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(©2008 Bapoitne B. Xtulavéc

H éyxpion tne Awdaxtopuxic AwtePric and to Turua Mnyavordywv Mnyavixdy Brounya-
viag e HHohuteyvieric Eyohrc Tou Havemotnulov Oeooaiiag dev uTodnAGVEL anodoyr TwvY
anédewy tou ouyypagéa(N. 5343/32 ap. 202 nap. 2). Enlong, ot andeic Tou ouyypapéo dev
avtavoxhoLy anapaltnta autéc e Bupwnaixrc "Evwong.
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Evxplfnxe and ta uéhn tne entaucholc eEeTaoTIXNAC EMLTROTAC:

Ipdtog e€etaotic

(EmBrénwy)

Aeltepog e€eTAOTAC

Toeltog e€etaotic

Tétaptog e€etaoThC

[Téuntoc e€etaoTtric

"Extog e€etaotic

"EfB8ouoc e€etaotic

Kofnyntic Bahouyedpyne Anurtelog
Turuo Mnyavordywyv Mryavixdv Brounyaviag
[avemiotiuto Oeooaiiag

Kobnyntic Mrovtéloylou Baaoihetog
Turuo Mnyavordywyv Mnyavixdv Blounyaviag
Havemiotiuio Oeooaiiag

Avaminpwthc Kabnyntic Avdpitoog Nuxdhaog
Turuo Mnyavordywy Mnyavixdv Biounyaviag
[avemiotiuto Oeocaiiog

Kafnyntic Brdyoc Nuxdhaocg
Turuoa Mnyavordywyv Mrnyavixdv Biounyaviag
[avemiotuio Oeoocaiiag

Avaminpwtic Kabnyntic Mabiouldxne Anunteroc
Tufuo Mnyavordywy Mnyavixdy
Efvixé MetodBeto [loluteyvelo

Avaminpwtic Kabnyntic Xtanouvtlc Epplxog
Turuo Mnyavordywyv Mnyavixdv Blounyaviag
Havemiotiuio Oeooaiiag

Kobnyntic Ataxdérouroc Avtdviog
Turua HHoltiedy Mnyavixdv
[avemiothuto Oeocaiiog
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H dudaxtopuxr) uou Sty agiepdveTal

otoug yovelc wou Evayyehlo xar Bixtwpa Bagodtn
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EYXAPIZTIES

Me agopury Tnv napovoa Staten, Ou Hieha vo exppdon Tov GeBaoUd LOU %ol TIC EUYAQL-
otlec wou otov emPBrénovia Avarinpwth) Kabnynt x. Anurteio Bahouvyedeyrn. H eunioto-
oUvn oL pou €delée 6To ouYXEXPWEVO Béua €peuvag xabde xau 1 onuavtixy Borfela Tou you
Tpocépepe xaf’ OAn Ty Sidpxela Tng ouvepyaolog pag elvat 3Yo Oeuehiddelc TapdYovTES TOU
OLVTEAECUY OTNY TEOOJO TN EPELYNTIXYC LoV TEOOTADELS Yo TNV ATOXTNOT Tou AdaxTo-
ooV Awmdduatoc. O tpénog oxédng mou Uou eVETVEUOE, 0 0Tolog GUVIGTATAL OTNY XELTIXY
AVTLUETOTLOT TWY ETLOTNUOVLXGY Oeudtwy, atotehel éva eCalpeTo @OBLO YO TNV ETLOTNUOVIXY
uou mopela. Erniong, elpar euyvduwy ota undroima péln tne eletaotixnfc emttponrc, Kobn-
vyt BAdyo Nuxdhao, Kabnynts Mrovtéloyhou Baotiiero, Avaninewts Kalnynts Avdpitoo
Nuwdrao, Avaminpwtr Kabnynt Mabioukdxn Anuriteo, Avarinpoth Kabnyntd Ltanouvtln
Eppixo xow Kabnynts) Awxdémoulo Avidvio yia Tny TpocexTixt] avayvwor tng didaxtoplxhc
StatplPric oL Yo Tic TOAUTIUES UTOSELZELS ToUC.

Eniong Oa #feha va evyapiotiow tov Kafnynts Sharipov Felix tou Turuatoc Puoixic
Tou Kpatixot Iaveniotnuiou tne nokitelag Hapavd - Bealihia, Tov Ap. Day Christian tou
Ivetitodtou Teywixrc Puowric Tou epeuvntixol xévtpou tne Kaphopoine - T'epuavia, xabdg
xaL tov Ap. Stefan Stefanov tng Boulyopuaic Axadnulog Emtotnudy - Logua, yia tny enol-
xodountxy cuvepyaotia touc. Euyapiotieg Oa Hleha va exppdon xat otov Kabnynth ‘Adlxn
[eéxo yua Ty emotnuovixt, uTooTAELEN TOU TAPEYEL OAXL AUTA TaL YEOVLA TROS TNV EPELYNTLXY
opddo tou Iavemotnulov Oecoaiiog oto Efvinéd Ilpdypauua Ekeyyduevng Oepuonupnvixic
Yovnine.

‘Eva ueydho euyaptotd otoug Ap. Ndpn Xtépyio, Ap. Mnrpéyiavvn T'idpyo, Miodavitn
Yepagelu o Havtals Xapdvtn yio Tny ToAUTIUN cuunapdotaon xal Borfelo Toug xotd Ty
exnovnor e dwtePric, xabde entone xou oty Pdntn Bdya yia tnv nohdtun Porbeia tng
oty dbpbworn tou TapdvTog xeLévou.

Télog elpat euyvduwY otoug Yovelc you, Bixtwpa xal Evayyeilo Bapodtn xal tov adeppd
uou Anuiten v TNV aydnn Toug xoL TNY VAXY xol Quyoloyixr utoothellY| Toug Oha ouTd
T YPOVLAL.

H Sdaxtopuxy| dtatpPn €yel utootnplybel ouxovouxd yia oelpd etdv and o EOvixd Ipo-
yeauuo Eheyyduevng Ospuonupnvixic Livining: ASSOCIATION EURATOM - HELLENIC
REPUBLIC. Erilornc o Yrodrgioc Addxtopag ota mhaiola tne dpdorne mobility Tou npoypdu-
uatoc EURATOM elye tnv euxatplo va emtoxegtel xat’ enavdindn to Epeuvnuxd Kévtpo
¢ Kaphopoing xau v cuvundplel evepyd otny exTéAeon) TELRAUATOY. LUUTANPWUOTIXG, EYEL
enlong unootneLyfel uepde and To npdypauua ITYOATOPAY tou Yroupyetou EOvixic IToi-
detag xafdg xau and to mpdypauua EAAAAA-TAAATA: Kowd epeuvnuixd xau teyvoloyixd
mpoyedupata e I'evindc Fpauuatetag "Epeuvag xar Teyvoroyiag.
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Poéc og aymyols nowxihwy datopn®dy oe 6ho To €bpog Tou
aptuol Knudsen ye VIETEQULVLOTIXES XAl GTOYAGTLXES
webodoroyleg

Ve

uTo
Ytulhwavot B. Bapoitn

Tuquo Mnyavoréywy Mnyavixody Brounyavicg
IMavemotiuio Ococaiiog, Iledlov Apews, 38334, Borog, EANAd
Email: svarouti@Qmie.uth.gr

ITEPIAHUYH ATAAKTOPIKHY ATATPIBHY

EIXATQT'H

Trv televtalo dexaetia évtovo epeuvnuind evdlagépov €yel exdniwbel oto tedlo tne duva-
uLXhc TV apatototnueEvey acplov. H otpogy) tne emtotnuovixic xowvotntag Tpog Ty XaTtel-
Buvon autyh ogelletol xUPlwE GTNY EUPAVLET VEWY TEYVOLOYLGY XOL EQAPUOYOV TOU TEPLAOU-
Bdvouy uetald dhhwy Ty teyvoroyia yauniol, uéoou xat uYNAoY xeVoU, TNV JELOBLAGTNULXT
UeYdAwY VYOUETEWY XAl TEAOC TNV Vavoteyvohoyia.

H apatonoinomn evéc aeplov xabopiletal and tov aptBué Knudsen (Kn), o onoloc optletal
w¢ To TNAixo g uéore ehetbeprc Stadpouric TwY Uoplwv Tou agplov TEOS €va YAEAXTNELOTIXG
urxog tou exdotote mpoAfuatoc. Ev yével, oe poéc uaxpld and tnv Oepuoduvauixn .eoppo-
o, 1) Bewpla TOU CLYEYOUC UEGOU XATAPEEEL XUL OL YYWOOTES USPOSUVAULXES XAl XATAOTATLXES
eZlo®oelg Todouy Vo Loy Youy. LTS TEPITTMOELS AUTES 1) AVTIUETOTLON Tou TpoAfuaTog Ba-
olletar oty Kivntiny) Oewplo tov aeplwy, 1 onola tepthaufdvel 8o Paoixéc mpooeyyloels
Yo TV enthuor oe 6ho to elpog Tou aplbuod Knudsen.

H npdtn mpocéyyion Baociletor otny xivnmxt| Oewpla, 6nwg auth exppdletal Uuéow tng
ellowong Boltzmann 7 twv avtiotolywy xuvntixdy yoviéhwy. O Baowxde dyvwotog elval 7
OLUVAETNOY XATAVOUNS, EVER Ol UAXPOCXOTUXEC TOGOTNTES TOU EVOLAPEQOUY TEOXUTTOUV AT
SLdpopec poméc tTne ouvdptnong xatavourc. Toviletatl 6Tl oe apxeTéC EQUEUOYES T XLVNTLXE
uovtéha anodewxviovtal apxetd allomota xat elvol duvatdy va yenotdoronboly wg evaiia-
xt) emhoyy) e e€lowong Boltzmann, €yovtac axpy) anotehéouota ye Ay6TEQO UTOAO-
YLoTXd x60T0¢ 68 Gho To elpog Tou aptbuol Kn. Xapaxtnelotixd mopadelyuata xivnuxdy
uovtélwy etvar o BGK xou to Shakhov yia toofepuoxpaciaxéc xat un woobepuoxpactaxée
coéc avtiotoiya. H deltepn mpooéyyion elvar n uébodoc Direct Simulation Monte Carlo
(DSMC), 7 onola tapaxduntel v enthuon e ellowone Boltzmann xou éyer anodetybel 61t
elval TOA) ATOTEAEOUATINY OE TEPLTTWOELS YRNYORPWY POMY.

O dYo moapandvw TEOoEYYIOELS YENOWIOTOLOUVTAL Yld TNV ETLAUGT] AEALOTOLNUEVWY P0GV
SLUUEGOU QY WY®Y. LTNY TEPIRTWOT apY®Y oGV ¥ 6TAY TO UHX0C TOV aYwY®V elval apxetd
ueYdho, TOTE N PON elval TANEWS AVETTUYUEVY XUl TEPLYPAQYETAL OO TN YEOUULXY XNty
Dewpla. XNy teplntwon aynYdV TETEPAOUEVOU UNXOUC, TA PULVOUEVI TWY AXPWY SEV UTOPOVY
va ayvonfodv xou 1 por| elvan urn yeapuxy. Tote yia tny enthuor TéTolwy pody 1 o arodotixy
uéfodoc etvar n uébodoc DSMC.

Y10 mhaloto autd 1 mapovoa ddaxtopuxr| SlatelBr eoTdleTAL OTNY UEAETN POKY OPALO-
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TONUEVWLY aeplwy O aywyoUs Uixpol xaL Ueydhou uixouc ue towxileg Statouée (xuhlvdpxt,
Saxtuhoedr), opboydvia, Terywvixd xat tpaneloedn) epapudéloviag VIETEPULVIOTIXES XOL OTO-
yaotxés uebodoloyieg avtiotouya.

H npdtn npocéyyion Baciletal otny enthuon tou yeauulxol xwvntixol yovtéhov BGK ue
™V xefion e uebddou twv dtaxprtdy Tayutitwy (Discrete Velocity Method - DVM), 1 onola
el epapuootel Ye emtuyla otny enthuon tne eélowone Boltzmann ¥ twv avitiotolywy xivn-
OV wovtélwy. H pébodoc DVM yopaxtnpiletal and tny vieTepuvloTixy dtaxpLttonolnon
TV XWYNTUXOV EELGOOEWY GTOV QUOLXS YMBRO XL OTOV YOO TOY UOPLIXDY TAYUTATOV.

