apìstash metaxÔ eisìdou kai exìdou. Gia mikr� m kh, ìpwc anamène-tai, dÔo diakritoÐ agwgoÐ dÐnoun mikrìterec ap¸leiec en¸, gia meg�la m kh, upertereÐh sunènwsh twn dÔo se eniaÐo agwgì kat� to megalÔtero mèroc tou qwrÐou. SthbeltistopoÐhsh morf c, h parametropoÐhsh ja kajìrize poia apì tic dÔo topologÐecmporeÐ na prokÔyei, apokleÐontac exarq c thn �llh.Parìla aut�, axÐzei na shmeiwjeÐ ìti h bèltisth topologÐa, h opoÐa prokÔptei apìth diadikasÐa beltistopoÐhshc topologÐac, antistoiqeÐ se mia morf  h opoÐa den mporeÐna kataskeuasteÐ qwrÐc prohgoÔmenh metepexergasÐa-exom�lusnh. Autì ofeÐletaista mh�leÐa stere� toiq¸mata ta opoÐa kajorÐzontai apì thn tim  tou por¸doucstouc kìmbouc tou upologistikoÔ plègmatoc. EÐnai profanèc ìti h diepif�neia Sαtou sq matoc 5.2 apoteleÐtai apì èna sÔnolo akm¸n oi opoÐec thn kajistoÔn mh-leÐa,deqìmenoi ìti to upologistikì plègma pou qrhsimopoieÐtai den eÐnai apeÐrwc puknì.Gia to lìgo autì, h diadikasÐa thc beltistopoÐhshc topologÐac enèqei ousiastik�kai èna telikì b ma, to opoÐo afor� sthn apìkthsh tou telikoÔ (leÐou) sq matoc,proseggÐzontac th bèltisth gewmetrÐa.Dedomènou ìti oi timèc tou por¸douc se k�je kìmbo tou qwrÐou apoteloÔn ticmetablhtèc sqediasmoÔ thc beltistopoÐhshc topologÐac, o arijmìc twn metablht¸nsqediasmoÔ isoÔtai me ton arijmì twn kìmbwn tou ek�stote qwrÐou. Gia to lìgoautì, gia thn ulopoÐhsh thc beltistopoÐhshc topologÐac h suzug c mèjodoc eÐnai,me diafor�, h plèon kat�llhlh miac kai to kìstoc upologismoÔ twn parag¸gwn eÐnaianex�rthto tou arijmoÔ twn metablht¸n sqediasmoÔ. EÐnai profanèc ìti h qr sh miacstoqastik c mejìdou beltistopoÐhshc ja  tan apagoreutik  lìgw thc ex�rthshc tou



77kìstouc thc me ton arijmì twn metablht¸n. Sthn ergasÐa [22], qrhsimopoi jhke hsuzug c mèjodoc gia ton upologismì twn parag¸gwn euaisjhsÐac thc sun�rthshc-stìqou wc proc thn tim  tou por¸douc se k�je shmeÐo tou q¸rou. EpekteÐnontacth mèjodo aut , sthn ergasÐa [54] proteÐnetai mÐa nèa mejodologÐa gia thn epÐlushproblhm�twn beltistopoÐhshc topologÐac se roèc Stokes, ìpou antÐ na epilÔontai oiexis¸seic Stokes se ìlo to qwrÐo, [22], epilègetai h epÐlush twn exis¸sewn Stokessto qwrÐo thc ro c kai h qr sh tou nìmou tou Darcy sto stereì s¸ma. Sthn ergasÐa[47], epekteÐnetai h beltistopoÐhsh topologÐac se strwtèc roèc me thn eisagwg  toumetablhtoÔ pedÐou tou por¸douc stic exis¸seic orm c twn exis¸sewn Navier Stokes.Stic ergasÐec [54, 47] kaj¸c kai stic [104, 132], gia strwtèc roèc, qrhsimopoieÐtaih diakrit  suzug c mejìdoc gia ton upologismì twn parag¸gwn euaisjhsÐac. SticergasÐec [76] kai [110] qrhsimopoi jhke h teqnik  thc autìmathc   algorijmik cdiafìrishc (automatic or algorithmic differentiation) gia th dhmiourgÐa tou diakritoÔsust matoc twn suzug¸n exis¸sewn.'Oson afor� sth beltistopoÐhsh topologÐac gia turb¸deic roèc, den èqei parou-siasteÐ mèqri stigm c sth bibliografÐa. Monadik  exaÐresh apoteleÐ h ergasÐa [108],h opoÐa qrhsimopoieÐ th suneq  suzug  mèjodo gia ton upologismì twn parag¸gwneuaisjhsÐac. H ergasÐa aut  epiqeireÐ th beltistopoÐhsh topologÐac se probl ma-ta turbwd¸n ro¸n, qwrÐc ìmwc na anaptÔssei kai na epilÔei tic suzugeÐc exis¸seictou montèlou tÔrbhc, amel¸ntac dhlad  th metabol  thc turb¸douc sunektikìth-tac wc proc tic metablhtèc sqediasmoÔ, dhlad  wc proc to por¸dec se k�je shmeÐotou qwrÐou. H paradoq  thc ��pagwmènhc�� turb¸douc sunektikìthtac νt wc proc to
α (dhlad  δνt

δα
= 0), kajist� pio apl  th majhmatik  diatÔpwsh twn suzug¸n exi-s¸sewn kai den apaiteÐtai h epÐlush twn epiplèon exis¸sewn tou montèlou tÔrbhc.Efarmìzontac, parìla aut�, thn paradoq  aut , ìpwc parousi�sthke kai sto pro-hgoÔmeno kef�laio, prokÔptoun timèc parag¸gwn euaisjhsÐac diaforetikèc apì ticpragmatikèc.H paroÔsa diatrib  parousi�zei, gia pr¸th for� sth bibliografÐa, th beltistopoÐ-hsh topologÐac gia probl mata asumpÐestwn turbwd¸n ro¸n, basizìmenh ston upo-logismì twn akrib¸n klÐsewn thc sun�rthshc-stìqou. Gia to lìgo autì, epanadiatu-p¸nontai oi exis¸seic tou montèlou tÔrbhc Spalart-Allmaras me thn prosj kh nèwnìrwn, oi opoÐoi eis�goun to por¸dec sthn exÐswsh tou montèlou. Epiplèon, gia thnapofug  thc paradoq c thc ��pagwmènhc��' turb¸douc sunektikìthtac, diatup¸nontaioi suneqeÐc suzugeÐc exis¸seic tou montèlou tÔrbhc, gia pr¸th for� sth bibliografÐa,gia thn perÐptwsh thc beltistopoÐhshc topologÐac.'Oson afor� sthn epÐlush problhm�twn me metafor� jermìthtac sth beltistopoÐh-sh topologÐac, stic ergasÐec [158, 35, 97] parousi�zetai h eÔresh thc bèltisthctopologÐac thc ro c gia strwtèc roèc me metafor� jermìthtac me stìqo thn e-laqistopoÐhsh thc jermokrasÐac sto qwrÐo melèthc. Stic ergasÐec autèc paremb�l-lontai oi timèc thc jermik c agwgimìthtac an�mesa se dÔo ìria basizìmenoi stic topi-kèc timèc tou por¸douc. To k�tw ìrio antistoiqeÐ sthn tim  thc jermik c agwgimìth-tac sto reustì, en¸ to �nw ìrio sthn tim  thc sto stereì s¸ma. H qr sh aut cthc parembol c  tan upoqrewtik  stic ergasÐec ìpou h sun�rthsh-stìqoc exart�taiapì qwrik� oloklhr¸mata thc jermokrasÐac, opìte h exÐswsh thc enèrgeiac èprepe



78 5. Βελτιστοποίηση τοπολογίας με τη συζυγή μέθοδοna epilujeÐ kai entìc tou stereopoihmènou qwrÐou. H paroÔsa didaktorik  diatrib asqoleÐtai apokleistik� me th metafor� jermìthtac sto reustì qwrÐc na endiafère-tai gia thn katanom  thc jermokrasÐac sto stereì s¸ma. Gia to lìgo autì, oisunart seic-stìqoi, oi opoÐec epilègontai, perilamb�noun mìno sunoriak� oloklhr¸-mata thc jermokrasÐac sthn eÐsodo kai èxodo tou qwrÐou. Epomènwc, shmantikì rìlopaÐzei h gn¸sh thc jermokrasÐac sta stere� toiq¸mata. Autì od ghse sth diatÔ-pwsh ek nèou thc exÐswshc thc enèrgeiac, sthn opoÐa eis�getai to por¸dec mèsw thcprosj khc nèwn kat�llhlwn ìrwn kai, sth sunèqeia, thc suzugoÔc exÐswshc aut c.Oi treic autèc ergasÐec den qrhsimopoioÔn th suzug  mèjodo gia ton upologismì twnparag¸gwn euaisjhsÐac all� th mèjodo kinoÔmenwn asumpt¸twn, (Method of Mov-
ing Asymptotes, MMA), [137], h opoÐa qrhsimopoieÐtai se probl mata thc mhqanik cstereoÔ s¸matoc kai apoteleÐ mia mèjodo prosèggishc parag¸gou. Se sÔgkrish metic proanaferjeÐsec ergasÐec, h mejìdoc h opoÐa anaptÔqjhke ed¸ gia thn epÐlushproblhm�twn metafor�c jermìthtac diaforopoieÐtai epiplèon wc proc to ìti basÐze-tai sth suneq  suzug  mèjodo kaj¸c epÐshc ìti upologÐzei thn akrib  klÐsh thcsun�rthshc-stìqou gia turb¸deic roèc me metafor� jermìthtac.Sto parìn kef�laio ektìc apì th diatÔpwsh tou suzugoÔc probl matoc giaturb¸deic roèc me metafor� jermìthtac, parousi�zetai mia seir� apì probl matabeltistopoÐhshc topologÐac pou aforoÔn sto sqediasmì diktÔwn agwg¸n, gia strwtèckai turb¸deic roèc, me   qwrÐc metafor� jermìthtac.5.1 Exis¸seic thc ro c'Opwc anafèrjhke  dh sth bibliografÐa, h eisagwg  tou por¸douc stic exis¸seic
Navier-Stokes gia to asumpÐesto reustì gÐnetai me thn prosj kh enìc ìrou pouexart�tai apì to pedÐo tou por¸douc α stic exis¸seic thc orm c, [158, 35, 97]. HparoÔsa diatrib  proteÐnei thn prìsjesh antÐstoiqwn ìrwn sthn exÐswsh thc enèrgei-ac kai sthn exÐswsh tou montèlou tÔrbhc Spalart-Allmaras me stìqo thn epèktash thcbeltistopoÐhshc topologÐac se probl mata turbwd¸n ro¸n me metafor� jermìthtac.Oi proteinìmenec exis¸seic kat�stashc

Rp = 0, Rvi
= 0, RT = 0, Rν̃ = 0gia thn epÐlush problhm�twn beltistopoÐhshc topologÐac eÐnai oi ex c

Rp = β2 ∂vj

∂xj

= 0 (5.1)
Rvi

= vj
∂vi

∂xj

+
∂p

∂xi

− ∂

∂xj

[

ν

(

∂vi

∂xj

+
∂vj

∂xi

)]

+ αvi = 0 (5.2)
RT =

∂ (vjT )

∂xj

− ∂

∂xj

[(
ν

P r
+

νt

P rt

)
∂T

∂xj

]

+ α (T − Twall) = 0 (5.3)
Rν̃ =

∂(viν̃)

∂xi

− ∂

∂xi

[(

ν +
ν̃

σ

)
∂ν̃

∂xi

]

− cb2

σ

(

∂ν̃

∂xi

)2

− ν̃P (ν̃) + ν̃D (ν̃) + αν̃ = 0(5.4)



5.2. Συναρτήσεις-στόχοι 79ìpou Twall eÐnai h jermokrasÐa twn stere¸n toiqwm�twn pou perib�lloun th ro . Oiìroi αvi, α (T − Twall) kai αν̃ prostÐjentai teqnhèntwc stic exis¸seic kat�stashc.Gia k�je kìmbo ston opoÐo upologÐzetai mhdenik  tim  tou por¸douc α, oi ìroi autoÐexafanÐzontai kai oi kìmboi antistoiqoÔn se perioq  ro c, dedomènou ìti oi meta-blhtèc kat�stashc ikanopoioÔn plèon tic klasikèc exis¸seic ro c. Antijètwc, kìmboime α 6= 0, pou antistoiqoÔn se stereì s¸ma, apoktoÔn mhdenik  taqÔthta gia naelaqistopoi soun ton ìro αvi sthn exÐswsh 5.2. AntÐstoiqa, epilègetai h prosj khtou ìrou αν̃ sthn exÐswsh tou montèlou tÔrbhc ètsi ¸ste stouc kìmbouc me α 6= 0,to ν̃ kai, kat� sunèpeia, kai to νt na isoÔtai epÐshc me mhdèn. 'Oson afor� sthnexÐswsh enèrgeiac, dedomènou ìti eÐnai epijumht  h epibol  dedomènhc jermokrasÐacsta toiq¸mata tou agwgoÔ pou dhmiourgeÐtai sto qwrÐo melèthc, prostÐjetai o ìroc
α (T − Twall). Gia thn elaqistopoÐhsh autoÔ tou ìrou, stouc kìmbouc me α 6= 0,h topik  jermokrasÐa isoÔtai me Twall kai antistoiqeÐ sto tm ma tou qwrÐou poustereopoieÐtai.5.2 Sunart seic-stìqoiOi sunart seic-stìqoi thc beltistopoÐhshc topologÐac, pou qrhsimopoioÔntai sticefarmogèc pou parousi�zontai sthn enìthta 5.9, ekfr�zoun thn elaqistopoÐhsh twnapwlei¸n olik c pÐeshc, F1, kai th megistopoÐhsh thc diafor�c thc jermokrasÐac, F2,metaxÔ thc exìdou (SO) kai thc eisìdou (SI) tou qwrÐou, ìpou

F1 = −
∫

SI

(

p +
1

2
ρv2

)

vinidS −
∫

SO

(

p +
1

2
ρv2

)

vinidS (5.5)
F2 =

∫

SI

TvinidS +
∫

SO

TvinidS (5.6)Oi dÔo parap�nw posìthtec ekfr�zoun thn olik  pÐesh kai th jermokrasÐa oloklhrw-mènec sthn paroq  ìgkou tou reustoÔ pou dièrqetai apì tic gnwstèc diatomèc eisìdoukai exìdou tou pedÐou ro c. Sthn perÐptwsh thc beltistopoÐhshc topologÐac jew-r jhke skìpimo, se antÐjesh me thn exÐswsh 3.21 gia probl mata beltistopoÐhshcmorf c, na qrhsimopoihjeÐ h oloklhrwmènh sthn paroq  ìgkou tou reustoÔ èkfrashgia to stìqo F2. 'Opwc kai sthn perÐptwsh thc beltistopoÐhshc morf c (enìthta3.3) sta probl mata me metafor� jermìthtac, sqhmatÐzetai eniaÐa sun�rthsh F , hopoÐa apoteleÐtai apì to �jroisma twn dÔo epimèrouc sunart sewn-stìqwn, Fi, pol-laplasiasmènwn me kat�llhlouc suntelestèc barÔthtac, ωi, pou epilègei o qr sthc,wc
F = ω1F1 − ω2F2 (5.7)Oi mon�dec twn ω1 kai ω2 eÐnai kat�llhlec ¸ste na eÐnai efikt  h �jroish twndiastat¸n sunart sewn F1 kai F2 pollaplasiasmènwn me touc suntelestèc autoÔc.Sth sunèqeia, ta diastat� megèjh ω1 kai ω2 ja parousi�zontai qwrÐc na anagr�fontai



80 5. Βελτιστοποίηση τοπολογίας με τη συζυγή μέθοδοoi sqetikèc diast�seic. H diafor� sto prìshmo twn dÔo ìrwn upagoreÔetai apì ìti hmen F1 elaqistopoieÐtai en¸, h F2 megistopoieÐtai. Profan¸c, ed¸, h nèa sun�rthsh
F prèpei na elaqistopoihjeÐ. Oi metabolèc thc eniaÐac sun�rthshc-stìqou wc proctic roðkèc metablhtèc, p, vi, T, ν̃, eÐnai mhdenikèc sta stere� toiq¸mata SW kai Sα en¸,sta SI kai SO dÐnontai apì tic ekfr�seic

∂F

∂p
= −ω1vini

∂F

∂vi

= −ω1(
1

2
v2ni + vivλnλ + pni)− ω2Tni (5.8)

∂F

∂T
= −ω2vini

∂F

∂ν̃
= 05.3 Oi sunart seic twn periorism¸nSta probl mata beltistopoÐhshc topologÐac me perissìterec apì mÐa exìdouc eÐnaisuqn� aparaÐthth h epibol  periorism¸n pou aforoÔn ston kajorismì thc paroq c toureustoÔ se k�je èxodo. 'Omoia, se probl mata metafor�c jermìthtac, oi periorismoÐaforoÔn sthn epijumÐa kajorismoÔ thc jermokrasÐac tou reustoÔ se k�je èxodo.'Estw ìti to qwrÐo melèthc perilamb�nei L exìdouc, o periorismìc gia ton kajorismìthc paroq c se k�je èxodo dÐnetai apì th sqèsh

c1 =
1

2

L∑

l=1

(∆ml)
2 = 0 (5.9)ìpou

∆ml =
∫

SOl

vinidS + rl

∫

SI

vinidSkai rl antistoiqeÐ sto posostì thc paroq c thc ro c thc eisìdou pou epidi¸ketai naexèljei apì thn èxodo l.EpÐshc, suqn� se arketèc biomhqanikèc efarmogèc, eÐnai epijumht  h dunatìthtakajorismoÔ thc mèshc jermokrasÐac tou reustoÔ se k�je èxodo. Gia to lìgo autì,epib�lletai o akìloujoc periorismìc c2

c2 =

∑L
l=1

∫

SOl
vini

(

T − T O

)2
dS

∫

SI
vinidS

= 0 (5.10)ìpou T O h mèsh jermokrasÐa tou reustoÔ stic exìdouc, h opoÐa all�zei dunamik� sek�je kÔklo beltistopoÐhshc kai dÐnetai apì th sqèsh
T O =

∑L
l=1

∫

SOl
TdS

∑L
l=1

∫

SOl
dS

(5.11)



5.4. Διατύπωση των συζυγών εξισώσεων 81Oi metabolèc twn sunart sewn twn periorism¸n wc proc tic posìthtec thc ro c sticexìdouc SOl
, l = 1, L dÐnontai apì tic ekfr�seic

∂c1

∂p
=

∂c2

∂p
= 0

∂c1

∂vi
= ∆mlni,

∂c2

∂vi
=

ni

(

T − T O

)2

∫

SI
vinidS

(5.12)
∂c1

∂T
= 0,

∂c2

∂T
=

2vini

(

T − T O

)

∫

SI
vinidS

∂c1

∂ν̃
=

∂c2

∂ν̃
= 05.4 DiatÔpwsh twn suzug¸n exis¸sewnSthn paroÔsa enìthta, anaptÔssetai h majhmatik  diatÔpwsh tou suneqoÔc suzu-goÔc probl matoc gia th beltistopoÐhsh topologÐac, ìpwc kai sto kef�laio 4 giath beltistopoÐhsh morf c, me th diafor� ìti to por¸dec se k�je kìmbo apoteleÐ ticmetablhtèc sqediasmoÔ sth beltistopoÐhsh topologÐac. H epauxhmènh sun�rthsh-stìqoc dÐnetai apì th sqèsh

Faug = F +
∫

Ω
qRpdΩ +

∫

Ω
uiRvi

dΩ +
∫

Ω
TaRT dΩ +

∫

Ω
ν̃aRν̃dΩ + wkck (5.13)ìpou q, ui, Ta, ν̃a oi suzugeÐc metablhtèc thc pÐeshc, twn taqut twn, thc jermokrasÐackai thc metablht c tou montèlou tÔrbhc, antÐstoiqa. Oi K periorismoÐ eis�gontaisto prìblhma beltistopoÐhshc topologÐac me ton ìro wkck =

∑K
k=1 wkck, ìpou wkkat�llhloi suntelestèc barÔthtac pou epilègei o qr sthc.Qrhsimopoi¸ntac thn exÐswsh 3.3, o olikìc rujmìc metabol c miac posìthtacthc ro c Φ wc proc to pedÐo tou por¸douc α, antÐ twn metablht¸n sqediasmoÔ

~b, ekfr�zetai wc to �jroisma tou rujmoÔ metabol c thc posìthtac Φ lìgw thcmetabol c tou α (∂Φ
∂α
) kai thc metabol c tou Φ lìgw thc metatìpishc tou antÐstoiqoukìmbou, dhlad 

δΦ

δα
=

∂Φ

∂α
+

∂Φ

∂xk

δxk

δα
(5.14)Sth beltistopoÐhsh topologÐac, to pedÐo melèthc kaj¸c kai to upologistikì plègmatou qwrÐou den metab�llontai par� tic ìpoiec allagèc tou pedÐou tou α se k�je kÔklobeltistopoÐhshc. Gia to lìgo autì, δxk

δα
= 0, �ra den up�rqei diafor� sth qr sh twnsumbìlwn δ kai ∂, ( δΦ

δα
= ∂Φ

∂α

).



82 5. Βελτιστοποίηση τοπολογίας με τη συζυγή μέθοδοH metabol  thc epauxhmènhc sun�rthshc-stìqou wc proc tic metablhtèc sqedi-asmoÔ α dÐnetai apì th sqèsh
δFaug

δα
=

δF

δα
+
∫

Ω
q

∂Rp

∂α
dΩ +

∫

Ω
ui

∂Rvi

∂α
dΩ

+
∫

Ω
Ta

∂RT

∂α
dΩ +

∫

Ω
ν̃a

∂Rν̃

∂α
dΩ + wk

∂ck

∂α
(5.15)H an�ptuxh twn tess�rwn oloklhrwm�twn thc exÐswshc 5.15 eÐnai parìmoia meaut  pou parousi�zetai sta kef�laia 3 kai 4 me th diafor� ìti oi exis¸seic diaforÐ-zontai ekeÐ wc proc tic metablhtèc sqediasmoÔ pou eis gage h parametropoÐhsh en¸ed¸ wc proc to por¸dec α. Gia to lìgo autì, sth sunèqeia, anaptÔssetai endeiktik�mìno h èkfrash tou rujmoÔ metabol c thc exÐswshc thc enèrgeiac wc proc to α en¸an�logh eÐnai kai h an�ptuxh twn tri¸n �llwn oloklhrwm�twn. EÐnai

∂RT

∂α
=

∂

∂xi

(

T
∂vi

∂α

)

+
∂

∂xi

(

vi
∂T

∂α

)

− ∂

∂xi

(

∂νt

∂α

∂T

∂xi

)

− ∂

∂xi

[(
ν

P r
+

νt

P rt

)
∂

∂α

(

∂T

∂xi

)] (5.16)To qwrikì olokl rwma ∫

Ω Ta
∂RT

∂α
dΩ thc exÐswshc 5.15, antikajist¸ntac to ∂RT

∂α
,k�nontac qr sh tou jewr matoc Green-Gauss kai anaptÔssontac ton k�je ìro qwri-st� mporeÐ na grafeÐ wc

∫

Ω
Ta

∂

∂xi

(

T
∂vi

∂α

)

dΩ =
∫

S
TaTni

∂vi

∂α
dS −

∫

Ω

∂Ta

∂xi

T
∂vi

∂α
dΩ (5.17)

∫

Ω
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∂

∂xi

(

vi
∂T

∂α

)

dΩ =
∫

S
Tavini

∂T

∂α
dS −

∫

Ω

∂Ta

∂xi
vi

∂T

∂α
dΩ (5.18)

∫

Ω
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∂

∂xi

(

∂νt

∂α

∂T

∂xi

)

dΩ =
∫
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Tani

∂νt

∂α

∂T

∂xi

dS −
∫

Ω

∂Ta

∂xi

∂νt

∂α

∂T

∂xi

dΩ (5.19)
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ν
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∂

∂xi

(

∂T

∂α
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(
ν
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+

νt
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)
∂Ta

∂xi

∂T

∂α
nidS

+
∫

Ω

(
ν

P r
+

νt

P rt

)
∂2Ta

∂xi
2

∂T

∂α
dΩ (5.20)



5.5. Οι συζυγείς εξισώσεις 83Me b�sh ta parap�nw, h exÐswsh 5.15 gr�fetai sunolik�
δFaug

δα
=
∫

Ω
Rq

∂p

∂α
dΩ +

∫

Ω
Rui

∂vi

∂α
dΩ +

∫
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∂ν̃
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∫

Ω
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∂T
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+
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∫
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∫
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∫
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∂d
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+
∫
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BC1

∂p
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dS +

∫

S
BC2,i

∂vi
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dS +

∫
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BC3

∂ν̃
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dS +

∫

S
BC4

∂T
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dS

−
∫

S
(ν + νt)

∂

∂α
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∂vi

∂xj
+

∂vj
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uinjdS −
∫
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ν̃a
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σ

)
∂

∂α
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∂ν̃

∂xj
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dS

−
∫
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(
ν

P r
+

νt

P rt

)
∂

∂α

(

∂T

∂xj
nj

)

dS (5.21)ìpou S = SI ∪ SO ∪ SW me SI thn eÐsodo, SO thn èxodo kai SW ta stere� toiq¸mataepÐ tou perigr�mmatoc tou arqikoÔ qwrÐou melèthc, ìpwc faÐnontai sto sq ma 5.2. Oiìroi BC1,BC2,i,BC3,BC4 kai Rq, Rui
, Rν̃a

, RTa
analÔontai stic dÔo epìmenec enìthtec.5.5 Oi suzugeÐc exis¸seicOi pediakèc suzugeÐc exis¸seic prokÔptoun apaleÐfontac ta qwrik� oloklhr¸matasta opoÐa emfanÐzontai posìthtec pou exart¸ntai apì touc rujmoÔc metabol c twnroðk¸n megej¸n, wc proc to por¸dec, dhlad  oi posìthtec ∂p

∂α
, ∂vi

∂α
, ∂ν̃

∂α
, ∂T

∂α
. OisuzugeÐc exis¸seic thc mèshc ro c (Rq = 0, Rui

= 0), thc exÐswshc thc enèrgeiac(RTa
= 0) kai thc exÐswshc tou montèlou tÔrbhc (Rν̃a

= 0) dÐnontai apì tic epìmenecsqèseic
Rq =

∂uj

∂xj

(5.22)
Rui

= −vj
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∂ui

∂xj
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∂uj
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+αui (5.23)
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ν
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)
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]

+ αTa (5.24)
Rν̃a
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1
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+ αν̃a (5.25)



84 5. Βελτιστοποίηση τοπολογίας με τη συζυγή μέθοδοParathreÐtai ìti ìroi oi opoÐoi exart¸ntai apì to por¸dec α (αui, αTa kai αν̃a)emfanÐzontai kai stic suzugeÐc exis¸seic. Epiplèon, parathreÐtai ìti en¸ h exÐswshthc orm c den eÐnai peplegmènh me thn exÐswsh thc enèrgeiac (exis¸seic 5.2 kai 5.3)sto prwteÔon prìblhma, h parousÐa tou ìrou termTRui
sth suzug  exÐswsh thc orm ckajist� peplegmènec tic dÔo autèc suzugeÐc exis¸seic (exis¸seic 5.23 kai 5.24).5.6 Oi suzugeÐc oriakèc sunj kec'Opwc kai sto kef�laio 4, oi suzugeÐc oriakèc sunj kec prokÔptoun apì thn epauxh-mènh sun�rthsh-stìqo (exÐswsh 5.21) Ôstera apì apaloif  twn sunoriak¸n oloklh-rwm�twn ta opoÐa emperièqoun metabolèc twn roðk¸n metablht¸n wc proc to α.Sthn eÐsodo kai sta stere� toiq¸mata tou pedÐou ro c epib�llontai sunj kectÔpou Dirichlet gia tic metablhtèc thc ro c, vi, ν̃ kai T kai, gia autìn to lìgo, giatouc rujmoÔc metabol c touc wc proc α isqÔei

∂vi

∂α
=

∂ν̃

∂α
=

∂T

∂α
= 0 (5.26)Gia thn apaloif  twn ìrwn thc δFaug

δα
pou exart¸ntai apì tic metabolèc ∂p

∂α
kai

∂
∂α

[(
∂vi

∂xj
+ ∂vj

∂xi

)

nj

] epib�lletai h akìloujh oriak  sunj kh
BC1 = uini +

∂F

∂p
+ wk

∂ck

∂p
= 0 (5.27)

uiti = 0 (5.28)'Opwc parousi�sthke kai sto kef�laio 4, oi oriakèc sunj kec sthn eÐsodo kaithn èxodo gia th suzug  pÐesh q, th suzug  metablht  tou montèlou tÔrbhc ν̃a kaigia th suzug  jermokrasÐa Ta epilègontai na eÐnai oi ∂q
∂n

= 0, ν̃a = 0 kai Ta = 0.Sthn èxodo tou pedÐou thc ro c, dedomènou ìti gia to p epib�llontai sunj kectÔpou Dirichlet kai gia ta vi, ν̃ kai T sunj kec tÔpou Neumann, oi par�gwgoi
∂p
∂α

, ∂
∂α

(
∂vi

∂xj
nj

)

, ∂
∂α

(
∂ν̃
∂xj

nj

) kai ∂
∂α

(
∂T
∂xj

nj

) mhdenÐzontai. Sunep¸c, gia na gÐnei h èk-frash thc parag¸gou euaisjhsÐac δFaug

δα
anex�rthth tou ∂vi

∂α
epib�lletai h sunj kh

BC2,i = β2qni + uivinj + uivjnj + (ν + νt)

(

∂ui

∂xj

+
∂uj

∂xi

)

nj

+ TaTni + ν̃aν̃ni +
∂F

∂vi
+ wk

∂ck

∂vi
= 0 (5.29)Oi oriakèc sunj kec thc exìdou gia th suzug  jermokrasÐa kai th suzug  metablht tou montèlou tÔrbhc prokÔptoun epib�llontac BC3 = 0 kai BC4 = 0 ìpou
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BC3 = viniTa +
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ν

P r
+

νt

P rt

)
∂Ta

∂xj
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∂F

∂T
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∂ck

∂T
(5.30)

BC4 = −δνt

δν̃
ui
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∂vi

∂xj
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∂vj

∂xi

)

nj −
δνt
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Ta

P rt
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∂xj
nj + ν̃avjnj

+
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ν +
ν̃

σ

)
∂ν̃a

∂xj
nj +

∂F

∂ν̃
+ wk

∂ck

∂ν̃
(5.31)oi opoÐec kajistoÔn th δFaug

δα
anex�rthth twn parag¸gwn ∂T

∂α
kai ∂ν̃

∂α
. B�sei twn perio-rism¸n c1 kai c2 kai twn parag¸gwn touc wc proc tic metablhtèc thc ro c, exis¸seic5.12, emfanÐzontai nèoi ìroi stic suzugeÐc oriakèc sunj kec thc exìdou, exis¸seic5.29 kai 5.30, kajorÐzontac me autìn ton trìpo thn paroq  kai th jermokrasÐa toureustoÔ se k�je èxodo.5.7 'Ekfrash twn parag¸gwn euaisjhsÐacOi anapomeÐnantec ìroi sthn exÐswsh 5.21 dÐnoun thn èkfrash twn parag¸gwn eu-asjhsÐac wc proc to por¸dec α,

δFaug

δα
=
∫

Ω
viuidΩ +

∫

Ω
(T − Twall)TadΩ +

∫

Ω
ν̃ν̃adΩ +

∫

Ω
ν̃aν̃Cd(ν̃, ~v)

∂d

∂α
dΩ (5.32)ìpou h apìstash d orÐzetai wc h apìstash k�je kìmbou apì to (upì diamìrfwsh)stereì ìrio Sα, pou diaqwrÐzei thn perioq  thc ro c (α = 0) apì thn perioq  toustereopoihmènou s¸matoc (α 6=0).5.8 Algìrijmoc beltistopoÐhshc topologÐacTa b mata tou algìrijmou thc beltistopoÐhshc topologÐac sunoyÐzontai sta akìlou-ja, en¸ akoloujeÐ h perigraf  thc prosarmog c tou plègmatoc pou eÐnai aparaÐththse probl mata turbwd¸n ro¸n:B ma 1: ArqikopoÐhsh tou pedÐou tou por¸douc α sto trèqon upologistikì plègma,to opoÐo eÐnai puknì sta stere� ìria tou qwrÐou melèthc.B ma 2: EpÐlush twn exis¸sewn thc ro c.B ma 3: Upologismìc twn sunart sewn-stìqwn kai twn tim¸n twn periorism¸n.B ma 4: EpÐlush twn suzug¸n exis¸sewn.B ma 5: Upologismìc twn parag¸gwn euaisjhsÐac δFaug

δα
(exÐswsh 5.32).