Yny tedeutala mpooéyyiomn yivetal yerior evog avaPalulouévou akyoplfuou tng uebddou
DSMC, o onolog Baoiletar oto uovtého Non Time Counter yia tnyv yovtelornoinon twv uopla-
%0V ouyxpovoeny. H uébodoc DSMC anotehel uia otoyaotxy uebodoroyio. H Oeuehiddng
Wéa e pebddou éyxettal oty Uovielonolnon evéc oTtatioTxd Ueydiou oaplfuold cwuati-
dlwv. H Baowr npocéyyion tne uehddou DSMC elval o Swaywploude tng erelfepne xivnong
TOV COUATIOIWY XAl TV EVOOUOPLAXOY GUYXPOUCEWY GE €va OTOLYELOdES Ypovixd Brua. H
xvnon Twv ooUATIOIWY LOVTENOTOLELTUL VIETEQUIVLOTIXE, EVE OL UOPLAXEC OLUYXEOVCELS UO-
vtelorotolvtal otoyaotixd. O nuphvag Tou ahyoplbuou tng uehdédouv DSMC anoteheitar and
téooepelc Paoxéc dadixaalec: o) v ehelbepn xivnomn twv couatdioy B) v uetovouaoia
TV 6OUATIWY ) TNV LOVIEAOTOINGT TOV Uoplaxdy GUYXpOUGE®Y XaL 8) TOV UTONOYLoUS
TWV UAXPOCXOTUIXGY TocoThTwy. To Téooepa mapandve Bruata mpayuatonolodvtal aveldp-
™t o€ xdfe ypovixd Priva.

ITEPIEXOMENA ATIATPIBHY

Ta mepteydueva e Sdaxtopxic StatelBnc elvor Ta e&ne:

A. Eniluor podv ot aywyols UEYAAOU UNAXOUG UE YRAUULXY xivnTixy] Oewpla

o Avdmtuln xat eZedixeuon xvnTixdy aAyopliuwy anoTeEAeoUATIXAC ETLALVONC YEOUUXMY
XVNTXOY €€lodoewy e 6Ao To elpog Tou aplfuod Knudsen.

e Enlluom poric oe daxtuloeldelc aywyolc anelpou unixoug oe 6Ao To elpog tou aplhuol
Knudsen.

e Yrmoloyloudc Tou aptbuol Poiseuille xou tng axpBoic udpauiixtc Stauétpou o aywyolg
ToAwY SlaToudy.

o Yuyxploeic uetadl BempnTxdy %ol TEPAUATIXDY dedouévwy poric udlag oe xUAYSELXO,
opboydvio, Tolywvixd xar Tpaneloeldy) aywyd v 6Ao To evpog tou aplfuo’ Knudsen.
Yty dpaotnetdtnTa auth TepthauBdveTaL:

a) H uebodoloyla Staotatonoinong yua tov vnoloytoud potic udlac oe xuxiixoulc,
daxtuloewdelc, ophoydvioug, Tprywvixols xol Tpaneloeldelc aywyolc,

B) H enéxtaon tne avddvone oe ueydhec Pabuldec nieone avdvtn xat xatdven tne
POTC %ol

Y) O vunoloyloude e xatavouric Tleong xatd Uixog Tou aywyou.

B. EnitAvom poddv nenepacuévou uixoug ue tnyv wébodo DSMC

o Avdntuln, euPdbuvon xar e€edixevon tou alyopibuou Direct Simulation Monte Carlo:

vil

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



o) Ewooywyh xukvdpudic yewuetplog,

B) Xprion eldxdv empaveldy dtaywpelouol Tou Tedlou porc Ue SLapopeTixols GUVTE-
Aeotéc PapltnTac,

Y) Egapuoyn mhéypatoc ue neptocdtepo amd éva enimeda miXvwong xol

d) Avtetdnion entmhéov eWdXGY UTohoYLOTIXGOY Beudtmy

o Enlluom potic novatouxol agplou uetall tapdAAnhwy Thaxdy ue Ty yenon tng uebo-
dou DSMC xou uehétn tne enidpaone Twv TEPLOYOY VAT XAl XATEVTY TNS PONC.

e Enihuon pofic uovatouxol agplou oe xevé (Py/Py = 0) dtauéoou xukvdpixol aywyol
TENEPAOUEVOU Unxoug Ue Ty yefior tne uebddou DSMC, oe dho to edpog tou apliuol
Knudsen. Erlong uehetifinxe n enldpaon twv oplaxdyv ouvinxdy oL Tou LOVTENOU
evdouoplaxol duvauxol 6Ty adldoTatn Tapoy | ol Tpaydatorouiinxay cuyxploelg
ue avtioTtolya melpauaTixd dedouéva.

o Enlluon poric wovatoulxol aeplou Stauéoou xUALVdpLxol aywyYol TETERAGUEVOU UNHOoUC
v Py/Py # 0.

Toviletat 61t 0 1edlo porc xaBADSC XAl OL UAXPOOKOTUXEC TOGOTNTES OE POEC GE AYWYOUS
UEYEAOU X0 TEMEPACUEVOU UNXOUC BLAQEROLY TOGO TOLOTIXY HCO %ol TOCOTIXA. LTNV TEAOT
TeplnTwon, 1 pon elvar acvunicotn xou yapaxtneiletol and uxpolc aptbuoic Ma xou Re.
Yy deltepn neplntwon 1 por) elvo cLUTLESTY oL XaAUTTEL évar Ueydho e¥pog Tou aptbuol
Ma. H potj elvar duvatdv va elvar umonyntixy| 1 unepnyntixy Yeyovog mou e€aptdtal and Tig
POIXES XA YEWUETPLXES TOPAUETPOUS TTOU Y PTOLULOTOLOVYTAL.

ITEPITPA®H ITPOBAHMATOX

Ocwpeltal por| povatouxol agplou dauecou aywyo udpauiixfc dtauétpou Dy xoL Urxoug
L. O aywybdc ouvdéel dbo doyela tou Bploxovtal oe tieon Py xau Py (Py > P;) avtictouya.
H Bepuoxpacia tov doyelwv nopauéver otabepr xau lon ue Ty, H udpaviuer Siduetpoc Dy,
TOU aY®YOU anoTehel TO yopaxTneloTixd unxog tne ponc, evéd 1 théov mhave Tayvtnta vy =
\/2kTy/m, ue k tny otafepd Boltzmann xot m tny poploxy| udla, elvar Thy Yopeaxtnelotixh
TayUTnTaL.

Yy neplntwon 6mov L/ Dy, > 1, 161e 1) pof| Gewpeltar TApwS avenTuyUEV XaL YpouuLx T
xat mepLypdpeta and ypouuxr xivnuxh fewpla. ‘Otav o Noyog L/ Dy, éyel nenepaouévn tuh
TOTE TA QALYOUEVO TV dxpwy eV umopolv va ayvonbouy. H po¥ elvar un yeauuixr xa
eqpapuoleton 1 wéhodoc DSMC. Mo tumix| ©ur tou Aéyou L/ Dy, mou xabopllet yio to edv
uta pot| Ba avtwetoniotel wg ypouuwxd i un elvar L/ Dy, = 100.

H »dpla mapduetpoc tng poric elvan 1 napduetpog apatonoinong d, n onota opiletal we

5:P0_D;l:ﬁi (1)
LoV 2 Kn’

‘Oha T amoteréouata napovotdlovtal Yo 6ho To eUpog Tou 0, amd TNy ehelepn vopLax
teployh (6 = 0), éwc to Udpoduvauxd dpLo (6 — oo).
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ME®OAOAOITA
A. Tooppixn »xuvntixy Oewpio

Or poéc apatomotnuévmy aeplomv Slauéoou aywy®dy Towxiiny Slatoudy xol anelpou ufxoug
NoYw Pabuldag tieong, meptypdgovtal and To ypauuxd xvnuxd poviého BGK, 1o onolo €yet
anodety el 6TL dlvel alomiota anoteréouata oTny TEpInTWoT Loolepuoxpacloxdy pody uTd
optaxéc ouvlrixec Maxwell Siayutixic-xatonteixfc avidxiaorg.

H po¥| nepiypdpeton and to ypauuxonotnuévo xuvntxd voviého BGK, to onolo exqpdle-

TOL WC
0o 1))
' i —9 _
Cocy + ¢y dy + 60 0cu — ¢y, (2)

6mou ¢ elval 1 ypapuxorotnuévn ouvdptnon xatavourc, ¢ = (¢, ¢y, ¢,) elval 1o didvuoua
NS Woptaxig TaydtnTag xol § N mapduetpog apatonoinong. H uyaxpooxomuxy taydtnta oto
dell uéhocg oplletal we

(o olNe olNe o)

1 2
u(x,y):m/ / /Cz¢6_c degdeyde, . (3)

H alkniernidpaon agplov-toryduatog povielonoteltal wg
o) =1 —a)p), c-n>0. (4)

Ou deixtec (+) xat (—) aviotolyoly oty GUYEETNOY XATAVOUNRS TOV owUATdIWY Tou @ev-
YOUV X0l TROOTLITOUY 610 Tolywud avtloTtolyd, evéd v elval 1o povadiaio xdbeto Sidvuoua
OTNV OTEPEY ETLPAVELX UE QORI TPOC TO E0WTEPXO NS ponc. O ouvieheoTtig Slayutixig avd-
xhaone a malpver Tiég petaly 0 xou 1 xou aviiotolyel 670 T0000TH TWV GOUATSIWY TOU
TEAYUATOTOLOUY Loty uTixY| avdxhacT oTo Tolywua.

To ypauuxd ohoxhneodlagoptxd tpdfinua mou oplletat and tc EE.(2) xat (3), und e
optaxéc ouvirixec (4), daxpiromotolvtat ue Bdon Ty wébodo twv dtaxpttdy tayuthtey. H
x| e€lowon daxpltomoleltal XoTdAANAL GTOY QUOLXS Y MBRO XAl GTOV YOEO TV UOPLAXDY
TaYUTATOVY oL emAVeTal optiuntixd, egopudlovtag ETAVOANTTIXG YAOTY).

B. H pé6odog DSMC

H po7| apatonotnuévewy acplwy SLauéaou XUALVOPIXOY 0y wY®OY TETEPACUEVOU UfxoUC AOYw
Bobuldac nieone emAvovtar ue v wéhodo Direct Simulation Monte Carlo (DSMC). H Bo-
own tpoaéyyiom tne uebbédou DSMC €yxeltat otov dtaywpLoud tne LopLaxnic xivnong amd tic
UOELAXES GLYXEOUGELS XaTd TNV Stdpxela Uxpol ypovixol Bruatog At. 'Ol ta cwuatidia
SLYUOUV CUYXEXQPUUEVT ATOOTAOY TOU AVTLOTOLYElL OTO TAPATAVW YPovixd Prud, EVE oTny
ouvEyelo axohoubel 1 wovtehoTolnon TOY LoOPLIXGOY GLYXEOVCEWY UETAZY B0 Tuyalo eTLAEY-
Uévwv owuatdiov Tou 18lou xehol. To ypovixd Bhua At npénel va elval Wxpdtepo and Tov
uéco ypbvo olyxpovong. H uoplaxy) xivnon npayuoatornoeital pe aniéc eliodoelc xivnorng,
eved amapaltnTy elval 1 Tallvounon Tev couaTdloy e xehld xoL LTOXEAMd OGTE oL Uopla-
%€¢ OLYXEOUOELS YAl TRAY LA TOTOLOUVTOL UETAEY YELTOVIXDY poplwy. H otoyactixr dadixaotia
emLAOYNC aVTITPOOOTELTIXOU (eUYOUS CWUATOIWY YLt TNV UOVIEAOTOINGCT TWV UOPLAXMDY GU-
Yxpovoewy Puciletal dueoa ot oyéoelc mou tnydlouy and Ty xivnuxr fewpla. o Tov Adyo
autd 1 ué€hodoc DSMC eugavilel Toug (8loug eploplouoile ue v elloworn Boltzmann. Ot
Teploployol elval 1 utéheon Tou Uoplaxol ydoug xou 1 araltnor apuldy acplwy.
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[o v Beitlwon tne anotehecuatixdtnrog tou alyoplBuou DSMC egapudotnxay Sud-
popeg unoloylotxég Teyvixés. 'Etol, ouunepligplnoay unoloyiotixég meployéc avdvtn xat
xaTdvTn Tou aywyol. 'Eneita, ypnouwwonohfnxay tela eninedo mixvwong Tou utohoyLoTixoy
TAéyuaTog, Yo TNy Bektiwon tng axplBelag Twv anoTEAEOUATWY XOVTE GTA TOLYOUITO TOU
ayoyol. Téhog, v Ty Slatrhpnon ouolduop®ng xaTavounc ToV owUaTdiwy 6To UTOAOYL-
otxd nedlo ypnowonowiinxay meployéc ue ewdxd ouvieheoty| Popltnrog otny alovixn xal
axTivx dtevbuvor. Buyxexpuuéva, yenoluomoliinxay Teelc Teployéc otny alovixy| xoL entd
oty axTvixr dievbuven. Me Ty ouyxexpUUEVN TaXTXY UELOVETAL ONUAVTLXY 1) OTATLOTLXY
SLaxuoveT) Twy anotehecUd Ty, eva dtatnpeitol o Blog apliude couatdiwy xatd urxog Tou
Tedlou porc.

ATIOTEAEXMATA

A. Aparonounuéveg poég o aywYoUs UEYAAOL Ux0oUg %ol dLapdpwy dia-
TOUGY

H uéon nieon opiletar wc P = (Py + P1)/2, to euPaddy xat n nepluetpoc tne dtatounic
optlovtar wg A" xaL I' avtiotoya. o v enlhuom tou ouyxexpluévou TpoBAAUATOC EQAUEUG-
Zetar n péhodoc twy Saxpltdy tayuthitwy (DVM) yia ty aptbuntixi enthuon tou ypouuxol
xwvnuxol woviehou BGK xat Tov utoloyioud tng dyvwotng ouvapTnong xaTavoung XoL TwV
aVTLOTOLY WY UaXPOOXOTUIXGY UeYEDDY, Otwe 1 Tayvtnta, N Tleon, 1 datuntxy Tdon xoL 7
adidotatn mapoyh G.

"Eyovtac w¢ dedouéva ta xvntixd anotehéouata, utoroyiletat o avtiotolyog aplbude Po
Yo ouYXEXELUEVY dlatour| xdvovtac yerion tng axdiouling oyéonc

2
P0:f><Re:Ed, (5)

6mou f o ouvteheotric TpBc xatd Darcy, d elvol 1 napduetpoc apatorolinong xaL i 1 adLdoTaTy
ueon TayuTNTO.

Télog, n Loyic tne undbeone tneg axpBouc udpauhixrc dlauétpou elval Suvatdy va eheyy el
ouyxplvovtag Ty LdpaLALKA Siduetpo Dy xaL TNy axpBr| udpaLALX Siduetpo DEPt oL %4-
vovtog yefion tng egloworng

DZIaCt Potube

= 6
D Do (6)

6mou Poyye elval o aplfude Poiseuille yio tny nepintworn xulvdpuxol aywyo, evéd Po elvat
o aplbudg Poiseuille yia omotod¥note un xuxAixd aywyo.

'Epeuva oe Oewpntind xau nelpapotind eninedo mpayuatonotfinxe yioa Ty UEAET TAR-
PWC AVETTUYUEVWY OGOV GE aYwYoUs xUAYSpLxTc, opboydvlag, Terywvixrc xal Tpaneloetdoic
Statouric oe 6ho Tto edpog Tou aptbuod Knudsen. H Oewprntind-apluntixd npocéyyion Baot-
Cetat oto xwvntixd wovtého BGK ue oplaxéc ouvbrixeg Siayutixrc-xatonteixic avdxiaong.
Ta avtiotolya Telpauatind dedouéva tporAbay and tnv newpouatixy| didtaln xevol TRANS-
FLOW, 7 onola Bploxetal oto epeuvntind xévtpo e Kaphopoine. Ta Oewpentind xat net-
PAUMOTIXG ATOTEAEGUATA YL TNV pOY) UALAC XAl TNV OYXOUETELXY| Tapoy T Topouctdlouy Toh)
xohf oupgovia. H yéyiotn Swpopd elvar e tédéne tou 10%.
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B. Apatonounuéveg poég o€ xUALYIPLXOUS oY wYO0US TENEQACUEVOL UAXOVG

Ou mapduetpol Tou yoapaxtnellouvy Ty Ao ToU oUYXEXELWEVOU TROPAUNTOC ElvaL a) 7
YEWUETPIXT| TOPAUETPOS TOU hGYOU Uixouc tpoc TV axtiva L/ R tou aywyo, B) n napduetpoc
apatomolnong 0 ot o Adyog mieong avdvtn xau xatdvtny g pofic Pi/Py. Edd, R elvat 1
axtiva Tou aywyou, n omola Oewpeltal To yopaxtneloTind urxoc g potc, Fy elval n wleon
avapopde, (o elvat to EAHdeS Tou aeplou oe Bepuoxpaoia avagopds Ty xar vg = +/2kTo/m
elvar 1 mhéov mbavy Taydtnta e k tny otabepd Boltzmann xau m v woplaxy udlo tou
agplou. Toviletan eniong 6tL 1 mapduetpog apalomoinong d elvar aviloTEdPeS avdioyr Tou
apiuoy Knudsen pe 6 = /7/(2Kn). O xlpoc otdyoc elvar 1 uehétn tou nedlov pofic,
omola nepthaufdvel Tov utohoyloud tne adtdotatne napoyric W ouvapthoel twv L/R, § xat
P/Py. H adidotatn napoyt opiletar wc W = M/M, émou M elvan n porh udlac duéoou
xuxhxhic oytoufic (L/R=0) otnv ehelbepn uoplaxy teptoyn (6=0) xat yioa v nepintwon
pofc oe xevé (Py/Py = 0). Ta aplBunuixd anotedéouota aviotolyody ot SLAPopES TUIES
TV faoxdy Tapapétewy Tou xupalvovtol wg 0 < § < 2 x 103, L/R=0, 0.1, 0.5, 1, 2, 5 xou
Pl/POZO, 01, 0.5 and 0.7.

YYMIIEPAYXMATA

Yty mapovoa ddaxTtopx? St TEayUaTOTOlElTAL Ul OAOXANEWUEVY UEAETT OGOV
APALOTIOLNUEVWY UEPlWY OE aYwYOoUg UEYIAOL Xal Uxpol URX0oUS Xal SLagpdpmY YEOUETPLAOY,
oe 6)o 1o elpoc Tou aplfuoly Knudsen. Egupudlovtal vIeTepUIVIOTIXES XL OTOYOGTIXES Ue-
Hodohoylec v v enlhuon meoPinudTtwy porc ue teyvohoyd evdlagépoy oto edlo Twv
ULXEopo®Y, TNg teyvohoylag xevol xar tne agpodlootnuixnic. H ypron tov ypouuxdy xi-
YNTIXOY UoVTEAWY xaBd¢ xat 1 uéfodoc DSMC anodewxviovtar allémoTeg TeVIXES VLo TNV
UEAETT POV Tou xahUTToLY 6ho To elpog Tou apliuol Knudsen. Xuyxexpuuéva, 1 ypouuux
x| Oewpla, and mhevpdc umoloyloTixoy xdoToug, Oewpeltal S 1) MO ATOTEAEGUATLXY)
uebodoroyia yia v enihvorn podv ue yauniéc taydtnteg, evé aviibeta n puéhodoc DSMC
elvol amOTEAECUATIXY 0TIV ETALGT POV UPNAGY ToYUTATOV.

Toviletar 6Tt T amoteréouata xor oL cuyxploelg mou mapatifevtat TpayuatonolodvTal
v TedT Qopd e 6ho to elpog Tou aplfiuoy Knudsen xou nopovoidlovtal yia mpdTtn @opd
otnv Sebvr| BiBhioypapia. Téhog, 1 uehétn Tou nediou porg oe xLALVSEIXOUC aywyolc Tene-
PACUEVOU Ufxoug avadUel vEa eupruata Yo To UEYEDOC TV LaxpOoXOTIXGOY TOGOTATWY TOU
redlou xat T ouunepLpopd Touc. H ouyxexpuuévn npoondbela otoyelel otny allonoinomn 6Ang
NS TAEATEV® YVAONS O TEYVOROYIXES EQUPUOYES XUl CUYXEXQPLUEVA OTOV OYESLUOUO XAl
Behtiotonolnon uxpodiatdéeny xat 6Tov eomhioud teyvoroylag xevol énwe m.y. BaiBideq,
avTAleg, SixTUN COANVOCELY X.0.
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Extended Ph.D. Summary

Introduction

During the last decade research in rarefied gas dynamics has attracted a lot of attention.
This refreshed interest is due to applications in the emerging field of nano- and micro-fluidics,
as well as to the more traditional fields of vacuum technology under low, medium and high
vacuum conditions and high altitude aerodynamics. Some of these applications may include
mass flow controllers in gas metering, micro propulsion nozzles in high altitude and space
gas dynamics, pipe networks, pumps and distillation towers in vacuum systems, membranes
and porous media in filtering, fabrication processes in microelectronics and gaseous devices
in micro-electromechanical systems. It is noted that gas flows through channels of various
cross sections may be basic elements of all these equipments.

The gas rarefaction is specified by the Knudsen number (Kn), which is defined as the
ratio of the mean free path over a characteristic macroscopic length of the problem. In
general, when the flow is considered as far from local equilibrium, then the well known
hydrodynamic equations cannot be applied since the continuum assumption and the asso-
ciated constitutive laws are not valid anymore. In these cases two main approaches can be
implemented in order to solve problems in the whole range of the Knudsen number.

The first approach is based on the kinetic theory as expressed by the Boltzmann equation
or its associated kinetic models. The main unknown is the distribution function, which obeys
a kinetic equation, while all the macroscopic quantities of practical interest are obtained
by the moments of the distribution function. In many occasions kinetic model equations
are very reliable and can be used as an alternative to the Boltzmann equation, producing
accurate results with much less computational effort. Typical examples are the BGK and
Shakhov models for isothermal and non-isothermal flows respectively. The second approach
is the Direct Simulation Monte Carlo (DSMC) method, which actually circumvents the
direct solution of a kinetic equation and over the years it has been found to be very efficient
in solving high speed flows. It is noted that the DSMC method recovers the solution of
Boltzmann equation in the limit of vanishing discretization.

Both approaches may be used in the case of rarefied flows through channels. When the
flow is very slow or when the channel is adequate long, then the flow is fully developed (no
variation in the flow direction) and can be handled by applying linear kinetic theory. When
the channel is short, end effects cannot be neglected and the flow becomes non linear. Then,
the most efficient approach is the DSMC method.
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Within the above framework, the present Ph.D. thesis is focused on the investigation
of rarefied gas flows through long and short channels of various cross sections (cylindrical,
annular cylindrical, orthogonal, triangular and trapezoidal), using kinetic equations and the
DSMC method.

In the former approach, the linear BGK kinetic model is solved using the Discrete Ve-
locity Method (DVM) is applied, which has been extensively used over the years with
considerable success in the solution of the Boltzmann equation or of reliable kinetic models.
It is characterized by the deterministic discretization of the kinetic equations in the physical
and molecular velocity spaces.

In the latter approach, an upgraded version of the DSMC algorithm based on the Non
Time Counter Scheme is used. This is a probabilistic scheme. The fundamental idea of
the method is to track a large number of statistically representative particles. The primary
approximation of DSMC is to uncouple the molecular motion and the intermolecular col-
lisions over small time intervals. Particle motions are modeled deterministically, while the
collisions are treated statistically. The core of the DSMC algorithm consists of four pri-
mary processes: free particle motion, index and cross-reference of the particles, simulation
of collisions, and sampling of the flow field.

Contents of Ph.D. Thesis

The contents of the present Ph.D. thesis are splitted in two main entities and may sum-
marized as follows:

A. Flows through long channels based on kinetic theory

e Development and specialization in kinetic algorithms for solving linearized kinetic
equations in the whole range of K'n number.

e Solution of rarefied gas flows through annular circular ducts with infinite length in the
whole range of K'n number.

e (Calculation of Poiseuille number and the exact hydraulic diameter in ducts of various
cross sections.

e Comparisons between corresponding kinetic and experimental results regarding the
mass flow rate in long ducts of circular, square, equilateral triangular and isosceles
trapezoidal cross sections, in the whole range of K'n number. To perform the detailed
comparison the following tasks have been tackled:

a. Compute the mass flow rate from the dimensionless results.
b. Extend of analysis to the case of large pressure differences.

c. Calculate the pressure distribution along the duct.
B. Flows through channels of finite length based on the DSMC method

e Extension and adaptation of the DSMC to the specific problems under consideration.
In particular, the following upgrades of the typical DSMC code have been completed:

a. Adapt to cylindrical geometry.
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b. Use of special surfaces along the flow field with different weighting factors.

c. Implement of multi-level grid.

e Study of rarefied gas flow between parallel plates and investigation of the required size
of the inlet and outlet region.

e Study of rarefied gas flow through short tubes into vacuum (P,/P; = 0) in the whole
range of the Kn number. In addition to the detailed study of the flow field the
influence of various gas-surface interaction and intermolecular potential models in the
dimensionless flow rate has been examined and a comparison with experimental results
has been performed.

e Study of rarefied gas flow through tubes of finite length, for the case of P,/ P; # 0.

It is noted that the flow patterns and the macroscopic quantities differ both qualitatively
and quantitatively for flows through long and short channels. In long channels, the flow
is incompressible characterized by low Ma and Re numbers. In short channels the flow is
compressible and covers a wide range of Ma number. Depending on the flow and geometric
parameters the flow may be subsonic or supersonic.