86 5. Βελτιστοποίηση τοπολογίας με τη συζυγή μέθοδοB ma 6: Ananèwsh twn tim¸n tou α mèsw thc mejìdou thc apìtomhc kajìdou
αj+1 = αj − η

δFaug

δα
(5.33)ìpou j eÐnai o kÔkloc beltistopoÐhshc kai η to b ma pou epilègei o qr sthc.B ma 7: Prosarmog  tou trèqontoc plègmatoc b�sei thc tim c tou por¸douc α.DhmiourgÐa nèou plègmatoc to opoÐo eÐnai puknì sthn perioq  kont� sta nèadiamorfoÔmena stere� toiq¸mata Sα.B ma 8: Gia |F j+1 − F j| > 0 epistrof  sto B ma 2 k�nontac qr sh tou nèouplègmatoc.Prosarmog  tou plègmatoc kat� th beltistopoÐhsh topologÐacSe k�je kÔklo thc beltistopoÐhshc topologÐac, met� apì k�je ananèwsh tou pedÐoutou por¸douc prokÔptoun nèa stere� toiq¸mata Sα, ta opoÐa apoteloÔn th diepif�neiametaxÔ twn perioq¸n stereoÔ s¸matoc kai twn perioq¸n ro c, sq ma 5.2. Kat� thnepÐlush turbwd¸n ro¸n, eidikìtera qrhsimopoi¸ntac montèla tÔrbhc qamhl¸n arij-m¸n Reynolds ìpou oloklhr¸nontai oi isqÔousec exis¸seic mèqri to stereì toÐqwma

Sα, to upologistikì plègma prèpei na eÐnai idiaÐtera puknì kont� sta stere� toiq¸-mata. Gia to lìgo autì, eÐnai aparaÐthth h prosarmog  tou plègmatoc se k�je kÔklobeltistopoÐhshc. Sthn paroÔsa didaktorik  diatrib , qrhsimopoi jhke proôp�rqwnalgìrijmoc kai logismikì prosarmog c plègmatoc trigwnik¸n stoiqeÐwn, [141, 139],me nèo-kat�llhlo aisjht ra gia thn kajod ghsh thc prosarmog c. H mèjodoc pe-rilamb�nei emploutismì tou plègmatoc me eisagwg  epiplèon kìmbwn katal gontacse èna plègma epark¸c puknwmèno stic perioqèc pou apaiteÐtai.Gia ton entopismì aut¸n twn perioq¸n qrhsimopoioÔntai krit ria b�sei twn opoÐwnentopÐzontai oi akmèc tou plègmatoc pou eÐnai upoy fiec gia di�spash. Stic [144,141, 139], gia ton entopismì twn upoyhfÐwn proc di�spash akm¸n akoloujoÔntai taex c b mata: (a) epilègetai èna roðkì mègejoc wc aisjht rio, (b) diatup¸netai miasun�rthsh krÐshc pou qrhsimopoieÐ to aisjht rio gia th bajmolìghsh twn akm¸n kai(g) orÐzetai èna kat¸fli emploutismoÔ, ε, h tim  tou opoÐou sugkrÐnetai me thn tim thc sun�rthshc krÐshc upodeiknÔontac tic upoy fiec gia di�spash akmèc.Sthn paroÔsa diatrib , kat� thn prosarmog  tou plègmatoc sth beltistopoÐhshtopologÐac, dedomènou ìti epidi¸ketai h eÔresh tou orÐou Sα metaxÔ twn perioq¸n me
α > ε kai α ≤ ε (ε eÐnai mÐa apeirost� mikr  jetik  posìthta) den qrhsimopoieÐtairoðkì mègejoc wc aisjht rio all� h tim  tou por¸douc se k�je kìmbo. To SαeÐnai praktik� mÐa seir� diadoqik¸n akm¸n, h opoÐa shmei¸netai sto sq ma 5.4 mediakekommènh gramm .Oi akmèc twn opoÐwn oi kìmboi diajètoun α > ε kai α ≤ ε apoteloÔn tic akmècstic opoÐec up�rqei an�gkh dhmiourgÐac epiplèon kìmbwn ¸ste na dhmiourghjeÐ ènapuknì plègma kont� sta nèa stere� toiq¸mata. Oi akmèc autèc shmei¸nontai stosq ma 5.4 kai eÐnai upoy fiec proc di�spash.
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α≤ε

α>ε

s
α

Nodes with

Nodes with α≤ε
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√
√ √

√
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α>ε

Σχήμα 5.4: Λεπτομέρεια του υπολογιστικού πλέγματος τριγωνικών στοιχείων γύρω
από το στερεό όριο Sα που συμβολίζεται με διακεκομμένη γραμμή. Οι ακμές των οποίων
οι κόμβοι διαθέτουν α > ε (x σύμβολα) και α ≤ ε (κύκλο ως σύμβολο), σημειώνονται
και επιλέγονται για διάσπαση κατά την προσαρμογή πλέγματος καθορίζοντας, με αυτόν
τον τρόπο, τα στοιχεία τα οποία θα εμπλουτιστούν.H diadikasÐa prosarmog c plègmatoc sumb�llei, epÐshc ¸ste h zhtoÔmenh ka-mpÔlh twn nèwn stere¸n toiqwm�twn na eÐnai idiaÐtera ��rafinarismènh�� kajorÐzontacme autì ton trìpo akribèstera th gewmetrÐa thc bèltisthc lÔshc. Stic efarmogèc thcenìthtac 5.9 pou aforoÔn turb¸deic roèc, qrhsimopoieÐtai h prosarmog  tou plèg-matoc se k�je kÔklo beltistopoÐhshc parousi�zontac ta plègmata pou prokÔptounapì aut .



88 5. Βελτιστοποίηση τοπολογίας με τη συζυγή μέθοδο5.9 EfarmogècSthn enìthta aut  parousi�zontai 2D efarmogèc stic opoÐec qrhsimopoieÐtai h belti-stopoÐhsh topologÐac gia to sqediasmì diktÔwn agwg¸n tìso se strwtèc ìso kaiturb¸deic roèc, me kai qwrÐc metafor� jermìthtac. Stic efarmogèc me perissìterecapì mÐa exìdouc thc ro c qrhsimopoioÔntai periorismoÐ gia thn epÐteuxh epijumht cparoq c kai mèshc jermokrasÐac se k�je èxodo. EpÐshc pragmatopoieÐtai epal -jeush tou prwteÔontoc probl matoc kai thc eisagwg c twn ìrwn αvi, α (T − Twall)kai αν̃ stic exis¸seic 5.2, 5.3 kai 5.4, antÐstoiqa, ìpwc parousi�sthke sthn enìth-ta 5.1. Autì epitugq�netai elègqontac e�n h prosj kh aut¸n twn ìrwn proso-moi¸nei th ro  wc e�n na qrhsimopoioÔntan ��pragmatik��� stere� toiq¸mata metaxÔthc perioq c tou reìntoc reustoÔ (α ≤ ε) kai thc perioq c tou stereoÔ s¸matoc(α > ε). Tèloc, stic efarmogèc pou aforoÔn se turb¸deic roèc, pistopoieÐtai hakrÐbeia twn parag¸gwn euaisjhsÐac pou upologÐzontai apì thn proteinìmenh mèjo-do beltistopoÐhshc topologÐac, pragmatopoi¸ntac sÔgkrish twn parag¸gwn aut¸nme autèc pou upologÐzontai me th mèjodo twn peperasmènwn diafor¸n.5.9.1 Epanasqediasmìc bèltistou agwgoÔ tÔpou SH efarmog  aut  afor� sto sqediasmì enìc bèltistou agwgoÔ tÔpou S me el�qistecap¸leiec olik c pÐeshc. H ro  eÐnai turb¸dhc me Re = 1.2 × 105, upologismènocme b�sh to pl�toc eisìdou tou agwgoÔ. To pedÐo thc taqÔthtac tou agwgoÔ faÐne-tai sto sq ma 5.5 (p�nw arister�) kai qarakthristikì tou eÐnai ìti parousi�zei mÐameg�lh perioq  anakukloforÐac me ap¸leiec olik c pÐeshc pou dÐnoun tim  thc antÐ-stoiqhc sun�rthshc-stìqou Ðsh me F1 = 0.188. To qwrÐo melèthc tautÐzetai me tonagwgì, jètontac arqikopoÐhsh tou por¸douc α = 0 se ìlo ton agwgì kai pragmato-poieÐtai beltistopoÐhsh topologÐac, h opoÐa èqei skopì ton endeqìmeno metasqhma-tismì tmhm�twn tou agwgoÔ se stereì s¸ma gia th meÐwsh twn apwlei¸n olik cpÐeshc. Prìkeitai, ousiastik�, gia prosp�jeia epèmbashc (diìrjwshc) sto sq maenìc up�rqontoc agwgoÔ. Met� apì 10 kÔklouc beltistopoÐhshc, to bèltisto pedÐotou por¸douc faÐnetai sto sq ma 5.5 (p�nw arister�), ìpou to tm ma tou qwrÐoume skoÔro qr¸ma antistoiqeÐ se mh-mhdenikèc timèc tou por¸douc kai antiproswpeÔeito tm ma thc perioq c anakukloforÐac pou stereopoieÐtai. AntÐstoiqa, sto sq ma5.5 (k�tw arister�) parousi�zetai to pedÐo thc taqÔthtac thc bèltisthc lÔshc. Htim  thc taqÔthtac sto stereopoihmèno tm ma eÐnai mhdenik . To nèo k�tw stereììrio tou bèltistou agwgoÔ upologÐzetai prosdiorÐzontac th gramm  pou sqhmatÐ-zoun oi kìmboi me α = ε h opoÐa kajorÐzei to ìrio an�mesa sthn perioq  ro c kaithn perioq  tou stereopoihmènou s¸matoc. Gia thn apìkthsh tou telikoÔ (leÐou)sq matoc tou bèltistou agwgoÔ, kat� th f�sh thc metepexergasÐac, to k�tw ìriotou agwgoÔ parametropoieÐtai qrhsimopoi¸ntac mÐa kampÔlh Bézier-Bernstein me 9shmeÐa elègqou. H diadikasÐa aut , ètsi ìpwc pragmatopoi jhke sth diatrib , enè-qei thn parèmbash tou qr sth, dhlad  den krÐjhke skìpimo na automatopoihjeÐ. Totelikì sq ma kaj¸c kai to pedÐo thc taqÔthtac me meiwmènh perioq  anakukloforÐac(F1 = 0.158) faÐnontai sto sq ma 5.5 (k�tw dexi�) kai antistoiqeÐ se 15% meÐwsh



5.9. Εφαρμογές 89twn apwlei¸n olik c pÐeshc.PistopoÐhsh twn parag¸gwn euaisjhsÐac'Enac epiplèon stìqoc thc efarmog c aut c eÐnai na pistopoihjeÐ ìti h proteinìme-nh mèjodoc beltistopoÐhshc topologÐac mporeÐ na upologÐzei me shmantik  akrÐbeiatic zhtoÔmenec parag¸gouc euaisjhsÐac, k�ti to opoÐo den ja Ðsque sthn perÐptwshpou eÐqe qrhsimopoihjeÐ h paradoq  thc ��pagwmènhc�� turb¸douc sunektikìthtac.Gia autì to lìgo, parousi�zetai sÔgkrish twn parag¸gwn euaisjhsÐac pou upo-logÐsjhkan me thn proteinìmenh mèjodo afenìc kai me thn paradoq  thc ��pagwmènhc��turb¸douc sunektikìthtac afetèrou. H proteinìmenh mèjodoc perilamb�nei thn epÐ-lush thc suzugoÔc exÐswshc tou montèlou tÔrbhc kai ton upologismì thc parag¸gouapì thn exÐswsh 5.32. Antijètwc, h paradoq  thc ��pagwmènhc�� turb¸douc sune-ktikìthtac ameleÐ thn diafìrish tou montèlou tÔrbhc kai kat� epèktash kai toucdÔo teleutaÐouc ìrouc thc exÐswshc 5.32 pou proèrqontai apì th diafìrish tou mo-ntèlou. Epilègontai tuqaÐa kìmboi tou upologistikoÔ qwrÐou me arnhtikèc timèc twnparag¸gwn euaisjhsÐac, oi opoÐec mèsw thc mejìdou apìtomhc kajìdou (exÐswsh5.33) ja odhg soun se jetikèc timèc tou por¸douc dhlad  se tm mata tou qwrÐoupou prìkeitai na stereopoihjoÔn, dedomènou ìti ston pr¸to kÔklo beltistopoÐhshc oiarqikèc timèc tou por¸douc eÐnai mhdenikèc. Sto sq ma 5.6, ektìc apì sÔgkrish twnparag¸gwn twn dÔo mejìdwn, parousi�zontai kai oi par�gwgoi pou èqoun upologis-jeÐ me th mèjodo twn peperasmènwn diafor¸n (par�gwgoi anafor�c). ParathreÐtaiìti oi par�gwgoi pou upologÐsjhkan me thn proteinìmenh mèjodo brÐskontai se apì-luth taÔtish me tic parag¸gouc anafor�c. Antijètwc, h qrhsimopoÐhsh thc parado-q c thc ��pagwmènhc�� turb¸douc sunektikìthtac odhgeÐ se parag¸gouc euaisjhsÐacoi opoÐec apoklÐnoun apì tic timèc anafor�c. Autì shmaÐnei ìti an qrhsimopoioÔntanautèc oi par�gwgoi, oi opoÐec upologÐsjhkan kat� ton pr¸to kÔklo beltistopoÐh-shc, ja mporoÔsan na odhg soun se lanjasmènh stereopoÐhsh perioq¸n tou qwrÐouoi opoÐec ja èprepe na parameÐnoun perioqèc ro c. Autì odhgeÐ th beltistopoÐhshse l�joc kateÔjunsh dedomènou ìti, ìpwc parousi�sthke kai prohgoumènwc, o pr¸-toc kÔkloc beltistopoÐhshc paÐzei shmantikì rìlo sth beltistopoÐhsh topologÐackajist¸ntac polÔ dÔskolo, ìqi ìmwc akatìrjwto, na metatrapoÔn oi perioqèc poustereopoi jhkan se perioqèc ro c.Melèth thc epÐdrashc thc arqikopoÐhshc tou pedÐou tou por¸doucH paroÔsa efarmog  den apoteleÐ mÐa klasik  efarmog  beltistopoÐhshc topologÐac,dedomènou ìti to pedÐo melèthc tautÐzetai me ènan up�rqonta agwgì o opoÐoc apoteleÐthn afethrÐa gia th beltistopoÐhsh topologÐac kai ìqi èna dieurumèno pedÐo melèthc,l.q. sq ma 5.2, to opoÐo endeqomènwc ja epètrepe pollèc diaforetikèc morfopoi seictou agwgoÔ. Epiplèon, epeid  h beltistopoÐhsh topologÐac den èqei th dunatìthtana dhmiourg sei stere� ìria èxw apì to pedÐo melèthc, to bèltisto sq ma tou agwgoÔperiorÐzetai apì ta arqik� stere� ìria tou agwgoÔ SW . Gia to lìgo autì, melet�tai hepÐdrash thc epèktashc tou pedÐou melèthc kaj¸c kai thc diaforetik c arqikopoÐhshc



90 5. Βελτιστοποίηση τοπολογίας με τη συζυγή μέθοδοtou pedÐou tou por¸douc sto bèltisto sq ma tou agwgoÔ. Sth sunèqeia, melet¸-ntai treic diaforetikèc peript¸seic stic opoÐec dieurÔnetai to pedÐo melèthc, to opoÐoapoteleÐtai plèon apì th sÔnjesh twn qwrÐwn D1, D2 kai D3 ìpwc faÐnetai sto sq ma5.7. Praktik�, o arqikìc agwgìc tou sq matoc 5.5 perib�lletai apì ta qwrÐa D1 kai
D3 ¸ste na sqhmatisteÐ èna tetr�gwno. Gia na apofeqjoÔn anepijÔmhtec epidr�seicapì thn ��apìtomh�� epibol  twn sunjhk¸n eisìdou kai exìdou thc ro c, oi opoÐec wcgnwstìn eÐnai suqnèc sthn upologistik  reustomhqanik , epib�llontai teqnht� eu-jeÐec proekt�seic an�nti kai kat�nti, se sumfwnÐa me to sq ma tou arqikoÔ agwgoÔ.Oi treic peript¸seic pou melet¸ntai parousi�zontai parak�tw:(aþ) To pedÐo tou por¸douc arqikopoieÐtai jètontac α 6= 0 sta D1 kai D3, dhmiourg¸-ntac, me autìn ton trìpo, èna stereopoihmèno qwrÐo gÔrw apì to D2, to opoÐoarqikopoieÐtai me α = 0. H perÐptwsh aut  jumÐzei thn arqik  tou sq matoc 5.5,mìno pou, t¸ra, dÐnetai h dunatìthta sth beltistopoÐhsh topologÐac na meta-kin sei ta stere� ìria tou agwgoÔ kai èxw apì to qwrÐo D2 dieisdÔontac sta D1kai D3. To bèltisto sq ma tou agwgoÔ, mèsw thc parousÐashc tou pedÐou toupor¸douc, α = 0 (�spro) kai α 6= 0 (maÔro), kaj¸c kai to pedÐo thc taqÔthtacpou antistoiqeÐ se autì ton agwgì qrhsimopoi¸ntac thn proanaferjeÐsa ar-qikopoÐhsh tou pedÐou tou por¸douc faÐnetai sto sq ma 5.9 (p�nw). Sto sq ma5.10, parousi�zetai leptomèreia tou suneqoÔc pedÐou tou por¸douc sthn perio-q  anakukloforÐac. O agwgìc autìc èqei ap¸leiec olik c pÐeshc F1 = 0.156,el�qista kalÔtera apì to bèltisto agwgì tou sq matoc 5.5. H mikr  metabol sto F1 ofeÐletai sthn peraitèrw beltÐwsh tou k�tw stereoÔ orÐou, to opoÐodiat rhse sqedìn to sq ma tou sthn perioq  S2, all� metatìpise thn perioq 

S1 proc ta èxw, dieisdÔontac sto D1. Sugqrìnwc, parathr jhkan mikrèc al-lagèc sto �nw stereì ìrio. Sto sq ma 5.11 parousi�zetai mia leptomèreia touplègmatoc sthn perioq  tou k�tw orÐou, ìpou faÐnetai h pÔknwsh tou plègmatocgÔrw apì to nèo stereì ìrio met� thn prosarmog  tou.Aut  h perÐptwsh mac dÐnei th dunatìthta na epalhjeuteÐ h basik  idèa thcbeltistopoÐhshc topologÐac, ìpwc parousi�sthke sthn enìthta 5.1, h opoÐabasÐzetai sthn eisagwg  twn ìrwn αvi kai αν̃ stic exis¸seic ro c kai sthnexÐswsh tou montèlou tÔrbhc. Gia autì to lìgo, epilègetai na epilujeÐ h ro  stoqwrÐo D me α 6= 0 sta D1 kai D3 kai na sugkrijeÐ me th lÔsh thc ro c ìtan mìnoto D2 apoteloÔse to qwrÐo epÐlushc (sq ma 5.5, p�nw arister�). Sto sq ma 5.8parousi�zetai to pedÐo thc taqÔthtac gia tic dÔo autèc peript¸seic. H tim  tou
F1 kai stic dÔo peript¸seic isoÔtai me 0.188. Autì apodeiknÔei ìti oi exis¸seic5.2 kai 5.4, stic opoÐec eis�gontai oi ìroi αvi kai αν̃, antÐstoiqa, prosomoi¸nounth ro  wc e�n na qrhsimopoioÔntan ��pragmatik��� stere� toiq¸mata metaxÔ thcperioq c thc ro c (α≤ ε) kai thc perioq c tou stereoÔ s¸matoc (α > ε). Aut h diapÐstwsh eÐnai shmantik  giatÐ, me autì ton trìpo, epibebai¸nontai oi epi-plèon ìroi pou eis qjhsan sto prwteÔon prìblhma kai exart¸ntai apì to α.EpÐshc eÐnai idiaitèrwc shmantik  gia tic efarmogèc turb¸douc ro c ìpou h ro montelopoieÐtai qrhsimopoi¸ntac èna montèlo tÔrbhc qamhl¸n arijm¸n Reynold-
s, sto opoÐo h poiìthta tou plègmatoc kont� sto stereì ìrio paÐzei shmantikì



5.9. Εφαρμογές 91rìlo. Gia autì to lìgo pragmatopoieÐtai prosarmog  plègmatoc gÔrw apì tostereì ìrio Sα se k�je kÔklo beltistopoÐhshc.(bþ) Se aut n thn perÐptwsh, to arqikì pedÐo tou por¸douc isoÔtai me α 6= 0 sto D1kai α = 0 sto upìloipo qwrÐo. Aut  h arqikopoÐhsh dÐnei th dunatìthta sto��anaÐsjhto�� se metabolèc �nw stereì s¸ma na diamorf¸sei eleÔjera to sq matou kaj¸c ephre�zetai apì th ro  pou eisèrqetai sto qwrÐo. 'Opwc faÐnetaikai apì to sq ma 5.9 (mèsh), h ro  anapìfeukta dieÐsduse sto qwrÐo D3 kajo-rÐzontac to �nw stereì ìrio kai diamìrfwse, sth sunèqeia, analìgwc to k�twìrio. 'Etsi, katèlhxe sto telikì sq ma tou agwgoÔ me F1 = 0.150, kalÔterhapì aut n thc perÐptwshc (a).(gþ) Sthn teleutaÐa perÐptwsh, to pedÐo tou por¸douc mhdenÐzetai se ìlo to qwrÐo D.Apì ton pr¸to kiìlac kÔklo beltistopoÐhshc, lìgw thc èlleiyhc tou stereoÔs¸matoc sto qwrÐo D1 (perÐptwsh (b) ), h eiserqìmenh ro  diamorf¸nei diafore-tik� to �nw ìrio tou agwgoÔ kai, sth sunèqeia, to k�tw ìrio akoloujeÐ an�logame th diamìrfwsh tou �nw. Autì eÐqe wc apotèlesma to bèltisto sq ma touagwgoÔ sto sq ma 5.9 (k�tw dexi� me F = 0.146), to opoÐo od ghse se akìmhqamhlìterh tim  tou F1.Apì th melèth aut  prokÔptei ìti h metabol  twn orÐwn tou pedÐou melèthc ka-j¸c kai diaforopoi seic thc arqikopoÐhshc tou pedÐou tou por¸douc mporoÔn naodhg soun se diaforetik� topik� el�qista. Autì de ja mporoÔse, ek prooimÐou, naapokleisteÐ, dedomènou ìti mia mèjodoc apìtomhc kajìdou mporeÐ na egklwbisteÐ setopik� akrìtata.
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Σχήμα 5.5: Επανασχεδιασμός βέλτιστου αγωγού τύπου S με στόχο την ελα-
χιστοποίηση των απωλειών ολικής πίεσης. Πάνω αριστερά-αρχικός αγωγός: πεδίο αξο-
νικής ταχύτητας και γραμμές ροής. Πάνω δεξιά-βέλτιστη λύση: υπολογισθέν (συνεχές)
πεδίο του πορώδους α. Το χωρίο με σκούρο χρώμα αντιστοιχεί σε περιοχές προς στερε-
οποίηση. Κάτω αριστερά-βέλτιστη λύση: πεδίο αξονικής ταχύτητας και γραμμές ροής.
Κάτω δεξιά-τελικός αγωγός: πεδίο αξονικής ταχύτητας και γραμμές ροής στον αγωγό
που προκύπτει μετά τον προσδιορισμό και την τεχνητή εξομάλυνση του κάτω στερεού
ορίου και την επίλυση της ροής. Η μείωση της περιοχής ανακυκλοφορίας είναι εμφανής.
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Σχήμα 5.6: Επανασχεδιασμός βέλτιστου αγωγού τύπου S. Παράγωγοι ευαισθη-
σίας υπολογισμένες χρησιμοποιώντας την προτεινόμενη μέθοδο, την παραδοχή της
‘‘παγωμένης’’ τυρβώδους συνεκτικότητας και τη μέθοδο των πεπερασμένων διαφορών
(παράγωγοι αναφοράς) σε 35 αυθαίρετα επιλεγμένους κόμβους.

Σχήμα 5.7: Επανασχεδιασμός βέλτιστου αγωγού τύπου S. Το χωρίο D2 συμπίπτει
με τον αρχικό αγωγό του σχήματος 5.5. Τα χωρία D1 και D3 περιβάλλουν το D2

σχηματίζοντας το ‘‘ολικό’’ χωρίοD που αποτελεί το χωρίο μελέτης στις τρεις περιπτώσεις
που παρουσιάζονται.
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Σχήμα 5.8: Επανασχεδιασμός βέλτιστου αγωγού τύπου S. Το πεδίο ταχύτητας στο
χωρίο D με α 6= 0 στα D1 και D3 (πάνω) και το πεδίο ταχύτητας στο χωρίο D2 (κάτω).
Η τιμή του F1 και στις δύο περιπτώσεις ισούται με 0.188.
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(αʹ) F = 0.156 (βʹ) F = 0.156

(γʹ) F = 0.150 (δʹ) F = 0.150

(εʹ) F = 0.146 (ϛʹ) F = 0.146

Σχήμα 5.9: Επανασχεδιασμός βέλτιστου αγωγού τύπου S. Βέλτιστα πεδία του πορώ-
δους (αριστερά) και της ταχύτητας (δεξιά) τα οποία υπολογίσθηκαν για τις τρεις περι-
πτώσεις που μελετώνται. Το τμήμα του χωρίου με μαύρο χρώμα αντιστοιχεί στις περιοχές
που στερεοποιούνται για να σχηματίσουν το βέλτιστο αγωγό.
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Σχήμα 5.10: Επανασχεδιασμός βέλτιστου αγωγού τύπου S. Λεπτομέρεια του
βέλτιστου πεδίου του υπολογισθέντος πεδίου του πορώδους του σχήματος 5.9 για την
περίπτωση (α) στην περιοχή S1. Η τιμή του πορώδους κατά την αρχικοποίηση του πεδίου
στα D1 και D3 είναι α = 0.5. Οι περιοχές με μεγαλύτερες τιμές του α αντιστοιχούν στην
περιοχή της ανακυκλοφορίας, η οποία στερεοποιείται στο τέλος της βελτιστοποίησης. Οι
περιοχές με άσπρο αντιστοιχούν σε μηδενικές τιμές του πορώδους, δηλαδή σε περιοχές
ρέοντος ρευστού.
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Σχήμα 5.11: Επανασχεδιασμός βέλτιστου αγωγού τύπου S. Λεπτομέρεια του πλέγ-
ματος στην περιοχή του κάτω στερεού ορίου, όπου φαίνεται η πύκνωση του πλέγματος
γύρω από το νέο στερεό όριο του βέλτιστου αγωγού του σχήματος 5.9 στην πρώτη
περίπτωση (α). Η πύκνωση αυτή οφείλεται στην προσαρμογή του πλέγματος που πραγ-
ματοποιείται σε κάθε κύκλο βελτιστοποίησης. Στο σχήμα φαίνεται, επίσης, το όριο του
αρχικού αγωγού, δηλαδή η διεπιφάνεια μεταξύ των χωρίων D1 και D2.



98 5. Βελτιστοποίηση τοπολογίας με τη συζυγή μέθοδο5.9.2 Sqediasmìc diktÔou agwg¸n me metafor� jer-mìthtac'Opwc anafèrjhke kai prohgoumènwc, enìthta 5.1, h paroÔsa diatrib  proteÐnei thnprosj kh nèwn ìrwn sthn exÐswsh thc enèrgeiac (α (T − Twall)) kai sthn exÐswsh toumontèlou tÔrbhc Spalart-Allmaras (αν̃) me stìqo thn epèktash thc beltistopoÐhshctopologÐac se probl mata turbwd¸n ro¸n me metafor� jermìthtac. Sthn prohgoÔ-menh efarmog  epalhjeÔthke h prosj kh tou ìrou αν̃ sthn exÐswsh tou montèloutÔrbhc, sq ma 5.8, sthn opoÐa sthrÐqthke h beltistopoÐhsh topologÐac gia turb¸deicroèc. Gia thn epal jeush thc prosj khc autoÔ tou ìrou epilèqjhke na epilujeÐ hro  sto qwrÐo D me α 6= 0 sta D1 kai D3, wc e�n na qrhsimopoioÔntan ��pragmatik���stere� toiq¸mata metaxÔ thc perioq c thc ro c kai thc perioq c tou stereoÔ s¸matoc,kai sth sunèqeia na sugkrijeÐ me th lÔsh thc ro c ìtan mìno to D2 apoteloÔse toqwrÐo epÐlushc (sq ma 5.5, p�nw arister�).Prin thn parousÐash twn efarmog¸n pou aforoÔn sto sqediasmì diktÔwn a-gwg¸n gia roèc me metafor� jermìthtac, aparaÐthtoc eÐnai o èlegqoc ìti h eisagwg tou ìrou α (T − Twall) sthn exÐswsh enèrgeiac kat� th beltistopoÐhsh topologÐacprosomoi¸nei swst� th metafor� jermìthtac an�mesa sthn perioq  ro c (α=0) kaithn perioq  stereoÔ s¸matoc (α 6=0).Gia thn epal jeush thc prosj khc autoÔ tou ìrou sthn exÐswsh enèrgeiac,epilègetai na epilujeÐ h ro  se ènan agwgì pou prokaleÐ strof  thc ro c kat� 90◦me Re=1000 kai Twall = 353K, o opoÐoc antistoiqeÐ ston agwgì D2 tou sq matoc5.12. Sugqrìnwc, o agwgìc D2 perib�lletai apì ta qwrÐa D1 kai D3 sqhmatÐzontacto ��olikì�� qwrÐo D. Sto qwrÐo autì epilÔetai h ro  gia tic Ðdiec sunj kec, me α 6= 0sta D1 kai D3, kai sugkrÐnetai me th lÔsh thc ro c ìtan mìno to D2 apoteloÔse toqwrÐo epÐlushc. TonÐzetai ìti, ed¸, gÐnetai anafor� se epilÔseic mìno tou eujèocprobl matoc. Sto sq ma 5.13 parousi�zontai ta pedÐa thc jermokrasÐac gia tic dÔoautèc peript¸seic. H tim  thc sun�rthshc-stìqou F2 pou antistoiqeÐ sthn aÔxhsh thcmetafor�c jermìthtac isoÔtai me F2 = 11 kai stic dÔo peript¸seic. Autì apodeiknÔeiìti h exÐswsh thc enèrgeiac 5.3, sthn opoÐa eis�getai o ìroc α (T − Twall), proso-moi¸nei swst� th metafor� jermìthtac apì ta stere� toÐqwmata sto reustì wc e�nna qrhsimopoioÔntan ��pragmatik��� stere� toiq¸mata metaxÔ thc perioq c thc ro ckai thc perioq c tou stereoÔ s¸matoc.Sqediasmìc diktÔou agwg¸n-Strwt  ro  me metafor� jermìthtacH pr¸th efarmog  afor� sto sqediasmì thc bèltisthc diadrom c thc ro c dhmiour-g¸ntac èna diktÔo agwg¸n sto qwrÐo tou sq matoc 5.14. H ro  eisèrqetai sto qwrÐome stajer  jermokrasÐa TI1
= TI2

= 289K apì dÔo eisìdouc (SI1
kai SI2

). H ro èqei arijmì Reynolds Re=1000 basismèno sto pl�toc miac apì tic Ðsec se di�stasheisìdouc kai exìdouc kai exèrqetai apì dÔo exìdouc SOl=1,2
. H en dun�mei jermokrasÐ-a Twall ston upì diamìrfwsh toÐqo, dhlad  sth lÔsh tou probl matoc topologÐac,mporeÐ na metab�lletai exart¸menh apì tic suntetagmènec (x, y) tou k�je kìmbou touqwrÐou kai dÐnetai apì th sqèsh Twall(x, y) = 313+x2−12cos(3πx)+y2−12cos(3πy),



5.9. Εφαρμογές 99sq ma 5.14. DieukrinÐzetai ìti, h katanom  Twall apoteleÐ thn en dun�mei jermokrasÐathn opoÐa apoktoÔn oi kìmboi sth diepif�neia metaxÔ reustoÔ (α = 0) kai tou procstereopoÐhsh qwrÐou (α 6=0), ìpwc perigr�fhke sthn enìthta 5.1. Stic perioqèc thcro c (α = 0) pou sqhmatÐzontai apì th beltistopoÐhsh, h parap�nw katanom  thcjermokrasÐac den upeisèrqetai apì th stigm  pou o ìroc α (T − Twall) exafanÐzetai.Se autèc tic perioqèc h jermokrasÐa tou reustoÔ kajorÐzetai apì thn epÐlush thcexÐswshc thc enèrgeiac qwrÐc na lamb�netai upìyh to pedÐo Twall tou sq matoc 5.14.Epomènwc, praktik�, h katanom  Twall(x, y) èqei endiafèron mìno stouc kìmbouc touperigr�mmatoc Sα pou ja prokÔyei.Sthn efarmog  aut  pragmatopoioÔntai dÔo beltistopoi seic me touc ex c stìqouc:(aþ) ElaqistopoÐhsh twn apwlei¸n olik c pÐeshc(bþ) ElaqistopoÐhsh twn apwlei¸n olik c pÐeshc kai megistopoÐhsh thc jermokrasÐacexìdou tou reustoÔSto sq ma 5.15(aþ) parousi�zetai h bèltisth diadrom  pou akoloujeÐ to pedÐo ro- c, ìpwc upologÐsjhke met� apì 12 kÔklouc beltistopoÐhshc, ìtan h elaqistopoÐhshtwn apwlei¸n olik c pÐeshc apoteleÐ to monadikì stìqo thc beltistopoÐhshc. Seaut n thn perÐptwsh, to pedÐo thc ro c agnoeÐ teleÐwc thn katanom  thc jermokrasÐac
Twall epilègontac th mikrìterh diadrom  pou, ousiastik�, elaqistopoieÐ ta stere�toiq¸mata kai, kat� sunèpeia, tic ap¸leiec olik c pÐeshc. Ta tm mata tou qwrÐoume maÔro qr¸ma antistoiqoÔn se mh-mhdenikèc timèc tou por¸douc kai antiprosw-peÔoun ta tm mata pou prèpei na stereopoihjoÔn. Eis�gontac wc deÔtero stìqoth megistopoÐhsh thc jermokrasÐac exìdou (F = ω1F1 + ω2F2) me ω1 = 1.0 kai
ω2 = 0.005, h bèltisth diadrom  thc ro c parousi�zetai sto sq ma 5.15(bþ) aux�no-ntac th jermokrasÐa sthn èxodo kat� 15K. H lÔsh tou sq matoc 5.15(aþ) antistoiqeÐse F1 = 0.16 kai F2 = 6.8 (∆T = 3K), en¸ tou sq matoc 5.15(bþ) se F1 = 0.47 kai
F2 = 12.7 (∆T = 15K). Sth deÔterh perÐptwsh, parathr¸ntac to bèltisto sq matou agwgoÔ se sqèsh me to pedÐo thc jermokrasÐac Twall, sq ma 5.15(gþ), sun�getaiìti ta stere� toiq¸mata tou agwgoÔ sqhmatÐzontai orj¸c gÔrw apì tic perioqèc metic uyhlìterec jermokrasÐec ètsi ¸ste na auxhjeÐ h jermokrasÐa tou reustoÔ poueÐnai se epaf  me ta jermìtera, kat� to dunatìn, toiq¸mata. Par�llhla, h pleio-yhfÐa twn yuqr¸n perioq¸n paÔei na ufÐstatai kaj¸c to reustì epilègei na per�seip�nw apì autèc tic perioqèc kai na tic ��akur¸sei��. O mhqanismìc elaqistopoÐhshctwn yuqr¸n perioq¸n mporeÐ na gÐnei antilhptìc parathr¸ntac thn exÐswsh 5.3, ìpouepitugq�netai h ex�leiyh thc epÐdrashc tou Twall mhdenÐzontac to por¸dec α, dhlad dhmiourg¸ntac ro  se autèc tic perioqèc.Kai stic dÔo autèc peript¸seic, h mèsh jermokrasÐa exìdou tou reustoÔ eÐ-nai h Ðdia kai stic dÔo exìdouc wc apotèlesma thc summetrikìthtac twn agwg¸npou sqhmatÐzontai. Sthn perÐptwsh pou epijumoÔme ton kajorismì diaforetik cmèshc jermokrasÐac se k�je èxodo, eÐnai aparaÐthth h epibol  tou periorismoÔ c2.Sugkekrimèna, epib�llontai epijumhtèc mèsec jermokrasÐec T Ol=1