Statement of the problem

Consider the flow of a monatomic gas through a channel of hydraulic diameter D} and
finite length L, connecting two reservoirs, maintained at pressures Py and P (Py > P;). The
temperature in the reservoirs is kept constant and equal to 7. The geometric configuration
for the case of cylindrical channels is shown in Fig. 1. The hydraulic diameter D}, of the
channel is the characteristic length and the most probable molecular speed vy = /2kTy/m,
with & denoting the Boltzmann constant and m the molecular mass of the gas, is the
characteristic velocity.

When L/D; > 1 then the flow is considered as fully developed and linear and as a
results the linearized kinetic theory is implemented. When L/Dj, has finite value then end
effects can not be neglected. The flow is non linear and the DSMC method is applied. Based
on previous research, a typical value of L/D), that distinguishes the long and short channel
approach is L/ D), = 100.

A main parameter of the flow is the rarefaction parameter

PD;,  ym 1

o= —-~= ) 1
LoV 2 Kn (1)

All the results are presented in the whole range of §, from the free molecular limit (6 = 0),
through the transition regime, up to the hydrodynamic limit (6 — 00).

Methodology

A. Linearized kinetic theory

The flow of rarefied gases through channels of various cross sections and of infinite length
due to a pressure gradient is investigated using the linearized BGK equation, which has been
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shown to provide reliable results in the case of isothermal flows, subject to Maxwell diffuse-
specular boundary conditions. The combination of diffuse and specular reflection at the
wall pertains to the surface characterization and thus to a more consistent and reliable
comparison with experimental results.

The flow is simulated by the linearized reduced BGK kinetic equation given by

d¢ ¢
e, = 26cu — 2
Cwax + ¢y dy + 90 dc,u — ¢, (2)

where ¢ is the linearized distribution function, ¢ = (¢, ¢y, ;) is the molecular velocity
vector and d the rarefaction parameter. The macroscopic velocity at the right hand side is

1 o0 o0 o0
T,Y) = — cz¢e_02dcxdc de,. 3
32 y

At the stationary boundaries the gas-surface interaction is modeled as
o) = (1—a)p?), c-n>0. (4)

The superscripts (+) and (—) denote distributions leaving from and arriving to the bound-
aries respectively, while n is the unit vector normal to the boundaries and pointing towards
the flow. The coefficient 0 < o« < 1 is the momentum accommodation coefficient and
corresponds to the percentage of diffuse reflection of the gas at the wall.

The linear integro-differential problem defined by Eqs.(2) and (3), with the boundary
conditions (4) is discretized using the discrete velocity method. The kinetic equation is
discretized properly in the physical and molecular velocity spaces and then it is solved
numerically in an iterative manner.

Although in the present work we are using the Discrete Velocity Method (DVM), an
alternative approach for handling low speed flows is the so called Integro-Moment Method
(IMM) [1,2]. The basic advantage of the IMM is that the derived equations are discretized
only in the physical space and no discretization in the molecular velocity space is needed.
Therefore, due to its nature, the IMM is not subject to boundary induced discontinuities.

B. The DSMC method

The flow of rarefied gases through tubes of finite length due to a pressure gradient is
investigated by the Direct Simulation Monte Carlo (DSMC) method. The DSMC method
simulates a random sample of computational molecules, which move, interact with solid
boundaries and collide with each other. At each time step the process is splitting between
streaming and collisions. The state of the system is defined by the position and the velocity
vectors of the particles. Each model particle in the simulation represents a large number
of real molecules in the physical system. Particle motions are modeled deterministically,
while the collisions are treated statistically. The core of the DSMC algorithm consists of
four primary processes: free particle motion, index and cross-reference of the particles,
simulation of collisions, and sampling of the flow field.

In order to improve the efficiency of the DSMC algorithm, various issues have been
implemented. First, the non-equilibrium effects at the inlet and outlet of the tube have
been considered by including in the computational domain large volumes of the upstream
and downstream reservoirs [3,4,5,6].
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Second, the computational grid is structured and non-uniform containing cells with three
different sizes. Such a three level grid is required in order to capture the steep macroscopic
gradients close to the boundaries and maintain reasonable computational efficiency [3,4,5,6].

Finally, in order to maintain, as much as possible, uniform distributions of particles at
each cell in the whole computational domain the concept of the weighting factor has been
introduced [3,4,5,6]. In addition to the radial weighting zones, a number of axial weighting
zones have been added. More specifically, in all cases, seven radial and three axial weighting
zones have been applied. By following this practice, the statistical scattering of the results
is significantly reduced, while the same number of model particles is maintained.

Results and discussion

A. Rarefied gas flows in long channels based on kinetic theory

The average pressure is defined as P = (Py + P;)/2, the area and the perimeter of the
cross section are denoted by A’ and I respectively, while D, = 4A’/I"". Implementing
the discrete velocity method (DVM) the linearized BGK kinetic equation is solved. The
macroscopic distributions of velocity, pressure, shear stress and overall quantities as the
dimensionless flow rate G are calculated. Typical values of the flow rate G in terms of
rarefaction parameter §, for various ducts, are presented in Fig. 2 (left). Also various
Maxwell diffuse-specular boundary conditions are implemented and typical results of the
variation of the dimensionless flow rate G in terms of the accommodation coefficient « are
presented in Fig. 2 (right).

In addition, since the kinetic results are available, the corresponding Po numbers can be
estimated for any cross section using the equation [7,8,9]

2
P0:f><Re:§, (5)

where 4 is the rarefaction parameter and u is the dimensionless mean velocity. In Fig. 3, the
Po of various orthogonal ducts with aspect ratio H/W (left) and various annular cylindrical
ducts (right) are presented.

Finally, the validity of the concept of the hydraulic diameter can be checked by comparing
the approximate with the exact hydraulic diameter D, and D§**“* respectively according to
[7,8,9]

Dzﬁract o Potube 6
D, V Po’ (6)
where Poy,. is the Poiseuille number of a rarefied gas flow through a circular tube, while Po
is the Poiseuille number corresponding to any cross section. In Fig. 4, the relative percent
error in the approximate hydraulic diameter of orthogonal (left) and of annular cylindrical
ducts (right) with purely diffuse boundary conditions (a=1), are plotted.

A computational and experimental study has been performed for the investigation of fully
developed flows through channels of circular, orthogonal, triangular and trapezoidal cross
sections in the whole range of the Knudsen number [10,11]. The theoretical-computational
approach is based on the BGK kinetic model subject to Maxwell diffuse - specular boundary
conditions. The experimental work has been performed at the vacuum test facility TRANS-
FLOW at FZK. The computed and measured flow rates and conductances are in all cases
in very good agreement. The discrepancies are within 10%. Typical comparisons for the
case of isosceles trapezoidal and square duct are presented in Fig. 5.
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B. Rarefied gas flows in tubes of finite length based on the DSMC
method

Three parameters determine the solution of this flow configuration. The first one is a
geometric parameter, namely, the length to radius ratio L/R of the tube. The other two
may be considered as flow parameters. They are the rarefaction parameter ¢ and the ratio
of the downstream to upstream pressure P;/P,. Here, R is the radius of the tube and it
is taken as the characteristic length, Py is the reference pressure, g is the gas viscosity
at reference temperature Ty and vy = +/2kTy/m is the most probable molecular speed
with k£ denoting the Boltzmann constant and m the molecular mass of the gas. It is also
noted that the rarefaction parameter ¢ is proportional to the inverse Knudsen number, i.e.,
§ = +/7/(2Kn). The objective is to calculate the detailed flow field in the tube and in the
two reservoirs including the mass flow rate through the tube in terms of the parameters
L/R, § and P;/P,. The results are presented in terms of the reduced flow rate defined as
W = M/M, where M is the mass flow rate through an orifice (L/R=0) at the free-molecular
limit (6=0) [3,4,5,6].

Numerical calculations have been carried out for various values of 0 < § < 2 x 103,
for L/R=0, 0.1, 0.5, 1, 2 and 5 and for P,/P,=0, 0.1, 0.5 and 0.7 [3,4,5,6]. In Fig. 6,
the dimensionless flow rates W are presented for L/R=1 (left) and L/R=5 (right) in the
whole range of . We continue with a more detailed observation insight the flow field by
providing some results of the macroscopic distributions. The dimensionless distributions
of axial velocity, pressure and temperature along the symmetry axis for all three pressure
ratios for 6=1 and 0=100, are shown in Fig. 7 and Fig. 8 respectively [3,4,5,6].

Concluding remarks

In the present Ph.D. thesis, a thorough study of rarefied gas flows in long and short
ducts of various cross sections, in the whole range of the Knudsen number, has been per-
formed. Deterministic and stochastic approaches have been implemented in order to solve
flow problems with technological interest in the field of microfluidics, in vacuum science and
technology and in high altitude aerodynamics. Both linearized kinetic theory and DSMC
approaches have been proven to be reliable techniques in studying flows in the whole gas
rarefaction. In particular, in terms of computational effort, linear kinetic theory is probably
the most efficient approach for solving low speed flows, while in the case of high speed flows
the DSMC method becomes very productive for moderate and high Knudsen numbers.

In the flow problems examined, novel results have been produced about the flow fields
and specific characteristics of the flow. The results for the Poiseuille number and the exact
hydraulic diameter, as well as the detailed and complete comparison between computational
and experimental results in the whole range of the Knudsen number are presented for first
time in the literature. In addition, the investigation of the flow field for flows through short
tubes, emerges new insight in the flow properties and characteristics. It is hoped that all
the above knowledge may be useful for technological purposes and specially, in the design
and optimization of micro devices or vacuum equipments i.e valves, pumps, piping etc.
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Figure 1: Geometric configuration of a cylindrical channel.
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KEDPAAAIO 1

POEY EKTOY OEPMOAYNAMIKHY ISOPPOIIIAY

1.1 Ewayoyq

To yvootuxd avixelyeva e uxpopeuotoduvaulxic (Vavo xal uixpo nhextpounyavoho-
Ywd ovothuata) [1, 2, 3], tng teyvoloyiac xevol (BAABIdec, avtAles xar cUOTAUATO GWAY-
vooewY ot ouviixec yaunhol, uéoou xar uhniold xevol) [4, 5] xau g aeplodiaoTruxic
(dtaotnuix teyvohroylo oe uhduetpa peyahltepa twv 50 km) [6, 7, 8, 9] anoteloly WdLal-
TEQO EVOLAPEPOVTO XAl TAYVUTATA AVATTUGGOUEVY ETLOTHUOVXE edla. MdAtota, ta Teleutala
Ypovio mapatneeltal ulo aunuévn avdyxn yia avdnTulr TeyvohoYLX®dY eQapuoyYdy. ‘Oung, o
oyedlaoude xat 1) TopaywYY allOTOTOY CLOXELOY Xal dlaTdlewy elval TEoPANUATIXGS, ooy
0€ TOAMAEC TEPIITMOELS 1) XATAVONOT) TWV QUOLXKOY POLYOUEVWY Tou eugavilovTal elvol ave-
mopxhc. Kowd yopaxtneiotind twv eugovilouevmny @avouévmy poic xoL UETAQoRdS elval
6T Peloxovtar extéc Oepuoduvauxic toopponiac. H mpoondbeia, n omola yivetar tnv Te-
Aevtata Sexaetion Yoo TNV XATAVONON TWV QULVOUEVWY AUT®OY, oToyelel otny Pedtiwon xat
OTOV EXGUYYPOVLOUO TOU OYESLIOUOY, TN TOPAYWYNHS %ol TNG YEHONS TWV GUYXEXPUIEVKDY
oUGXELADY 1660 o€ ETLOTNUOVIXG Eninedo 660 xat oe eninedo xafnueptvric Lovc [2].

Yto onuelo autd Oa elvar yerowo vo avagepbolue 6Tov 0pLoud €VOC GUGTAUNTOS TOU
Beloxetat extdg Oepuoduvauixnic oopporniag xal TNy Slagoporoinorn Tou and éva ovoTnuo o
toopponio. T to aépra, 1 uéon ehetbepn dadpour; A optletar we n péon andotaon mou
SLayUouy ToL UGpLYL TELY GUYXEOUGTOUY. Oewp®dVvTag Ta Uopla 6oy oxANpéc ogalpes, 1N Uéon

ehellepn dtadpour| [2] didetat and v oyéon:

1 kT
V2rno? \/57Tpd2,

6mou n 1 apuntued Tuxvota (aptBude poplwy avd puovéda dyxou), d 1 uoptaxt| Siduetpoc,

A (1.1)

k n otabepd Boltzmann, p n nieon xau T 7 Oepuoxpacto .
H urnébeomn tou ocuveyolc uéoou toylel 6Tay 1o A elval TOAD UXEOTEROD ATd TNV YALUXTT)-

olotxt| dtdotaon e pofc L (A < L). 'Otav 1 ouyxexpiuévn napadoyn napafidleton t61e 1)

1
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cot dev elval TAéov oe Oepuoduvaulxy, Loopporia xat oL xatacTatixéc eélo®oelc Newton xat
Fourier, 6nwg xat ou oplaxéc ouviixec un ollobnong, tadouy va toydouy.