= T O + 3.5 kai
T Ol=2

= T O − 3.5 se k�je èxodo antÐstoiqa, dhlad  eÐnai epijumhtì oi dÔo èxodoi naèqoun diafor� jermokrasÐac 7K. Gia autì to lìgo, o periorismìc pou epib�lletaidÐnetai apì mia parallag  tou periorismoÔ c2 (sqèsh 5.10) wc
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=0 (5.34)To bèltisto sq ma tou agwgoÔ pou upologÐsjhke faÐnetai sto sq ma 5.15(gþ)me jermokrasÐec T Ol=1
= 319K kai T Ol=2

= 312K se k�je èxodo, antÐstoiqa,ikanopoi¸ntac ton periorismì. Gia na diathrhjeÐ jermokrasiak  diafor� 7K metaxÔtwn dÔo exìdwn, anaptÔssontai anagkastik� diaforetikèc diadromèc ro c sta dÔosummetrik� tm mata tou qwrÐou.Sqediasmìc diktÔou agwg¸n-Turb¸dhc ro  me metafor� jermìth-tacH efarmog  aut  afor� sto sqediasmì enìc diktÔou agwg¸n me mÐa eÐsodo kaitèsseric exìdouc se èna tetragwnikì qwrÐo melèthc. To prìblhma den eÐnai sum-metrikì, dhlad  oi tèsseric èxodoi tou den eÐnai summetrik� topojethmènec. H ro eÐnai turb¸dhc, me Re = 10000 basismèno sto pl�toc miac apì tic, Ðsec se di�stash,eisìdouc kai exìdouc. To reustì eisèrqetai sto qwrÐo me jermokrasÐa TI = 289K.H en dun�mei jermokrasÐa Twall ston upì diamìrfwsh toÐqo perigr�fetai ìpwc kaisthn prohgoÔmenh efarmog  apì th sqèsh Twall(x, y) = 313 + x2 − 12cos(3πx) +
y2 − 12cos(3πy). H eÐsodoc kai oi èxodoi tou qwrÐou kaj¸c kai h katanom  thcjermokrasÐac Twall faÐnontai sto sq ma 5.16.Sto sq ma 5.17 parousi�zontai ta apotelèsmata tess�rwn beltistopoi sewn, taopoÐa proèkuyan met� apì 15 kÔklouc beltistopoÐhshc kai aforoÔn sto sqediasmìdiktÔwn agwg¸n me diaforetikoÔc stìqouc kai periorismoÔc se k�je perÐptwsh:(aþ) Stìqoc: ElaqistopoÐhsh twn apwlei¸n olik c pÐeshc- Periorismìc: kanènac.(bþ) Stìqoc: ElaqistopoÐhsh twn apwlei¸n olik c pÐeshc- Periorismìc: Ðsh paroq ìgkou se k�je èxodo tou qwrÐou.(gþ) Stìqoi: ElaqistopoÐhsh twn apwlei¸n olik c pÐeshc kai megistopoÐhsh thcmèshc jermokrasÐac exìdou tou reustoÔ- Periorismìc: Ðsh paroq  ìgkou sek�je èxodo tou qwrÐou.(dþ) Stìqoi: ElaqistopoÐhsh twn apwlei¸n olik c pÐeshc kai megistopoÐhsh thcmèshc jermokrasÐac exìdou tou reustoÔ- Periorismìc: Ðsec mèsec jermokrasÐecse k�je èxodo tou qwrÐou.Sto sq ma 5.17(aþ) parousi�zetai h bèltisth lÔsh ìtan stìqoc  tan h elaqistopoÐ-hsh twn apwlei¸n olik c pÐeshc. H mh-epibol  periorismoÔ sto posostì thc paro-q c thc eisìdou pou exèrqetai apì k�je èxodo dhmiourgeÐ agwgì o opoÐoc odhgeÐ tosÔnolo thc paroq c thc eisìdou sth deÔterh èxodo SOl=2

, agno¸ntac tic upìloipecexìdouc. EÐnai emfanèc ìti autì gÐnetai ¸ste na elaqistopoihjeÐ to m koc tou agwgoÔkai, kat� epèktash, oi ap¸leiec sunektikìthtac thc ro c. Gia autì to lìgo, èqontac
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Σχήμα 5.12: Το χωρίο D2 συμπίπτει με τον αγωγό που προκαλεί στροφή της ροής
κατά 90◦. Τα χωρία D1 και D3 περιβάλλουν το D2 σχηματίζοντας το ‘‘ολικό’’ χωρίο D.wc stìqo thn isokatanom  se k�je èxodo, epib�lletai o periorismìc c1 (sqèsh 5.9) me

rl = 0.25, l = 1 . . . 4. H bèltisth diadrom  tou reustoÔ gia tic peript¸seic (b) kai (g)faÐnetai sta sq mata 5.17(bþ) kai 5.17(gþ), antÐstoiqa. Sto sq ma 5.17(gþ), ìpou hbeltistopoÐhsh afor� sunduastik� kai stouc dÔo stìqouc me ω1 = 1.0 kai ω2 = 0.01,parathreÐtai ìti to reustì kineÐtai proc tic jermèc perioqèc sqhmatÐzontac toiq¸matauyhl c jermokrasÐac kai aux�nontac, me autìn ton trìpo, to ∆T kat� 16% se sqèshme thn perÐptwsh (b). Autì gÐnetai pio eudi�krito sto sq ma 5.18 ìpou parousi�zo-ntai oi grammèc ro c thc bèltisthc lÔshc tou sq matoc 5.17(gþ) sqediasmènec p�nwsto pedÐo thc jermokrasÐac Twall. Se aut n thn perÐptwsh, ìpou pragmatopoieÐtaiepÐshc prosarmog  tou plègmatoc se k�je kÔklo beltistopoÐhshc, epilègetai kaiparousi�zetai sto sq ma 5.19 leptomèreia tou plègmatoc sthn perioq  thc eisìdoutou qwrÐou, ìpou faÐnetai h pÔknwsh tou plègmatoc sta stereopoihmèna toiq¸matathc bèltisthc topologÐac.Stic peript¸seic (a), (b) kai (g) oi mèsec jermokrasÐec se k�je èxodo den tautÐzo-ntai. Gia autì to lìgo, pragmatopoieÐtai beltistopoÐhsh upì ton periorismì thc ÐdiacjermokrasÐac reustoÔ se k�je èxodo, periorismìc c2. Sto sq ma 5.17(dþ) parousi�ze-tai h bèltisth topologÐa me T O = 317K se k�je èxodo, h opoÐa epitugq�netai me thdhmiourgÐa diaklad¸sewn me diaforetik� posost� paroq c se kajemi�.
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Σχήμα 5.13: Το πεδίο θερμοκρασίας στο χωρίο D2 που αντιστοιχεί στον αγωγό με
στροφή 90◦ (πάνω) και το πεδίο θερμοκρασίας σε μια λεπτομέρεια του χωρίου D με α 6= 0
στα D1 και D3 (κάτω). Οι τιμές του F1 και F2 και στις δύο περιπτώσεις ισούνται με 0.27
και 11 αντίστοιχα.
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Σχήμα 5.14: Σχεδιασμός δικτύου αγωγών-Στρωτή ροή με μεταφορά θερμότητας.
Εν δυνάμει κατανομή της θερμοκρασίας στον τοίχο Twall, Twall(x, y) = 313 + x2 −
12cos(3πx) + y2 − 12cos(3πy), την οποία αποκτά κάθε κόμβος του περιγράμματος Sα.
Με SIl

και SOl
, l = 1, 2 συμβολίζονται τα όρια εισόδου και εξόδου του χωρίου μελέτης.
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(αʹ) F1 = 0.16, F2 = 6.8

(βʹ) F1 = 0.47, F2 = 12.7 (γʹ) F1 = 0.47, F2 = 12.7

(δʹ) F1 = 2.24, F2 = 15.1

Σχήμα 5.15: Σχεδιασμός δικτύου αγωγών-Στρωτή ροή με μεταφορά θερμότητας.
Σχεδιασμός βέλτιστου δικτύου αγωγών σε χωρίο 2 εισόδων/2 εξόδων με στόχους: (α)
την ελαχιστοποίηση των ∆pt, (β, γ) την ελαχιστοποίηση των ∆pt και μεγιστοποίηση του
∆T και (δ) την ελαχιστοποίηση των ∆pt και μεγιστοποίηση του ∆T με την προσθήκη
του περιορισμού c

′

2 ως προς τη μέση θερμοκρασία της κάθε εξόδου. Παρουσιάζονται τα
βέλτιστα πεδία ταχύτητας, οι γραμμές ροής και οι μέσες θερμοκρασίες σε κάθε έξοδο και
για τις τρεις περιπτώσεις.
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Σχήμα 5.16: Σχεδιασμός δικτύου αγωγών-Τυρβώδης ροή με μεταφορά θερμότητας.
Εν δυνάμει κατανομή της θερμοκρασίας στον τοίχο Twall, Twall(x, y) = 313 + x2 −
12cos(3πx) + y2 − 12cos(3πy), την οποία αποκτά κάθε κόμβος του περιγράμματος Sα.
Με SI και SOl

, l = 1 . . . 4 συμβολίζονται τα όρια εισόδου και εξόδου του χωρίου μελέτης.
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(αʹ) F1 = 0.025, F2 = 2.48 (βʹ) F1 = 0.037, F2 = 3.00

(γʹ) F1 = 0.053, F2 = 3.51 (δʹ) F1 = 0.026, F2 = 2.83

Σχήμα 5.17: Σχεδιασμός δικτύου αγωγών-Τυρβώδης ροή με μεταφορά θερμότη-
τας. Σχεδιασμός βέλτιστου αγωγού μίας εισόδου/4 εξόδων με στόχους: (α) την ε-
λαχιστοποίηση των ∆pt χωρίς την επιβολή περιορισμών, (β) την ελαχιστοποίηση των ∆pt

με ίση παροχή σε κάθε έξοδο, (γ) την ελαχιστοποίηση των ∆pt και μεγιστοποίηση του
∆T με ίση παροχή σε κάθε έξοδο και (δ) την ελαχιστοποίηση των ∆pt και μεγιστοποίηση
του ∆T με ίδια θερμοκρασία σε κάθε έξοδο. Απεικονίζονται τα βέλτιστα πεδία ταχύτητας
και οι γραμμές ροής σε κάθε έξοδο και για τις τέσσερις περιπτώσεις.
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Σχήμα 5.18: Σχεδιασμός δικτύου αγωγών-Τυρβώδης ροή με μεταφορά θερμότητας.
Οι γραμμές ροής της βέλτιστης λύσης του σχήματος 5.17(γʹ) σχεδιασμένες πάνω στο
πεδίο της θερμοκρασίας Twall.

Σχήμα 5.19: Σχεδιασμός δικτύου αγωγών-Τυρβώδης ροή με μεταφορά θερμότητας.
Λεπτομέρεια του πλέγματος στην περιοχή της εισόδου του χωρίου μετά την προσαρμογή
του πλέγματος γύρω από το στερεό όριο του βέλτιστου αγωγού του σχήματος 5.17(γʹ).
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Kef�laio 6AsÔgqronoi MimhtikoÐAlgìrijmoi
Sta prohgoÔmena kef�laia tìso gia thn epÐlush problhm�twn beltistopoÐhshc mor-f c ìso kai gia aut� thc beltistopoÐhshc topologÐac qrhsimopoi jhkan aitiokratikècmèjodoi basismènec sth suzug  teqnik  gia ton upologismì thc klÐshc thc sun�rthshc�stìqou. Sto kef�laio autì, parousi�zetai h sÔzeuxh twn aitiokratik¸n mejìdwnpou anaptÔqjhkan prohgoumènwc me stoqastikèc mejìdouc beltistopoÐhshc, kai su-gkekrimèna me ton asÔgqrono exeliktikì algìrijmo (AEA) thc MPUR&B/EJS,¸ste na ekmetalleutoÔme ta pleonekt mata kai twn dÔo mejìdwn.O asÔgqronoc autìc exeliktikìc algorÐjmoc (AEA), o opoÐoc anaptÔqjhke stoplaÐsio thc didaktorik c diatrib c thc B. AsoÔth, [148], upertereÐ twn ��sÔgqronwn��exeliktik¸n algorÐjmwn kai parousi�zei idiaÐtera pleonekt mata lìgw thc kat�rgh-shc thc ènnoiac thc geni�c, megistopoi¸ntac me autì ton trìpo thn ekmet�lleush twndiajèsimwn epexergast¸n. O ubridismìc autoÔ tou algorÐjmou me thn aitiokratik  mè-jodo od ghse sthn an�ptuxh enìc asÔgqronou mimhtikoÔ algorÐjmou (AMA) o opoÐocupertereÐ se apìdosh tou AEA kai parousi�zetai sthn paroÔsa diatrib  gia pr¸thfor� sth bibliografÐa. 'Oson afor� eidik� sthn polukrithriak  beltistopoÐhsh, sthnparoÔsa diatrib  proteÐnetai mÐa nèa qamhloÔ kìstouc teqnik  gia ton upologismìtwn klÐsewn twn sunart sewn-stìqwn sto mimhtikì algìrijmo ¸ste na epilÔontaioi suzugeÐc exis¸seic mÐa for� kai ìqi tìsec forèc ìsec kai oi stìqoi. O qeirismìcautìc apoteleÐ èna akìmh stoiqeÐo prwtotupÐac thc diatrib c.Sthn enìthta twn efarmog¸n tou kefalaÐou autoÔ, pistopoieÐtai h apìdosh touproteinìmenou AMA sto sqediasmì-beltistopoÐhsh sunist¸sewn susthm�twn, ìpwcenallakt¸n jermìthtac kai 2D pterug¸sewn strobilomhqan¸n. Epiplèon sto ke-f�laio 7, parousi�zetai h qr sh tou asÔgqronou exeliktikoÔ algorÐjmou gia thnepÐlush problhm�twn sqediasmoÔ bèltistwn susthm�twn metafor�c jermìthtac, ì-pwc kÔklwn paragwg c hlektrik c enèrgeiac me qr sh gewjermÐac kai gewjermik¸nantli¸n jermìthtac. 109
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Πίνακας 6.1: Συντομογραφίες χρησιμοποιούμενων και προτεινόμενων αλγορίθμων.SuntomografÐa OnomasÐa Agglik  orologÐaEA ExeliktikoÐ Algìrijmoi Evolutionary AlgorithmsMAEA ExeliktikoÐ Algìrijmoi Metamodel-Assisteduposthrizìmenoi apì Evolutionary AlgorithmsmetaprìtupaMA MimhtikoÐ Algìrijmoi Memetic AlgorithmsMAMA MimhtikoÐ Algìrijmoi Metamodel-Assisteduposthrizìmenoi apì Memetic AlgorithmsmetaprìtupaAEA AsÔgqronoi ExeliktikoÐ AsynchronousAlgìrijmoi Evolutionary AlgorithmsAMEA AsÔgqronoi ExeliktikoÐ Asynchronous Metamodel-Algìrijmoi uposthrizìmenoi Assisted Evolutionaryapì metaprìtupa AlgorithmsAMA AsÔgqronoi MimhtikoÐ AsynchronousAlgìrijmoi Memetic AlgorithmsAMAMA AsÔgqronoi MimhtikoÐ Asynchronous Metamodel-Algìrijmoi uposthrizìmenoi Assisted Memeticapì metaprìtupa Algorithms6.1 Bibliografik  episkìphshProbl mata beltistopoÐhshc sth jermo-reustodunamik , ìpwc aut� pou melet¸ntaisthn paroÔsa diatrib , mporoÔn na epilujoÔn qrhsimopoi¸ntac stoqastikèc  /kaiaitiokratikèc mejìdouc beltistopoÐhshc. 'Oson afor� stic stoqastikèc mejìdoucbeltistopoÐhshc, oi exeliktikoÐ algìrijmoi an koun sthn kathgorÐa twn plhjusmi-ak¸n stoqastik¸n mejìdwn kai asqoloÔntai me thn olik  exereÔnhsh tou pedÐouorismoÔ twn metablht¸n sqediasmoÔ thc beltistopoÐhshc. 'Eqoun wc stìqo thnanÐqneush twn perioq¸n me pijan� akrìtata odhg¸ntac sthn eÔresh tou olikoÔ akrì-tatou, apofeÔgontac ton egklwbismì se topik� akrìtata lìgw thc stoqastikìthtacme thn opoÐa exereunoÔn to pedÐo orismoÔ. Wstìso, gia thn eÔresh thc bèltisthclÔshc, apaiteÐtai sun jwc meg�loc arijmìc axiolog sewn o opoÐoc aux�nei ton upo-logistikì qrìno eidikìtera sta probl mata thc reustodunamik c, ìpou to logismikìaxiolìghshc antistoiqeÐ sth qronobìra epÐlush twn exis¸sewn thc ro c. Antijètwc,oi aitiokratikèc mèjodoi beltistopoÐhshc, oi opoÐec basÐzontai ston upologismì thcklÐshc thc sun�rthshc-stìqou kai an koun stic mejìdouc topik c anÐqneushc, eÐnaikat�llhlec gia thn topik  beltÐwsh twn upoyhfÐwn lÔsewn. 'Enac trìpoc na anti-metwpisteÐ h basik  adunamÐa twn stoqastik¸n mejìdwn beltistopoÐhshc, mei¸no-ntac to qrìno thc beltistopoÐhshc, eÐnai h sunèrgei� touc me tic mejìdouc topik canÐqneushc, sundu�zontac ta pleonekt mata twn dÔo mejìdwn. Sta ubridik� sq ma-



6.1. Βιβλιογραφική επισκόπηση 111ta, oi exeliktikoÐ algìrijmoi qrhsimopoioÔntai gia ton entopismì twn perioq¸n ìpouup�rqoun akrìtata kai sth sunèqeia, oi aitiokratikèc mèjodoi ekmetalleÔontai aut nthn plhroforÐa esti�zontac se autèc tic perioqèc gia to leptomer  entopismì twnakrìtatwn. Oi teleutaÐec belti¸noun peraitèrw tic uposqìmenec lÔseic me mejìdoucpou apaitoÔn ton akrib    proseggistikì upologismì thc klÐshc thc sun�rthshc-stìqou.O ubridismìc twn stoqastik¸n kai aitiokratik¸n mejìdwn beltistopoÐhshc mporeÐna ulopoihjeÐ me di�forouc trìpouc kai parousi�zetai se mia seir� apì ergasÐec,[123, 130, 36, 42, 83, 77, 78]. Stic [77, 78, 150] o ubridismìc twn dÔo mejìdwn prag-matopoieÐtai mèsw tou poluepÐpedou algorÐjmou beltistopoÐhshc qrhsimopoi¸ntacdiaforetik  mèjodo anÐqneushc se k�je epÐpedo, me touc sÔgqronouc exeliktikoÔcalgorÐjmouc na drasthriopoioÔntai sto kat¸tero epipèdo gia thn anÐqneush tou q¸-rou en¸ h mèjodoc kajìdou sto an¸tero gia thn peraitèrw beltÐwsh twn uposqìme-nwn lÔsewn tou kat¸terou epipèdou. H met�dosh thc plhroforÐac pragmatopoieÐtaime thn amfÐdromh metan�steush treqous¸n bèltistwn lÔsewn metaxÔ twn epipèdwn.Stic ergasÐec autèc gÐnetai qr sh twn suzug¸n teqnik¸n gia ton upologismì thcklÐshc thc sun�rthshc-stìqou pou kajorÐzei thn kateÔjunsh beltÐwshc twn lÔsewnstic mejìdouc topik c anÐqneushc.Mia kathgorÐa ubridik¸n mejìdwn beltistopoÐhshc eÐnai oi mimhtikoÐ algìrijmoi(MA), [33, 56, 106], oi opoÐoi sundu�zoun tic mejìdouc olik c exereÔnhshc kai topik cbeltÐwshc [85, 105, 88]. Oi mimhtikoÐ algìrijmoi, ulopoioÔntai me b�sh dÔo teqnikècekm�jhshc, dhlad  dÔo teqnikèc oi opoÐec aforoÔn ston trìpo me ton opoÐo gÐnetaiqr sh thc plhroforÐac thc topik c beltÐwshc apì thn plhjusmiak  mèjodo olik cexereÔnhshc. AutoÐ eÐnai h ekm�jhsh kat� Baldwin (Baldwinian learning), [161,89], kai h ekm�jhsh kat� Lamark (Lamarkian learning), [89]. Sthn kat� Lamarkekm�jhsh h beltiwmènh upoy fia lÔsh antikajist� thn arqik , dhlad  tic metablhtècsqediasmoÔ kai th sun�rthsh-stìqo thc arqik c lÔshc. Sthn ekm�jhsh kat� Baldwinanane¸netai mìno h beltiwmènh sun�rthsh-stìqoc kai ìqi to di�nusma twn meta-blht¸n sqediasmoÔ.H qr sh twn ubridik¸n mejìdwn beltistopoÐhshc mporeÐ na mei¸nei to suno-likì kìstoc thc beltistopoÐhshc ìmwc, sthn perÐptwsh upologistik� akriboÔ lo-gismikoÔ axiolìghshc h beltistopoÐhsh kajÐstatai sqedìn apagoreutik  wc kajh-merinì ergaleÐo sqediasmoÔ sth biomhqanÐa. Gia thn peraitèrw meÐwsh tou qrìnoubeltistopoÐhshc, mporoÔn na qrhsimopoihjoÔn proseggistik� prìtupa axiolìghshc  metaprìtupa wc logismikì gr gorhc all� proseggistik c pro-axiolìghshc. Tametaprìtupa apoteloÔn, praktik�, mejìdouc parembol c/prosèggishc thc sun�rth-shc-stìqou qrhsimopoi¸ntac plhroforÐa apì tic  dh axiologhmènec lÔseic me toakribèc logismikì axiolìghshc, parèqontac me autì ton trìpo mia proseggistik kat�taxh twn mel¸n tou plhjusmoÔ. Oi exeliktikoÐ algìrijmoi uposthrizìmenoi apìmetaprìtupa (MAEA), [48, 49, 82, 107, 121, 73, 24, 125, 96], qwrÐzontai se dÔokathgorÐec, se aut n pou ta metaprìtupa ekpaideÔontai qwrist� apì thn exeliktik diadikasÐa (off-line), [25, 121, 73, 24], kai se aut  ìpou h ekpaÐdeush twn metapro-tÔpwn eÐnai sundedemènh (on-line) me th diadikasÐa exèlixhc, [82, 49, 48, 45, 82, 23].Sthn paroÔsa diatrib , gÐnetai qr sh twn (on-line) metaprotÔpwn qrhsimopoi¸ntac



112 6. Ασύγχρονοι Μιμητικοί Αλγόριθμοιthn teqnik  thc proseggistik c pro-axiolìghshc, Inexact pre-evaluation (IPE) tech-
nique, h opoÐa èqei anaptuqjeÐ apì th MPUR&B/EJS, [49]. SÔmfwna me aut n thnteqnik  se k�je geni� axiologoÔntai ìlec oi upoy fiec lÔseic me to metaprìtupo kaioi uposqìmenec lÔseic stèlnontai gia epan-axiolìghsh me to akribèc logismikì. OisÔgqronoi mimhtikoÐ algìrijmoi (MA) uposthrizìmenoi apì metaprìtupa (MAMA)èqoun parousiasteÐ se prohgoÔmenh diatrib , [142], ìpou ta metaprìtupa, ektìc apìthn proseggistik  pro-axiolìghsh twn lÔsewn qrhsimopoi jhkan epiplèon gia thnkajod ghsh thc aitiokratik c mejìdou upologÐzontac proseggistik� thn par�gwgothc sun�rthshc-stìqou. Me autìn ton trìpo apofeÔgetai h qr sh thc suzugoÔc  �llhc sqetik c mejìdou. Sqetikèc ergasÐec stouc MAMA parousi�zontai stic[161, 162].H bibliografÐa mèqri stigm c, se suntriptikì posostì, anafèretai stouc sÔgqro-nouc EA oi opoÐoi qarakthrÐzontai apì thn ènnoia thc geni�c. 'Enac akìmh trì-poc meÐwshc tou upologistikoÔ qrìnou thc beltistopoÐhshc stouc sÔgqronouc EAepitugq�netai me thn tautìqronh axiolìghsh twn atìmwn miac geni�c se diafore-tikoÔc epexergastèc. Autìc apoteleÐ ton aploÔstero trìpo ekmet�lleushc thc pa-rallhlopoÐhshc stouc EA. Sth bibliografÐa, h parallhlopoÐhsh twn EA ulopoieÐ-tai me di�forouc trìpouc, [27, 103, 7], èqontac wc stìqo thn kalÔterh apìdoshtou algorÐjmou ¸ste na meiwjeÐ aisjht� o qrìnoc upologismoÔ. Parìla aut�, hbasismènh sth geni� exèlixh tou par�llhlou algorÐjmou periorÐzei thn par�llhlhapìdosh tou, periorÐzontac to mègisto kèrdoc sto qrìno upologismoÔ. Autì ofeÐle-tai sto sugqronismì sto tèloc k�je geni�c, dhlad  sthn anamon  thc olokl rwshctwn axiolog sewn miac geni�c apì ìlouc touc epexergastèc gia thn axiolìghsh twnatìmwn thc epìmenhc geni�c. Autì shmaÐnei ìti, se perÐptwsh pou ènac epexergast ckajuster sei na oloklhr¸sei thn axiolìghsh enìc atìmou thc geni�c, autìmata ka-justereÐ olìklhrh h geni� kai kat� epèktash olìklhrh h diadikasÐa beltistopoÐhshc.Autì to meionèkthma twn sÔgqronwn algorÐjmwn antimetwpÐsthke me thn kat�rghshthc geni�c, h opoÐa od ghse sth dhmiourgÐa twn asÔgqronwn exeliktik¸n algorÐj-mwn (AEA), [56, 8, 12]. AutoÐ eÐnai pl rwc asÔgqronoi kaj¸c me thn olokl rwshmiac axiolìghshc kai thn apeleujèrwsh enìc epexergast , èna nèo �tomo odhgeÐtaiakariaÐa proc axiolìghsh, megistopoi¸ntac me autìn ton trìpo thn ekmet�lleush twndiajèsimwn upologistik¸n pìrwn.Se prohgoÔmenh diatrib  sth MPUR&B/EJS, [148], anaptÔqjhke ènac nèocasÔgqronoc exeliktikìc algìrijmoc (AEA), o opoÐoc upertereÐ twn sÔgqronwn EA,kai ston opoÐo o plhjusmìc anaptÔssetai se èna 2D domhmèno plègma b�shc parousi�-zontac èna nèo trìpo diaqwrismoÔ tou plhjusmoÔ se d mouc me epiplèon diaforècsthn efarmog  twn exeliktik¸n telest¸n. H prosj kh metaprotÔpwn ston AEAparousi�sthke sthn ergasÐa [13], mei¸nontac shmantik� to qrìno beltistopoÐhshc.O algìrijmoc autìc perigr�fetai analutik� sto epìmeno kef�laio, dedomènou ìtiapoteleÐ th b�sh gia to nèo algìrijmo pou anaptÔssetai sthn paroÔsa diatrib .H paroÔsa didaktorik  diatrib , ekmetalleuìmenh tic suzugeÐc mejìdouc pou ana-ptÔqjhkan sta kef�laia 3 kai 4, proqwr� sth dhmiourgÐa enìc nèou asÔgqronoumimhtikoÔ algorÐjmou uposthrizìmenou apì metaprìtupa (AMAMA), o opoÐoc basÐze-tai ston ubridismì tou AEA me tic suzugeÐc mejìdouc, kai parousi�zetai gia pr¸th



6.2. Γενικευμένος (μ,λ) ΕΑ 113for� sth bibliografÐa, [86].Prin thn perigraf  tou asÔgqronou EA, o opoÐoc qrhsimopoi jhke wc logi-smikì b�shc gia th dhmiourgÐa tou AMAMA, parousi�zetai, sthn epìmenh enìthta,o genikeumènoc EA, me skopì thn perigraf  thc diaqeÐrishc problhm�twn poll¸nstìqwn, problhm�twn me periorismoÔc, twn exeliktik¸n telest¸n k.a., ta opoÐa eÐ-nai aparaÐthta na analujoÔn ek twn protèrwn, dedomènou ìti qrhsimopoioÔntai stonAEA, kai kat� epèktash kai ston AMAMA.6.2 Genikeumènoc (m,l) EAO genikeumènoc (m,l) EA, o opoÐoc anaptÔssetai sth MPUR&B/EJS (logismikì
EASY, [4]), eÐnai apotèlesma miac seir�c didaktorik¸n diatrib¸n [147, 152, 150], pouèqoun pragmatopoihjeÐ sth MPUR&B/EJS apotel¸ntac th b�sh gia thn an�ptuxhtou AEA sth didaktorik  diatrib  [148].6.2.1 Orismìc Probl matoc BeltistopoÐhshcTa probl mata pou epilÔontai sthn paroÔsa diatrib  me skopì thn elaqistopoÐhsh
M stìqwn diatup¸nontai wc

min~F (~b) = min{F1(~b), ..., FM(~b)} (6.1)upì touc periorismoÔc
ck(~b) ≤ cthres

k , k = 1, K (6.2)ìpou ~b to di�nusma twn metablht¸n sqediasmoÔ, ~b ∈ RN , to opoÐo orÐzetai apìan¸tera kai kat¸tera ìria twn metablht¸n sqediasmoÔ, F1(~b), ..., FM(~b) oi M sunart -seic-stìqoi kai ck(~b) oi K periorismoÐ.Sthn perÐptwsh thc polukrithriak c beltistopoÐhshc (M > 1), gia th sÔgkrishdÔo lÔsewn, èstw ~b1 kai ~b2, qrhsimopoieÐtai h ènnoia thc kuriarqÐac kat� Pareto,[118]. SÔmfwna me aut , h lÔsh ~b1 kuriarqeÐ thc ~b2 kai sumbolÐzetai me ~b1 � ~b2 ìtankai mìno ìtan isqÔei Fm(~b1) ≤ Fm(~b2) gia ìlouc touc stìqouc (m ∈ [1, M ]). MÐalÔsh eÐnai bèltisth kat� Pareto an kai mìno an den kuriarqeÐtai apì kamÐa �llh lÔsh.To sÔnolo twn mh-kuriarqoÔmenwn lÔsewn   allÐwc bèltistwn lÔsewn apoteloÔnmazÐ èna mètwpo bèltistwn lÔsewn, to gnwstì kai wc mètwpo Pareto. To sq ma 6.1anaparist� sqhmatik� thn kuriarqÐa enìc atìmou (~bi) tou plhjusmoÔ sta upìloipa�toma tou gia èna prìblhma elaqistopoÐhshc dÔo stìqwn, kajist¸ntac tautìqronaautì to �tomo bèltisto kat� Pareto. Sto Ðdio sq ma faÐnetai kai to mètwpo Pareto(maÔroi kÔkloi).6.2.2 Perigraf  tou (m,l) EAO (m,l) EA diaqeirÐzetai se k�je geni� treic diakritoÔc plhjusmoÔc lÔsewn: toucgoneÐc Pg
µ, touc apogìnouc Pg

λ kai touc epÐlektouc Pg
e . Oi deÐktec m, l kai e ekfr�zoun
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Σχήμα 6.1: Κυριαρχία κατά Pareto. Τα άτομα τα οποία βρίσκονται μέσα στη γκρίζα
περιοχή κυριαρχούνται από το άτομο ~bi του πληθυσμού, το οποίο αποτελεί ταυτόχρονα
και μέλος του μετώπου Pareto από τη στιγμή που δεν κυριαρχείται από άλλο άτομο. Τα
άτομα με τους μαύρους κύκλους αντιστοιχούν στα μέλη του μετώπου Pareto.to pl joc twn atìmwn se k�je plhjusmì en¸ o deÐkthc g upodhl¸nei th geni�. O(m,l) EA apoteleÐ ènan ierarqikì katanemhmèno algìrijmo, o opoÐoc uposthrÐzetaiapì metaprìtupa. Sth sunèqeia parousi�zetai h basik  tou dom , [147, 152, 150], hopoÐa perilamb�nei ta ex c b mata:EA-1: ArqikopoÐhsh twn apogìnwn thc pr¸thc geni�c, P1

λ, mèsw kl sewn thc gen-n triac tuqaÐwn arijm¸n.EA-2: Axiolìghsh twn apogìnwn gia ton upologismì thc sun�rthshc kìstouc F (~b).EA-3: Apìdosh miac bajmwt c tim c kìstouc φ stouc apogìnouc gia thn ier�rqhs touc, ìpwc perigr�fetai sthn enìthta 6.2.3.EA-4: Ananèwsh tou sunìlou twn epilèktwn, ¸ste na apoteleÐtai mìno apì mh-kuriarqoÔmena mèlh epilegmèna metaxÔ palai¸n epilèktwn kai twn nèwn apogì-nwn. Se autì to sÔnolo efarmìzetai proairetik� telest c araÐwshc, diathr¸-ntac èna mègisto arijmì sto sÔnolo touc. Proairetik� efarmìzetai kai ènactelest c elitismoÔ, sÔmfwna me ton opoÐo eis�getai sto sÔnolo twn apogì-nwn ènac mikrìc arijmìc epilèktwn, tuqaÐa epilegmènwn, antikajist¸ntac taqeirìtera mèlh.EA-5: Ananèwsh tou sunìlou twn gonèwn apì to sÔnolo twn nèwn apogìnwn kaitwn palai¸n gonèwn b�sei tou mègistou arijmoÔ geni¸n pou mporeÐ na epibi¸seièna �tomo.



6.2. Γενικευμένος (μ,λ) ΕΑ 115EA-6: Anaparagwg  twn m gonèwn qrhsimopoi¸ntac telestèc diastaÔrwshc, oiopoÐoi epib�llontai se èna arijmì atìmwn apì to Pg+1
µ kai to Pg+1

e (me mikr pijanìthta) kaj¸c kai telest¸n met�llaxhc gia th dhmiourgÐa tou nèou plh-jusmoÔ twn apogìnwn Pg+1
µ .EA-7: 'Elegqoc twn krithrÐwn termatismoÔ pou aforoÔn l.q. to mègisto arijmìaxiolog sewn, mègisto arijmì geni¸n, adunamÐa peraitèrw beltÐwshc thc lÔshc.An den ikanopoioÔntai ta krit ria aux�netai kat� mÐa mon�da o metrht c g ←

g + 1 epistrèfontac sto b ma EA-2, allÐwc o algìrijmoc termatÐzetai.H prosj kh twn metaprotÔpwn ston EA basÐsthke sthn teqnik  thc proseggisti-k c pro-axiolìghshc (IPE), ìpwc anafèrjhke kai prohgoumènwc. Wc metaprìtupa,ston EA kaj¸c kai ston AMAMA, qrhsimopoioÔntai ta teqnht� neurwnik� dÐktua kaieidikìtera ta dÐktua aktinik¸n sunart sewn b�shc (Radial Basis Function Networks-
RBFN), [58, 29]. H epÐdrash twn metaprotÔpwn ston algìrijmo xekin� met� apì ènael�qisto arijmì axiolog sewn me to akribèc logismikì, dhlad  afoÔ èqei apokt -sei h b�sh dedomènwn (DB) arketèc eggrafèc. O arijmìc twn el�qistwn eggraf¸n(NIP EStart

) sth DB kajorÐzetai apì to qr sth kai apofasÐzetai me b�sh thn polu-plokìthta tou ek�stote probl matoc. Met� thn energopoÐhsh tou metaprotÔpou,gia k�je apìgono kataskeu�zetai kai ekpaideÔetai topik� èna metaprìtupo gÔrw apìth geitoni� tou. Sth sunèqeia, to metaprìtupo qrhsimopoieÐtai gia na apod¸sei mÐaproseggistik  tim  thc sun�rthshc-stìqou se k�je mèloc thc geni�c. B�sei twnproseggistik¸n aut¸n tim¸n, ta Nbest kalÔtera thc geni�c prokrÐnontai gia epan-axiolìghsh me to akribèc logismikì, [150], mei¸nontac ètsi to sunolikì upologistikìkìstoc thc beltistopoÐhshc.6.2.3 DiaqeÐrish problhm�twn poll¸n stìqwnSton EA, se probl mata enìc stìqou h ier�rqhsh twn atìmwn tou plhjusmoÔ NPpragmatopoieÐtai wc proc thn tim  thc sun�rthshc-stìqou tou k�je atìmou. Seprobl mata poll¸n stìqwn, gia thn ier�rqhsh twn lÔsewn kai thn eÔresh tou met¸-pou Pareto qrhsimopoieÐtai mÐa bajmwt  tim  kìstouc φ, h opoÐa apodÐdetai se k�je�tomo tou plhjusmoÔ kai antikajist� praktik� th sun�rthsh-stìqo sth diadikasÐ-a ier�rqhshc twn lÔsewn. Aut  h tim  kìstouc upologÐzetai b�sei twn tim¸n twnsunart sewn-stìqwn twn atìmwn tou plhjusmoÔ. Ston upìyh algìrijmo qrhsi-mopoioÔntai dÔo trìpoi apìdoshc tim c kìstouc k�nontac qr sh twn algorÐjmwn
SPEA II, [165], kai NSGA II, [34]. Sth sunèqeia, perigr�fetai o algìrijmoc SPEA
II o opoÐoc qrhsimopoieÐtai sthn paroÔsa diatrib .Algìrijmoc SPEA IIH apìdosh thc tim c φ pragmatopoieÐtai akolouj¸ntac ta ex c b mata, [165], giak�je �tomo i tou plhjusmoÔ:
SPEA II-1: Upologismìc thc tim c thc dÔnamhc Si (Strength), h opoÐa isoÔtai meton arijmì twn atìmwn tou plhjusmoÔ sta opoÐa kuriarqeÐ to �tomo i.
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SPEA II-2: Upologismìc thc tim c thc kuriarqÐac Ri, h opoÐa prokÔptei apì thn�jroish thc dÔnamhc k�je atìmou apì ta opoÐa kuriarqeÐtai to �tomo i.
SPEA II-3: Upologismìc thc puknìthtac Di, h opoÐa posotikopoieÐtai mèsw thcapìstashc dij tou atìmou i sto q¸ro twn stìqwn apì to j-iostì plhsièsterìtou, Di = 1

dij+2
, ìpou j =

√
NP me NP to sÔnolo twn atìmwn tou plhjusmoÔ.

SPEA II-4: Upologismìc thc bajmwt c tim c kìstouc φ = Ri +Di gia k�je �tomo
i tou plhjusmoÔ.H sqhmatik  anapar�stash tou algorÐjmou faÐnetai sto sq ma 6.2.DeÐkthc uperìgkouGia th sÔgkrish thc apìdoshc diafìrwn algorÐjmwn sthn enìthta 6.5, eÐnai aparaÐththh sÔgkrish twn met¸pwn Pareto pou upologÐzontai apì k�je algìrijmo. MÐa teqnik h opoÐa posotikopoieÐ thn poiìthta tou k�je met¸pou kai qrhsimopoieÐtai sthn paroÔsadiatrib  gia th sÔgkrish twn met¸pwn eÐnai o deÐkthc uperìgkou IH . O deÐkthc u-perìgkou metr� to q¸ro ston opoÐo kuriarqeÐ to mètwpo, dhlad  ìso megalÔterhtim  èqei o deÐkthc uperìgkou tìso kalÔterh eÐnai h prosèggish tou met¸pou Pareto.Gia ton upologismì tou deÐkth uperìgkou eÐnai aparaÐthtoc o orismìc enìc shmeÐouanafor�c, to opoÐo qrhsimopoieÐtai gia ton kajorismì twn orÐwn tou q¸rou stoopoÐo kuriarqeÐ to mètwpo. Sto sq ma 6.3 faÐnetai h sqhmatik  anapar�stash toudeÐkth uperìgkou gia èna prìblhma elaqistopoÐhshc dÔo stìqwn kat� th sÔgkrishdÔo met¸pwn Pareto.6.2.4 DiaqeÐrish periorism¸nGia th diaqeÐrish twn periorism¸n eis�getai ènac ìroc poin c Pk, ètsi ¸ste k�je for�pou mÐa upoy fia lÔsh k parabi�zei ènan apì touc periorismoÔc, oi sunart seic- stì-qoi thc lÔshc aut c na epaux�nontai me kat�llhlo ìro poin c o opoÐoc posotikopoieÐto mègejoc thc parabÐashc. Wc sun�rthsh poin c epilègetai mÐa ekjetik c morf csun�rthsh wc proc thn parabÐash tou periorismoÔ kai oi ìroi poin c orÐzontai wc

Pk =







∞ , ck(~b) > ck
death

exp
(

ck(~b)−ck
thres

cdeath
k

−ck
thres

)

, ck
thres < ck(~b) ≤ ck

death

1 , ck(~b) ≤ ck
thres

(6.3)ìpou ck
death eÐnai mÐa akraÐa tim  gia ton upìyh periorismì.H tim  tou ìrou poin c Pk pollaplasi�zei tic sunart seic-stìqouc F (~b) wc

F (~b) = F (~b)
K∏

k=1

Pk (6.4)
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Σχήμα 6.2: Σχηματική αναπαράσταση των βημάτων SPEA II-2, SPEA II-3 και SPEA
II-4 του αλγορίθμου SPEA II για την απόδοση της βαθμωτής τιμής κόστους φ στα άτομα
ενός πληθυσμού σε ένα πρόβλημα ελαχιστοποίησης δύο στόχων.6.3 O AsÔgqronoc EA (AEA)-Perigraf Ta basik� qarakthristik� tou AEA eÐnai h topologÐa sthn opoÐa topojeteÐtai oplhjusmìc, o qwrismìc tou plhjusmoÔ se d mouc me thn ekmet�lleush aut c thctopologÐac kai o trìpoc me ton opoÐo oi d moi epikalÔptontai kai moir�zontai ta�toma tou plhjusmoÔ. Ston AEA, pou qrhsimopoieÐtai ed¸, oi upoy fiec lÔseic touplhjusmoÔ susqetÐzontai me touc kìmbouc enìc n1×n2 domhmènou plègmatoc b�shcsto opoÐo isqÔei h periodikìthta proc ìlec tic dieujÔnseic. To plègma diamerÐzetaise d mouc Dp twn èxi kìmbwn, oi opoÐoi apoteloÔntai apì ènan pìlo (pole) P kaipènte pr�ktorec (agents), A1 èwc A5, ìpwc faÐnetai kai sto sq ma 6.4. O rìloctwn pìlwn se k�je d mo eÐnai shmantikìc, dedomènou ìti se autoÔc apojhkeÔontaiplhroforÐec sqetikèc me to bèltisto �tomo tou d mou. Oi pr�ktorec eÐnai autoÐ pouanalamb�noun thn axiolìghsh twn upoyhfÐwn lÔsewn. 'Oson afor� ston arijmìtwn pìlwn kai ton arijmì twn praktìrwn se èna plègma n1×n2 me sunolikì arijmìkìmbwn Nmesh, o arijmìc twn pìlwn isoÔtai me Npoles = Nmesh/4 kai o arijmìctwn praktìrwn me Nagents = 3Nmesh/4. SÔmfwna me to sq ma 6.4, k�je d moc
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Σχήμα 6.3: Σχηματική αναπαράσταση του δείκτη υπερόγκου, IH1, του μετώπου Pare-
to με τα μαύρα άτομα Pa1 (γκρίζο χωρίο) αλλά και του δείκτη υπερόγκου IH2 του μετώ-
που με τα γκρί άτομα, Pa2, (διαγραμμισμένο χωρίο) υπολογισμένοι με σημείο αναφοράς
το (F1ref , F2ref ) για ένα πρόβλημα ελαχιστοποίησης δύο στόχων. Είναι IH1 > IH2 και
επομένως Pa1 � Pa2.

A2

A1

A5 A4

A3P

Σχήμα 6.4: Ασύγχρονος ΕΑ (ΑΕΑ): λεπτομέρεια τμήματος του δομημένου πλέγ-
ματος βάσης όπου φαίνονται ο πόλος P (μαύροι κύκλοι) και οι πέντε πράκτορες (γκρίζοι
κύκλοι), A1 έως A5, για το δήμο που περιβάλλεται από τη συνεχή γραμμή.moir�zetai tèsseric apì touc pènte pr�ktorec me touc geitonikoÔc tou d mouc kaimèsw twn koin¸n aut¸n praktìrwn allhlepidroÔn oi d moi metaxÔ touc. H efarmog twn exeliktik¸n telest¸n periorÐzetai sto eswterikì k�je d mou.H beltistopoÐhsh arqÐzei dhmiourg¸ntac tuqaÐa tìsa �toma ìsa kai o arijmìc twndiajèsimwn epexergast¸n NCP U . Oi NCP U upoy fiec lÔseic susqetÐzontai tuqaÐame NCP U pr�ktorec, oi opoÐoi analamb�noun thn axiolìghsh touc se NCP U epexer-gastèc. Met� to pèrac thc axiolìghshc miac upoy fiac lÔshc, ~ba, h antÐstoiqh CP Uparamènei eleÔjerh perimènontac thn epìmenh axiolìghsh. ��AkariaÐa��, dhmiourgeÐtaièna nèo �tomo proc axiolìghsh, mèsw dia- kai endo-dhmotik¸n diergasi¸n. Mèsw mÐac



6.3. Ο Ασύγχρονος ΕΑ (ΑΕΑ)-Περιγραφή 119endo-dhmotik c diergasÐac, h opoÐa basÐzetai se krit ria kuriarqÐac, apofasÐzetai anto �tomo to opoÐo mìlic axiolog jhke prèpei na antikatast sei   ìqi ton antÐstoiqopìlo (~bp).Epìmeno b ma tou algorÐjmou eÐnai h epilog  nèou pr�ktora gia to sqhmatismìtou nèou apogìnou proc axiolìghsh. H epilog  aut  basÐzetai se mia seir� apì dia-dhmotikèc diergasÐec epilègontac arqik� to d mo me th mègisth proteraiìthta kai,sth sunèqeia, ton pr�ktora. Gia na oristeÐ h proteraiìthta k�je pìlou P rp, qrhsi-mopoioÔntai dÔo basikèc ènnoiec proteraiot twn tou asÔgqronou EA, h proteraiìthtab�sei thc hlikÐac P rage
p kai h proteraiìthta b�sei thc tim c katallhlìthtac/sun�rth-shc-stìqou P rcost

p wc P rp = P rage
p P rcost

p , [12, 148]. H hlikÐa Ak enìc pr�ktoraorÐzetai wc h diafor� tou aÔxontoc arijmoÔ thc teleutaÐac axiolìghshc pou prag-matopoi jhke apì autìn ton pr�ktora kai tou aÔxontoc arijmoÔ thc trèqousac axi-olìghshc. H hlikÐa k�je pìlou eÐnai h mèsh hlikÐa twn praktìrwn tou upìyh d mou.H proteraiìthta b�sei thc hlikÐac tautÐzetai me thn hlikÐa tou pìlou diairemènh meth mègisth hlikÐa twn pìlwn.Se probl mata dÔo stìqwn, h proteraiìthta b�sei thc tim c katallhlìthtac/su-n�rthshc-stìqou, P rcost
p , orÐzetai qrhsimopoi¸ntac ta krit ria dÔnamhc kai kuriar-qÐac pou efarmìzontai ston algìrijmo SPEA II. O pìloc me th megalÔterh tim proteraiìthtac P rp upodeiknÔei to d mo apì ton opoÐo, sth sunèqeia, epilègetai opr�ktorac me th mègisth hlikÐa Ak gia to sqhmatismì kai thn �mesh axiolìghsh tounèou apogìnou ~ba.Ston asÔgqrono EA, gia tic metablhtèc sqediasmoÔ qrhsimopoieÐtai pragmatik kwdikopoÐhsh. Gia th dhmiourgÐa thc nèac upoy fiac lÔshc proc axiolìghsh (stonpr�ktora kai d mo pou  dh epelèghsan), prostÐjetai sthn tim  tou pìlou èna posostìthc diafor�c dÔo praktìrwn tou d mou, sÔmfwna me to sq ma

~ba = ~bp + ωr(~bk1
−~bk2

)k1, k2 ∈ Dp & k1 6= k2ìpou ωr mÐa tuqaÐa tim  sto di�sthma [0, 1]. Met� thn efarmog  thc diastaÔrwshc,efarmìzetai o telest c met�llaxhc sto~ba. To �tomo pou prokÔptei apì th met�llaxhapoteleÐ to nèo �tomo to opoÐo prowjeÐtai gia axiolìghsh ston pr¸to eleÔjeroepexergast . Lìgw thc asÔgqronhc leitourgÐac tou algorÐjmou kai thc kat�rghshcthc an�gkhc sugqronismoÔ, o algìrijmoc eÐnai kat�llhloc gia poluepexergastik�sust mata me NCP U ≤ Nagents epexergastèc.H apìdosh tou AEA belti¸jhke epiplèon me thn prosj kh metaprotÔpwn, ta opoÐ-a ekpaideÔontai qrhsimopoi¸ntac èna sÔnolo atìmwn ta opoÐa èqoun axiologhjeÐ pro-hgoumènwc, dhmiourg¸ntac ton asÔgqrono algìrijmo upobohjoÔmeno apì metaprì-tupa, AMAEA, [13]. H ekpaÐdeush twn metaprotÔpwn, pou qrhsimopoioÔntai giathn proseggistik  pro-axiolìghsh (IPE) twn upoyhfÐwn lÔsewn, eÐnai sundedemènh(on-line) me th diadikasÐa exèlixhc. H prosj kh twn metaprotÔpwn ston asÔgqronoalgìrijmo pragmatopoieÐtai ìpwc kai stouc sÔgqronouc algorÐjmouc me k�poiec di-aforèc lìgw thc kat�rghshc thc ènnoiac thc geni�c. H qr sh twn metaprotÔpwnenergopoieÐtai, kai p�li, met� apì èna sugkekrimèno arijmì axiolog sewn me toakribèc logismikì (NIP EStart
), o opoÐoc kajorÐzetai apì to qr sth. Apì autì to



120 6. Ασύγχρονοι Μιμητικοί ΑλγόριθμοιshmeÐo kai met�, gia k�je diajèsimo epexergast  CP U , antÐ thc dhmiourgÐac kai axi-olìghshc miac nèac upoy fiac lÔshc, dhmiourgoÔntai NIP E upoy fiec lÔseic apìtouc exeliktikoÔc telestèc pou efarmìzontai sto d mo. Gia k�je ènan apì autoÔc,ekpaideÔetai topik� èna metaprìtupo p�nw se èna sÔnolo deigm�twn ekpaÐdeushc.Ta deÐgmata epilègontai apì th b�sh dedomènwn wc ta plhsièstera sto shmeÐo prì-bleyhc, me apost�seic metroÔmenec sto q¸ro sqediasmoÔ. Gia k�je èna apì ta NIP E�toma upologÐzontai proseggistikèc timèc thc sun�rthshc-stìqou ( ~̂
F ) me qr sh twnmetaprotÔpwn. To kalÔtero apì aut�, b�sei thc ektÐmhshc tou metaprotÔpou, epan-axiologeÐtai me to akribèc logismikì. H dom  tou AMAEA faÐnetai sthn epìmenhenìthta, sth morf  tou yeudok¸dika 1.6.4 O AsÔgqronoc Mimhtikìc AlgìrijmocGia thn prosj kh thc mejìdou topik c anÐqneushc ston asÔgqrono algìrijmo èprepena apofasisteÐ poi� apì ta �toma tou plhjusmoÔ ja epilègontai kai ja odhgoÔ-ntai se peraitèrw beltÐwsh me th mèjodo thc topik c anÐqneushc. Gia èna prìblhmabeltistopoÐhshc poll¸n stìqwn, ta �toma aut� epilègontai b�sei krithrÐwn kuriar-qÐac, ta opoÐa efarmìzontai se èna sÔnolo atìmwn pou apoteleÐtai apì to �tomopou mìlic axiolog jhke (~ba, ~F (~ba)) kai to trèqon, dunamik� ananeoÔmeno mètwpo twnmh-kuriarqoÔmenwn lÔsewn (Pa). H mèjodoc topik c anÐqneushc energopoieÐtai autì-mata k�je for� pou èna nèo �tomo (~ba) eis�getai sto Pa, dhlad  gÐnetai mèloc toumet¸pou, sq ma 6.5. Gia aut� ta �toma h mèjodoc topik c anÐqneushc ekteleÐtaiupoqrewtik� kai perilamb�nei tic ex c dr�seic:(aþ) Upologismìc thc parag¸gou euaisjhsÐac thc sun�rthshc-stìqou wc proc ticmetablhtèc sqediasmoÔ ( δF

δ~ba
), h opoÐa kajorÐzei thn kateÔjunsh kat� thn opoÐ-a prìkeitai na beltiwjeÐ h lÔsh. H par�gwgoc euaisjhsÐac se probl matabeltistopoÐhshc sth reustodunamik  upologÐzetai apì thn epÐlush suzug¸n exi-s¸sewn, idÐwn   omoÐwn aut¸n pou diatup¸jhkan sto kef�laio 4.(bþ) Ananèwsh tou arqikoÔ atìmou qrhsimopoi¸ntac th mèjodo apìtomhc kajìdoukai dhmiourgÐa enìc nèou atìmou ~bnew

a :
~bnew

a = ~ba − η
δF

δ~ba

(6.5)(gþ) Epan-axiolìghsh tou nèou atìmou me to akribèc logismikì axiolìghshc, epilÔo-ntac tic exis¸seic ro c, gia thn apìkthsh thc tim c thc sun�rthshc-stìqou
~F (~bnew

a ).Me thn olokl rwsh enìc b matoc topik c anÐqneushc, sthn perÐptwsh pou tonèo �tomo pou mìlic axiolog jhke eÐnai kalÔtero apì to arqikì, (~F (~bnew
a ) > ~F (~ba)),to nèo �tomo ektopÐzei to arqikì apì ton plhjusmì sÔmfwna me touc kanìnec thc
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Σχήμα 6.5: Ασύγχρονος μιμητικός αλγόριθμος (ΑΜΑ): Εποπτική παρουσίαση της
αλληλεπίδρασης του ασύγχρονου ΕΑ και της μεθόδου τοπικής ανίχνευσης που στηρίζεται
στη συζυγή τεχνική στον προτεινόμενο αλγόριθμο.

Lamarkian ekm�jhshc, (Lamarkian learning) [89], dhlad  antikajist¸ntac tic meta-blhtèc sqediasmoÔ ~ba kai thn tim  thc sun�rthshc-stìqou F tou arqikoÔ atìmou.Ektìc apì ta �toma pou an koun ston arqikì tuqaÐo plhjusmì, ìla ta upìloipa �tomamporoÔn na epilegoÔn gia peraitèrw beltÐwsh me th mèjodo thc topik c anÐqneushcarkeÐ na entaqjoÔn sto trèqon mètwpo Pa. Autì shmaÐnei ìti, tautìqrona, mporoÔnna upìkeintai se topik  beltÐwsh to polÔ tìsa �toma ìsoi kai oi qrhsimopoioÔmenoiepexergastèc.H dom  tou asÔgqronou mimhtikoÔ algorÐjmou uposthrizìmenou apì metaprìtupa(AMAMA) parousi�zetai ston yeudok¸dika 1. Oi grammèc 14− 24 tou yeudok¸dikaantistoiqoÔn sth diadikasÐa thc topik c anÐqneushc.6.4.1 Polukrithriak  beltistopoÐhsh mèsw tou AMA-MASthn polukrithriak  beltistopoÐhsh, kat� th mèjodo topik c anÐqneushc eÐnai a-paraÐthtoc o upologismìc twn parag¸gwn δF1

δ~ba
, ..., δFM

δ~ba
, dhlad  eÐnai aparaÐthth hkl sh twn suzug¸n exis¸sewn tìsec forèc ìsec kai oi stìqoi. Aut  h taktik akoloujeÐtai kai ston poluepÐpedo EA sth didaktorik  diatrib  [150] gia ton upolo-gismì twn parag¸gwn kat� ton ubridismì tou sÔgqronou EA me th suzug  mèjodo.Gia thn peraitèrw meÐwsh tou upologistikoÔ qrìnou se probl mata poll¸n stì-qwn, parak�tw proteÐnetai èna nèo sq ma sÔmfwna me to opoÐo oi suzugeÐc exis¸seicepilÔontai mìno mÐa for� kai ìqi tìsec ìsoi oi stìqoi.Sta probl mata enìc stìqou, h par�gwgoc thc sun�rthshc-stìqou, kajorÐzeithn kateÔjunsh thc beltÐwshc tou ~ba. 'Opwc èqei  dh anaferjeÐ, sta probl ma-
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1: ne ← 0 // ne: metrht c epanal yewn
2: for i← 1, NCP U do

3: ~ba ← Init()
4: An�jesh Axiolìghshc(~ba)
5: CP U~ba

← Mh diajèsimh()
6: end for

7: while L yh (~ba, ~F (~ba) or d ~F

d~b
) do

8: CP U~ba
← Diajèsimh()

9: ne ← ne + 1
10: ~bp ← KuriarqÐa (~ba,~bp) // Antikat�stash   ìqi tou pìlou
11: Pa ← Enhmèrwsh ()
12: for k ← 1, Nagents do

13: Ak ← Age(ne, nlasteval) // Ananèwsh Hliki¸n
14: end for

15: if ~ba ∈ Pa then

16: An�jesh UpologismoÔ Parag¸gou(~ba)
17: CP U~ba

← Diajèsimh()
18: Continue // P gaine sth gramm  7
19: end if

20: if L yh d ~F

d~b
then

21: ~ba ← ~ba − η d ~F

d~b
// BeltÐwsh mèsw thc mejìdou apìtomhc kajìdou

22: An�jesh Axiolìghshc(~ba)
23: CP U~ba

← Mh diajèsimh()
24: Continue // P gaine sth gramm  7
25: end if

26: for p← 1, Npoles do

27: Ap ← Upologismìc mèshc hlikÐac (Ak; k ∈ Dp)
28: φp ← KuriarqÐa (Pa, ~F (~bp))
29: P rage

p ← Ap/max(A1, .., ANpoles
)

30: P rcost
p ← φp/(φmax − φmin)

31: P rp ← P rage
p P rcost

p // Ananèwsh proteraiot twn
32: end for

33: Dp ← Select(P rp) // Epilog  nèou d mou
34: Ak ← Epilog  (Ak,Dp) // Epilog  nèou pr�ktora
35: if IPE then

36: // DhmiourgÐa kai pro-axiolìghsh NIP E atìmwn
37: for t← 1, NIP E do

38: ~bt
a ← DiastaÔrwsh & Met�llaxh(~bt

a,Dp)
39: RBF network ← EkpaÐdeush metaprotÔpou()
40:

~̂
F (~bt

a)← Qr sh metaprotÔpou()
41: end for
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42: ~ba ← Epilog  ( ~̂

F (~bt
a))

43: else

44: ~ba ← DiastaÔrwsh & Met�llaxh(~ba,Dp)
45: end if

46: An�jesh Axiolìghshc (~ba)
47: CP U~ba

← Mh diajèsimh()
48: end whileta poll¸n stìqwn, o algìrijmoc SPEA II, qrhsimopoieÐtai gia thn apìdosh miacbajmwt c tim c kìstouc se k�je �tomo tou plhjusmoÔ. B�sei aut c thc tim ckatat�ssontai ta �toma tou plhjusmoÔ kai epilègontai aut� ta opoÐa ja apotelè-soun ta mh-kuriarqoÔmena mèlh tou met¸pou Pareto, [150]. Aut  h tim  kìstouc
φ = φ(F1, F2, ..., FM) kajorÐzei praktik� thn kateÔjunsh beltÐwshc twn lÔsewn stoq¸ro twn stìqwn. H mèjodoc topik c anÐqneushc ston AMAMA eÐnai epijumhtìna belti¸nei to ek�stote mètwpo twn mh-kuriarqoÔmenwn lÔsewn wc proc ìlouctouc stìqouc, ìpwc dhlad  deÐqnoun ta bèlh sto sq ma 6.6 gia èna prìblhma e-laqistopoÐhshc dÔo stìqwn. Gia ton kajorismì thc kateÔjunshc beltÐwshc eÐnaiaparaÐthtoc o upologismìc thc klÐshc thc bajmwt c tim c kìstouc wc proc tic meta-blhtèc sqediasmoÔ, ∇φ = ∂φ

∂~ba
.Se autì to shmeÐo prokÔptoun dÔo basik� probl mata. To pr¸to afor� sthduskolÐa upologismoÔ thc ∇φ, dedomènou ìti h φ eÐnai mh-diaforÐsimh sun�rthsh twn

Fi, i=1, .., M . To deÔtero èqei na k�nei me thn an�gkh thc, kat� to dunatì, meÐwshctou kìstouc upologismoÔ twn parag¸gwn. Sto pr¸to prìblhma dìjhke lÔsh se pro-hgoÔmenh diatrib , [150], ìpou prot�jhke na upologisjeÐ to∇φ kai na qrhsimopoihjeÐgia ton kajorismì thc kateÔjunshc beltÐwshc se probl mata beltistopoÐhshc pol-l¸n stìqwn kat� ton ubridismì tou EA me th suzug  mèjodo. Sthn [150], epeid h akrib c sun�rthsh φ den paragwgÐzetai, prot�jhke h qr sh miac sun�rthshc pouproseggÐzei polÔ kal� th φ, all� eÐnai paragwgÐsimh, upologÐzontac me autì tontrìpo to ∂φ
∂Fi

. Aut  h prosèggish qrhsimopoieÐtai kai sthn paroÔsa diatrib  gia tonupologismì tou ∂φ
∂Fi

gia k�je �tomo tou plhjusmoÔ, to opoÐo upodhl¸nei tic kateu-jÔnseic thc beltÐwshc wc proc ta Fi. Kat� th mèjodo topik c anÐqneushc, anatÐjetaise k�je �tomo mÐa tim  ∂φ
∂Fi

. Apì ton kanìna thc alusÐdac gia to ∇φ prokÔptei
∇φ =

M∑

i=1

∂φ

∂Fi

∂Fi

∂~ba

(6.6)EÐnai profanèc ìti an h suzug c mèjodoc qrhsimopoihjeÐ gia ton upologismì twnparag¸gwn ∂Fi

∂~ba
gia M stìqouc, ja  tan aparaÐthtec M epilÔseic twn suzug¸n exi-s¸sewn. Anexart twc tou arijmoÔ N twn metablht¸n sqediasmoÔ, h epÐlush twnsuzug¸n exis¸sewn kostÐzei perÐpou ìso kai h epÐlush twn exis¸sewn kat�stashc.Epomènwc, sumperaÐnei kaneÐc ìti to sunolikì kìstoc mÐac mìno topik c beltÐwshc,sumperilamb�nontac ton upologismì M parag¸gwn, thn ananèwsh tou trèqontocatìmou kai, tèloc, thn epan-axiolìghsh tou nèou atìmou mporeÐ na proseggisteÐikanopoihtik� me to kìstoc epÐlushc twn exis¸sewn ro c M +1 forèc, [150].



124 6. Ασύγχρονοι Μιμητικοί ΑλγόριθμοιSta kef�laia 3, 4 kai 5, kat� thn an�ptuxh tou suzugoÔc probl matoc, h sun�rth-sh-stìqoc pou qrhsimopoi jhke sta probl mata dÔo stìqwn aforoÔse sto sqh-matismì miac bajmwt c sun�rthshc F , h opoÐa apoteleÐtai apì to �jroisma twnepimèrouc sunart sewn-stìqwn Fi pollaplasiasmènwn me kat�llhlouc suntelestècbarÔthtac ωi pou epilègei o qr sthc
F =

M∑

i=1

ωiFi (6.7)me par�gwgo wc proc ~ba

∇F =
M∑

i=1

ωi
∂Fi

∂~ba

(6.8)Gia th meÐwsh tou kìstouc thc mejìdou topik c anÐqneushc, lamb�nontac upìyhtic exis¸seic 6.6 kai 6.8, sthn paroÔsa diatrib  proteÐnetai h qr sh mÐac bajmwt csun�rthshc F sthn polukrithriak  beltistopoÐhsh me touc suntelestèc barÔthtacna isoÔntai me tic parag¸gouc thc sun�rthshc φ tou algorÐjmou SPEA II dhlad 
ωi =

∂φ

∂Fi
(6.9)Oi suntelestèc ωi upologÐzontai dunamik� gia k�je �tomo tou plhjusmoÔ b�-sei thc sqèshc 6.9. Me autìn ton trìpo, apaiteÐtai plèon mÐa mìno epÐlush twnsuzug¸n exis¸sewn qrhsimopoi¸ntac ta ωi pou parèqei o EA sthn aitiokratik  mè-jodo. Me autì ton trìpo, ektìc thc meÐwshc tou upologistikoÔ kìstouc, up�rqei kaito jetikì stoiqeÐo ìti epiqeireÐtai beltÐwsh twn atìmwn proc th swst  kateÔjunsh(kateÔjunsh beltÐwshc ìlwn twn stìqwn). Sto sq ma 6.6, gia èna prìblhma dÔostìqwn faÐnontai ta dianÔsmata twn parag¸gwn ∂φ

∂F1
kai ∂φ

∂F2
ta opoÐa apoteloÔn toucsuntelestèc barÔthtac w1 kai w2 pou qrhsimopoioÔntai sth bajmwt  sun�rthsh F ,ìpwc upologÐsthkan apì th diafìrish thc sun�rthshc φ tou algorÐjmou SPEA II.Me autìn ton trìpo, to sunolikì upologistikì kìstoc mÐac mìno topik c beltÐwshcston AMAMA isoÔtai me dÔo ��isodÔnamec�� epilÔseic twn exis¸sewn thc ro c (mÐatwn suzug¸n exis¸sewn gia ton upologismì thc parag¸gou kai mÐa twn exis¸sewnthc ro c gia thn axiolìghsh tou nèou atìmou) anexart twc tou arijmoÔ twn stìqwn,antÐ twn M +1 epilÔsewn.
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Σχήμα 6.6: Πρόβλημα ελαχιστοποίησης δύο στόχων. Τα διανύσματα των παραγώ-
γων ∂φ

∂F1
και ∂φ

∂F2
τα οποία αποτελούν τους συντελεστές βαρύτητας w1 και w2 που χρησι-

μοποιούνται στη βαθμωτή συνάρτηση F , όπως υπολογίστηκαν από τη διαφόριση της
συνάρτησης φ του αλγορίθμου SPEA II για ένα πρόβλημα δύο στόχων.6.5 PistopoÐhsh-EfarmogècSthn enìthta aut  parousi�zontai efarmogèc gia thn pistopoÐhsh tou AMAMA.Arqik�, epilÔontai dÔo probl mata elaqistopoÐhshc majhmatik¸n sunart sewn, enìckai dÔo stìqwn antÐstoiqa, ta opoÐa lìgw qamhloÔ upologistikoÔ kìstouc katèsthdunatì na epanalhfjoÔn pollèc forèc ¸ste na epibebaiwjeÐ h apìdosh tou algorÐj-mou. Kai sta dÔo probl mata, oi beltistopoi seic epanalamb�nontai 30 forèc, mediaforetikèc kl seic thc genn triac tuqaÐwn arijm¸n (Random Number Generator,

RNG), dhlad  me diaforetik  arqikopoÐhsh tou plhjusmoÔ k�je for�, upologÐzo-ntac th mèsh apìdosh pou prokÔptei apì tic beltistopoi seic. Ed¸, eidik�, gia thmèjodo topik c anÐqneushc, oi par�gwgoi twn sunart sewn-stìqwn upologÐzontaianalutik�, jewr¸ntac ìmwc ìti o upologismìc autìc kostÐzei ìso kai o upologismìctwn sunart sewn-stìqwn, dhlad  wc na qrhsimopoieÐto h suzug c mèjodoc.Sth sunèqeia, efarmìzetai o AMAMA gia to sqediasmì miac 2D pterÔgwshc enìcsumpiest  kaj¸c kai to sqediasmì twn aul¸n enìc enall�kth kelÔfouc/aul¸n. Seìlec tic efarmogèc, metaxÔ �llwn, parousi�zetai kai h sÔgkrish tou AMAMA me tonAMAEA. Sta probl mata dÔo stìqwn, kat� th mèjodo topik c anÐqneushc qrhsi-mopoieÐtai h sÔnjesh twn stìqwn se eniaÐa bajmwt  sun�rthsh kai parousi�zontaioi suntelestèc barÔthtac, oi opoÐoi upologÐzontai wc ωi = ∂φ
∂Fi

, ¸ste na axiologhjeÐh sumbol  touc sthn apìdosh tou AMAMA.6.5.1 Majhmatikèc Sunart seicSun�rthsh AckleyH pr¸th efarmog  sunÐstatai sthn elaqistopoÐhsh thc tim c thc sun�rthshc pouprot�jhke apì ton Ackley, [5], gia N = 20 bajmoÔc eleujerÐac
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F (~x) = −20exp



0.2

√
∑N

i=1 xi
2

N



− exp

(∑N
i=1 cos(2πxi)

N

)

+ 20 + e (6.10)ìpou xi ∈ [−32.768, 32.768] kai to olikì thc el�qisto brÐsketai sth jèsh xi = 0.H beltistopoÐhsh epanalamb�netai 30 forèc, epilègontac an¸tato ìrio axiolog -sewn tic 3000 k�je for�. QrhsimopoioÔntai 5, 20 kai 40 CP Us, pragmatopoi¸ntacsunolik� 3×30 = 90 beltistopoi seic. Kai stic treic peript¸seic qrhsimopoieÐtaiplègma b�shc 8×8 (48 pr�ktorec kai 16 pìloi) en¸ ta metaprìtupa ta opoÐa qrhsi-mopoioÔntai ston AMAEA kai ston AMAMA energopoioÔntai met� apì tic pr¸tec
NIP EStart

= 100 axiolog seic, dhlad  ìtan èqoun kataqwrhjeÐ 100 eggrafèc sth b�shdedomènwn. 'Opwc anafèrjhke sthn enìthta 6.2.2, to mègejoc NIP EStart
orÐzetai apìto qr sth kai epilègetai me b�sh thn poluplokìthta tou ek�stote probl matoc. Giato lìgo autì, h poluplokìthta twn majhmatik¸n efarmog¸n odhgeÐ sthn epilog megalÔterou arijmoÔ akrib¸n axiolog sewn prin thn energopoÐhsh thc proseggi-stik c pro-axiolìghshc se sqèsh me tic mh-majhmatikèc efarmogèc, ìpwc ja faneÐkai sth sunèqeia. Kat� thn proseggistik  pro-axiolìghsh prokrÐnontai NIP E = 3�toma gia axiolìghsh me ta metaprìtupa me skopì thn epilog  enìc ex� aut¸n pouja epan-axiologhjeÐ me to akribèc logismikì.H mèsh sÔgklish apì tic 30 beltistopoi seic qrhsimopoi¸ntac ton AMAEA kaiton AMAMA se 5, 20 kai 40 CP Us, antÐstoiqa, parousi�zetai sto sq ma 6.7, ìpouparathreÐtai ìti o AMAMA epitugq�nei kalÔterh mèsh tim  thc sun�rthshc su-gkrinìmenoc me ton AMAEA anexart twc tou arijmoÔ twn CP Us. Gia thn kalÔterhsÔgkrish twn dÔo algorÐjmwn, o pÐnakac 6.2 sugkentr¸nei tic mèsec, el�qistec kaimègistec timèc kaj¸c kai thn tupik  apìklish thc sun�rthshc-stìqou. Gia ton èlegqotwn mèswn tim¸n twn dÔo mejìdwn pragmatopoioÔntai t-tests kai sugkrÐnontai oi timècoi opoÐec upologÐzontai apì ta t-tests (t0) me thn krÐsimh (jewrhtik ) tim  (tth) pouantistoiqeÐ stouc dedomènouc arijmoÔc deigm�twn (30) gia mÐa epilegmènh st�jmhempistosÔnhc (0.025). Oi krÐsimec autèc timèc up�rqoun se biblÐa statistik c kaiprèpei na isqÔei t0 > tth gia na upertereÐ o AMAMA sth sugkris  tou me ton

AMAEA. Apì tic timèc t0 kai tth tou pÐnaka 6.2, eÐnai fanerì ìti o proteinìmenocAMAMA apodÐdei kalÔtera apì ton klasikì (asÔgqrono) anexart twc tou arijmoÔtwn CP Us. Sugkekrimèna, oi timèc t0 = 6.367 gia tic 5, t0 = 9.828 gia tic 20 kai
t0 = 15.465 gia tic 40 CP Us, eÐnai megalÔterec apì thn krÐsimh tim  tth = 2.045apodeiknÔontac ìti o AMAMA eÐnai shmantik� kalÔteroc apì ton AMAEA. OpÐnakac 6.2 perilamb�nei epÐshc to mèso arijmì twn kl sewn thc mejìdou topik canÐqneushc (LS, Local Search) pou pragmatopoioÔntai apì ton AMAMA.Sto sq ma 6.8 parousi�zetai, se analogÐa me to sq ma 6.7, h mèsh sÔgklish tou
AMAMA stic 5, 20 kai 40 CP Us wc proc ton arijmì twn epanal yewn anhgmènome ton arijmì twn CP Us (Nevals/NCP Us), pragmatopoi¸ntac me autìn ton trìposÔgkrish wc proc to ��qrìno�� pou apaiteÐtai gia thn eÔresh thc bèltisthc lÔshc mediaforetikì arijmì CP Us.