To yapaxtnelotxd urxoc L tng poric unopel va elvar pia yevixr Sidotaon tou tpoSAfua-
TOC, OhAG xoL 1) ¥AloT evog uaxpooxomxol ueyéfoug tou tedlov porc OTwe Ty N TUXVHTNTA
P, ©C
(1.2)

O Adyocg g uéone ehetfepne SLadpounc xat Tou yopaxTnEloTxol urxoug ovoudletol apliudc
Knudsen (Kn) :

H mpooéyyion tou ouveyolc ueoou Loy el xdvovtag TapdAAnAc YeY|0T) TPOTOTONUEVWY OpLa-
%oV ouvinxdy v Kn < 0.1

H uerétn Twv peuotdy %ol ToY QoLVOUEV®Y UETAPORAC eXTOC Depuoduvaulxnc toopporiog
Kn > 0.1 dev anotekel edxoho eyyelpnua, a@ol To GUYXEXPLUEVA QULYOUEVY SEV TEQLYPAPO-
VTOL ETAEXOC UE TLC YVOOTEC ouufatixéc uebddoug enthuone Twv e€lothoeny Euler xou Navier-
Stokes [10]. Anoutodvrol dAdec evalhaxtixéc npooeyyloes. H anaitnon auth npoépyetar and
10 YeYovog 0Tl 1) Bewpla Tou cuveyolc uéoou oe aUTEC TIC TEPLTTGOELS Oev emapxel oL Ud-
Aota Tohéc popéc xatappéet. Ilap’ dha autd, eCaxohoulel vo undpyel évtovn npoondbela
eZéhine tne Oewplag Tou cuveyolg uéoou, eite egapudlovtag oplaxéc ouvlrixec ollobnong
[11] otic e€lodoelc Navier-Stokes [10], elte xdvovtog yprion eZeNYUEVOY XUl YEVIXEUUEVODY
e€looewy 6nwe ol ello®oelc Burnett, super Burnett xou dhhec [12]. 'Otav n mpoondfeia
auth dev anodidel Ta emfuuntd aroteréouata, t61e eapudlovTar dhheg uébodol HTwe 1) Uo-
oLaxt| duvauixy [13], n uébodoc Direct Simulation Monte Carlo (DSMC) [14] xat 1 xivnuixd
Bewpla [15, 16, 17].

H popaxt duvouixd| elvar anoteheouatixh uévo oe Ueydhes méoel R/ xar muxvoTnTeC.
Levixd, n uéhodog auth anartel Wialtepa YUeydhn utoloyLloTixt Loy, Yeyovog Tou Tny xabotd
EQUPUOCLUT UOVO OE ELBLXEC TEPLITOOCELS.

H uéfodoc DSMC rpotdfnxe yio npddtn gopd and tov G. A. Bird, to 1963 [14], xou éyet
otationxd yopaxthpa. Baolletar oty an’subelac mpocouolwon xabopiouévou aplfuol ow-
uaTdloy Tou elval xotd ToA) uxpdTepog and Tov mpayuaTixd aptbud uoplwy tng porc. H
cot| howmoy mpooeyyiletal and éva apxetd ueydio apliud poplwy, To omola xivolvtal Ue oTa-
Oep?) TaydtnTa uéyeL TN oTiyur Tou Bo cuyxpoucsToy Ue dhha Uopla. Ou ouyxpovoelg elval
SLABIXES €YOVTOUC WS ATOTEAEGUO TNY UETAPOAT TOV ApYIXOV TOAYUTHTWV TOYV UORlOY XAl TV
avtioTolywy eowtepx®dy evepyel®y. H emhoyy 1wy duadixdy ouyxpoloewy yivetal ue ota-
oty dwadixaota. To anotéheoua authc TN TEooEyYLoNg elval Ut QUOLXY XaL TaEdAANA
OTATLOTIXY, TEoGoUOlwoN TwV aAANAemdpdoeny exatouuvplwy uoplwv. H uébodoc DSMC
yapaxtnelletar yioo TV amAGTNTE TNS XAl TNY EQPUQUOYT TNG OF UN YRUUUXA TEOBARUATA.

Erniong, anotelel mo owxovouuxt| uébodo oe oyéor Ue TOV AmoLTOUUEVO UTOMOYLOTLXG YpdVO

2
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amé TNV UopLaxyy SuVOULXY|, EVE Vol amd TOL UELOVEXTAUNTA TNS elval 0 oTaTioTixoc HdpuPoc
Tou Tapouctdletal ot €pnovoeS poég (Uixpéc TayUtntes). Xenowwonoteltol aptBuntxd Théyua
v Tov xaboploud Twv ThavdY cLYXEoUcEY, XaOOC XaL Yiol THY GUALOYT GTATLOTIXMY TAY-
000opLHY. e xdbe xuhéhn tou mAéyuatoc unoloyilovtat (o€ éva ¥ TEpLOGOTERA YPOVLXS
Briwata) pe Bdon tov aplBud xar Ty Taydtnte Tov Yoplwy, To paxpooxonixd ueyéhn dnuc 1
TayUtnTa, aptbuntixy tuxvotnta, Oepuoxpactia x.T.A. To un woyved Bewpntind xar yabnuoa-
6 undPabpo g uebddou anoterovoe diaypovind artia apvnTxdy xprtixdy. Ta teheuvtaia
oueC yeovia elval Théoy emtotnuovixd anodextd 6t 1 uéhodoc DSMC anotehel uio aliémiotn
uebodoloyla mpocouolwone GTOYAGTIXGY SLASIXACLOY TOU TEPLYPAPOVTAL UTO TNV XLYNTLXN
eélowon Boltzmann [18].

H »uwvntind| Bewpla Baolletal 6Tov npoodioploud tng cuvdptnong tuxvotntac mbavétnrac,
n omolo unaxoVel ot Yvwoth eglowon Boltzmann [19, 15, 20] xa uéow tne onolag unopoly
va utohoylotoly dha to paxpooxornixd ueyéhrn. H ellowon Boltzmann amotehel turua tng
xvntaic Bewplac Twv agplwy, ®¥A480U TNC CTATIOTIXAC UNYAVIXNC XOL YPNOLUOTOLELTAL VLo
TNV TEPLYQPUYPY| YULYOUEVLY UETAPORAC, UE EUPUOT) OE AEELA CUCTHUATO YOUUNANG TUXVOTNTUSC
1) mleone. H enthuon tng ouyxexpluévne ellowong, Aoyw tng analtnong YeydAng UTOAOYLOTL-
xhc toyvog, etvar Wialtepa SVoxohn. Ta teheutala ypdvio duwe ue v paydata avdmtuén
TWY UTOAOYLOTOV XL THY ouvEYOuUeVn alinon tng toyvog Toug 1 enthuor Tng mapandve eéi-
OWONG TUPAUEVEL ETimOVY), aANd elvar TAEov e@uxTy| xaL umopel var avTiueTonioel Uo TAeldda

TEOPBANUATWY Ue ueydAT emttuyla.

1.2 Ilepieybpevo ddaxtoptxng dratelfng

To mepleyduevo tne Topolcag SLBaxTopXAS SLATESHC EMXEVTIPOVETAL OTNY ETLAUGT] OGOV
o€ AYWYOoUS TOXIAWY SLTOUDY ATELPOU XaL TEREQUCUEVOL UHXOUC 0 OGN0 TO eVpOC Tou apLh-
uot Knudsen. Ot yeBodoloyieg enthuong nepthaudvouy VIETEPUIVLOTIXES TeYVIXEC ETiAUOTC
XYNTXGOV eELoGoEWY Xat TNV otoyaoTxh uéhodo Direct Simulation Monte Carlo (DSMC).
Poéc autod tou tinou eugaviCovtal ToA) cuYVE GTNV UXPOREVCTOUNYAVLXT X0l GTNY TEYVO-
Aoylo xevol 6Twe oL o€ dAAeS TeyVOhOYIXEC egupuoYEc. "Otav 1 por elval o aywyd ueydiou
(amelpov) uhxouc Bewpeiton ThApwc avemTuyYUEVN Xou YpauuixT agol ol dpot ouvaywyhc el-
val aueAnTéol o€ oy€on UE Toug Gpouc SLayUoTC Xal TEOCEYYILETAL UE YROUULXES XLVITLXES
eELODOELS TOU EMLAVOVTAL UE TNV YTETEPUVLOTLXY WEH0dO Ty dlaxpttdy tayuthtewy (DVM).
‘Otav 1 pot elval oe aywYd nemepacuévou Unxoug elval un yeauuixr xat emtAdetor ue Bdon
v uéhodo DSMC. H uerétn nepthaufBdvel poéc oe aywyolc Ue xUALVdpLxt|, SaxTuloeldt,
opboydvia, teLywvixr xat tpaneloeldt| Stoatoun.

H 6hn mpoondfelo nepiypdpetol emtypauuatind og eEng:
A. IIMpwg aventuyuéveg poés (TPAUULXES POES)
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o Avdmtuln xat eZedixeuon xynTixdy aAyopliuwy anoTeAeoUaTXAC ETLALVONC YEOUUUXGY

XVNTIXGV ELOGoEWY 0 6Ao To eVpog Tou aptbuoy Knudsen.
e Enlluom porc oe daxtuloedelc aywyoic.

e Ynoloyioudg tou aptbuol Poiseuille xou tng axpiBoic udpauiixic Stauétpou oe aywyoic

! 7
TolAwY SlaTtoudy.

o Yuyxploelc uetall Oewenmixdy xon TelpauaTX)Y dedoUEvmyY, GoTte vo dlamoTwlel N
SuvatéTnTa TG XLvnTixhc OBewplag v teplypddel Tpaypatixéc ouvifxeg porc xabde xaL
n opBdTNTa X0 1 a€lomoTia TWVY TELPAUATIXOY CUOXEUMDY XL UETPHCEWY. TNV EVOTNTA

auth) teplthouPdvoyTal:
a) 1 uehodoroyia daotatonoinone yo Tov unoloytoud pofic pdlac 6e xuxAxolc,
daxtuhoedelc, opboydvioug, Tolywvixous xat tpaneloedelc aywyolc,

B) menéxtaon e avdhuong oe ueydrec Babuidec nleong avdvtn xaw xatdvtn g potic

AL

Y) o0 unoloytouds e xatavourc teong xatd ufxog Tou aywyou.
B. Poég oc aymyolg NENEQACUEVOU UNXOUS

o Avdmtuln, euBdbuvon xau e€edixevon tou ahyoplbuou Direct Simulation Monte Carlo.
H avaBdbuion tou akyopluou emtuyydvetal ue tnv
a) etoaywyR xUAvdpxrc yewuetplog,
B) xeron eldxdv emaveldy Staywetouol Tou Tediou pofc Ue SLapopeTixolc GUVTE-
Aeotéc PapltnTac,
Y) e@apuoy TAEYUATOC UE TEPLOGOTERY ATtd Vol ENineda TUXVWONC Xat

) AVTWETOTLOT ETULTAEOV EWDXADY UTOAOYLOTIXGY OeudTwy
e Enlluorn potic avdueoo oe napdhhniec TAAXEC TENEPAOUEVOU UNXOUC.

e Eniluon potic dtauéoou xuxhixol aywyol tenepaouévou uixous oe xevo ue Py /Py =0

xat uerétn enidpaong evdouoplaxol Suvoxol xal oplax®dy ouVOnXGY.
e Eniluon potic Stauéoou xuxhixol aywyol tenepaouévou uxouc ue Py /Py # 0.