6.5. Πιστοποίηση-Εφαρμογές 127

 0
 2
 4
 6
 8

 10
 12
 14
 16
 18
 20
 22

 0  500  1000  1500  2000  2500  3000

F

Equivalent Evaluations

AMEA
AEA

 0
 2
 4
 6
 8

 10
 12
 14
 16
 18
 20
 22

 0  500  1000  1500  2000  2500  3000

F

Equivalent Evaluations

AMEA
AEA

 0
 2
 4
 6
 8

 10
 12
 14
 16
 18
 20
 22

 0  500  1000  1500  2000  2500  3000

F

Equivalent Evaluations

AMEA
AEA

Σχήμα 6.7: Ελαχιστοποίηση της συνάρτησης Ackley με N = 20 βαθμούς ελευθερίας.
Η μέση σύγκλιση από τις 30 βελτιστοποιήσεις χρησιμοποιώντας τον AMAEA και τον
AMAMA σε 5, 20 και 40 CPUs.
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Σχήμα 6.8: Ελαχιστοποίηση της συνάρτησης Ackley με N = 20 βαθμούς ελευθερίας.
Η μέση σύγκλιση του AMAMA στις 5, 20 και 40 CPUs ως προς τον αριθμό των
επαναλήψεων ανηγμένο με τον αριθμό των CPUs (Nevals/NCP Us).

Πίνακας 6.2: Ελαχιστοποίηση της συνάρτησης Ackley με N = 20 βαθμούς ελευ-
θερίας. Σύγκριση του AMAEA με τον AMAMA για τις 5, 20 και 40 CPUs.

5 CP Us 20 CP Us 40 CP UsAMAEA AMAMA AMAEA AMAMA AMAEA AMAMA
Fmean 2.037 0.933 3.481 1.175 4.067 1.662
Fmin 0.167 0.019 1.992 0.055 2.567 0.686
Fmax 4.204 2.013 6.679 2.498 5.309 2.510

s 0.663 0.680 1.032 0.766 0.683 0.509
t0 6.367 9.828 15.465
tth 2.045 2.045 2.045
LS 107.4 97.6 61.2Prìblhma elaqistopoÐhshc dÔo stìqwn ZDT3H deÔterh majhmatik  efarmog  afor� sthn eÔresh tou met¸pou Pareto tou pro-bl matoc dÔo stìqwn elaqistopoi¸ntac th sun�rthsh ZDT3, [164],

F1(x) = x1F2(x) = g(x2, ..., xN ), h(F1(x1), g(x2, ..., xN )) (6.11)ìpou
g(x2, ..., xN ) = 1 + 9

N∑

i=2

xi

N − 1
h(F1, g) = 1−

√

F1

g
−
(

F1

g

)

sin(10πF1) (6.12)ìpou xi ∈ [0, 1] me N = 30 metablhtèc sqediasmoÔ. 'Opwc kai sthn prohgoÔmenhefarmog , pragmatopoi jhkan 30 beltistopoi seic me touc AMAEA kai AMAMA,
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Πίνακας 6.3: Πρόβλημα ελαχιστοποίησης δύο στόχων ZDT3 με N = 30 βαθμούς
ελευθερίας. Σύγκριση των μέσων τιμών και των τυπικών αποκλίσεων του δείκτη υπε-
ρόγκου IH από τις 30 βελτιστοποιήσεις καθώς και οι τιμές t0 που λαμβάνονται από τα
t-tests ανάμεσα στον ΑΜΑΕΑ και τον ΑΜΑΜΑ.AMAEA AMAMA Akribèc Mètwpo

IH 4.760 4.790 4.803
s 0.023 0.074 -
t0 2.210
tth 2.045antÐstoiqa, qrhsimopoi¸ntac plègma b�shc 6×6 (27 pr�ktorec kai 9 pìloi) me an¸-tato epitreptì ìrio axiolog sewn tic 3000. Kai stic dÔo peript¸seic ta metaprìtupaeis�gontai sth beltistopoÐhsh met� apì 500 axiolog seic me NIP E = 4 �toma gi-a proseggistik  pro-axiolìghsh. Sto sq ma 6.9 parousi�zetai h poreÐa exèlixhctwn met¸pwn twn mh-kuriarqoÔmenwn lÔsewn tou AMAEA kai tou AMAMA apo-tup¸nontac ta mètwpa met� apì 1000, 2000 kai 3000 axiolog seic. Ta mètwpa aut�antistoiqoÔn sto kalÔtero mètwpo an�mesa stic 30 beltistopoi seic, sÔmfwna me todeÐkth uperìgkou IH , o opoÐoc upologÐsthke me shmeÐo anafor�c to (F1, F2)=(1, 5).Met� apì 2000 axiolog seic, ìpwc faÐnetai sto sq ma 6.9, to mètwpo pou upo-logÐzetai me ton AMAMA proseggÐzei polÔ kalÔtera to analutikì mètwpo Pareto sesqèsh me ton AMAEA, ìntac praktik� p�nw sta analutik� upologizìmena mètwpa.Met� apì 3000 epanal yeic, to mètwpo tou AMAMA èqei emploutisteÐ me perissìte-ra mèlh kai dÔskola xeqwrÐzei apì to akribèc mètwpo, en¸ to mètwpo qrhsimopoi¸ntacton AMAEA den to èqei akìma proseggÐsei. Sto sq ma 6.10 parousi�zetai mialeptomèreia tou deÔterou tm matoc tou met¸pou twn 3000 epanal yewn ìpou eÐnaipio eudi�krito to akribèc mètwpo kai ta mèlh tou met¸pou pou upologÐzetai me toAMAMA.Ta apotelèsmata aut� epibebai¸nontai kai apì to deÐkth uperìgkou IH . StonpÐnaka 6.3 parousi�zontai h mèsh tim  kai h tupik  apìklish tou IH gia tic 30beltistopoi seic kaj¸c kai oi timèc t0 kai tth pou lamb�nontai apì ta t-tests gia thsÔgkrish tou AMAEA me ton AMAMA. EÐnai emfanèc ìti o AMAMA parousi�zeikalÔterh apìdosh apì ton AMAEA.6.5.2 Sqediasmìc bèltisthc 2D pterÔgwshc sumpiest H paroÔsa efarmog  afor� sto sqediasmì miac pterÔgwshc sumpiest  me stìqotic el�qistec ap¸leiec olik c pÐeshc se dedomènec sunj kec leitourgÐac/ro c. HpterÔgwsh èqei stajer  gwnÐa klÐshc 35◦ kai lìgo b matoc proc qord  Ðso me 0.6. Osqediasmìc gÐnetai gia gwnÐa eisìdou thc ro c a1 =52◦ kai arijmì Reynolds basismènosth qord  Rec =9×105. H gewmetrÐa thc aerotom c parametropoieÐtai qrhsimopoi¸-ntac polu¸numa Bézier-Bernstein me 8 shmeÐa elègqou se k�je pleur� thc, sq ma6.12. Ta shmeÐa sthn akm  prìsptwshc kai sthn akm  ekfug c paramènoun stajer�en¸ ta upìloipa metab�llontai katal gontac sunolik� se 24 metablhtèc sqediasmoÔ.



130 6. Ασύγχρονοι Μιμητικοί ΑλγόριθμοιSthn efarmog  aut  epib�llontai gewmetrikoÐ periorismoÐ sqetik� me th gewmetrÐa.Gia thn apofug  polÔ lept¸n aerotom¸n epib�llontai periorismoÐ sto p�qoc t thcaerotom c,
t(0.25c) ≥ 0.05c, t(0.50c) ≥ 0.045c, t(0.85c) ≥ 0.017cìpou c to m koc thc qord c. Epiplèon, sth strof  thc ro c pou pragmatopoieÐh sqediazìmenh pterÔgwsh epib�lletai k�tw ìrio wc ex c a1 − a2 ≥ 22o. Gia thnaxiolìghsh twn upoyhfÐwn lÔsewn qrhsimopoi jhke to logismikì epÐlushc twn exi-s¸sewn asumpÐesthc ro c qrhsimopoi¸ntac to montèlo tÔrbhc Spalart-Allmaras, ì-pwc parousi�sthke sto kef�laio 4.PragmatopoioÔntai beltistopoi seic qrhsimopoi¸ntac ton AMAEA kai ton A-MAMA se 20 kai 40 CP Us me to Ðdio 10×10 plègma (75 pr�ktorec kai 25 pìloi).To metaprìtupo energopoieÐtai met� apì 50 epanal yeic me NIP E = 8 �toma. Stosq ma 6.11 gÐnetai sÔgkrish thc poreÐac sÔgklishc tou AMAEA kai AMAMA gia

20 kai 40 CP Us. EÐnai fanerì ìti, anexart twc tou arijmoÔ twn CP Us, o AMA-MA parousi�zei kalÔterh apìdosh apì ton AMAEA se ìlh th di�rkeia thc exèlixhcthc beltistopoÐhshc. Sto sq ma 6.11 oi lÔseic oi opoÐec proèrqontai apì th mèjodotopik c anÐqneushc shmei¸nontai me tetr�gwno.Ston pÐnaka 6.4 parousi�zontai statistik� sqetik� me thn apìdosh thc mejìdoutopik c anÐqneushc stic 20 kai 40 CP Us. Kai stic dÔo peript¸seic pragmatopoioÔntai
300 isodÔnamec axiolog seic. Gia tic 20 CP Us, 266 apì autèc tic axiolog seic anti-stoiqoÔn sthn axiolìghsh thc sun�rthshc-stìqou, dhlad  prìkeitai gia 266 epilÔ-seic thc ro c, 17 antistoiqoÔn se kl seic thc mejìdou topik c anÐqneushc, dhlad  17epilÔseic twn suzug¸n exis¸sewn kai 17 epan-axiolog seic thc sun�rthshc-stìqou.To sÔnolo twn dr�sewn thc mejìdou topik c anÐqneushc qarakthrÐzontai wc epituqh-mènec me thn ènnoia ìti ta �toma pou proèrqontai apì th mèjodo topik c beltÐwshceÐnai pragmatik� kalÔtera apì ta arqik� �toma. Parìla aut� eÐnai shmantikì nadiereunhjeÐ an to �tomo pou dhmiourgeÐtai apì th mèjodo topik c beltÐwshc eÐnaikalÔtero apì to mèqri ekeÐnh th stigm  bèltisto   �lloi epexergastèc mporeÐ na è-qoun epistrèyei, en tw metaxÔ, kalÔtera �toma. Ta statistik� stoiqeÐa tou pÐnaka 6.4deÐqnoun ìti to 42% twn atìmwn pou proèrqontai apì th mèjodo topik c anÐqneushcse 20 CP Us apoteloÔn kai to kajolikì bèltisto ekeÐnh th stigm . To antÐstoiqoposostì gia tic 40 CP Us eÐnai 55%.SÔmfwna me ton pÐnaka 6.4 kai to sq ma 6.11, aux�nontac ton arijmì twn CP Us,pragmatopoioÔntai ligìterec kl seic thc mejìdou topik c anÐqneushc kai autì ephre-�zei el�qista th bèltisth tim  thc sun�rthshc-stìqou, h opoÐa upologÐzetai met� apì
300 axiolog seic. Parìmoia apotelèsmata parousi�sthkan kat� thn elaqistopoÐhshthc qamhloÔ upologistikoÔ kìstouc sun�rthshc Ackley se 5, 20 kai 40 CP Us.'Omwc, sthn uyhlìterou kìstouc efarmog , h epÐdrash tou arijmoÔ twn CP Us sthbèltisth lÔsh eÐnai el�qisth.To bèltisto sq ma thc aerotom c pou proèrqetai apì th qr sh tou AMAMA se
20 CP Us kai to pedÐo tou mètrou thc taqÔthtac thc bèltisthc aut c pterÔgwshcfaÐnontai sto sq ma 6.13.
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Πίνακας 6.4: Σχεδιασμός βέλτιστης 2Δ πτερύγωσης συμπιεστή. Στατιστικά σχετικά
με την απόδοση της μεθόδου τοπικής ανίχνευσης σε 20 και 40 CPUs.

20 CP Us 40 CP UsSÔnolo axiolog sewn 300 300Kl seic thc mejìdou topik c anÐqneushc 17 11Kl seic thc mejìdou topik c anÐqneushcpou katèlhxan se kalÔtero �tomo apì autìme to opoÐo xekÐnhse h topik  anÐqneush 17 11Kl seic thc mejìdou topik c anÐqneushcpou èdwsan èna nèo ��trèqon bèltisto�� 7/17 6/11
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Σχήμα 6.9: Πρόβλημα ελαχιστοποίησης δύο στόχων ZDT3 με N = 30 βαθμούς
ελευθερίας. Πορεία μετώπου των μη-κυριαρχούμενων λύσεων κατά τη διάρκεια της
βελτιστοποίησης, στις 1000, 2000 και 3000 αξιολογήσεις, χρησιμοποιώντας τον ΑΜΑΕΑ
και τον ΑΜΑΜΑ. Μετά τις 3000 αξιολογήσεις, το μέτωπο του ΑΜΑΜΑ δύσκολα ξε-
χωρίζει από το ακριβές-αναλυτικό μέτωπο, που φαίνεται με τη συνεχή γραμμή.
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Σχήμα 6.10: Πρόβλημα ελαχιστοποίησης δύο στόχων ZDT3 με N = 30 βαθμούς
ελευθερίας. Λεπτομέρεια του δεύτερου τμήματος του τελικού μετώπου του ΑΜΑΜΑ
μετά από 3000 αξιολογήσεις.
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Σχήμα 6.11: Σχεδιασμός βέλτιστης 2Δ πτερύγωσης συμπιεστή. Η πορεία της σύγκ-
λισης με τον ΑΜΑΕΑ και τον ΑΜΑΜΑ σε 20 CPUs (πάνω) και 40 CPUs (κάτω)
καθώς και οι λύσεις που προέρχονται από τη μέθοδο τοπικής ανίχνευσης (συμβολίζονται
με τετράγωνο) σε σύγκριση με τα διαδοχικά βέλτιστα (συμβολίζονται με x) κατά τη
διάρκεια της εξέλιξης.
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Σχήμα 6.12: Σχεδιασμός βέλτιστης 2Δ πτερύγωσης συμπιεστή. Αεροτομή και σημεία
ελέγχου Bézier της αρχικής γεωμετρίας σε μηδενική γωνία κλίσης. Οι δύο άξονες δεν
είναι σε ίδια κλίμακα. Η παραμετροποίηση της μορφής της αεροτομής γίνεται σε μηδενική
γωνία κλίσης.
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Σχήμα 6.13: Σχεδιασμός βέλτιστης 2Δ πτερύγωσης συμπιεστή. Το βέλτιστο σχήμα
(πάνω) που αποκτήθηκε από το ΑΜΑΜΑ στις 20 CPUs και το πεδίο του μέτρου της
ταχύτητας (κάτω) που αντιστοιχεί σε αυτήν την πτερύγωση συμπιεστή.
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Σχήμα 6.14: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Παραμετροποίηση της
άνω πλευράς του σχήματος του αγωγού. Η παραμετροποίηση της κάτω πλευράς κα-
θορίζεται αυτόματα από την ως προς τον οριζόντιο άξονα συμμετρία. Οι μεταβλητές
σχεδιασμού αντιστοιχούν στις συνιστώσες των σημείων ελέγχου Bézier.6.5.3 Sqediasmìc bèltistou enall�kth jermìthtacH efarmog  aut  afor� sth beltistopoÐhsh enìc enall�kth kelÔfouc/aul¸n kaisugkekrimèna sto sqediasmì bèltistwn aul¸n tou enall�kth me el�qistec ap¸leiecolik c pÐeshc, F1, kai mègisth metafor� jermìthtac, F2, [64]. Oi sunart seic-stìqoi

F1 kai F2 orÐsjhkan stic exis¸seic 3.20 kai 3.21 thc enìthtac 3. H gewmetrÐa twnagwg¸n, h opoÐa eÐnai ìmoia me aut n thc efarmog c 4.6.2, parametropoieÐtai qrhsi-mopoi¸ntac polu¸numa Bézier-Bernstein me 8 shmeÐa elègqou se k�je pleur�, ìpwcfaÐnetai sto sq ma 6.14 pou epanalamb�netai ed¸ gia lìgouc epoptikoÔc. Dedomè-nou ìti 4 apì aut� mporoÔn na metab�llontai kai stic dÔo kateujÔnseic, en¸ todeÔtero kai to èbdomo metab�llontai mìno kat� thn k�jeth sth qord  kateÔjunsh,sunolik� qrhsimopoioÔntai 10 metablhtèc sqediasmoÔ. Gia thn apofug  sqhmatismoÔpolÔ lept¸n agwg¸n, epib�llontai kat�llhla kat¸tera ìria twn metablht¸n sqe-diasmoÔ ~b. To reustì eisèrqetai sto qwrÐo me jermokrasÐa Tinlet = 293K kai oarijmìc Reynolds thc ro c isoÔtai me Re = 140. Sto eswterikì twn agwg¸n jew-reÐtai ìti rèei reustì uyhl c jermokrasÐac, diathr¸ntac stajer  th jermokrasÐa,
Twall = 353K, sthn epif�nei� touc anexart twc metabol¸n tou sq matoc twn a-gwg¸n kat� th beltistopoÐhsh kai kat� epèktash thc paroq c tou reustoÔ pou rèeisto eswterikì touc. Wc logismikì axiolìghshc qrhsimopoi jhke kai p�li to logi-smikì epÐlushc twn exis¸sewn asumpÐesthc ro c tou kefalaÐou 2.H perÐptwsh aut  melet jhke qrhsimopoi¸ntac ìlec tic asÔgqronec parallagècpou proanafèrjhkan,  toi touc AEA, AMAEA, AMA kai AMAMA, se èna plègmab�shc 10×10 (75 pr�ktorec kai 25 pìloi) se 40 CP Us. 'Oson afor� stic meta-blhtèc tou metaprotÔpou, NIP E = 7 �toma pro-axiologoÔntai prin axiologhjoÔn meto akribèc logismikì (epÐlushc twn exis¸sewn thc ro c) kai autì energopoieÐtai met�apì tic pr¸tec 50 akribeÐc axiolog seic. Pragmatopoi jhkan 5 beltistopoi seic mediaforetikèc kl seic thc genn triac tuqaÐwn arijm¸n gia ìlec tic parallagèc toualgorÐjmou. H exèlixh tou mèsou deÐkth uperìgkou (IH) pou upologÐzetai apì tic
5 beltistopoi seic faÐnetai sto sq ma 6.15. EÐnai fanerì ìti o AMAMA upertereÐkai p�li ìlwn twn �llwn parallag¸n. H sumbol  thc mejìdou topik c anÐqneushceÐnai emfan c me kai qwrÐc th qr sh metaprotÔpwn.
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Σχήμα 6.15: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Εξέλιξη του δείκτη
υπερόγκου IH χρησιμοποιώντας όλες τις ασύγχρονες παραλλαγές που προαναφέρθηκαν,
ήτοι τους ΑΕΑ, ΑΜΑΕΑ, ΑΜΑ και ΑΜΑΜΑ.Sto sq ma 6.16 parousi�zetai to mètwpo twn mh-kuriarqoÔmenwn lÔsewn mÐac apìtic 3 beltistopoi seic met� apì 400 axiolog seic. Apì tic 400 autèc axiolog seictou AMAMA, 180 antistoiqoÔn se axiolìghsh twn sunart sewn-stìqwn, dhlad 

180 kl seic tou k¸dika epÐlushc thc ro c, kai 110 se kl seic thc mejìdou topik canÐqneushc, dhlad  110 kl seic thc suzugoÔc mejìdou kai 110 epan-axiolog seictwn sunart sewn-stìqwn. AxÐzei na shmeiwjeÐ ìti o upologismìc twn tim¸n twn dÔostìqwn aporrèei apì mÐa epÐlush twn exis¸sewn thc ro c. 73 apì tic 110 kl seicthc mejìdou topik c anÐqneushc odhgoÔn se beltiwmènec lÔseic oi opoÐec gÐnontaimèlh tou ek�stote met¸pou twn mh-kuriarqoÔmenwn lÔsewn kat� th di�rkeia thcbeltistopoÐhshc. Perissìtera apì 70% twn mel¸n tou telikoÔ met¸pou twn mh-kuriarqoÔmenwn lÔsewn, dhlad  43 apì ta 60 mèlh, èqoun proèljei ap' eujeÐac apì thmèjodo topik c anÐqneushc. To apotèlesma autì epibebai¸nei th shmantik  sumbol thc mejìdou topik c anÐqneushc ston asÔgqrono EA. Sto sq ma 6.16 ta 43 aut�mèlh shmei¸nontai me tetr�gwno.H kat�llhlh epilog  twn suntelest¸n barÔthtac wc ωi =
∂φ
∂Fi

kai h qr sh touc giath sÔnjesh twn dÔo stìqwn se mÐa eniaÐa bajmwt  sun�rthsh sunèbale kajoristik�sthn aÔxhsh thc apìdoshc tou AMAMA. Ta dianÔsmata twn parag¸gwn ∂φ
∂F1

kai ∂φ
∂F2ìpwc upologÐsthkan gia ta mèlh tou telikoÔ plhjusmoÔ parousi�zontai sto sq ma6.17 kai eÐnai fanerì ìti tautÐzontai me thn kateÔjunsh beltÐwshc twn lÔsewn.'Oson afor� to sq ma twn bèltistwn agwg¸n, epilèqjhkan treÐc lÔseic tou met¸-pou tou sq matoc 6.16 kai ta sq mat� touc faÐnontai sto sq ma 6.18, en¸ to pedÐothc jermokrasÐac gia touc agwgoÔc (a), (b) kai (g) tou sq matoc 6.18 faÐnontai stasq mata 6.19, 6.20 kai 6.21, antÐstoiqa.
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Σχήμα 6.16: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Μέτωπο των μη-
κυριαρχούμενων λύσεων μετά από 400 επαναλήψεις. Τα μέλη του μετώπου που προέρχο-
νται από τη μέθοδο τοπικής ανίχνευσης σημειώνονται με τετράγωνο κενό.
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Σχήμα 6.17: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Τα διανύσματα των
παραγώγων ∂φ

∂F1
και ∂φ

∂F2
τα οποία αποτελούν τους συντελεστές βαρύτητας w1 και w2

που συνθέτουν τη βαθμωτή συνάρτηση F , όπως υπολογίστηκαν για τα μέλη του τελικού
πληθυσμού.
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(a) F1=1.99, F2=37.9 (b) F1=1.46, F2=36.2

(g) F1=0.82, F2=32.4

Σχήμα 6.18: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Τρία σχήματα του αγω-
γού που αντιστοιχούν σε τρείς μη-κυριαρχούμενες λύσεις του μετώπου, επιλεγμένες από
το σχήμα 6.16: (α) ένα σχήμα αγωγού με μέγιστη μεταφορά θερμότητας και υψηλές
απώλειες ολικής πίεσης και (γ) ένα σχήμα αγωγού με ελάχιστες απώλειες ολικής πίεσης
και μικρή μεταφορά θερμότητας. Οι (α) και (γ) αγωγοί πρακτικά αντιστοιχούν στα δύο
άκρα του μετώπου του σχήματος 6.16 ενώ ο (β) αποτελεί μία λύση περίπου από το μέσο
του μετώπου.

Σχήμα 6.19: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Το πεδίο της
θερμοκρασίας για το βέλτιστο αγωγό (α) του σχήματος 6.18.
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Σχήμα 6.20: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Το πεδίο της
θερμοκρασίας για το βέλτιστο αγωγό (β) του σχήματος 6.18.

Σχήμα 6.21: Σχεδιασμός βέλτιστου εναλλάκτη θερμότητας. Το πεδίο της
θερμοκρασίας για το βέλτιστο αγωγό (γ) του σχήματος 6.18.
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Kef�laio 7Sqediasmìc bèltistwnsusthm�twn metafor�cjermìthtac-EfarmogècGewjermÐacSe sunèqeia tou kefalaÐou twn asÔgqronwn exeliktik¸n algorÐjmwn (AEA) kai thcqr shc touc sto sqediasmì-beltistopoÐhsh sunistws¸n susthm�twn, ìpwc enalla-kt¸n jermìthtac kai pterug¸sewn strobilomhqan¸n, parousi�zetai, sto parìn ke-f�laio, h qr sh touc se probl mata sqediasmoÔ bèltistwn susthm�twn metafor�cjermìthtac, me èmfash ston tomèa thc gewjermÐac. Oi efarmogèc autèc sumperilamb�-noun kÔklouc paragwg c hlektrik c enèrgeiac me qr sh gewjermÐac kai gewjermikècantlÐec jermìthtac.'Oson afor� stouc kÔklouc paragwg c hlektrik c enèrgeiac me gewjermÐa, o sqe-diasmìc kai h an�ptuxh miac prìtuphc mon�dac organikoÔ kÔklou Rankine (Organic
Rankine Cycle), qrhsimopoi¸ntac gewjermik� pedÐa qamhl c enjalpÐac, apotèlesanbasikì stìqo tou èrgou LOW-BIN, Efficient Low Temperature Geothermal Binary
Power (FP6), tou opoÐou suntonist c  tan to KAPE. To èrgo apaÐthse th sum-bol  poll¸n episthmonik¸n eidikot twn gia to sqediasmì miac bèltisthc mon�dac.H summetoq  thc MPUR&B/EJS (ìpwc apotup¸netai kai sthn paroÔsa diatrib )ègkeitai sthn paroq  teqnognwsÐac wc proc tic mejìdouc beltistopoÐhshc gia tosqediasmì miac tètoiac mon�dac, me stìqo th megistopoÐhsh tou bajmoÔ apìdoshckai thn elaqistopoÐhsh tou kìstouc kataskeu c thc. Sthn Ðdia enìthta parousi�ze-tai h prìtuph mon�da pou kataskeu�sthke kai leitourgeÐ sthn pìlh Simbach (stasÔnora GermanÐac-AustrÐac), wc apotèlesma tou proanaferjèntoc EurwpaðkoÔ Pro-gr�mmatoc. EpÐshc, h MPUR&B/EJS kai h paroÔsa diatrib  asqoleÐtai sto plaÐsiotou èrgou GROUND-MED, Advanced Ground Source Heat Pump Systems for Heat-
ing and Cooling in Mediterranean (FP7), tou opoÐou suntonist c eÐnai to KAPE,me to sqediasmì miac bèltisthc gewjermik c antlÐac jermìthtac k�nontac qr sh touAEA.Sto kef�laio autì perigr�fontai h leitourgÐa twn mon�dwn organikoÔ kÔklou143



144 7. Σχεδιασμός βέλτιστων συστημάτων μεταφοράς θερμότηταςkaj¸c kai twn gewjermik¸n antli¸n jermìthtac, o algìrijmoc pou upolopoi jhkegia thn axiolìghsh touc apì ton AEA kai parousi�zontai epÐshc ta apotelèsmatathc beltistopoÐhshc.7.1 Sqediasmìc bèltistwn kÔklwn hlektropa-ragwg c me qr sh gewjermÐac7.1.1 KÔkloi hlektroparagwg c me qr sh gewjermÐacTo plèon sunhjismèno krit rio gia thn taxinìmhsh twn gewjermik¸n pìrwn eÐnai henjalpÐa twn gewjermik¸n reust¸n, ta opoÐa leitourgoÔn wc forèac metafor�c thcjermìthtac apì ta baji� kai jerm� petr¸mata proc thn epif�neia. Ta gewjermik�reust� brÐskontai se aèria (atmìc)   ugr  (nerì) kat�stash kai diakrÐnontai seqamhl c, mèshc kai uyhl c enjalpÐac, an�loga me to energeiakì touc perieqìmenokai tic pijanèc morfèc axiopoÐhs c touc. SÔmfwna me touc Muffler and Cataldi,[100], ta gewjermik� reust� me jermokrasÐa qamhlìterh twn 90◦C qarakthrÐzontaiwc qamhl c enjalpÐac en¸ jewroÔntai mèshc enjalpÐac ìtan h jermokrasÐa kumaÐnetaiapì 90 mèqri 150◦C kai uyhl c enjalpÐac ìtan h jermokrasÐa eÐnai megalÔterh apì150◦C.H paragwg  hlektrik c enèrgeiac eÐnai h pio shmantik  morf  axiopoÐhshc twngewjermik¸n pìrwn. An�loga me th jermokrasÐa kai thn pÐesh tou gewjermikoÔreustoÔ (dhlad  thn kat�stash sthn opoÐa brÐsketai, atmìc   nerì), èqoun anaptuq-jeÐ treic diaforetikèc teqnologÐec gia thn paragwg  hlektrik c enèrgeiac: (a) xhroÔatmoÔ (Dry-Steam Power Plant), (b) ektìnwshc difasikoÔ reustoÔ (Flash-Steam
Power Plant) kai (g) duadikoÔ kÔklou (Binary-Cycle Power Plant)   kÔklou Rank-
ine organikoÔ reustoÔ (Organic Rankine Cycle)   kÔklou Kalina (Kalina Cycle),[37, 38]. TonÐzetai ìti gia thn ekmet�lleush tou gewjermikoÔ reustoÔ dianoÐgontai,stic peript¸seic pou qrei�zontai, dÔo gewtr seic, h paragwgik  ge¸trhsh, apì thnopoÐa antleÐtai to gewjermikì reustì kai h ge¸trhsh epaneisagwg c, mèsw thc opoÐacepaneis�getai to reustì met� thn apìdosh mèrouc thc jermìthtac tou sto sÔsthmaparagwg c hlektrik c enèrgeiac. En¸ oi teqnologÐec xhroÔ atmoÔ kai ektìnwshc di-fasikoÔ reustoÔ qrhsimopoioÔntai gia reust� uyhl c enjalpÐac, oi mon�dec duadikoÔkÔklou axiopoioÔn reust� qamhl c kai mèshc enjalpÐac. Oi teqnologÐec xhroÔ a-tmoÔ kai ektìnwshc difasikoÔ reustoÔ perigr�fontai sunoptik� sth sunèqeia. Aut tou duadikoÔ kÔklou perigr�fetai pio analutik� sthn epìmenh par�grafo, miac kaiapoteleÐ to antikeÐmeno thc beltistopoÐhshc pou pragmatopoi jhke sthn paroÔsadiatrib .SÔsthma xhroÔ atmoÔ (Dry-Steam Power Plant). Ta sust mata xhroÔatmoÔ qrhsimopoioÔn gewjermikì reustì uyhl c enjalpÐac, to opoÐo exèrqetai apìthn paragwgik  ge¸trhsh se kat�stash xhroÔ   upèrjermou atmoÔ (jermokrasÐacmegalÔterhc apì 260◦C). Me ton ìro xhrì atmì anaferìmaste ston koresmèno atmìqwrÐc udratmoÔc. Aux�nontac th jermokrasÐa tou xhroÔ atmoÔ kai diathr¸ntac thnpÐesh stajer , o xhrìc atmìc metatrèpetai se upèrjermo atmì. O atmìc autìc odhgeÐ-