LNUELOVETOL OTL TA YAPAXTNELOTIXE TNS PONC AANE Xal ToL OYETIXE LoxPOOXOTLXY UEYEDT
€Y 0LV BLAPOPETINY| TOLOTLXT XL TOCOTLXT) CUUTERLYPORY OTLS BU0 SLAPOPETIXES EVOTNTES POWY
mou €youv ueketnlel. Xuyxexpuéva 1 pot oe aywyols Ueydhou urxoug elvol acuLuTieoTn
xat yapoxtnelletal and mold uxpoug aptbuolc Ma xau Re. Avtifeta 1 por oe aywyoig
TENEPAOUEVOU Uixoug elval ouumieaTy| xal yopaxtnelletol and €va evpl @doua Tou aptbuoy

7 2

Ma. Avéddoyo ye Tic poixéc mapauétpous, N por) Utopel va elvol uTonyNTLXY 1) URERNYNTLXY.
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1.3 IIpwrtotunio xot EMOTNULOVLXY GUVELGPORA dLdAXTOPLXNS dLaTeLBrg

H mpwtotunia tng ouyxexpuuévne Sidaxtopxhc SlatpBrc XL 1 GUVELGQOPA TNS GTNY ETL-

OTAUY ETLXEVTPMVETAL ETLYPAUUUATIXG oTa €Y Tplo onueta:

a) Huehétn podv aeplwy oe aywnyolc ueydhou uixoug xoL Touxihwy SLatoudy Ue YeruUXES
xVNTES eELoGoELS, YL w¢ 0TOY0 TNV dnuloupyia ulag Bdong dedouévwy, 1 onola avd
mdoa otiyur Oo anotehel onuelo avagopdc xal Oa unogel va elvon tpooPdoiun v Ty
UEAETN TEaYUATXDY ouvinxdy poric. H Bewpntuei unoothpln tétolou eldoug pokv dev

elvaw Stabéarun uéypt tédpa.

B) H enlhuon tou mpoPifuatoc potic agplou oe Saxtuhoeldelc aywyolic oe 6ho To EVPOC
Tou apLtfuot Knudsen xat yia Stagopetixéc optaxéc ouvirixec (o # 0) mpayuatonoteltat
Yo Ted TN @opd. Mekethlnxe 1 enidpaot Tou ouvteeoTH| SlayUTIXTC AVAXAAOTS v OTTY

adLEoTATY TAPOY T TOU AYWYOU.

Y) O vrohoyioude tou aptuot Poiseuille xat tne axpyBoic udpauixic dtauétpou xafde xo
1 00yxpLom UETAEY XLVNTIXOV XUl TELRAUATIXGY ATOTEAEOUATWY O aYwYoUS ToXiAwY
SLATOUMY TEAYUATOTOLOVVTAL Yld TeOTN @opd oe 6Ao To evpog Tou aptiuoy Knudsen.
Ta ouyxexpiuéva mpoPhiuata Sev €YOoLY AVTLUETOTLOTEL GUVOALXA ATO TNV ETLOTNUOVLXT

xovoTnTa xou 8ev undpyouy dlabéolueg oyeTinéc epyaoiec.

) H uébodoc DSMC equpudletal yia tpdytn @opd otny enthuct un Yeuuuxdy pooky SLoué-
o0U YYDV TETEPAoUEVOL Urxous Aoyw Babuidag tleonc oe dho to edpog Tou apLbuol
Knudsen. ' v Bedtiwon tng anotedecuatixdtnrog tne uebédov DSMC avartiooco-

VTl EWBLXES UTOAOYLOTIXES TEYVIXEC.

g) To mpéPinua pohc oe xevéd (P1/Py = 0) yia xulvdpixd aywyd TETEPUOUEVOU URXOUC

EMAVETAL Yo Tp)OTH Yopd Yo éva ueydho elpog Twy toapauétewy Kn xat L/R.

o1) 'Ouota To TpdBANUa potic SLaéoou xUAYSELX0U aywYoU TETEPUOUEVOU UAXOUS UE AGYO
nieone P1/Py # 0 emletoL v mpddtn @opd o€ éva eupl @doua Ty mopauétpwy Kn,
L/R HAL Pl/P().

1.4  Aopx ddaxtopixis diatpLfg

H rapodoa Sidaxtopxr dtatpl3r) nepthoufBdvel tpelc Baotxéc evotntes. Xtn mpdTr evoOTnTa
divovtal yevixd oTolyela Tou agopoly TNy TEpLYpaY| TNE UTdpyoucas xatdotaong oty Siebvh
BiBhoypapia xou to totopxd utdPabpo oto onolo otnpilovtat ot uebodoloyiec enthuone (Ke-
pdhara 1-2). H Seltepn evétnra anotelelton and ta Kepdhata 3 éng 5 xou avagpépetar otnyv
UeAéTn podv ot aywyols mowxihwy Statoumdy Aoyw Babuldac mleong ue ypauuixr xuvntien

Oewpla, eved 1 tpltn evotnta, 1 onola anotekeital and Ta Kepdhawa 6 éwg 9 avagpépetar oTLc
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OTOYAOTIXEC UEBOBOUC XAl TNV EQPAUEUOYT| TOUC OTNY ETUAUGT, POMY UOVITOUX®Y acplwy ot
6ho 1o elpog Tou aptfuo’ Knudsen.

Avodutixdtepa, 1 Soun Tou TapdvTog xewévou Eyel og e€hc: Lta Kegpdhowo 1 xou 2 me-
oLYpdpeTaL 0 0TOY0C TNS SLdaxTopxc dateBric xou yivetat ulor Aemtoueprc Stepedivnomn tng
undpyouoac diebvoic BiBitoypaglac. Ecetdlovtal ot avahuTixé xul TELQUUATIXES TROOEYY -
OEL TPOGOUOLWONS POWY G aywYoUs ol 6ToUL Yo 6ho To elpog Tou aplfuo’ Knudsen.
Erniong, yivetoaw avagopd otnyv eZéhln twv otoyaotxdv uebodohoyidv xal Ty yerhon tng
uehodov DSMC otny Suvauixr apatonotnuévwy aeplonv.

Yo Kegdhowo 3 mpaypatonoeltal uehétn podv aeplowv o€ 6o 1o edpog tou aptbuod Knud-
sen YL aywyoug UEYSAOU UNXoUS oL SLA@OpmY YEWUETPLOY XAVOVTAUS YENOT TWV YRUUULXDY
HVNTIXGOV EELODOCEWY.  MUYXEXPLUEVD, ouyxplvovTal ol poéc udlac oe aywmYoUs XUALVOEL-
S, TETPAYWVLXNG, TELYWwVhS oL Tpaneloetdols Yewuetplag ue (8to euPaddy, tepluetpo xat
LdpaUAXY SldueTpo. LNy cuvéyela, Yio dtagopeTind aépla eetdleTar N UeTABoA TS potic
udlog xoBGC %xal TNC OYXOUETPXNC TUPOY NS OTOUC TAPUTAVL oY WYOUC.

Y10 Kegdhato 4 mapouctdlovtol 1o anoTeAEoUaTo TwV oLYXELoE®Y UETAE) TELUUATIXGY
xat fewpnTixdv anotelecudTwy Yo TE60oepELS aywYoUs SlapopeTixhic YewUeTplac (XUxhixo,
TETPAYWIIXO, TELYWVIXO oL Tpaneloeldr)) ueydhou uixouc. Xtdyoc, elval 1 enahfifeuon Twy
TELPUUATIXGDY ATOTEAECUATWY XaODC XL 0 EAEYYOC TNG XAVOTNTAC TNG YROUUMXAC XLVNTIXAS
fewplog yio TNV Tpocouolwon étolwy pody. Ta telpauatind anoteléouata ToépyovTal and
v netpouotix) ddtaln TRANSFLOW tou gpeuvntixot xévipou tne Kaphopoine (Ivott-
tovto Teyvnric Puoxric) ota onola unfpye evepyy oupuetoyy| Tou Yrnodhgrou Awddxtopa.
H nepirypagh tne elpauatixdc didtalng ol twy metpaudtony nagovotdlovtal oto [apdptnua
Al

Yto Kegdhato 5, yivetar o unoloyloudc tou aplbuot Poiseuille oe apatonoinuéves poéc
Baotouévog oe ypauuxd xwvnuxd aroteAéopota. Erniong, eletdletar n axplBeia tne mpo-
oeyyloewg g axpBolc udpauviixfc dlauetpou Yo Un xuxhixols aywyous. Ta mapamdve
anotehéouato UEAETOVTUL o Gho To elpog Tou aptbuo’ Knudsen.

To Kegdhaio 6, anotelel eoaywyr| 0Tc 0TOYo0TIXES dladixaoieg xol TepLypdPeTAL AVAUAU-
Txd 1 uébodog DSMC, 7 omolo o eopudletol Yoo THY ETAUGT, U YROUUULXOY TRoBANUATWY
eo®Vv extog bepuoduvauxic woopporiag. Ilepiypdpetal avahutixd o ahydpuog DSMC xat
Ta Baoixd otolyela Aettoupylag ToU UTOAOYLOTIXOU XGOBLXA.

Y10 Kegdhato 7, emhletar o mpdinua poric acplou Slauéoou TapdhhnAov TAaxdv me-
TEEAOUEVOU Ufxoug UTO TNy enldpao Slagopds mleong avdvtn xou xatdvtn g eorg. Ilo-
pouotdlovtol anoTeAéouata Tou Tedlou pofic xol UeAeTdTal N eTidpacy Tou UeyEéBoug TwV
EOXOY UTONOYLOTIXOY YWelkY TELY Xal UETE TOoV aywYd oTny adldoTatyn mapoyy| Slauécou
TOV ToEIAANAWY TAAXOV.

Yto Kegdhao 8, mepiypdpetar to mpéfinua mou emAlinxe ue tny uébodo DSMC xou
OUYXEXPLUEVD 1) pOY) LovaTouxol aeplou oe xevo (P = 0) Sauéoou xuxhixol aywyol Teme-

paouévou ufxouc [21]. Meletdton 1) emtBoln dlapopetixdy uovtéhwy alknienidpaone acplou-
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TOLY OUATOC XaHHOC 1ot SaQopeTXDY UOVTEAWY evdouopLaxol Suvauxol. Eriong, napouoid-
Covtal aptBuntixd anoteAéoUATA TOU AQOROUY TNV ABLACTATY) TAPOY T XL TLS XATAVOUES TMV
UAXPOOKOTUXGDY TOCOTATOV.

To Kegdhato 9, anotedel enéxtaon g avdiuone tou Kegohalou 8 xal meplypdpet Ty
coth aeplou SLau€oou XUXAXOU aYwYoU TEREQAGUEVOL UXOUS UTO TNV ETBPAOT) SLapopeTLXTC
Tieong wetall Twv doyelwv TELy ol UETE ToV aywyd xat GUYXEXPLUEVE 0 AOYOC TLEGTC aVaVTT)
xoL ©oTAVTN TG POYS elva un Undevixog.

H SwatpiBn shelver ue ua avaxegaraiwon oto Kegdhato 10 xat pia ovvodn twv xupLo-
tépwv onuelwyv g, Tautdypova, ylvovtal xal oplouévee mpoTdoelg TOU APoPOVY TO TWG
unopel N Tapovoa epyaota va emextabel, alhd xar véa epeuYNTIXE avTXElUEVA TOU UTOEOVY

va Stepeuvnfoly xau va avartuyfoly oto (8o tdvta emtotnuovixd medio.
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KEDPAAAIO 2

BIBAIOTPA®IKH ANAXKOITHYH

2.1 Kuntuxy Oswpla

H >avnminr Oewpla twv aeplwv €yel wg agetnela v ypovoloyio 1859, 6mou o Maxwell
ELOT)YAUYE TNV OTATIOTXY TROCEYYLON 6T xivnom Twy acplwy. H undbeon 6tu dha ta udpLa Tou
agplou xivolvtal ue TNy Bl tayvtnta eyxatakelphnxe, evd uobethlinxe o Tuyaloc yapaxth-
pac tne xivnorc touc. To 1860 o Maxwell [22] oe dV0 epyaoiec Tou tapousciace anotehéouata
yLor TV Bewplo Tng xatavouric Twy woplaxody tayuthtwy (Maxwellian velocity distribution),
EVO ENTA ypodvia apyoTepa 0 Blog enaviile ue onuavtixéc Slophdaoelg otny Tapandve Hewpla
23]. Ev ouveyela, datundinxe and tov Maxwell n eglowon petagopdc, n onola neplypdpet
TOV 6UVOAXS puUBUS ueTaBolic omolaadinote uéong uoplaxhc Toa6TNTaC aeplou, Tou oTolou
Ta Ubplo amoteholy onuetaxéc udleg xou anwbolvtol pe Suvduels, oL omoleg elval avTLoTEOPWS
avéloyee e uetall toug andotaone (Maxwell molecules).