7.1. Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερμίας 145tai ap� eujeÐac sto strìbilo, ekton¸netai kai, sth sunèqeia, eÐte gÐnetai di�jesh touatmoÔ sthn atmìsfaira, eÐte (se perÐptwsh kat� thn opoÐa h mon�da leitourgeÐ mesumpuknwtèc) sumpukn¸netai kai epaneis�getai sth ge¸trhsh epaneisagwg c, [38].SÔsthma ektìnwshc difasikoÔ reustoÔ (Flash-Steam Power Plan-

t). Sta sust mata ektìnwshc difasikoÔ reustoÔ, ugrìc atmìc uyhl c pÐeshc kaijermokrasÐac (megalÔterhc apì 180◦C) antleÐtai apì th ge¸trhsh. Me ton ìro ugrìatmì anaferìmaste ston koresmèno atmì pou perièqei udratmoÔc. Kaj¸c to gewjer-mikì reustì ft�nei sthn epif�neia thc ge¸trhshc kai eis�getai sth mon�da, h pÐeshmei¸netai apìtoma (lìgw tou oti brÐsketai se atmosfairik  pÐesh) me apotèlesmathn astrapiaÐa atmopoÐhsh enìc mèrouc tou neroÔ. Met� to diaqwrismì tou neroÔapì ton atmì mèsw enìc diaqwrist , o atmìc suneqÐzei ston atmostrìbilo, en¸ tonerì odhgeÐtai sth ge¸trhsh epaneisagwg c. 'Opwc kai stic mon�dec xhroÔ atmoÔ,met� ton atmostrìbilo mporeÐ na gÐnei eÐte di�jesh tou atmoÔ sthn atmìsfaira, eÐtesumpÔknws  tou kai pro¸jhs  tou sth ge¸trhsh epaneisagwg c, [38].7.1.2 Duadikìc kÔkloc - An�ptuxh thc teqnologÐac giagewjermik� pedÐa qamhl c enjalpÐacOi mon�dec duadikoÔ kÔklou, se antÐjesh me tic mon�dec xhroÔ atmoÔ kai ektìnwshcdifasikoÔ reustoÔ pou qrhsimopoioÔn reust� uyhl c enjalpÐac, axiopoioÔn reust�qamhl c kai mèshc enjalpÐac. Oi mon�dec duadikoÔ kÔklou diafèroun apì tic dÔo pro-hgoÔmenec wc proc to ìti to gewjermikì reustì den èrqetai se epaf  me to strìbilo,all� qrhsimopoieÐtai gia na metafèrei mèroc thc jermìthtac tou se èna deutereÔonkÔklwma reustoÔ, mèsw enìc enall�kth jermìthtac (atmopoiht c), sq ma 7.1. TodeutereÔon reustì mporeÐ na eÐnai èna organikì reustì, sun jwc udrogon�njrakac(HC) (isobout�nio   isopent�nio)   udrofjor�njrakac (HFC), (Organic Rankine
Cycle-ORC),   ammwnÐa (Kalina Cycle). To pleonèkthma aut c thc teqnologÐacsunÐstatai sto ìti to deutereÔon reustì èqei qamhlì shmeÐo zèshc kai uyhl  t�shatm¸n se qamhlèc jermokrasÐec, opìte kai atmopoieÐtai ston atmopoiht  se qamh-lìterec jermokrasÐec apì ìti to nerì. O atmìc tou deutereÔontoc reustoÔ poupar�getai kineÐ to strìbilo, sth sunèqeia yÔqetai kai sumpukn¸netai mèsw enìcdeÔterou enall�kth jermìthtac (sumpuknwt ) kai odhgeÐtai, ek nèou, ston arqikìenall�kth jermìthtac. To gewjermikì reustì met� ton atmopoiht  epaneis�getaisth ge¸trhsh epaneisagwg c. O ìroc duadikìc qrhsimopoieÐtai sun jwc gia na peri-gr�yei kÔklouc, ìpou èrgo par�getai tautìqrona apì dÔo diaforetik� ergazìme-na mèsa. Parìla aut�, sto duadikì kÔklo Rankine, par�getai èrgo mìno apì todeutereÔon reustì.To qamhlì shmeÐo zèshc twn organik¸n reust¸n dieukolÔnei th qr sh gewjer-mik¸n pedÐwn qamhl c enjalpÐac gia thn paragwg  hlektrik c enèrgeiac. H mon�daduadikoÔ kÔklou me th qamhlìterh jermokrasÐa gewjermikoÔ reustoÔ se emporik leitourgÐa ston kìsmo kataskeu�sthke sthn AustralÐa to 1984-1985 me gewjermikìreustì 86◦C, [26]. Exair¸ntac lÐgec peiramatikèc mon�dec, h pleioyhfÐa twn mon�dwnduadikoÔ kÔklou pou leitourgoÔn s mera qrhsimopoioÔn gewjermikì reustì mèshc en-jalpÐac me jermokrasÐa megalÔterh twn 100◦C. S mera den up�rqei mon�da duadikoÔ
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Σχήμα 7.1: Σχηματικό διάγραμμα του δυαδικού κύκλου χρησιμοποιώντας γεωθερμικό
πεδίο χαμηλής ενθαλπίας.kÔklou se emporik  leitourgÐa me jermokrasÐa mikrìterh twn 86◦C, [94].H shmasÐa an�ptuxhc thc teqnologÐac tou duadikoÔ kÔklou se gewjermik� pedÐaqamhl c enjalpÐac enisqÔetai an lhfjeÐ upìyh ìti gia to jermokrasiakì pedÐo twn

65 − 90◦C, ta gewjermik� pedÐa sthn Eur¸ph mporoÔn na par�goun dunamik� suno-lik  hlektrik  enèrgeia 10500 MWe. Proc aut n thn kateÔjunsh kin jhke to èrgo
LOW-BIN1, [1], tou opoÐou suntonist c  tan to KAPE kai h MPUR&B/EJS, diathc paroÔsac diatrib c, sunèbale sto sqediasmì enìc bèltistou duadikoÔ kÔkloume th qr sh EA, [87]. To èrgo autì stìqeue sth dieÔrunsh thc efarmog c thcteqnologÐac tou duadikoÔ kÔklou gia emporik  leitourgÐa se gewjermik� pedÐa qamh-l c enjalpÐac (65◦C ≤ T ≤ 90◦C), epitugq�nontac beltÐwsh tou olikoÔ bajmoÔapìdoshc tou kÔklou kai meÐwsh tou kìstouc egkat�stashc thc mon�dac. Basik�stoiqeÐa thc èreunac gia thn aÔxhsh tou olikoÔ bajmoÔ apìdoshc kai meÐwsh toukìstouc egkat�stashc apotèlesan:(a) h epilog  tou bèltistou deutereÔontoc reustoÔ, ekeÐnou dhlad  pou dÐnei tokalÔtero jermodunamikì ��taÐriasma�� me th jermokrasÐa tou gewjermikoÔ reustoÔ1LOW-BIN, Efficient Low Temperature Geothermal Binary Power, Contract No 518277, που
χρηματοδοτήθηκε από την Ευρωπαϊκή ΄Ενωση.



7.1. Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερμίας 147(65◦C ≤ T ≤ 90◦C)(b) o kalÔteroc sqediasmìc tou strobÐlou (beltÐwsh tou bajmoÔ apìdoshc toustrobÐlou)(g) h epilog  twn kat�llhlwn tÔpwn twn enallakt¸n jermìthtac, an�loga me todeutereÔon reustì.'Oson afor� sth meÐwsh tou kìstouc, oi  dh up�rqousec mon�dec èqoun sqe-diasteÐ gia uyhlèc jermokrasÐec kai sumperilamb�noun akrib� ulik� anjektik� sedi�brwsh kai uyhlèc jermokrasÐec. Antijètwc, se efarmogèc qamhl c jermokrasÐac,gia th meÐwsh tou kìstouc egkat�stashc eÐnai protimìtero na qrhsimopoihjoÔntaiulik� qamhloÔ kìstouc. Gia autì to lìgo, basikìc stìqoc thc èreunac thc dida-ktorik c diatrib c, pou suneujugrammÐzetai me touc stìqouc tou èrgou LOW-BIN,eÐnai o bèltistoc sqediasmìc, h an�ptuxh kai h kataskeu  apì thn arq  mi�c prì-tuphc mon�dac duadikoÔ kÔklou gia gewjermik� pedÐa qamhl c enjalpÐac, èqontac thdunatìthta thc epilog c enallaktik¸n ulik¸n qamhloÔ kìstouc.7.1.3 DiatÔpwsh tou probl matoc'Opwc èqei proanaferjeÐ, h sumbol  thc diatrib c sunÐstatai sth beltistopoÐhshtou duadikoÔ kÔklou me th qr sh asÔgqronwn EA. Sthn enìthta aut  melet�taio sqediasmìc-beltistopoÐhsh mon�dac duadikoÔ kÔklou me gewjermikì reustì (sta-jer c) jermokrasÐac 65◦C gia di�fora organik� mèsa kai tÔpouc enallakt¸n jer-mìthtac stoqeÔontac:
− sth megistopoÐhsh tou olikoÔ bajmoÔ apìdoshc tou kÔklou ηcycle kai
− sthn elaqistopoÐhsh tou kìstouc egkat�stashc thc mon�dac.Sta sust mata qamhl c enjalpÐac, lìgw thc qamhl c diajèsimhc jermokrasiak cdiafor�c ston atmopoiht , eÐnai aparaÐthtec meg�lec epif�neiec enallakt¸n jermìth-tac gia thn paragwg  tou Ðdiou posoÔ hlektrik c enèrgeiac se sqèsh me ta sust -mata mèshc enjalpÐac. Kat� epèktash, oi enall�ktec jermìthtac apoteloÔn basikìtm ma tou sust matoc kai to kìstoc egkat�stashc touc sumb�llei shmantik� stosunolikì kìstoc. Gia autì to lìgo, epilègetai wc deÔteroc stìqoc, praktik�, helaqistopoÐhsh thc sunolik c epif�neiac twn enallakt¸n jermìthtac opìte oi dÔostìqoi epanadiatup¸nontai wc ex c:
− megistopoÐhsh tou olikoÔ bajmoÔ apìdoshc tou kÔklou ηcycle kai
− elaqistopoÐhsh thc sunolik c epif�neiac twn enallakt¸n jermìthtac (atmopoi-ht  kai sumpuknwt ) AT .Par�llhla, pragmatopoieÐtai beltistopoÐhsh tou duadikoÔ kÔklou me treic stì-qouc, ìpou h epif�neia tou atmopoiht  kai tou sumpuknwt  logÐzontai qwrist� kaiapoteloÔn to deÔtero kai trÐto stìqo, antÐstoiqa. Sthn perÐptwsh aut , oi treicstìqoi thc beltistopoÐhshc eÐnai:
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− h megistopoÐhsh tou olikoÔ bajmoÔ apìdoshc tou kÔklou ηcycle kai
− h elaqistopoÐhsh thc epif�neiac tou atmopoiht  kai
− h elaqistopoÐhsh thc epif�neiac tou sumpuknwt .Sth bibliografÐa, eÐte qrhsimopoieÐtai h megistopoÐhsh tou olikoÔ bajmoÔ apì-doshc tou kÔklou   thc paragìmenhc hlektrik c isqÔoc, [136], eÐte qrhsimopoieÐtaio sunduasmìc ìlwn twn stìqwn se èna, ¸ste h beltistopoÐhsh na epidi¸kei thn e-laqistopoÐhsh tou lìgou thc sunolik c epif�neiac twn enallakt¸n proc th sunolik paragìmenh hlektrik  enèrgeia, Pelec, dhlad  tou phlÐkou, AT

Pelec
, [63]. AntÐjeta, sthnparoÔsa diatrib , h beltistopoÐhsh eÐnai eÐte dikrithriak  eÐte trikrithriak  kai oibèltistec lÔseic pou prokÔptoun eÐnai perissìterec apì mia kai sqhmatÐzoun mètwpomh-kuriarqoÔmenwn lÔsewn (mètwpo Pareto), [87].Upologismìc tou bajmoÔ apìdoshc tou kÔklouTo sqhmatikì di�gramma tou duadikoÔ kÔklou kai to jermodunamikì di�gramma pÐeshc-enjalpÐac (p − h) parousi�zontai sta sq mata 7.1 kai 7.2, antÐstoiqa. H jer-mìthta tou gewjermikoÔ reustoÔ metadÐdetai sto organikì ( , alli¸c, ergazìmeno)mèso, to opoÐo atmopoieÐtai ston atmopoiht  (jèsh 1) kai lìgw thc ektìnwshctou atmoÔ sto strìbilo (metabol  1-2), kineÐtai genn tria kai par�getai hlektrik enèrgeia. An�mesa sth genn tria kai sto strìbilo up�rqei metatropèac strof¸n. Toergazìmeno mèso, egkataleÐpontac to strìbilo (jèsh 2), yÔqetai sto sumpuknwt (èxodoc sumpuknwt  sth jèsh 3) kai mèsw miac antlÐac epistrèfei ston atmopoiht (jèsh 4). Sthn paroÔsa diatrib , melet�tai o upokrÐsimoc organikìc kÔkloc, dhlad o kÔkloc o opoÐoc den uperbaÐnei to krÐsimo shmeÐo tou jermodunamikoÔ diagr�mmatoctou ergazìmenou mèsou. Wc krÐsimo shmeÐo orÐzetai to shmeÐo tou jermodunamikoÔdiagr�mmatoc ìpou h kampÔlh isorropÐac ugroÔ kai aerÐou termatÐzetai diìti oi f�seicpaÔoun na diafèroun, sq ma 7.2.Ta sÔmbola kai oi deÐktec pou qrhsimopoioÔntai gia thn perigraf  twn stìqwnthc beltistopoÐhshc exhgoÔntai ston pÐnaka 7.1.
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Σχήμα 7.2: Σχηματικό διάγραμμα πίεσης-ενθαλπίας του δευτερεύοντος ρευστού στο
δυαδικό κύκλο. Η μεταβολή (1 − 2) αντιπροσωπεύει την εκτόνωση του εργαζόμενου
μέσου στο στρόβιλο, η (2 − 3) τη συμπύκνωση, η (3 − 4) την αύξηση της πίεσης στην
αντλία και η (4− 1) την ατμοποίηση. Με 4΄, 1΄ συμβολίζονται οι φάσεις του κορεσμένου
υγρού και ατμού, αντίστοιχα, κατά την ατμοποίηση, ενώ με 2΄ συμβολίζεται ο κορεσμένος
ατμός κατά τη συμπύκνωση. Με critical point συμβολίζεται το κρίσιμο σημείο του
θερμοδυναμικού διαγράμματος.
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Πίνακας 7.1: Σύμβολα και δείκτες που χρησιμοποιούνται για την παρουσί-
αση των χαρακτηριστικών της εφαρμογής (στόχοι, παράμετροι και περιορισμοί της
βελτιστοποίησης).Sumbolismìc Perigraf  kai Mon�dec

P IsqÔc, kW
Q Jermìthta, kW
H EnjalpÐa, kJ

kg

p PÐesh, P a

ṁ Paroq  m�zac kg
s

η Bajmìc apìdoshc
T JermokrasÐa, K
A Epif�neia metafor�c jermìthtac, m2

k Jermik  agwgimìthta, kW
mK

h Suntelest c metafor�c jermìthtac, kW
m2K

U Olikìc suntelest c metafor�c jermìthtac, kW
m2K

∆x P�qoc toiq¸matoc pl�kac plakoeid  enall�kth, m
∆Tm Mèsh logarijmik  jermokrasiak  diafor�(log mean temperature difference (LMTD))
d Di�metroc aul¸n, m
l M koc aul¸n, m
g Epit�qunsh thc barÔthtac, m

s2

evap DeÐkthc megej¸n pou aforoÔn ston atmopoiht 
cond DeÐkthc megej¸n pou aforoÔn sto sumpuknwt 
pump DeÐkthc megej¸n pou aforoÔn sthn antlÐa poukukloforeÐ to ergazìmeno mèso kai thn antlÐapou kukloforeÐ to nerì yÔxhc
gen DeÐkthc megej¸n pou aforoÔn sth genn tria
elec DeÐkthc megej¸n pou aforoÔn sthn kajar hlektrik  enèrgeia pou par�getai apì to strìbilo
inv DeÐkthc megej¸n pou aforoÔn sto metatropèa strof¸n
l DeÐkthc megej¸n pou aforoÔn sthn ugr  f�sh
g DeÐkthc megej¸n pou aforoÔn sthn aèria f�sh
tp DeÐkthc megej¸n pou aforoÔn sth difasik  kat�stash
i, o DeÐkthc pou afor� sthn eswterik /exwterik  epif�neiatwn aul¸n enìc enall�kth kelÔfouc-aul¸n
in, out DeÐkthc pou afor� sthn eÐsodo tou neroÔ proc kai èxodìtou apì touc enall�ktec
cw DeÐkthc megej¸n pou aforoÔn sto nerì yÔxhc
wf DeÐkthc megej¸n pou aforoÔn sto ergazìmeno mèso
gw DeÐkthc megej¸n pou aforoÔn sto gewjermikì reustì
wb DeÐkthc megej¸n pou aforoÔn sto nerì tou diktÔoujèrmanshc
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ηcycle =

Pelec − Ppump

Qevap
(7.1)ìpou

Pelec = ηgenηinvṁwf

(

Hwf 1 −Hwf 2

)

Ppump =
∆pwfg ṁwf

ηpumpwf

+
∆pcwg ṁcw

ηpumpcw

Qevap = ṁwf

(

Hwf 1 −Hwf 4

)Ta sÔmbola eÐnai sumbat� me ton pÐnaka 7.1 kai thn arÐjmhsh jèsewn tou sq -matoc 7.2. Ta jermodunamik� megèjh tou ergazìmenou (organikoÔ) mèsou sta di�forashmeÐa tou kÔklou upologÐzontai mèsw tou logismikoÔ REFPROP, (Reference Fluid
Thermodynamic and Transport Properties Database) tou NIST, (National Institute
of Standards and Technology), [2, 93], pou diajètei to KAPE. To REFPROP dia-jètei biblioj kec me tic idiìthtec diafìrwn reust¸n kai migm�twn.Upologismìc thc epif�neiac twn enallakt¸n jermìthtacO upologismìc thc epif�neiac twn enallakt¸n jermìthtac, A, ulopoieÐtai me th qr shtou olikoÔ suntelest  metafor�c jermìthtac U mèsw thc jemeli¸douc sqèshc thcolik c metafor�c jermìthtac ston enall�kth

A = Q/U∆T m (7.2)ìpou
∆T m =

(

Tgwout
− Twfout

)

−
(

Tgwin
− Twf in

)

ln
[(

Tgwout
− Twfout

)

/
(

Tgwin
− Twf in

)]ìpou Tgwout
, Twfout

, Tgwin
, Twf in

oi jermokrasÐec exìdou kai eisìdou tou gewjermikoÔreustoÔ kai tou ergazìmenou mèsou ston enall�kth jermìthtac, antÐstoiqa.O olikìc suntelest c metafor�c jermìthtac, U , sundu�zei th metafor� jermìth-tac me sunagwg  sto gewjermikì reustì kai sto ergazìmeno mèso me th metafor�jermìthtac me agwg  sto toÐqwma thc diepif�neiac metaxÔ gewjermikoÔ reustoÔ kaiergazìmenou mèsou.Gia plakoeid  enall�kth, o olikìc suntelest c metafor�c jermìthtac, Uplate,dÐnetai apì th sqèsh
Uplate =

1
1

hwf
+ ∆x

k
+ 1

hgw

(7.3)



152 7. Σχεδιασμός βέλτιστων συστημάτων μεταφοράς θερμότηταςSÔmfwna me to jermodunamikì di�gramma tou kÔklou, sq ma 7.2, kat� thn a-tmopoÐhsh (metabol  4-1), to organikì reustì apì thn ugr  f�sh sthn opoÐa brÐske-tai arqik�, pern� sth difasik  (sunÔparxh ugr c kai aèriac f�shc) kai, telik�, sthnaèria f�sh. Gia ton akribèstero upologismì thc epif�neiac, gia k�je kat�stash touorganikoÔ reustoÔ (4-4', 4'-1', 1'-1) upologÐzetai kat� perÐptwsh o antÐstoiqoc su-ntelest c U ,  toi oi U4−4′ , U4′−1′ , U1′−1, kai h epif�neia upologÐzetai gia k�je f�shqwrist�. EÐnai
U4−4′,1′−1 =

1
1

hwf l,g

+ ∆x
k

+ 1
hgw

, U4′−1′ =
1

1
hwf tp

+ ∆x
k

+ 1
hgw

(7.4)AntÐstoiqa, kat� th sumpÔknwsh (metabol  2− 3), h ro  tou organikoÔ reustoÔeÐnai monofasik  (aèria f�sh, 2−2') kai difasik  (sunÔparxh ugr c kai aèriac f�shc,
2'-3). Gia k�je kat�stash tou organikoÔ reustoÔ upologÐzetai ènac suntelest c U , toi U2−2′ , U2′−3,

U2−2′ =
1

1
hwf g

+ ∆x
k

+ 1
hgw

, U2′−3 =
1

1
hwf tp

+ ∆x
k

+ 1
hgw

(7.5)Sthn perÐptwsh pou qrhsimopoihjeÐ enall�kthc kelÔfouc-aul¸n wc sumpuknw-t c, o olikìc suntelest c metafor�c jermìthtac, Utube, dÐnetai apì th sqèsh
Utube =

1
Ao

Ai

1
hwf

+ Aoln(do/di)
2πkl

+ 1
hgw

(7.6)Gia ton upologismì tou olikoÔ suntelest  metafor�c jermìthtac, U , apaiteÐtaiupologismìc twn suntelest¸n metafor�c jermìthtac, h, oi opoÐoi diafèroun an�logame to organikì reustì kai ton tÔpo tou enall�kth pou qrhsimopoieÐtai.Gia thn epilog  tou bèltistou organikoÔ mèsou, ta organik� mèsa ta opoÐa dokim�-zontai eÐnai to R-134a, R-410A, R-407C kai to R-600a, ta opoÐa an koun sthnkathgorÐa twn udrofjoranjr�kwn (HFCs). Lìgw thc trÔpac tou ìzontoc, èqei a-pagoreuteÐ apì to 1996 h qr sh twn qlwrofjoranjr�kwn (CFCs) kai ja up�rxeiapagìreush thc qr shc tou sunìlou twn udroqlwrofjoranjr�kwn (HCFCs) apì to
2015. Gia autì to lìgo, oi udrofjor�njrakec (HFCs), oi opoÐoi den perièqoun ql¸rio,to opoÐo sumb�llei sthn aÔxhsh thc trÔpac tou ìzontoc, èqoun upokatast sei toucqlwrofjor�njrakec sta yuktik� kai klimatistik� sust mata. Kat� epèktash, prèpeina melethjeÐ h apìdosh aut¸n twn organik¸n mèswn sta sust mata duadikoÔ kÔklou.Sth bibliografÐa up�rqoun genikèc susqetÐseic (proseggÐseic) tou suntelest metafor�c jermìthtac, anexart twc tou ergazìmenou mèsou gia thn atmopoÐhsh kaith sumpÔknwsh se enall�ktec me diamìrfwsh pl�kac kai agwgoÔ, antÐstoiqa, ka-j¸c kai susqetÐseic oi opoÐec èqoun proèljei apì peiramatikèc dokimèc sta di�foraorganik� reust�. 'Oson afor� sta ergazìmena mèsa pou qrhsimopoioÔntai ed¸, kaisugkekrimèna gia to R-134a kai to R-410A, lìgw thc eureÐac qr shc touc stic gew-jermikèc antlÐec jermìthtac, dÐnontai sth bibliografÐa akìmh perissìtero akribeÐcsusqetÐseic tou suntelest  metafor�c jermìthtac, h, gia thn atmopoÐhsh kai thsumpÔknwsh se enall�ktec me diamìrfwsh pl�kac kai agwgoÔ antÐstoiqa. Sthn



7.1. Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερμίας 153paroÔsa diatrib , qrhsimopoioÔntai arqik� oi Ðdiec genikèc susqetÐseic tou sunte-lest  metafor�c jermìthtac gia ta tèssera organik� reust� gia thn epilog  toubèltistou, kaj¸c epÐshc sugkrÐnontai oi genikèc me tic akribèsterec susqetÐseic. OitÔpoi twn suntelest¸n metafor�c jermìthtac gia ta R-134a, R-410A, R-407C kai R-
600a gia ton plakoeid  kai ton enall�kth kelÔfouc-aul¸n kaj¸c kai oi akribèsterecsusqetÐseic thc bibliografÐac gia to R-134a paratÐjentai sto Par�rthma Aþ.Enall�ktec metafor�c jermìthtac'Oson afor� sthn epilog  tou tÔpou twn enallakt¸n epilègontai metaxÔ plakoeid¸nenallakt¸n jermìthtac (plate heat exchangers (PHE)) kai enallakt¸n kelÔfouc-aul¸n (shell-and-tube heat exchanger (STHE)), protim¸ntai sun jwc oi pr¸toigia ton atmopoiht , lìgw thc Ôparxhc al�twn sto gewjermikì reustì, ta opoÐaepik�jontai stic epif�neiec twn enallakt¸n. H apom�krunsh aut¸n twn swmati-dÐwn eÐnai eukolìterh apì tic pl�kec twn plakoeid¸n enallakt¸n dedomènou ìti mpo-roÔn eÔkola na aposunarmologhjoÔn kai na kajaristoÔn se sÔgkrish me touc enal-l�ktec kelÔfouc-aul¸n. Gia to sumpuknwt , exet�zontai (kat� th diadikasÐa thcbeltistopoÐhshc) kai oi dÔo tÔpoi twn enallakt¸n, plakoeideÐc kai kelÔfouc-aul¸n,¸ste na epilegeÐ o bèltistoc tÔpoc enall�kth, dhlad  ekeÐnoc pou ja antistoiqeÐ seorganikì kÔklo Rankine me mègisto bajmìc apìdoshc kai el�qisth epif�neia enal-lakt¸n.Sto sq ma 7.3 parousi�zetai to sqhmatikì di�gramma enìc plakoeidoÔc enal-l�kth sto opoÐo faÐnontai h di�taxh twn plak¸n kai ta kan�lia sta opoÐa rèounto ergazìmeno mèso kai to gewjermikì reustì. EpÐshc sto sq ma 7.4 faÐnetai tosqhmatikì di�gramma miac pl�kac enìc plakoeidoÔc enall�kth sumperilambanomènwntwn diast�sewn thc, oi opoÐec anafèrontai epÐshc kai ston pÐnaka 7.3 kai qrhsi-mopoioÔntai sth sugkekrimènh efarmog . Sto sq ma 7.4 faÐnetai h diamìrfwsh thcepif�neiac thc pl�kac, ìpou sthn epif�neia sqhmatÐzontai aulak¸seic hmitonoeidoÔcsq matoc me mÐa klÐsh, β, aux�nontac thn tÔrbh thc ro c. Autì exasfalÐzei kalÔte-rh metafor� jermìthtac, all� par�llhla aux�netai h pt¸sh pÐeshc ston enall�kth.To ulikì kataskeu c twn plak¸n enìc enall�kth pou qrhsimopoieÐtai wc atmopoih-t c se efarmogèc gewjermÐac eÐnai to tit�nio gia thn apofug  di�brwshc twn plak¸napì to gewjermikì reustì. To sqhmatikì di�gramma enìc enall�kth kelÔfouc-aul¸nfaÐnetai sto sq ma 7.5. Sthn paroÔsa diatrib , o enallakthc kelÔfouc-aul¸n qrhsi-mopoieÐtai gia th sumpÔknwsh tou organikoÔ reustoÔ. Dedomènou ìti den èrqetai seepaf  me to gewjermikì reustì to ulikì kataskeu c twn aul¸n kai tou kelÔfouceÐnai q�lubac.Gia th diastasiolìghsh twn enallakt¸n jermìthtac epilègontai oi diast�seicapì tupopoihmènouc plakoeideÐc kai enall�ktec kelÔfouc-aul¸n, oi opoÐec paratÐ-jentai ston pÐnaka 7.3 kai qrhsimopoioÔntai sth sugkekrimènh efarmog . Kat� thbeltistopoÐhsh, gia ton plakoeid  enall�kth, gnwst� eÐnai to m koc l, pl�toc w kaip�qoc ∆x thc pl�kac (epif�neia pl�kac A = lw). Sunep¸c, met� ton upologismì thcsunolik c epif�neiac tou plakoeidoÔc enall�kth, Aplate, upologÐzetai o arijmìc twnplak¸n tou enall�kth kai kat� epèktash to sunolikì m koc tou enall�kth (Ltotal).
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Εργαζόμενο/oργανικό μέσο 

Νερό 

L total

Σχήμα 7.3: Σκιαγράφηση μορφής ενός πλακοειδούς εναλλάκτη θερμότητας (plate
heat exchangers (PHE)).AntÐstoiqa, gia ton enall�kth kelÔfouc-aul¸n, epilègontai h eswterik  di, exw-terik  do di�metroc kai to m koc tou k�je auloÔ ltube (epif�neia tou k�je auloÔ

Ao = πdoltube). Me ton upologismì thc sunolik c epif�neiac, Atube, upologÐzetai oarijmìc twn aul¸n tou enall�kth, ¸ste na mporeÐ na qrhsimopoihjeÐ gia th di�taxhtwn aul¸n mèsa sto kèlufoc tou enall�kth.
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Σχήμα 7.4: Σκιαγράφηση μορφής πλάκας ενός πλακοειδούς εναλλάκτη θερμότητας
(plate heat exchangers (PHE)), [90].
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Σχήμα 7.5: Σχηματικό διάγραμμα ενός εναλλάκτη κελύφους-αυλών (shell and tube
heat exchanger (STHE)).
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Πίνακας 7.2: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Μεταβλητές σχεδιασμού. Τα σύμβολα είναι συμβατά με τον πίνακα 7.1 και την
αρίθμηση του σχήματος 7.2.Metablht  K�tw 'Anw Mon�dec Sqìliaìrio ìrio Mètrhshc

p1 R-134a 900 4059 kP a PÐesh tou ergazìmenou
R-407C 1300 4365 kP a mèsou sthn eÐsodo
R-410A 1800 4902 kP a tou strobÐlou.
R-600a 400 3640 kP a

ṁwf 40 90 kg
s

Paroq  m�zac touergazìmenou mèsou.
ṁgw 5 30 kg

s
Paroq  m�zac tougewjermikoÔ reustoÔ.