O Boltzmann oe uia tpoondbeta auvotnedtepnc Satinwong tne Hewplac Tou Maxwell yia
™V TuYoTNTA TS Hoplaxic xivnone edpaiwoe to Bedpnua H [24], to onolo nepLypdpet tnv
un avTLoTEEPLUOTNTA TWV QUOIXAY BLERYAOLAOY, EVEH TEQLYPAQEL TWS OL UOPLIXES GUYXPOUGELS
odnyolv oe alinom TN eviponiag. LuyXeXpLUEVa, TEPLYRAQEL OTL XE0E apylxY) XATAVOUN UO-
otax®dy Oéoewy xat TayuthTwy Telvel oyeddy Tdvta oe xatdoTaoT looppoTiag, oTny omola ol
uopLaxés tayutnteg axokouvbolv tnv xatavour Maxwell. Ytnv S epyaoia, o Boltzmann
Statinwaoe uLo ohoxAnpodlagoptxr eZlowo, 1 onola teptypdpel TV eZEMEN TNS CUVEETNOTNC
XATAVOUNC TOV UOPLAXGOY TAYUTATOY 6TO YOEo %ol 6To Ypovo. Ernlone anédelle dtL 1 oyéon,
1 onola mpotdhnxe and tov Maxwell yia Ty xatavour) Twv TayuTATOY Yo SLépopouc cuvte-
Aeotég ueTaopds xat Yo wopta Maxwell, anotehel Aion tng napandve oloxAnpodlapopixhic
ellowone. H ouyxexpuyiévn ohoxhnpodiagopixn e&lowon ovoudotnxe elloworn Boltzmann.

Metd and épeuveg Twv Maxwell, Boltzmann, Stefan xau Langevin €ywve oagéc 6Tu 1 eni-
Auor tng e€lowong Boltzmann elvow e@uxth uévo yio tny meplntwon agplov mou amotekeita
ané uodploe Maxwell, evey oe dhn neplntwon n pabnuatier Suoxoiia entiuong xabiotoloe 10

eyyelpnua addvato. To 1905 o Lorentz [25] xatépbwoe vo amhonotioel v eZlowon Boltz-
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mann fewpdvtac Suadixd ulyua uoplwy, étou n udla Tou evéc eldouc Uoplwy elval aueintéa
oe oyéon ue To dAho eldog poplwy, evd oL cuyxpoloelg UeTAC) TV EAAPEDOY COUATLOIWY
ayvooUvtat. Ta anoteléouata mou npoéxuday oe cuvduaoud ue Ty Bewpla nhextpoviwy oe
uétalha Nrav axeldn xat allomota. H ouyxexpiuévn auth npoondfeia Tou Lorentz ev yével
OEV €MELOE TNY EMLOTNUOVIXT XOLVOTNTOL Yo TNV Tpo®non o yevixric uebodoroylag entivong
e e€lowone Boltzmann.

To 1910, o pabnuatxéc Hilbert [26] napovotace ula epyasia yia tnv Aoywxr dounR g
ellowone Boltzmann. T tny neplntwon ocuuraydv ogoapxdy couatdioy, o Hilbert oné-
detle 6T 1 elowor Boltzmann eivol too8Uvaun Ue ULlol GUYXEXPLUEVT) YRAUULXT] OMOXANEOTIXY
ellowor deldtepou eldoug, 1 onola Pacilotay oe oyupd wabnuatind urnéPaubpo. Kat’ autdv
TOV TPémo anédelle TNV Umapdn xat TNV uovadxdtnta e Abone xafde xal ouyxexpuuéveg
Wiotnteg authc. H ouyxexpuuévn uabnuatied tpooéyyion tng e€lowone Boltzmann apydtepa
vtofetifnxe and touc Lunn [27], Carleman [28], Wild [29] evédd n onuavtixétnta tne mpo-
ogopdc tou Hilbert éyxeiton otny Statinwon utag avotnerc hoyxrc Sounc mou agopd TNy
x| fewpla.

To mpéPhnua elpeone uiag uebodoloyiag enthvorne tng ellowong Boltzmann emidbnxe
aveZdptnto and Toug Chapman xou Enskog tnv (8o tepinou ypovixy| neplodo. H epyaoia tou
Chapman [30] anotehel npoéxtaon tne ewploc Maxwell xat aoiletal otny yprion twv e€lod-
OEWY UETAPORLS, EVE 1 TpocéyyLor Tou Enskog e€aptdtal and tnyv Abon ellowone Boltzmann
Yoo TV ouvdptnon xatavourc. Ot 8o mapandve mpoceyyloelg amodeixvietal 6tL e€dyouy
Toug (Bloug ouvteleotéc petagopdc. Apydtepa, o Chapman dwtinwoe expdoelc yia Toug
oLYTEAEOTES LEDBOUS ot BEpULXAC AYWYLULOTNTAS TOGO GE LOVATOULXO AERLo GO %ol OE Ulyua
agplowv, urtobétovtag, 6mwe o Maxwell, 1L 1 ouvdptnon xatavourc [ evéc aeplou mou Bel-
oxeTal Oyl TOAD waxpeLd and v Gepuoduvauixi toopporio urnopel va ypagel wc f = fo(1+¢),
omou ¢ elvat 1 andxhor and TNy Loopporia eved fo elvat ) ouvdptnon xatavourc Maxwell. T
utxpotc aptBuolc Knudsen, n ouvdptnon xatavouric f unopel vo avantuybel otny nopaxdto
duvapooeLpd

F=7O 4+ Knf® 4+ Kn?f® 4... (2.1)

Avtixafiotdvroc y EZ.(2.1) oty eZloworn Boltzmann mpoxintel éva oVotnuo dlagoptxdy
eZlo®oEnY. XTNV ouVEYELd, ETAEYOVTAC EELODOELS TOU avixouy oTny B Tdln elvat duva-
ToV va TpoxVdouy ot avtioTtolyeg LUdpoduvauLxéc eClo®oelc. Luyxexpluéva and tnyv eilowor
undevixnic tdine mpoxuntel 1 ellowon Euler, and tny ellowon npdtne 18&ng npoxintouy ol
ellowoelg Navier-Stokes, evdd anéd v ellowon deltepne TdEnNg TEOXUTTOUV OL Un Yeouuxol
bpoL uetaopdc Twv eflodoewy Burnett [31].

Metd tny Swaniotwon 6t Yo Ty nepinTwor agplou oe xavowixy| Oepuoxpacia xat ticon, 7
ellowon Boltzmann eivat Suvatdv va hubetl, tpoondbeiec avartiybnxay Yo Tnv avTlueTdOTLOT
Baowxdy Beuewddy meploploudy mou mnydlouvv and v eloworn Boltzmann. uyxexpt-

uéva, 1 undbeon Suadixdy cuYXpoUcEWY dev ETLTEENEL TNV EMEXTAOY TN XvNTixhc Oewplag
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oe muxvd agpla 1 uyed. Mia Tpdtn tpootdfela Slotinwong uta yevixrc eloworne Boltzmann
v uPnhéc muxvotnteg éytve and tov Enskog [32], n omolo toylel uévo yioo tny meplntwon
oXANPGOY GRaLp®dyY. LUvtoua, €ylve cogéc 6TL ftay avayxaio 1 eétaon xal avadlaTinwor ToY
Deuehwddy apydv Tne xuvntixnic Bewplog.

Eivat yvwoté 61 tpoPhiuata podv oe xavovixéc Hepuoxpaoieg xal TECELS TEPLYPAPOVTOL
amd T e€LeOOELS SuvauXc TV pevoT®Y. 'Etol mtpoxintel 1 avdyxrn cvvdeong tng ellowong
Boltzmann ye tc egiodoeic Euler xau Navier-Stokes. Ilpdtoc o Grad [33] anédetle v woo-
Suvapia Twv LBEOSUVAULXAY EELOMOEWY UE UL AoLUTTWTIXY Lopen Tne eélowong Boltzmann.
H Boower Stagopd uetalld Twy dbo tpoceyyioewy elval oL SagopeTixés ypovixés xhluaxeg, Tou
OTNV TEPIMTWOT TWV USPOSLYAULXOY EELOOGEWY Elval TOA) UEYAAITERES OE GYECT) UE TLS avTi-
oTolyec NS xvnTxic Bewplog. Y10 cuyxexpluévo tedlo, axdud xal OHUEEH TEAYUATOTOLELTAL
apxeTH) €peuva eVK avayxala elvol 1 Aemtouepic LEAETN Yol TNV UnapdT 1ot LoVadSLXOTNTI ULag

AJoNG YLl TEOPBAAUATA oY IXOY XAl 0pLIX®OY TLUGY TN XtvnTixhc Dewplog.

2.2 Auvaplxy) dpoloTonUEVeLY aeplony

Mia and Tic TAéOV onuavTIXES eQopuUoYES TG xvnTixt| Dewplag, Tou anotehel xou avtixel-
uevo tne tapovoos dateBnic elvan 1 Suvauxr apatotouévey pody (rarefied gas dynamics).
To avuxelpyevo e duvauuxic apatotonuévey pody (Rarefied Gas Dynamics)[34] éyel wc
%x0pLo o%0TH TNV UEAETT po®V agplwv, 0TS omoleg 1 uéorn andotaoy UeTady 8Uo Sladoyixdy
OLYXEOUCE®Y £VOS COUATLOI0U, aroxaholuevn we uéor ehetbepr dtadpour, elvar cuyxplown
UE TO YApaXTNELoTXd Wuixoc tne Sidtadne (m.y. axtiva xuxhxol aywyol R tAdtoc ophoyd-
viou aywyol xAn). H fewpla tou ouveyolc uéoou xatappéel xat anatteltol 1 yeron evolho-
xTx GV Uebddwy mou Bacilovtar otny xuvntixy fewpla Twv acplwy xaldg xar oty Beuehiddn
ohoxhnpodlagopixt| e¢lowon Boltzmann, n onola mpotdfnxe and tov Ludwig Boltzmann to
1872 xou pépel To Gvoud tou [35, 36].

Y1ig oplaxéc mepmtooelg e ellowone Boltzmann avixouv 7 fewpla Tou cuveyolg ué-
oou, 1 onola Bacileto otig e€iodoeig Euler 1§ Navier-Stokes, xafd¢ xau 1 ehetbepn pwoptax
nepLoyr, 1 omola yapaxtnelletal and TNV AToUGLa LOPLIXGDY GUYXPOUCEWY. LNUELOVETAL, OTL
N TANBGEA TEOBANUATOY TNG SuVaUXNC opaloTONUEVWY oGV avixouv 6NV evildueor me-
cLoy 1y uetadV tng ehelbepng uoplaxic Tteployfic xal Tne meployfic ohlobnong, mou ovoudletat
UETAPATLXY TEPLOYY).

To avtixeluevo tng SuvauLXTc AEALOTOLNUEV®Y POKY avanTUYOnxe xuplws To delTtepo Hulou
Tou 20" awdva xatd Ty elepelivnon tou dwothuatoc [9, 37]. Apyixd, TapouclaoTXdy TEL-
papoTixée xal OewpnTixéc UeAETeC oyeTIXd Ue TNV Yewxt emontela e ellowone Boltzmann
EUQAVIOTNXAY, EVE TEPLOPLOUEVOS NTaY 0 0pliudc TV EpYUOLOY TOU AVIQEROVTAY GE AVUAU-
Tég Aooelg xhaooxdy TpoPinudtony. Ou mpdtec aplBuntixéc emhlioels engavioTnxay oTLg

apyéc Tou 60, evéd uetd Ty Tdpodo wag dexaetiag, o apliuds Twy aplBuntixdy tpoceyyloewy
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TOEEUELVE YAUNAOS ol Ue Oyl axplBy) anotehéouata. Ev ouveyelo, mapatnpeital uio otpogy
e axadnuaixfc xowvdtnTac meog 1o medlo g aptbuntxic uovtelomolinong Ue TapdAANAT
uelwon oe TELRAUATIXES UENETEC.

H eClowon Boltzmann anotéheoe mpoxtixd epyalelo xatd TNy UEAETH TNC TTHONC AEPO-
oXAPOY o€ PeYAho VYoc, OToU XVPLo YoEAXTNELOTIXG elval 1) UElwOoN NS TUXVOTNTAC UE TNV
av&nom tou Vhouc. H ev Adyw uelwon Tng TuxvoTNTAC UELOVEL TLS OVOTTUGCOUEVES AEQOdUVA-
uLxéc avtiotdoelg xat Tig poég Depudtnrog mou avantiocovtal e €va agpooxdpog. 'Etot, o
0WOTOC OYESLAOUOS XL 1) XATAOXELT] TWY TOAUSATOVWY AUTHOY O NUATWY ATOTEAEL LOVHSPOUO
xaL mpolnoféter Ty ypeRon e Suvauixic apatotouévey pody [9].

X1y meployy) TV TERBAANOVTIXGY TEOBANUATWY 1) SUVIULXY) dEALOTIOLNUEVWY POMY OTdL-
TelTal Yo TNV TANET XUTOVONOY XoL EAEYYO TOU GYNUATIoUOoU, TN avtidpaong xoL Tne eEEMENg
TV 60UATISIOY U Towxiiec ouvléoelg xau oyfuata xat ue Sldueteo mou xuuaivetat and 0.001
pum ewg xaw 50 pm. Extong, Baowxd aviixeluevo €peuvag elvat 1 ywpLxr xat ypovixy| xatavour
Toug UTo Tne entdpoon Pabuldwy nieone, Oepuoxpaciac xal cuyxévtpwone. Ta cuyxexpluéva
TpofBAfuata Beloxouy egapuoYr 0TV UEAETY) EXTOUTOY COUATOIOY aTd EQYO0TAOLA NAEXTEL-
xhc woyvog, ynuwés Pournyavieg, oyfuata Uetagopds xalde xal 6Tov oYNUATIOUS VEQOUS
XL TNV EXTEUTOUEYT padLeVERYELXL aTd TUPNVIXS epyooTdota [20)].