T1 − T4 10 30 K Jermokrasiak  diafor�eisìdou kai exìdou touergazìmenou mèsouston atmopoiht .
T2 − T3 7.5 12.5 K Jermokrasiak  diafor�eisìdou kai exìdoutou ergazìmenou mèsousto sumpuknwt .
T3 288 300 K JermokrasÐa touergazìmenou mèsousthn èxodo tousumpuknwt .H efarmog  qarakthrÐzetai apì N = 6 metablhtèc sqediasmoÔ, pou sunoyÐzo-ntai ston pÐnaka 7.2. Ta ìria thc pÐeshc p1 eÐnai diaforetik� gia k�je organikìmèso. To �nw ìrio thc p1 kajorÐzetai apì thn pÐesh tou krÐsimou shmeÐou k�jeorganikoÔ mèsou (sq ma 7.2), dedomènou ìti melet�tai o upokrÐsimoc kÔkloc. Kat�th beltistopoÐhsh, diathroÔntai stajerèc oi par�metroi tou pÐnaka 7.3. Oi timècpou parousi�zontai sthrÐzontai se pragmatik� dedomèna, l.q. oi timèc twn bajm¸napìdoshc tou strobÐlou, thc genn triac, tou metatropèa strof¸n kai thc antlÐacantistoiqoÔn se autèc pou qrhsimopoi jhkan sthn prìtuph mon�da.Tèloc, ston pÐnaka 7.4 parousi�zontai oi periorismoÐ pou epib�llontai kat� thbeltistopoÐhsh. O pr¸toc periorismìc (170kWe ≤ Pelec ≤ 230kWe) anafère-tai sthn paragìmenh hlektrik  enèrgeia dedomènou ìti h prìtuph mon�da ORC poukataskeu�sthke apodÐdei perÐpou 200kWe hlektrik  enèrgeia. QrhsimopoieÐtai parì-la aut� tètoioc periorismìc diìti ènac periorismìc isìthtac   akìma kai ènac perio-rismìc anisìthtac me sten� ìria (l.q. 199kWe ≤ Pelec ≤ 201kWe) se sunduasmì
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Πίνακας 7.3: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Μεγέθη που διατηρούνται σταθερά κατά τη βελτιστοποίηση. Τα σύμβολα είναι
συμβατά με τον πίνακα 7.1 και την αρίθμηση του σχήματος 7.2.Stajerèc posìthtec Sumbolismìc/Tim JermokrasÐa gewjermikoÔ reustoÔ Tgwin = 65◦CJermokrasÐa neroÔ yÔxhc Tcwin = 10◦C

ORC Isentropikìc bajmìc apìdoshc ηis,T = 0.80tou strobÐlouBajmìc apìdoshc genn triac ηgen = 0.96Bajmìc apìdoshc metatropèa strof¸n ηinv = 0.92Bajmìc apìdoshc antlÐac tou kÔklou ηC = 0.70M koc pl�kac l = 0.80mPl�toc pl�kac w = 0.30m
PHE P�qoc pl�kac ∆x = 0.0004mApìstash dÔo plak¸n t = 0.0026mUlikì pl�kac tit�nioEswterik  di�metroc aul¸n di = 0.013m
STHE Exwterik  di�metroc aul¸n do = 0.040mM koc aul¸n ltube = 3.00mUlikì aul¸n q�lubacme èna ��logikì�� arijmì atìmwn epilèktwn, duskoleÔei th dhmiourgÐa met¸pou bèlti-stwn lÔsewn, kaj¸c oi upoy fiec lÔseic apotugq�noun na ikanopoi soun ènan tètoioperiorismì. O deÔteroc periorismìc afor� th jermokrasÐa tou ergazìmenou mèsousthn èxodo tou atmopoiht , Twf 1. Met� ton atmopoiht  kai prin to ergazìmeno mèsoeisèljei sto strìbilo (jèsh 1), prèpei o atmìc na eÐnai apallagmènoc apì stagonÐdiata opoÐa ja mporoÔsan na prokalèsoun bl�bh sta pterÔgia tou strobÐlou. Gia autìto lìgo, to shmeÐo 1 tou kÔklou prèpei na brÐsketai dexi� thc kampÔlhc koresmènouatmoÔ (Twf 1′ ≤ Twf 1). To antÐstoiqo isqÔei kai gia th jèsh 2, gia thn opoÐa o antÐ-stoiqoc periorismìc gr�fetai Twf 2 ≥ Twf 2′ . Epiprosjètwc, h jermokrasÐa exìdou touergazìmenou mèsou apì ton atmopoiht  den mporeÐ na uperbeÐ th jermokrasÐa me thnopoÐa eisèrqetai to gewjermikì reustì ston enall�kth (Tgwin = 65◦C). Epomènwc,h jermokrasÐa Twf 1 periorÐzetai wc akoloÔjwc, Twf 1′ ≤ Twf 1 ≤ Tgwin. AntistoÐqwcsto sumpuknwt , h jermokrasÐa exìdou tou ergazìmenou mèsou den epitrèpetai nal�bei timèc qamhlìterec apì th jermokrasÐa eisìdou tou neroÔ yÔxhc ston enall�kth(Twf 3 ≥ Tcwin). Sto sqhmatikì di�gramma pÐeshc-enjalpÐac, sq ma 7.6, apeikonÐzo-ntai oi periorismoÐ p�nw ston kÔklo. O deÔteroc periorismìc kajorÐzei to qwrÐo mèsasto opoÐo brÐsketai to shmeÐo 1 sto di�gramma. To qwrÐo autì perib�lletai apì ticjermokrasÐec Twf 1′ kai Tgwin. H Tcwin faÐnetai epÐshc sto di�gramma. Ta shmeÐa toukÔklou sto sq ma 7.6 eÐnai tètoia ¸ste na ikanopoieÐtai o pr¸toc periorismìc kai napar�getai hlektrik  enèrgeia sto di�sthma apì 170kWe mèqri 230kWe.
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Πίνακας 7.4: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Περιορισμοί που επιβάλλονται κατά τη βελτιστοποίηση. Τα σύμβολα είναι συμβατά
με τον πίνακα 7.1 και την αρίθμηση του σχήματος 7.2.Periorismìc Perigraf 
170kWe ≤ Pelec ≤ 230kWe Paragìmenh hlektrik  enèrgeia.
Twf 1′ ≤ Twf 1 ≤ Tgwin Atmopoiht c: 'Exodoc ergazìmenou mèsou. Twf 1′JermokrasÐa ergazìmenou mèsou sto shmeÐokoresmènou atmoÔ, Tgwin jermokrasÐaeisìdou tou gewjermikoÔ reustoÔ.
Twf 3 ≥ Tcwin Sumpuknwt c: 'Exodoc ergazìmenou mèsou. TcwinjermokrasÐa eisìdou tou neroÔ yÔxhc.
Twf 2 ≥ Twf 2′ Strìbiloc: 'Exodoc ergazìmenou mèsou. Twf 2′JermokrasÐa ergazìmenou mèsou sto shmeÐokoresmènou atmoÔ.

Σχήμα 7.6: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερμίας.
Σχηματικό διάγραμμα πίεσης-ενθαλπίας. Απεικόνιση των περιορισμών του πίνακα 7.4.Sto sq ma 7.7, parousi�zontai ta b mata tou algìrijmou axiolìghshc tou du-adikoÔ kÔklou ìpou, met� ton upologismì tou bajmoÔ apìdoshc kai thc epif�neiactwn enallakt¸n jermìthtac, epiqeireÐtai diastasiolìghsh twn enallakt¸n jermìth-tac.
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Σχήμα 7.7: Αλγόριθμος αξιολόγησης κάθε δυαδικού κύκλου, δηλαδή κάθε υποψήφιας
λύσης κατά τη βελτιστοποίηση μέσω EA.



7.1. Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερμίας 1617.1.4 Apotelèsmata beltistopoÐhshcGia th beltistopoÐhsh qrhsimopoi jhke o AMAEA. Lìgw tou qamhloÔ upologi-stikoÔ kìstouc an� axiolìghsh krÐjhke mh sumfèrousa h qr sh tou mimhtikoÔ al-gorÐjmou AMAMA. H beltistopoÐhsh pragmatopoi jhke se plègma b�shc 8×8 (48pr�ktorec kai 16 pìloi) se 20 epexergastèc me an¸tato epitreptì ìrio axiolog sewntic 10000. To metaprìtupo energopoieÐtai met� apì tic pr¸tec 50 akribeÐc axiolog -seic me NIP E =5. Ta apotelèsmata thc beltistopoÐhshc parousi�zontai sth sunèqeiagia kajèna apì ta akìlouja trÐa jèmata pou aforoÔn to mhqanikì-sqediast  tousust matoc:(aþ) SÔgkrish kai epilog  tou bèltistou ergazìmenou mèsou.(bþ) SÔgkrish metaxÔ twn akrib¸n kai twn proseggistik¸n sqèsewn gia ton upo-logismì tou suntelest  metafor�c jermìthtac kai kat� epèktash thc epif�neiactwn enallakt¸n.(gþ) Epilog  tou bèltistou tÔpou enall�kth gia th sumpÔknwsh.(aþ) Epilog  bèltistou organikoÔ mèsou'Opwc anafèrjhke kai prohgoumènwc, gia ton upologismì tou suntelest  meta-for�c jermìthtac kai th sÔgkrish twn organik¸n mèswn qrhsimopoi jhkan oiÐdiec genikèc susqetÐseic tou Parart matoc A' gia ta tèssera organik� reust�.Sto sq ma 7.8 parousi�zontai ta mètwpa twn bèltistwn lÔsewn gia ta di�foraorganik� mèsa (R-134a, R-410A, R-407C, R-600a), ìtan gia thn atmopoÐhshkai th sumpÔknwsh tou ergazìmenou mèsou qrhsimopoieÐtai plakoeid c enal-l�kthc (PHE). AntistoÐqwc, sto sq ma 7.9 gÐnetai sÔgkrish twn diafìrwn or-ganik¸n mèswn sthn perÐptwsh qr shc enall�kth kelÔfouc-aul¸n (STHE) giath sumpÔknwsh. Kai sta dÔo sq mata beltistopoieÐtai o kÔkloc Rankine èqo-ntac wc deÔtero stìqo thn elaqistopoÐhsh thc sunolik c epif�neiac twn enal-lakt¸n. Par�llhla epilègetai na beltistopoihjeÐ o kÔkloc elaqistopoi¸ntacthn epif�neia tou atmopoiht  kai tou sumpuknwt  qwrist�, ¸ste na melethjeÐ hepÐdrash tou k�je organikoÔ mèsou sto mègejoc twn dÔo epifanei¸n, sq mata7.10 kai 7.11. 'Enac akìmh lìgoc pou epilègetai h beltistopoÐhsh tri¸n stìqwneÐnai giatÐ oi timèc thc epif�neiac tou PHE kai STHE enall�kth den mporoÔn nasugkrijoÔn epeid  diafèroun se t�xh megèjouc exaitÐac tou diaforetikoÔ trìpouupologismoÔ thc epif�neiac.Kai apì ta tèssera sq mata sumperaÐnetai ìti to R-134a epitugq�nei megalÔterobajmì apìdoshc (ηcycle = 6−7%), se sÔgkrish me ta upìloipa organik� mèsa kaigia tic dÔo peript¸seic (me PHE   STHE wc sumpuknwt ). Autì shmaÐnei ìti to
R-134a èqei th bèltisth jermodunamik  sumperifor� gia thn upìyh jermokrasÐatou gewjermikoÔ reustoÔ (65◦C) kai b�sei twn jermodunamik¸n tou idiot twnekmetalleÔetai, kalÔtera apì ta upìloipa organik� mèsa th jermìthta poumetafèretai apì to èdafoc. 'Oson afor� sta upìloipa organik� mèsa ta meÐgma-ta R-410A, R-407C parousi�zoun parìmoia metaxÔ touc sumperifor� wc proc to
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Σχήμα 7.8: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Τα υπολογισθέντα μέτωπα των μη-κυριαρχούμενων λύσεων για τα R-134a, R-
410A, R-407C και R-600a χρησιμοποιώντας PHE για την ατμοποίηση και συμπύκνωση
του εργαζόμενου μέσου. Στόχοι: (α) μεγιστοποίηση του ολικού βαθμού απόδοσης του
κύκλου και (β) ελαχιστοποίηση της συνολικής επιφάνειας των εναλλακτών θερμότητας
(ατμοποιητή και συμπυκνωτή).bajmì apìdoshc en¸ to R-600a akoloujeÐ to R-134a se apìdosh me qamhlìterectimèc epif�neiac. To R-410A apoteleÐtai apì to R-32 kai to R-125 se analogÐec

69, 8% kai 30, 2%, antÐstoiqa, en¸ to R-407C apoteleÐtai apì to R-32, to R-125kai to R-134a se analogÐec 23%, 25% kai 52%, antÐstoiqa. H Ôparxh tou R-134ase aut  thn analogÐa sto R-407C odhgeÐ sth dhmiourgÐa enìc eurÔterou met¸-pou Pareto se sqèsh me to R-410A, epitugq�nontac megalÔtero bajmì apìdoshc(sq ma 7.8).'Oson afor� stic dÔo epif�neiec, apì to sq ma 7.10 (PHE gia thn atmopoÐhsh kaith sumpÔknwsh) sumperaÐnetai ìti to R-134a, to R-410A kai to R-407C apaitoÔnmegalÔterh epif�neia sumpuknwt  apì ìti epif�neia atmopoiht . Den sumbaÐneiìmwc to Ðdio kai gia to R-600a, ìpou oi dÔo epif�neiec èqoun perÐpou tic Ðdiectimèc. AntistoÐqwc, sto sq ma 7.11 (PHE gia thn atmopoÐhsh kai STHE giath sumpÔknwsh) apaitoÔntai megalÔterec epif�neiec atmopoiht  apaitoÔntai giata R-134a kai R-600a en¸ ta R-134a kai R-410A dÐnoun megalÔterec epif�neiecsumpuknwt . Sto sq ma 7.12 sugkrÐnontai h beltistopoÐhsh dÔo (sq ma 7.9)kai tri¸n (sq ma 7.11) stìqwn gia to organikì mèso R-600a, ajroÐzontac ticdÔo epif�neiec k�je lÔshc thc beltistopoÐhshc tri¸n stìqwn. Sthn perÐptwsh
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Σχήμα 7.9: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερμίας.
Τα υπολογισθέντα μέτωπα Pareto των μη-κυριαρχούμενων λύσεων για τα R-134a, R-
410A, R-407C και R-600a χρησιμοποιώντας PHE για την ατμοποίηση και STHE και τη
συμπύκνωση του εργαζόμενου μέσου. Στόχοι: (α) μεγιστοποίηση του ολικού βαθμού
απόδοσης του κύκλου και (β) ελαχιστοποίηση της συνολικής επιφάνειας των εναλλακτών
θερμότητας (ατμοποιητή και συμπυκνωτή).beltistopoÐhshc tri¸n stìqwn, oi prosp�jeiec gia thn elaqistopoÐhsh twn tri¸nstìqwn moir�zontai se treic kateujÔnseic me apotèlesma h beltistopoÐhsh dÔostìqwn na upologÐzei kalÔtero mètwpo Pareto.Gia kalÔterh sÔgkrish twn ergazìmenwn mèswn, parousi�zontai ston pÐnaka 7.5oi bèltistec lÔseic tou sq matoc 7.8 gia kajèna apì ta ergazìmena mèsa sthnperÐptwsh kataskeu c mÐac mon�dac sugkekrimènhc isqÔoc, èstw Pelec = 190kW .Oi metablhtèc sqediasmoÔ kaj¸c kai oi stìqoi twn tess�rwn aut¸n lÔsewnfaÐnontai epÐshc ston Ðdio pÐnaka. H mikrìterh epif�neia enallakt¸n antistoiqeÐsto R-600a, en¸ to R-134a epitugq�nei to megalÔtero bajmì apìdoshc.An�lush thc epÐdrashc twn paramètrwn sqediasmoÔ stic bèltistec lÔseic tou R-

134a, pou apoteleÐ to bèltisto ergazìmeno mèso, faÐnetai ston pÐnaka 7.6, ìpouparousi�zontai oi dÔo akraÐec lÔseic apì to upologisjèn mètwpo Pareto: h lÔshme th megalÔterh apìdosh ηcycle = 6.95% (lÔsh A) kai h lÔsh me th mikrìte-rh epif�neia A = 303m2 (lÔsh B). ParathreÐtai ìti h pÐesh sthn eÐsodo toustrobÐlou p1 (uyhl  pÐesh) apoteleÐ th basikìterh par�metro sqediasmoÔ thcopoÐac h tim  diaforopoieÐtai aisjht� metaxÔ twn dÔo akraÐwn lÔsewn. Meg�lectimèc pÐeshc sto strìbilo (p1 = 1439kP a (lÔsh A) ) antistoiqoÔn se aÔxhsh
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Σχήμα 7.10: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Τα υπολογισθέντα μέτωπα των μη-κυριαρχούμενων λύσεων για τα R-134a, R-
410A, R-407C και R-600a, χρησιμοποιώντας PHE για την ατμοποίηση και συμπύκνωση
του εργαζόμενου μέσου. Στόχοι: (α) μεγιστοποίηση του ολικού βαθμού απόδοσης του
κύκλου, (β) ελαχιστοποίηση της επιφάνειας του ατμοποιητή και (γ) ελαχιστοποίηση της
επιφάνειας του συμπυκνωτή.thc apìdoshc tou kÔklou en¸ ìso pèftei h pÐesh parathroÔntai mikrìterec timèctou ηcycle. Ta ìria thc pÐeshc p1 mèsa sta opoÐa kinoÔntai oi bèltistec lÔseickajorÐzontai kurÐwc apì ton pr¸to periorismì, 170kWe ≤ Pelec ≤ 230kWe.'Opwc faÐnetai kai sto sqhmatikì di�gramma pÐeshc-enjalpÐac, sq ma 7.13, operiorismìc sthn Pelec kajorÐzei to �nw kai k�nw ìrio thc pÐeshc p1 gia ticbèltistec lÔseic, p1B kai p1A antÐstoiqa.
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Σχήμα 7.11: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Τα υπολογισθέντα μέτωπα των μη-κυριαρχούμενων λύσεων για τα R-134a, R-
410A, R-407C και R-600a χρησιμοποιώντας PHE για την ατμοποίηση και STHE για
τη συμπύκνωση του εργαζόμενου μέσου. Στόχοι: (α) μεγιστοποίηση του ολικού βαθ-
μού απόδοσης του κύκλου, (β) ελαχιστοποίηση της επιφάνειας του ατμοποιητή και (γ)
ελαχιστοποίηση της επιφάνειας του συμπυκνωτή.
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Σχήμα 7.12: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Σύγκριση των μη-κυριαρχούμενων λύσεων που έδωσαν οι βελτιστοποιήσεις με δύο
(σχήμα 7.9) και τρεις (σχήμα 7.11) στόχους για το οργανικό μέσο R-600a.

Σχήμα 7.13: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Σχηματικό διάγραμμα πίεσης-ενθαλπίας. Τα p1B και p1A αντιστοιχούν το κάτω και
άνω όριο της πίεσης p1 για τις βέλτιστες λύσεις και καθορίζονται από τον περιορισμό,
170kW e ≤ Pelec ≤ 230kW e.



7.1. Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερμίας 167
Πίνακας 7.5: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Αποδόσεις και τιμές των μεταβλητών σχεδιασμού για τις βέλτιστες λύσεις του
σχήματος 7.8 που αντιστοιχούν σε ισχύ Pelec = 190kW για τα R-134a, R-410A, R-
407C και R-600a.Apodìseic R-134a R-600a R-410A R-407C Mon�decMètrhshc

ηcycle 6.6 5.0 4.8 4.7 %
A 405 288 377 365 m2Metablht  R-134a R-600a R-410A R-407C Mon�decMètrhshc
p1 1355 593 2832 1707 kP a
ṁgw 44.4 52.5 74.3 50.0 kg/s
ṁwf 13.6 10.5 18.4 18.8 kg/s
T1 − T4 15.6 17.5 12.7 19.4 K
T2 − T3 7.5 7.6 7.6 7.5 K
T3 288 293 293 290 kP a

Πίνακας 7.6: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεω-
θερμίας. Αποδόσεις και τιμές των μεταβλητών σχεδιασμού για τα ακραία άτομα του
βέλτιστου μετώπου του σχήματος 7.8 για το R-134a. Η λύση Α έχει τη μεγαλύτερη
απόδοση ηcycle και η λύση Β τη μικρότερη επιφάνεια A.Apodìseic LÔsh A LÔsh B Mon�decMètrhshc

ηcycle 6.95 5.93 %
A 728 303 m2Metablht  LÔsh A LÔsh B Mon�decMètrhshc
p1 1439 1249 kP a
ṁgw 44.64 43.34 kg/s
ṁwf 13.6 14.4 kg/s
T1 − T4 15.4 15.8 K
T2 − T3 7.5 8.5 K
T3 288 289 K
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Σχήμα 7.14: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Η επιφάνεια του PHE ατμοποιητή για τις λύσεις του μετώπου Pareto του R-134a
του σχήματος 7.8, αξιολογημένη με τις γενικές (general correlations) και τις ειδικές
(R-134a correlations) συσχετίσεις για τον υπολογισμό του συντελεστή μεταφοράς θερ-
μότητας.(bþ) Upologismìc tou suntelest  metafor�c jermìthtac me tic akri-bèsterec sqèseicMet� th sÔgkrish twn organik¸n mèswn kai dedomènou ìti to R-134a apoteleÐto bèltisto ergazìmeno mèso, epilègetai na qrhsimopoihjoÔn oi eidikèc (akribeÐc)sqèseic thc bibliografÐac (Par�rthma Aþ) gia ton upologismì tou suntelest metafor�c jermìthtac, h, pou ja odhg sei se akribèstero upologismì thc epif�-neiac twn plakoeid¸n enallakt¸n gia to R-134a. Gia ton enall�kth kelÔfouc-aul¸n suneqÐzetai h qr sh twn genik¸n sqèsewn. Oi lÔseic tou met¸pou Pare-

to tou sq matoc 7.8 axiologoÔntai qrhsimopoi¸ntac tic eidikèc sqèseic kai taapotelèsmata thc axiolìghshc, h epif�neia tou atmopoiht  kai tou sumpuknwt ,faÐnontai sta sq mata 7.14 kai 7.15, antÐstoiqa, se sÔgkrish me tic genikèc(proseggistikèc) susqetÐseic. Apì th sÔgkrish parathreÐtai ìti oi timèc thcepif�neiac tou atmopoiht  (sq ma 7.14) upologismènec me tic proseggistikècsusqetÐseic diafèroun arket� apì ekeÐnec me tic akribèsterec sqèseic. Se perÐptw-sh qr shc twn genik¸n susqetÐsewn gia ton upologismì thc epif�neiac atmopoi-ht , o atmopoiht c ja upodiastasiologhjeÐ kai autì ja mei¸sei thn apìdosh tou.AntÐjeta, sthn perÐptwsh tou sumpuknwt  h apìklish den eÐnai meg�lh, sq ma7.15.(gþ) Epilog  tou bèltistou tÔpou enall�kth gia th sumpÔknwshTèloc, sugkrÐnetai h epÐdrash tou tÔpou tou sumpuknwt  stouc dÔo stìqoucthc beltistopoÐhshc. Gia to R-134a qrhsimopoi¸ntac tic akribeÐc susqetÐseic
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Σχήμα 7.15: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Η επιφάνεια του STHE συμπυκνωτή για τις λύσεις του μετώπου Pareto του R-134a
του σχήματος 7.8, αξιολογημένη με τις γενικές (general correlations) και τις ειδικές
(R-134a correlations) συσχετίσεις για τον υπολογισμό του συντελεστή μεταφοράς θερ-
μότητας.gia ton upologismì tou suntelest  metafor�c jermìthtac beltistopoieÐtai o kÔ-kloc Rankine qrhsimopoi¸ntac plakoeid  (PHE)   enall�kth kelÔfouc-aul¸n(STHE) gia ton sumpuknwt . Epeid  oi timèc thc epif�neiac tou sumpuknwt  gia

PHE kai STHE den mporoÔn na sugkrijoÔn, epeid  diafèroun se t�xh megèjouc,epilègetai na sugkrijoÔn oi bèltistec lÔseic wc proc ton bajmì apìdoshc kaithn epif�neia tou atmopoiht . Gia autì to lìgo, sto sq ma 7.16 parousi�zetai hepif�neia tou PHE atmopoiht  sunart sei tou bajmoÔ apìdoshc kai parathreÐtaiìti eÐte qrhsimopoihjeÐ plakoeid c eÐte kelÔfouc-aul¸n sumpuknwt c, o bajmìcapìdoshc den diafèrei shmantik�. Den parathreÐtai ìmwc to Ðdio ìson afor�sthn epÐdrash thc qr shc PHE   STHE sumpuknwt  sthn epif�neia tou at-mopoiht  kai sumperaÐnetai ìti ìtan qrhsimopoihjeÐ STHE sumpuknwt c apaiteÐ-tai megalÔterhc epif�neiac PHE atmopoiht c gia na diathr sei thn Ðdia apìdosh.Epilègontac th qr sh PHE sumpuknwt  parousi�zetai mÐa lÔsh me olikì baj-mì apìdoshc 6.5% apì to mètwpo twn bèltistwn lÔsewn tou sq matoc 7.16(bèltisth lÔsh A) ston pÐnaka 7.7. EpÐshc, epiqeireÐtai mÐa pr¸th diastasi-olìghsh twn plakoeid¸n enallakt¸n ston pÐnaka 7.8, ìpou b�sei thc sunolik cepif�neiac upologÐzetai o arijmìc twn plak¸n kai to sunolikì m koc tou enal-l�kth.7.1.5 MÐa prìtuph mon�da duadikoÔ kÔklouSto plaÐsio tou èrgou LOW-BIN, met� thn an�ptuxh thc teqnologÐac duadikoÔ kÔ-klou gia qamhl  enjalpÐa, mÐa prìtuph mon�da duadikoÔ kÔklou kataskeu�sthke,
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Σχήμα 7.16: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Σύγκριση του ολικού βαθμού απόδοσης του κύκλου και της επιφάνειας του α-
τμοποιητή για τις βέλτιστες λύσεις του R-134a για PHE και STHE συμπυκνωτή.

Πίνακας 7.7: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Βέλτιστη λύσης Α-σχήμα 7.16 με ολικό βαθμό απόδοσης 6.5%.Mègejoc LÔsh A Mon�decMètrhshc

p1 1318 kP a

ṁgw 44.6 kg
s

ṁwf 13.6 kg
s

ṁcw 84.3 kg
s

T1 − T4 15.6 K
T2 − T3 7.6 K
T3 288 K
Ppumpwf 16.2 kW

Ppumpcw 7.2 kW
Qevap 2918 kW
Qcond 2685 kW
Pturb 190 kWegkatast�jhke kai leitourgeÐ qrhsimopoi¸ntac to gewjermikì pedÐo thc pìlhc Sim-

bach (sta sÔnora GermanÐac-AustrÐac), apodÐdontac 200kWe hlektrik  enèrgeia, [1].H paragwgik  ge¸trhsh èqei b�joc 1850m kai h ge¸trhsh epaneisagwg c 1970m. HjermokrasÐa tou gewjermikoÔ reustoÔ anèrqetai stouc 80◦C me paroq  60kg/s, en¸
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Πίνακας 7.8: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Διαστασιολόγηση των πλακοειδών εναλλακτών (Λύση Α)Exatmist c Sumpuknwt cEpif�neia (m2) 243 163Arijmìc plak¸n 505 340M koc enall�kth (m) 1.5 1.10h jermokrasÐa tou neroÔ yÔxhc eÐnai 17◦C. H egkat�stash thc mon�dac duadikoÔkÔklou parousi�zetai sto sq ma 7.17. Se sqèsh me to sqediasmì thc bèltisthcmon�dac pou pragmatopoi jhke sto èrgo (kai pou profan¸c ulopoi jhke me to lo-gismikì thc paroÔsac diatrib c) kai th mon�da pou kataskeu�sthke up rxe mikrìcarijmìc diaforopoi sewn.
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Σχήμα 7.17: Σχεδιασμός βέλτιστων κύκλων ηλεκτροπαραγωγής με χρήση γεωθερ-
μίας. Η πρότυπη μονάδα δυαδικού κύκλου στο Simbach, [1], που κατασκευάστηκε στο
πλαίσιο του ευρωπαϊκού έργου LOW-BIN.



7.2. Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας 1737.2 Sqediasmìc bèltistwn gewjermik¸n antli¸njermìthtacOi Gewjermikèc AntlÐec Jermìthtac (GAJ) eÐnai sust mata jèrmanshc/klimatismoÔ,ta opoÐa qrhsimopoioÔntai gia jèrmansh kai yÔxh ktirÐwn, ìpwc epÐshc kai gia paroq zestoÔ neroÔ qr shc, [129, 95, 128]. Axiopoi¸ntac to jermikì dunamikì tou ed�foucexoikonomoÔn hlektrik  kai prwtogen  enèrgeia, me apotèlesma na sumb�lloun sthmeÐwsh twn ekpomp¸n aerÐwn tou jermokhpÐou. Ta basik� exart mata apì ta opoÐaapoteleÐtai mia gewjermik  antlÐa jermìthtac eÐnai o sumpiest c, o sumpuknwt c, oatmopoiht c kai h balbÐda ektìnwshc, sq ma 7.18. Kat� th leitourgÐa thc jèrman-shc, h jermìthta tou ed�fouc metadÐdetai sto organikì mèso mèsw enìc enall�kthjermìthtac (atmopoiht c). Sth sunèqeia, to organikì mèso aux�nei peraitèrw thnpÐesh kai th jermokrasÐa tou kat� th sumpÐesh tou ston sumpiest . H jermìthtaaut  tou organikoÔ mèsou metafèretai mèsw enìc deÔterou enall�kth jermìthtac(sumpuknwt c) sto nerì tou diktÔou jèrmanshc. Me autì ton trìpo, sumpukn¸netaito organikì mèso kai met� thn ektìnws  tou se mÐa balbÐda ektìnwshc odhgeÐtai, eknèou, ston arqikì enall�kth jermìthtac. 'Oson afor� sta organik� mèsa ta opoÐaqrhsimopoioÔntai, ta R-407C   R-134a èqoun thn t�sh na antikatastajoÔn apì to R-
410A, to opoÐo èqei kalÔterec idiìthtec met�doshc jermìthtac kai kalÔterh apìdoshse anastrèyima sust mata gia leitourgÐa jèrmanshc/yÔxhc.H agor� twn susthm�twn gewjermik¸n antli¸n jermìthtac, pou ekmetalleÔo-ntai thn abaj  gewjermÐa (b�joc èwc 150m) gia jèrmansh/yÔxh kai paroq  zestoÔneroÔ qr shc, sthrÐzetai se mÐa ¸rimh kai dokimasmènh teqnologÐa. Parìla aut�ìpwc apodeiknÔetai apì ta mèqri s mera apotelèsmata epideiktik¸n eurwpaðk¸n èr-gwn o bajmìc apìdoshc twn gewjermik¸n antli¸n jermìthtac epidèqetai peraitèrwbeltÐwsh, [3]. Shmei¸netai ìti h agor� twn GAJ anaptÔssetai se pagkìsmia klÐ-maka ta teleutaÐa 15 qrìnia me stajer� uyhloÔc rujmoÔc �nw tou 25% an� ètoc.O lìgoc thc parathroÔmenhc eureÐac di�doshc twn wc �nw efarmog¸n ègkeitai stoìti me thn efarmog  twn gewjermik¸n antli¸n jermìthtac epitugq�netai shmantik  e-xoikonìmhsh enèrgeiac (�nw tou 50%) se sqèsh me touc sumbatikoÔc trìpouc jèrman-shc/yÔxhc (l.q. me fusikì aèrio). Aut  th stigm , h pleionìthta twn gewjermik¸nantli¸n jermìthtac thc agor�c parousi�zoun bajmì apìdoshc  , ìpwc onom�zetai giatic antlÐec jermìthtac, suntelest  sumperifor�c (Coefficient of Performance, COP)metaxÔ 4 kai 5.5. 'Enac apì touc stìqoc tou eurwpaðkoÔ èrgou GROUND-MED2, toopoÐo qrhmatodoteÐtai apì thn Eurwpaðk  'Enwsh kai tou opoÐou suntonist c eÐnaito KAPE, apoteleÐ h aÔxhsh thc apìdoshc twn gewjermik¸n antli¸n jermìthtacepitugq�nontac COP > 6 mèsw belti¸sewn kai kainotìmwn paremb�sewn, kaj¸c kaih kataskeu  aut¸n twn GAJ. H MPUR&B/EJS, dia thc paroÔsac diatrib c, sunè-bale sto sqediasmì bèltistwn gewjermik¸n antli¸n jermìthtac me th qr sh AEAme stìqouc th megistopoÐhsh tou COP kai thn elaqistopoÐhsh thc epif�neiac twnenallakt¸n.2GROUND-MED, Advanced Ground Source Heat Pump Systems for Heating and Cooling in
Mediterranean, Contract No 218895
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Σχήμα 7.18: Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας. Σχηματικό
διάγραμμα μιας γεωθερμικής αντλίας θερμότητας (ΓΑΘ).7.2.1 DiatÔpwsh tou probl matocH efarmog  aut  afor� sto sqediasmì-beltistopoÐhsh dÔo gewjermik¸n antli¸njermìthtac kat� th leitourgÐa touc gia jèrmansh ktirÐwn, apodÐdontac 60kWth kai

80kWth jermik  isqÔ, antÐstoiqa, qrhsimopoi¸ntac organikì mèso R-410A. Oi stìqoithc beltistopoÐhshc aforoÔn sth
− megistopoÐhsh tou suntelest  sumperifor�c COP thc GAJ kai
− elaqistopoÐhsh thc epif�neiac twn enallakt¸n.O suntelest c sumperifor�c COP upologÐzetai wc o lìgoc thc apodidìmenhc apìthn antlÐa jermìthtac jermik c enèrgeiac se kWth proc thn hlektrik  katan�lwshtou sumpiest  se kWe

COP =
Qth

QCìpou
Qth = ṁwf

(

Hwf 2 −Hwf 3

)

, QC = ṁwf

(

Hwf 1 −Hwf 2

)
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Σχήμα 7.19: Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας. Σχη-
ματικό διάγραμμα πίεσης-ενθαλπίας του κύκλου της ΓΑΘ. Η θερμότητα του γεωθερμικού
ρευστού μεταδίδεται στο οργανικό μέσο, το οποίο ατμοποιείται στον ατμοποιητή (θέση
1) και λόγω της συμπίεσής του στο συμπιεστή (μεταβολή 1-2) αυξάνει την πίεση και τη
θερμοκρασία του έχοντας ως στόχο την απόδοση μέρους της θερμότητας που αποκτά
(θέση 2) στο νερό του δικτύου θέρμανσης του κτιρίου, (θέση 3). Τέλος, το οργανικό
μέσο εκτονώνεται μέσω μιας βαλβίδας εκτόνωσης, (θέση 4).Ta sÔmbola eÐnai sumbat� me ton pÐnaka 7.1 kai thn arÐjmhsh jèsewn tou sq -matoc 7.19, ìpou parousi�zetai to jermodunamikì di�gramma pÐeshc-enjalpÐac (p−h)thc GAJ. Ta jermodunamik� megèjh tou organikoÔ mèsou sta di�fora shmeÐa toukÔklou upologÐzontai ìpwc kai sthn prohgoÔmenh efarmog  mèsw tou logismikoÔ

REFPROP.Gia th sumpÔknwsh kai thn atmopoi sh tou organikoÔ mèsou, qrhsimopoioÔntaiplakoeideÐc enall�ktec. O upologismìc thc epif�neiac twn enallakt¸n jermìthtac
A, pragmatopoieÐtai qrhsimopoi¸ntac touc tÔpouc thc enìthtac 7.1.3, pou aforoÔnse plakoeid  enall�kth. 'Oson afor� ston upologismì twn suntelest¸n metafor�cjermìthtac h gia thn atmopoÐhsh kai th sumpÔknwsh se plakoeid c enall�ktec,qrhsimopoioÔntai oi akribeÐc susqetÐseic thc bibliografÐac gia to R-410A, oi opoÐecparatÐjentai sto Par�rthma Aþ. Sto plaÐsio thc diatrib c, gia th beltistopoÐhshthc GAJ anaptÔqjhke logismikì axiolìghshc, to opoÐo upologÐzei to suntelest sumperifor�c kaj¸c kai tic aparaÐthtec epif�neiec twn enallakt¸n.Oi N = 4 metablhtèc sqediasmoÔ sunoyÐzontai ston pÐnaka 7.9. Kat� th beltisto-poÐhsh, diathroÔntai stajerèc oi par�metroi tou pÐnaka 7.10. Oi timèc pou parousi�-zontai sthrÐzontai se pragmatik� dedomèna pou qrhsimopoi jhkan gia thn kataskeu twn prwtotÔpwn. Tèloc, ston pÐnaka 7.11 parousi�zontai oi periorismoÐ pou epib�l-lontai kat� th beltistopoÐhsh, antÐstoiqoi me autoÔc pou epibl jhkan sthn efarmog 
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Πίνακας 7.9: Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας. Μεταβλητές
σχεδιασμού. Τα σύμβολα είναι συμβατά με τον πίνακα 7.1 και την αρίθμηση του σχήματος
7.19.Metablht  K�tw 'Anw Mon�dec Sqìliaìrio ìrio Mètrhshc
p1 1000 1500 kP a PÐesh tou ergazìmenou mèsousthn eÐsodo tou sumpiest 
p2 2000 3000 kP a PÐesh tou ergazìmenou mèsousthn èxodo tou sumpiest 
ṁwf 0.3 0.5 kg

s
Paroq  m�zac tou ergazìmenoumèsou.

ṁgw 2.5 4.0 kg
s

Paroq  m�zac tou gewjermikoÔreustoÔ.
Πίνακας 7.10: Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας. Μεγέθη
που διατηρούνται σταθερά κατά τη βελτιστοποίηση. Τα σύμβολα είναι συμβατά με τον
πίνακα 7.1 και την αρίθμηση του σχήματος 7.19.Stajerèc posìthtec Sumbolismìc/Tim JermokrasÐa gewjermikoÔ reustoÔ-eÐsodoc Tgwin = 20◦CJermokrasÐa gewjermikoÔ reustoÔ-èxodoc Tgwout = 15◦CJermokrasÐa neroÔ tou diktÔou jèrmanshc-eÐsodoc Twbin = 35◦CJermokrasÐa neroÔ tou diktÔou jèrmanshc-èxodoc Twbout = 30◦CIsentropikìc bajmìc apìdoshc sumpiest  ηC = 0.77M koc pl�kac l = 0.525mPl�toc pl�kac w = 0.243mP�qoc pl�kac ∆x = 0.0004mApìstash dÔo plak¸n t = 0.0033mUlikì pl�kac tit�nio7.1. Dedomènou ìti o sqediasmìc gÐnetai gia GAJ isqÔoc 60kWth kai 80kWth, epib�l-letai o periorismìc 55kWe ≤ Qth ≤ 65kWe kai 75kWe ≤ Qth ≤ 85kWe, antÐstoiqa.7.2.2 Apotelèsmata beltistopoÐhshcH perÐptwsh aut  melet jhke qrhsimopoi¸ntac ton AMAEA se èna plègma b�shc

8×8 se 20 CP Us. To metaprìtupo energopoieÐtai met� apì tic pr¸tec 50 akribeÐcaxiolog seic me NIP E = 5. Sto sq ma 7.20, parousi�zontai ta mètwpa twn mh-kuriarqoÔmenwn lÔsewn gia GAJ isqÔoc 60kWth kai 80kWth. Ston pÐnaka 7.12,
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Πίνακας 7.11: Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας. Περιορι-
σμοί που επιβάλλονται κατά τη βελτιστοποίηση. Τα σύμβολα είναι συμβατά με τον πίνακα
7.1 και την αρίθμηση του σχήματος 7.19.Periorismìc Perigraf 
55kWth ≤ Qth ≤ 65kWth Paragìmenh jermik  isqÔc-60kWth  
75kWth ≤ Qth ≤ 85kWth Paragìmenh jermik  isqÔc-80kWth.
Twf 1′ ≤ Twf 1 ≤ Tgwin Atmopoiht c: 'Exodoc ergazìmenou mèsou. Twf 1′jermokrasÐa ergazìmenou mèsou sto shmeÐokoresmènou atmoÔ, Tgwin jermokrasÐaeisìdou tou gewjermikoÔ reustoÔ.
Twf 3 ≥ Twbin Sumpuknwt c: 'Exodoc ergazìmenou mèsou. TwbinjermokrasÐa eisìdou tou neroÔ qr shc sto ktÐrio.
Twf 2 ≥ Twf 2′ Sumpiest c: 'Exodoc ergazìmenou mèsou. Twf 2′JermokrasÐa ergazìmenou mèsou sto shmeÐokoresmènou atmoÔ.
Πίνακας 7.12: Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας. Βέλτιστη
λύση Α (60kWth) και λύση Β(80kWth) του σχήματος 7.20Mègejoc LÔsh A- LÔsh B- Mon�dec

60kWth 80kWth Mètrhshc
p2 2768 2548 kP a
p1 1181 1117 kP a

ṁgw 2.6 3.2 kg
s

ṁwf 0.35 0.4 kg
s

ṁwb 3.1 3.7 kg
s

QC 10.4 11.8 kW
Qth 65 78 kW
Qgw 55 66 kW
COP 6.3 6.6parousi�zontai dÔo lÔseic me COP 6.3 kai 6.6 apì ta mètwpa twn bèltistwn lÔsewntou sq matoc 7.20 gia 60 kai 80kWth, antÐstoiqa (bèltisth lÔsh A gia 60kWth kai

B gia 80kWth). EpÐshc, ston pÐnaka 7.13 faÐnontai h sunolik  epif�neia twn e-nallakt¸n, o arijmìc twn plak¸n kai to sunolikì m koc tou k�je enall�kth sek�je perÐptwsh. O stìqoc tou COP > 6 ikanopoieÐtai tìso apì tic timèc pou upo-logÐsjhkan ìso kai apì ta prwtìtupa pou kataskeu�sthkan kai leitourgoÔn, [3].
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Σχήμα 7.20: Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας. Τα υπολο-
γισθέντα μέτωπα των μη-κυριαρχούμενων λύσεων για ΓΑΘ ισχύος 60kWth και 80kWth.

Πίνακας 7.13: Σχεδιασμός βέλτιστων γεωθερμικών αντλιών θερμότητας. Διαστασι-
ολόγηση των πλακοειδών εναλλακτών (Λύση Α και λύση Β)LÔsh A Exatmist c Sumpuknwt cEpif�neia (m2) 4.8 4.3Arijmìc plak¸n 38 34M koc enall�kth (m) 0.35 0.3LÔsh B Exatmist c Sumpuknwt cEpif�neia (m2) 5.2 4.6Arijmìc plak¸n 41 36M koc enall�kth (m) 0.45 0.4



Kef�laio 8Sumper�smataH didaktorik  diatrib  aut  eÐqe wc stìqo thn an�ptuxh kai ton programmatismìmejìdwn beltistopoÐhshc pou èqoun wc b�sh tic suneqeÐc suzugeÐc mejìdouc kai toucexeliktikoÔc algorÐjmouc kaj¸c kai to sunduasmì touc, gia thn epÐlush problhm�twnbeltistopoÐhshc morf c kai beltistopoÐhshc topologÐac. 'Oson afor� sthn an�ptu-xh twn suzug¸n mejìdwn, tìso gia th beltistopoÐhsh morf c ìso kai topologÐac,h diatrib  epikentr¸jhke sthn epèktash twn suzug¸n mejìdwn gia thn epÐlush pro-blhm�twn me sunart seic-stìqouc ìpou h metafor� jermìthtac paÐzei basikì rìlo.EpÐshc idiaÐterh shmasÐa dìjhke ston akrib  upologismì twn parag¸gwn euaisjhsÐacpou upologÐzoun oi suzugeÐc mèjodoi en¸, wc proc touc exeliktikoÔc algorÐjmouc,epikentr¸jhke sth meÐwsh tou upologistikoÔ kìstouc gia thn eÔresh thc bèlti-sthc lÔshc. Sth sunèqeia, sunoyÐzontai ta basik� stoiqeÐa thc diatrib c mazÐ meta sumper�smata pou ex qjhsan sta prohgoÔmena kef�laia thc diatrib c.Wc proc th beltistopoÐhsh morf c, sta kef�laia 3 kai 4 diatup¸jhke majhmatik�mia nèa suneq c suzug c mèjodoc gia strwtèc kai turb¸deic asumpÐestec roèc memetafor� jermìthtac. AxÐzei na shmeiwjeÐ ìti, gia pr¸th for� sth bibliografÐa twnasumpÐestwn ro¸n parousi�zetai h diatÔpwsh twn suneq¸n suzug¸n exis¸sewn lam-b�nontac upìyh kai thn exÐswsh thc enèrgeiac. Sthn perÐptwsh turb¸douc ro c,oi nèec suzugeÐc diatup¸seic qrhsimopoÐhsan wc b�sh th suneq  suzug  diatÔpwshtou montèlou tÔrbhc twn Spalart-Allmaras thc diatrib c [143], lamb�nontac upìyhtic metabolèc tou pedÐou thc turb¸douc sunektikìthtac wc proc tic metabolèc twnmetablht¸n sqediasmoÔ. Apì tic efarmogèc pou parousi�sthkan, tìso gia strwtècìso kai gia turb¸deic roèc, sumperaÐnetai ìti h mèjodoc mporeÐ na upologÐsei parag¸-gouc euaisjhsÐac uyhl c akrÐbeiac se sqèsh me tic parag¸gouc anafor�c oi opoÐecupologÐzontai apì tic peperasmènec diaforèc. Epiplèon, gia turb¸deic roèc, sugkrÐ-nontac tic parag¸gouc pou upologÐzei h proteinìmenh mèjodoc me tic parag¸goucpou upologÐzontai an qrhsimopoioÔntan h paradoq  thc ��pagwmènhc�� turb¸doucsunektikìthtac, sumperaÐnetai ìti, kai sthn perÐptwsh turbwd¸n ro¸n me metafor�jermìthtac, h qr sh thc sun jouc paradoq c odhgeÐ se parag¸gouc pou diafèrounarket� apì tic timèc anafor�c. Dedomènou ìti me thn proteinìmenh mèjodo oi par�-gwgoi tautÐzontai me tic timèc anafor�c, faÐnetai ìti oi nèoi ìroi pou emfanÐzontaistic suzugeÐc exis¸seic thc orm c kai tou montèlou tÔrbhc lìgw thc prosj khc thc179



180 8. ΣυμπεράσματαexÐswshc thc enèrgeiac sto sÔsthma twn exis¸sewn kat�stashc sumb�lloun sthdiat rhsh thc akrÐbeiac twn parag¸gwn euaisjhsÐac. Sth sunèqeia, h suzug c mèjo-doc ent�qjhke se brìqo beltistopoÐhshc gia to sqediasmì thc bèltisthc gewmetrÐacagwg¸n qrhsimopoi¸ntac th ��sugqronismènh epanalhptik  teqnik  epÐlushc�� (one-
shot technique), ìpou to eujÔ kai suzugèc pedÐo kaj¸c kai oi metablhtèc sqediasmoÔanane¸nontai tautìqrona, epitugq�nontac epit�qunsh perÐpou 1.7x se sqèsh me thn��klasik �� aitiokratik  mèjodo beltistopoÐhshc. H epit�qunsh apì th metafor� tou
CPU algorÐjmou one-shot sth GPU (kèrdoc perÐpou 40x, gia plègma ∼ 80000 kìm-bwn) od ghse sth dhmiourgÐa enìc algorÐjmou o opoÐoc upologÐzei th bèltisth lÔshperÐpou 70 forèc pio gr gora apì thn klasik  teqnik  programmatismènh sth CPU.H deÔterh sumbol  thc paroÔsac diatrib c afor� sth beltistopoÐhsh topologÐac,ìpwc aut  parousi�sthke sto kef�laio 5. AxÐzei na shmeiwjeÐ ìti, mèqri s mera, sthmhqanik  twn reust¸n, h beltistopoÐhsh topologÐac periorizìtan se strwtèc roèc.Sthn perÐptwsh turb¸douc ro c, basizìtan apokleistik� sth sun jh paradoq  thc��pagwmènhc�� turb¸douc sunektikìthtac kat� th diatÔpwsh twn suzug¸n exis¸sewn.H paroÔsa diatrib  epekteÐnei th beltistopoÐhsh topologÐac se probl mata turbwd¸nro¸n me metafor� jermìthtac, proteÐnontac thn prosj kh nèwn ìrwn sunart seitou por¸douc sthn exÐswsh thc enèrgeiac kai sthn exÐswsh tou montèlou tÔrbhc
Spalart-Allmaras. H prosj kh twn nèwn aut¸n ìrwn epitrèpei th diatÔpwsh twnsuneq¸n suzug¸n exis¸sewn thc exÐswshc thc enèrgeiac kai tou montèlou tÔrbhc,gia pr¸th for� sth bibliografÐa, gia th beltistopoÐhsh topologÐac. 'Opwc sumperaÐ-netai apì tic efarmogèc pou parousi�sjhkan, h suzug c mèjodoc, apofeÔgontac thnparadoq  thc ��pagwmènhc�� turb¸douc sunektikìthtac, upologÐzei akribeÐc parag¸-gouc euaisjhsÐac. H akrÐbeia twn upologizìmenwn parag¸gwn euaisjhsÐac kai sthbeltistopoÐhsh topologÐac apodeiknÔetai shmantik , apì th stigm  pou mh�akribeÐcpar�gwgoi, kat� ton pr¸to kÔklo beltistopoÐhshc, mporoÔn na odhg soun se lan-jasmènh stereopoÐhsh perioq¸n tou qwrÐou, oi opoÐec eÐnai polÔ dÔskolo na meta-trapoÔn se perioqèc ro c stouc epìmenouc kÔklouc. Sto kef�laio autì melet jhke,epÐshc, h ex�rthsh thc bèltisthc topologÐac apì thn arqikopoÐhsh pou qrhsimopoieÐ-tai gia to pedÐo tou por¸douc, apodeiknÔontac ìti diaforetik  arqikopoÐhsh toupedÐou tou por¸douc mporeÐ na odhg sei se diaforetik� topik� el�qista pou anti-stoiqoÔn se diaforetikèc topologÐec. Gia th dieÔrunsh tou pedÐou efarmog c thcmejìdou, parousi�sthke h eisagwg  periorism¸n, dÐnontac th dunatìthta sto sqe-diast  na kajorÐsei to posostì thc ro c se k�je èxodo kai na elègxei pijanèc  mh anomoiomorfÐec thc jermokrasÐac thc ro c se k�je èxodo. Stic parousiazìmenecefarmogèc, o algìrijmoc qrhsimopoi jhke gia thn eÔresh thc bèltisthc topologÐacdiktÔou agwg¸n gia turb¸deic roèc me metafor� jermìthtac, lamb�nontac upìyh toucparap�nw periorismoÔc.'Oson afor� stic stoqastikèc mejìdouc beltistopoÐhshc, stìqoc thc paroÔsacdiatrib c  tan h epèktash tou asÔgqronou exeliktikoÔ algorÐjmou (AEA) thc di-atrib c [148], o opoÐoc, lìgw apousÐac thc ènnoiac thc geni�c, exaleÐfei ta prob-l mata sugqronismoÔ twn ��sÔgqronwn�� exeliktik¸n algorÐjmwn kai ekmetalleÔetaisto mègisto bajmì thn poluepexergasÐa. Sto kef�laio 6, èqontac wc stìqo thdhmiourgÐa enìc akìma pio apodotikoÔ logismikoÔ beltistopoÐhshc, parousi�sthke h



181eisagwg  miac mejìdou topik c anÐqneushc ston AEA, h opoÐa metètreye ton algìrij-mo autì se èna nèo asÔgqrono mimhtikì algìrijmo (AMA). O teleutaÐoc, me th qr shmetaprotÔpwn, anab�jmisthke se ènan asÔgqrono mimhtikì algìrijmo uposthrizìmenoapì metaprìtupa (AMAMA). Me ton proteinìmeno ubridismì, dìjhke h dunatìthtaperaitèrw ekmet�lleushc twn suzug¸n mejìdwn pou anaptÔqjhkan sthn paroÔsadiatrib , gia ton akrib  kai oikonomikì (apì pleur�c upologistikoÔ kìstouc) upo-logismì twn parag¸gwn euaisjhsÐac, pou apaiteÐ h mèjodoc apìtomhc kajìdou kat�th diadikasÐa topik c anÐqneushc. 'Oson afor� ston trìpo leitourgÐac thc mejìdoutopik c anÐqneushc ston asÔgqrono algìrijmo, h mèjodoc topik c anÐqneushc ener-gopoieÐtai gia ta kalÔtera �toma tou trèqontoc plhjusmoÔ, ìpwc aut� prokrÐnontaiapì ton AEA. Apì tic efarmogèc tou algorÐjmou sumperaÐnetai ìti o trìpoc eisagw-g c thc mejìdou topik c anÐqneushc ston AEA sunèbale shmantik� sthn aÔxhsh thcapìdoshc tou AMAMA, dedomènou ìti h pleioyhfÐa twn mel¸n twn telik¸n met¸-pwn twn mh-kuriarqoÔmenwn lÔsewn proèrqetai ap� eujeÐac apì th mèjodo topik canÐqneushc.Sto nèo autìn algìrijmo, prot�jhke ènac ��èxupnoc�� trìpoc gia ton upologismìtwn parag¸gwn euaisjhsÐac sthn polukrithriak  beltistopoÐhsh, o opoÐoc basÐze-tai se mÐa eniaÐa kl sh thc suzugoÔc mejìdou kai ìqi tìsec ìsoi oi stìqoi. Autìepitugq�netai me th sÔnjesh twn stìqwn se mÐa bajmwt  sun�rthsh, ìpou oi par�-gwgoi thc sun�rthshc φ tou algorÐjmou SPEA II wc proc touc stìqouc apoteloÔntouc suntelestèc barÔthtac. Me autì ton trìpo, apaiteÐtai mÐa mìno epÐlush twnsuzug¸n exis¸sewn qrhsimopoi¸ntac touc suntelestèc barÔthtac pou parèqei o EAsth mèjodo topik c anÐqneushc. 'Etsi, ektìc thc meÐwshc tou upologistikoÔ kìstouc,epitugq�netai beltÐwsh twn atìmwn proc th swst  kateÔjunsh, dhlad  thn kateÔ-junsh beltÐwshc ìlwn twn stìqwn, to opoÐo sumb�llei kajoristik� sthn aÔxhshthc apìdoshc tou AMAMA. Apì tic efarmogèc-pistopoÐhsh tou algorÐjmou sumpe-raÐnetai ìti o AMAMA, mèsw thc eisagwg c thc mejìdou topik c anÐqneushc stonAEA, parousi�zei kalÔterh apìdosh apì ton AEA, mei¸nontac akìma perissìteroto upologistikì kìstoc gia thn eÔresh thc (Ðdiac) bèltisthc lÔshc. Sto kef�laio 7parousi�sthke h sumbol  tou algorÐjmou sth beltistopoÐhsh dÔo susthm�twn, enìcgewjermikoÔ organikoÔ kÔklou Rankine kai miac gewjermik c antlÐac jermìthtac.'Oson afor� ston 200kWe organikì kÔklo Rankine apodeÐqjhke ìti gia gewjermik�pedÐa qamhl c enjalpÐac (65◦C) epitugq�netai megistopoÐhsh tou bajmoÔ apìdoshctou kÔklou me el�qisth epif�neia enallakt¸n qrhsimopoi¸ntac to R-134a wc or-ganikì mèso kai plakoeid  enall�kth wc sumpuknwt . Oi ergasÐec autèc èginan sesunergasÐa me mhqanikoÔc-ereunhtèc tou KAPE.



182 8. Συμπεράσματα8.1 StoiqeÐa prwtotupÐac thc diatrib cParak�tw sunoyÐzontai ta stoiqeÐa prwtotupÐac thc didaktorik c diatrib c:
• H diatÔpwsh twn suneq¸n suzug¸n exis¸sewn gia asumpÐesto reustì me thnprosj kh thc exÐswshc thc enèrgeiac od ghse sthn an�ptuxh thc suneqoÔcsuzugoÔc mejìdou gia asumpÐestec, strwtèc kai turb¸deic roèc, me metafor�jermìthtac. Me th qr sh thc proteinìmenhc mejìdou mporoÔn na upologistoÔnme akrÐbeia oi par�gwgoi euaisjhsÐac se probl mata metafor�c jermìthtac.
• H diatÔpwsh twn exis¸sewn thc ro c kai twn suneq¸n suzug¸n exis¸sewngia turb¸deic roèc me metafor� jermìthtac, gia thn epÐlush problhm�twnbeltistopoÐhshc topologÐac. Autì ulopoi jhke eis�gontac thn ènnoia toupor¸douc, mèsw nèwn ìrwn, stic exis¸seic tou montèlou tÔrbhc Spalart-Allma-

ras kai sthn exÐswsh thc enèrgeiac. Me aut n th mèjodo, eÐnai efikt  h eÔreshthc bèltisthc topologÐac me qr sh suzug¸n teqnik¸n se probl mata turb¸-douc ro c me metafor� jermìthtac.
• H dhmiourgÐa enìc nèou asÔgqronou mimhtikoÔ algorÐjmou uposthrizìmenouapì metaprìtupa (AMAMA) wc apotèlesma tou ubridismoÔ enìc asÔgqronouEA (AEA) me mÐa mèjodo topik c anÐqneushc, h opoÐa gia ton upologismìtwn parag¸gwn euaisjhsÐac basÐzetai stic suneqeÐc suzugeÐc mejìdouc pouanaptÔssontai sthn paroÔsa diatrib . O nèoc asÔgqronoc algìrijmoc, pèrantou ìti exasfalÐzei th mègisth dunat  ekmet�lleush thc upologistik c isqÔoc,parousi�zei kalÔterh apìdosh, �ra mikrìtero upologistikì kìstoc, apì ìti oiAEA.
• ProteÐnetai ènac nèoc trìpoc, qamhloÔ kìstouc, gia ton upologismì twn para-g¸gwn euaisjhsÐac ston AMAMA se probl mata polukrithriak c beltistopoÐ-hshc, ètsi ¸ste na epilÔontai oi suzugeÐc exis¸seic mÐa for� se k�je axiolìghshkai ìqi tìsec forèc ìsec kai oi stìqoi, odhg¸ntac se peraitèrw meÐwsh touupologistikoÔ kìstouc.DhmosieÔseic tou èrgou thc diatrib c
• E. Kontoleontos, V. Asouti, K. Giannakoglou, “An Asynchronous Metamodel

Assisted Memetic Algorithm for CFD-based Shape Optimization”, Engineer-
ing Optimization, Vol. 44, No. 2, p. 157-173, 2012.

• E. Kontoleontos, C. Karytsas, D. Mendrinos, P. Georgilakis, “Optimized geother-
mal binary power cycles”, Journal of Optoelectronics and Advanced Materials,
Vol. 10, No. 5, p. 1228-1232, May 2008.

• E. Papoutsis-Kiachagias, E. Kontoleontos, A. Zymaris, D. Papadimitriou, K.
Giannakoglou, “Constrained topology optimization for laminar and turbulent
flows, including heat transfer”, EUROGEN 2011 Evolutionary and Determin-
istic Methods for Design, Optimization and Control, Italy, Capua, September
2011.
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• V. Asouti, E. Kontoleontos, X. Trompoukis and K. Giannakoglou, “Shape

Optimization using the one-shot Adjoint Technique on Graphics Processing
Units”, 7th GRACM International Congress on Computational Mechanics,
Athens, Greece, 30 June-2 July 2011.

• E. Kontoleontos, C. Karytsas, D. Mendrinos, P. Georgilakis, “Optimized geother-
mal binary power cycles”, JAPMED’5-Fifth Japanese-Mediterranean Work-
shop on Applied Electromagnetic Engineering for Magnetic, Superconducting
and Nano Materials, Larnaca, Cyprus, September 16-19 2007.

• E. Kontoleontos, K. Giannakoglou, D. Koubogiannis, “Robust design of com-
pressor cascade airfoils, using evolutionary algorithms and surrogate model-
s”, 1st International Conference on Experiments/Process/System Modelling/
Simulation/Optimization, Athens, Greece, July 2005.8.2 Prot�seic gia mellontik  èreunaAkoloujeÐ sÔntomh anafor� se orismèna stoiqeÐa ta opoÐa apoteloÔn prot�seic giaperaitèrw èreuna stic jematikèc perioqèc thc paroÔsac diatrib c:
• Oi suzugeÐc mèjodoi pou parousi�sthkan sthn paroÔsa diatrib  gia thn epÐlushproblhm�twn metafor�c jermìthtac ja mporoÔsan na epektajoÔn kai se �llamontèla tÔrbhc, diatup¸nontac ek nèou to suzugèc prìblhma.
• H epèktash thc qr shc thc suneqoÔc suzugoÔc mejìdou se 3D efarmogèc.Autì sumperilamb�nei thn epèktash tou prwteÔontoc kai suzugoÔc probl -matoc gia asumpÐestec roèc me metafor� jermìthtac. H epèktash tou logi-smikoÔ gia thn epÐlush 3D asumpÐestwn ro¸n me metafor� jermìthtac, pro-grammatismènh se epexergastèc kart¸n grafik¸n (GPUs), pragmatopoieÐtaisthn upì exèlixh didaktorik  diatrib  [146], sthn Ðdia ereunhtik  om�da. Giathn epit�qunsh thc epÐlushc problhm�twn meg�lhc klÐmakac, ja mporoÔse naqrhsimopoihjeÐ h empeirÐa pou apokt jhke sth diatrib  [145], ìpou anaptÔqjhkepar�llhlo logismikì gia sustoiqÐec kart¸n grafik¸n gia thn epÐlush sumpi-est¸n ro¸n, kai sto GPU logismikì beltistopoÐhshc thc paroÔsac diatrib c.
• Se ì,ti afor� sth beltistopoÐhsh topologÐac, gia thn epÐlush turbwd¸n ro¸n,h suzug c mèjodoc ja mporoÔse na epektajeÐ gia thn perÐptwsh qr shc mo-ntèlwn uyhl¸n arijm¸n Reynolds me sunart seic toÐqou (didaktorik  diatrib upì exèlixh [149]). Ta montèla tÔrbhc qamhl¸n arijm¸n Reynolds, ìpwc thcparoÔsac diatrib c, oloklhr¸noun tic isqÔousec exis¸seic mèqri to stereìtoÐqwma, me idiaÐtera puknì plègma, èqontac wc proôpìjesh th gn¸sh thc jèshctou stereoÔ toiq¸matoc. Apì thn �llh, ta montèla uyhl¸n arijm¸n ReynoldsepilÔoun tic exis¸seic ro c mèqri enìc shmeÐou sth logarijmik  perioq  touoriakoÔ str¸matoc kai ��gefur¸noun to q�sma�� me to stereì toÐqwma mèswtwn sunart sewn toÐqou eis�gontac thn taqÔthta trib c ston toÐqo. Gia to



184 8. Συμπεράσματαlìgo autì, ìpwc kai sthn perÐptwsh twn montèlwn tÔrbhc qamhl¸n arijm¸n
Reynolds, eÐnai aparaÐthtoc o swstìc kajorismìc tou stereoÔ toiq¸matoc sthbeltistopoÐhsh topologÐac. Gia thn epÐteuxh autoÔ mporeÐ na qrhsimopoihjeÐh teqnognwsÐa pou apokt jhke sthn paroÔsa diatrib  apì thn eisagwg  toumontèlou tÔrbhc Spalart-Allmaras sth beltistopoÐhsh topologÐac kaj¸c kai hteqnognwsÐa sth diatrib  [143] pou apokt jhke gia th diatÔpwsh tou suzugoÔcprobl matoc gia montèla tÔrbhc pou qrhsimopoioÔn sunart seic toÐqou.



Par�rthma AþUpologismìc tou suntelest metafor�c jermìthtacSto par�rthma autì paratÐjentai oi genikèc susqetÐseic twn suntelest¸n metafor�cjermìthtac, h, anexart twc tou ergazìmenou mèsou gia ton plakoeid  kai ton enal-l�kth kelÔfouc-aul¸n kaj¸c kai oi akribèsterec susqetÐseic sthn perÐptwsh tou
R-134a. Ta sÔmbola kai oi deÐktec pou qrhsimopoioÔntai stic sqèseic tou Parart -matoc Aþ perigr�fontai ston pÐnaka Aþ.1.Aþ.1 Genikèc susqetÐseic twn suntelest¸n me-tafor�c jermìthtacAþ.1.1 Ex�tmish-Plakoeid c Enall�kthcGia thn ugr  f�sh (gia to organikì mèso kai to gewjermikì reustì), o suntelest cmetafor�c jermìthtac se agwgì dÐnetai apì th sqèsh twn Dittus-Boelter, [55],

hwf,gwl = 0.023
kl

dh
Rel

0.8P rl
0.4 (Aþ.1)Gia th difasik  ro , h Ðdia posìthta dÐnetai apì th sqèsh Aþ.2, ìpou o pr¸tocìroc antiproswpeÔei th sumbol  thc ugr c kai o deÔteroc thc aèriac f�shc, [55].

hwf,tp = Ehwf,l + Shpool (Aþ.2)ìpou
hpool = 55pwf

0.12(−log10pwf)−0.55M−0.5q0.67

E = 1 + 24000Bo1.16 + 1.37
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(
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)−1 (Aþ.3)ìpou Xtt h par�metroc Martinelli, [55],185
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Πίνακας Αʹ.1: Σύμβολα και δείκτες που συναντώνται στις σχέσεις του Παραρτήματος
Αʹ. Sumbolismìc Perigraf 

k Jermik  agwgimìthta, kW
mK

h Suntelest c metafor�c jermìthtac, kW
m2K

d Di�metroc aul¸n, m
x Poiìthta atmoÔ
Re Arijmìc Reynolds
P r Arijmìc Prandtl
Bo Arijmìc BrasmoÔ
Fr Arijmìc Froud, G2

ρl
2gd

Co Arijmìc sunagwg c, (1−x
x

)0.8

M Moriakì B�roc
p PÐesh, P a
T JermokrasÐa, K
ifg Lanj�nousa jermìthta atmopoÐhshc, J

kg

G Paroq  m�zac an� m2, kg
m2s

q Ro  jermìthtac, W
m2

ρ Puknìthta, kg
m3

µ Dunamik  sunektikìthta, kg
ms

wf DeÐkthc megej¸n pou aforoÔn sto ergazìmeno mèso
cw DeÐkthc megej¸n pou aforoÔn sto nerì yÔxhc
l DeÐkthc megej¸n pou aforoÔn sthn ugr  f�sh
g DeÐkthc megej¸n pou aforoÔn sthn aèria f�sh
w DeÐkthc megej¸n pou aforoÔn sta toiq¸mata auloÔ
eq DeÐkthc megej¸n pou aforoÔn sto isodÔnamo

Xtt =
(1− x

x

)0.9
(

ρv

ρl

)0.5 (
µl

µv

)0.1 (Aþ.4)
Aþ.1.2 SumpÔknwsh-Plakoeid c Enall�kthcGia thn aèria f�sh, o suntelest c metafor�c jermìthtac se agwgì dÐnetai apì thsqèsh Aþ.1 en¸ gia th difasik  ro  an�loga me thn tim  tou arijmoÔ sunagwg c CoupologÐzetai wc ex c, [80],
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hwf tp = hwf l

(

1.136Co−0.925Frl
0.3 + 667.2Bo0.7

)

, Co < 0.65 (Aþ.5)
hwf tp = hwf l

(

0.668Co−0.225Frl
0.3 + 1058.0Bo0.7

)

, Co > 0.65 (Aþ.6)
Aþ.1.3 SumpÔknwsh-Enall�kthc kelÔfouc-aul¸nO mèsoc suntelest c metafor�c jermìthtac gia strwt  ro  se sumpÔknwsh se ènanenall�kth kelÔfouc-aul¸n dÐnetai apì th sqèsh

hwf = 0.725




ρl (ρl − ρv) ghfgk3

µd
(

T wf − T cw

)





0.25 (Aþ.7)
Aþ.2 R-134a-AkribeÐc susqetÐseicAkoloujoÔn oi sqèseic pou dÐnoun to suntelest  metafor�c jermìthtac gia to R-
134a gia plakoeid  enall�kth. Antijètwc, gia ton enall�kth kelÔfouc-aul¸n, isqÔeih sqèsh Aþ.7.Aþ.2.1 Ex�tmish-Plakoeid c Enall�kthcGia thn ugr  kai thn aèria f�sh tou organikoÔ mèsou R-134a, o suntelest c metafor�cjermìthtac se agwgì dÐnetai apì th sqèsh, [74],

hwf l,g = 0.023
kl

dh

Re0.8P rl
1

3

(

µwf

µw

)0.17 (Aþ.8)en¸, gia th difasik  ro , dÐnetai apì th sqèsh
hwf tp = Fhwf l (Aþ.9)ìpou

F = 1 + 1.37
(

1

Xtt

)0.86 (Aþ.10)
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hwf = 4.118

kl

dh

Reeq
0.4P rl

1

3 (Aþ.11)Aþ.3 R-410a-AkribeÐc susqetÐseicAkoloujoÔn oi sqèseic pou dÐnoun to suntelest  metafor�c jermìthtac gia to R-
410a gia plakoeid  enall�kth. Antijètwc, gia ton enall�kth kelÔfouc-aul¸n, isqÔeih sqèsh Aþ.7.Aþ.3.1 Ex�tmish-Plakoeid c Enall�kthcGia thn ugr  kai thn aèria f�sh tou organikoÔ mèsou R-410a, o suntelest c metafo-r�c jermìthtac dÐnetai apì th sqèsh, [67],

hwf l = 0.023
kl

dh
Rel

0.8P rl
0.4 (Aþ.12)Gia th difasik  ro , h Ðdia posìthta dÐnetai apì th sqèsh Aþ.13, ìpou o pr¸toc ìrocantiproswpeÔei th sumbol  thc ugr c kai o deÔteroc thc aèriac f�shc, [67].

hwf,tp = Ehwf,l + Shpool (Aþ.13)ìpou
hpool = 55pwf

0.12(−log10pwf)−0.55M−0.5q0.67

E = 1 + 24000Bo1.16 + 1.37
(

1

Xtt

)0.86

S =
(

1 + 1.1510−6E2Rel
1.17
)−1 (Aþ.14)Aþ.3.2 SumpÔknwsh-Plakoeid c Enall�kthcO mèsoc suntelest c metafor�c jermìthtac gia sumpÔknwsh se plakoeid  enall�kthdÐnetai apì th sqèsh, [90],
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hwf = hwf,l

(

0.25Co−0.45Frl
0.25 + 75Bo0.75

) (Aþ.15)
hwf,l = 0.2092

kl

dh

Re0.78P r
1

3

(

µave

µw

)0.14 (Aþ.16)
Frl = G2 1

ρ2gdh

, Bo =
q

Gifg

, (Aþ.17)
Co =

ρg

ρl

(
1− xm

xm

)0.8 (Aþ.18)
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