"Eva tpito medlo egapuoyhc e Suvauixnic apalomotnuévmny pody elval 1 UEAETH poTic xal
(PULYOUEVWY UETAPORAS OE ULXPO- XL VAVooLuoTAUATA YVwoTd wg MEMS 4 NEMS avtictouya.
To uéyebog TV CUYXEXPUIEVKDY GUOXELMY XUUALVETOL aTd UepLXd ULxpd € UepLXd YLhLooTd,
eV AOYW TWV ULXPOY YALUXTNELOTIXOV SLooTICEWY AAUPBAVOLY YOpd AEALOTOLNUEVES POEC
[11].

Télog, uia axdun eploy ) otny onola Bploxel e@apuoyy| 1 Suvauxh AEALOTONUEVKDY POMY
elval 1 Teyvoloyla xevol, n omola av xau €yet avantuyfel edd xal dexaetiec, UoAg T Te-
Aevtata yedvia €youy Tpoxidel adlOTLOTA TELRUUATIXG X0l UTONOYLOTIXE ATOTEAECUATO UE TA
teleutalo va Baollovtal otny yphon g xvnTixhc Oewplag xou Ty aplbuntixy entlvor tng
ellowong Boltzmann epoapuélovtag teyvixés mou Ho anoteréoouy 1o xUplo otolyetlo uerétng

e Topovoac dtaTeBRe.

2.3 Elloworn Boltzmann xat xtyntixd poviéla

Yy Boaow tng wopyy), n eélowon Boltzmann nepiypdgel Ty e€éMEN evHC GUOTAUATOC
uoplwy uovatouxol agplov Bewpdvtag TNy Unapén uoplaxol ydoug xol SuATOUIXOV EVOOo-
uoptaxdv ouyxpovoewy. H ellowon Boltzmann mepiypdgeton and tny axdroulr edicwon
[36],

0f(r&.0) | OSE0) | AINED) _ [[[ 1
st g AL p AEED [ - progavdede. 22
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6mou f(r,€,t) elvon n dyvwotn cuvdptnon xatavourc, n omolo tepLypdpel TNV aplBuntixd
TUXVOTNTA TV oUaTdlny Tou agplou ue Sudvuoua Béone T xatr tayltnta € TNy ypeovixy
otyun t. H ntocdtnra g exgpdler y oyetind taydtnta tov poplewv ye g = |£ — & evd n
roc6TNnTa b ovoudletal TopdueTEoc oUyXpouone oL e€opTdToL and To el30C TOU EVEOUOELAXOV
duvauxov. H noapduetpog € exppdlel tnv oteped Ywvia olyxpouone Ty 8o couatdiny. To
apotepd Uépoc tne EE.(2.2) avunpoownelel v ehetbepn xivnon twv cwuatdioy ywplc v
Umopln ouyxpoUoewy xdtw and TNy enidpaon Tou mhavol tedlov duvduewy F. To de&i uéhocg
e EZ.(2.2) avunpoownelel tov 6po TV GUYXPOUGEWY Xdl ATOTEAEL ULl U1 YPAUUULXT %o
rohimhoxy cuvaptnolaxt. H moapousio tou cuyxexpiuévou dpou xablotd tny enthuon Tng
ellowone Boltzmann urn e@uxts éwg xau otig Uépeg Uag.

[ty avaduted B aplBuntincd entlvon tne e€lowone Boltzmann oe xotaotdoeg extocg
Depuoduvauxic oopporiag, ouvAbwe yivetal yeron xdrolwy uoviéhwy vl TNy arnhomoinon
ToU 6pou TV ouyxpoloewv. Tao poviéha autd ogellouv va dlatneEoldv T WBLOTNTES TOU
ATOPEEOLY ATO TNV SLATHENOY TWV AVIAAOIOTWY TOU OAOXANPOUATOC TWY CUYXPOVCERY Xl
oyetilovtal ue Toug vououg dtathenone tne walag, Tne opunc xar tne evépyetac. Enlong Ha
TEETEL va xavorololy to Hedpnuo H xow téhog Oo teénel va Slvouv Toug 6weToUC GUVTEAEGTES
uetapopdc [36]. Ta xupldtepa xivntxd povtéla elvatl to povtého Bhatnagar-Gross-Krook
(BGK model) [38, 39] mou elvat to npdto nou mapouctdotnxe, to wovtého Shakhov (S model)
Tou anoTeAel Ul eméxtacy tou wovtéhou BGK mpoxewuévou vo aviiuetomiotoly un toobep-
UOXPAOCLAXES POES, VLU POEC ULYUATWY To anhovotepo woviéio elvar tou Hamel, evd to o
véo uovtého McCormack elval apxetd o anotehecuotixd.

To npdto yovtého mou eugaviotnxe Ytav 1o BGK [38, 39]. Xuwiotd v amlolotepn
SuVALTH TEOGEYYLOT TOU GPOU TWY GUYXPOVOEWY, AhAd oL TNV Bdon otny omolo avarntdyHnxay
XUl TO TEELOGOTEPN UETEMELTA UOVTEAN. XpNOLUOTOLELTUL OE UEYAAT €XTaon Yl POEC EVOC
ouUOTATLXOU UEYEL XL OHUERY, Aoy Ta anoTeEAéoUATA TOU Blvel elval O APXETEC TEPLRTAOOELS
wavorontixd. To poviého BGK peovextel otny meplntwon twv un toofepuoxpacioxdy
TeoPAnudTeY, xafdg dev utohoyilel cwWOTA TOUS CUVTEAEOTEC UETAPORAS UE ATOTEAEOUA VA
dlvet ylo povatouxd aépto aptbud Prandtl oo ue tn uovédda xal 6yt 2/3 énwe Oa énperne.

Mo Bektiwuévn exdoyr 600V apopd xal TAL POEC EVOC GUOTATIXOU, TAPOUGLIGTNXE TO
1974 xou ovoudotnxe povtého Shakhov xat ydewv cuvtoulag elval Yvwoté cav povieho S
[40, 17]. H dwagpopornoinon Beloxetal atov po TV 6UYXpoUcewY Tou Thpa Tepthaufdvel dbo
Babuotc ehevbeplac ue anotéhecua vo TpoxUTToUY owWoTEC TLWES Tou aptbuol Prandtl. Tdpa
n axpBrc enthuon un Loobepuoxpactaxdy podv elvat epuxth. Avtiotoliya anoteléouata divel
xat 1o enovoualéuevo elkewpoedéc uovtéro (ES) [41], to onolo Paciletar oty avtixatd-
otaon Ty xatavouric Maxwell anéd uia avicotpominy| xatavour Gauss, 6ToU UTELGERYETIL WC
aveldptnTn uetaBAnth xou o aptbude Prandtl. o T tou Prandtl povdda npoxdntel to
uovtého BGK.

H avtixatdotaon tou 6gou tov ouyxpoloeny dtav 10 peuctd elvar ulyua aeplov, €yel

anoteléoel avixeluevo uerétne and mohholc epeuvntéc [42, 43, 44, 36]. M oepd and
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uovtelomolhioelc npotdfnxay uéoo oe alvtouo ypovixd dudotnua [45, 46, 47, 48] ue oyetxd
buwe Teploptouéveg duvatdtntec. Evdewctind, avagpépetal 61t to povtého Hamel [48] anotelel
v an’ evbelag eméxtaor tou BGK yio plyua d%o ovotatixdv. Enhdovtal anéd ulo ellowon
v xdfe cuoTaTXG, EVH 0 6pOC TV CUYXEOUCEWY elval ula dfpolor TOV atoxhicewy TwY
oLVAPTHOEMY TLOAVOTNTAC XaTavourc and autéc Tne xatd Maxwell toopporniag ue StopopeTind
OUWS YPOVO YANIPWOTLC.

'Eva mo 6Uvbeto povtého and autd mou #dn avagpéphnxay, tou dung €xel ToAd xahitepn
puoh Beuehlwon ol ueyalitepes duvatotntes, tpotdbnxe and tov McCormack [49]. Eivou
TohUTAOX0 adAd aZLOTLOTO Ue SLEUPLUUEVO EVPOC EQUPUOYMY, EVE ETLTRETEL XAl THY aveddoTnTh
UOVTEAOTOINGT) TOU TUTOU TV CWUATIOLAXOY GUYXPOVCEMY YENOULOTOLOVTAC aXOUd XuL Oe-
douéva mou éyouv Tpoxtdel and telpapatixéc mapatnerioels [50]. Tauvtdypova extdc and v
ovomolnon Ty voumy dtatnenoiudtntas xat tou Jewpruatog H [15] tou dha ta npoavapep-
Oévta uovtéha emTuyydvouy, 1 egapuoyy) g Stadixaciac Chapman-Enskog Sivel ti¢ cwotéc
EXPEACELS YL OAOUC TOUC GUVTEAEGTEC UETAQORAC, dNhady| To LEMOdeC, TNy Bepuiny| aywylud-
T, T StayutdTnTa o T Oepuixr StayutéTnTa, %dTL Tou dev ouuPalvel ue T TAELOVOTNTA
TV utoloitwy. To yeyovég autd emBelaldvetal xat and T1 oUYXELOT TWV ATOTEAECUATWY

[51, 52, 53] ue ta avtiotolya tne axpBolc eZlowone Boltzmann [54, 55].

2.4 Oplaxég ouvbxeg

[ tnv entivon tne e€lowone Boltzmann anoiteitol o xabopioudc Twv optaxdy ocuvinxdy,
oL omolec meplypdgouyv TNy enidpaor Twv uoplwv tou aeplou ue Tt oteped Tolyduata. H
alnAenidpaomn agplou-Tolyduatog elval 1 outia Uapdng TeLBRC xaL dvTwong oe oTeped oMUATA
OTwe emlong oL TN UeTagopds Hepudtnrog Uetall aeplou xol TolywUdToY.

O oplaxéc ouvbrixec anoteholy Baocixd oTolyelo yloo Ty Teplypadr) eVOC OTOLOUSHTOTE
TEOBAAUATOC 0VAAOYO TNV PEAALCTIXY TEOCOUOLWOT] TOY PULVOUEVWY GTA GpLa oL TPOodLop(-
Couv TNy axpifeia Twv anoteheoudtov. O 6poc Twv cuyxpolcewy otny eilowor Boltzmann
dpa LOVO OTLC Ty UTNTES TV UOPlwY %ol O)L OTIC YWELXES Xul YEOVIXEC UeTaBAnTteS. Emno-
UEVOCS, oL apyixéc xal oplaxéc ouvlrixeg Tng ouvdptnone xatavourc oyetilovtal Ue Tov 6po
ueTaopdc tne eélowong ol tapauévouy Beg aveldptnta and to edv 1 elloworn Boltzmann
TeELAAUBAVEL TOV PO TV COUATIOUXDY CUYXPOUCEWY.

H yerétn tne alnhenidpaonc acplov-toryduatos OBewmpeltar ouvdetinde xplxog uetall
xvnTaic Bewplog xal guoxic otepedc xatdotaong xal anoTtelel and uovn tne éva Eeywpl-
ot6 avuxeiluevo uerétng. H duoxolia tng Oewpntinic uekétne tng alknienidpaone aeplou-
TOLY OUATOC EYXELTOL GTO YEYOVOC TNS EAELYNC ONUOVTIXAC TANPOPORLIC OYETLXE UE TNV UOop-
pohoyla TN otepedc empdveLag, 1 omola Ue TNV oelpd Tng ennpedlel oe ueydho Babud To eldog
e alnhenidpaone. Kabdc éva cwuatidio npoornintel 6to tolywuo, elval mbovéy va amop-

cognbel xau vo oynuaticel ynuixolg decuoic, vo dtaonaoTel, v LovioTel 1 vo avTixaTaoTHoEL
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Yyfua 2.1 Adnhenidpaon uoplou-toryduatog (1 dtaxexouuévn Ypouun avitoTolyel oe xa-
TonteL avdxlaon).

empavelaxd ubpla Tou oTepeoy Toryduatoc. [evixd, 1 alinhenidpacrn acplov-toryduaTog
eloptdtol and Ty TeayUtnTa, TNV xabapdtnTa, TNy Hepuoxpacio x.o TNC OTEPEAC EMLQAVELAC.

"Evat ubpto mou ytund ule oteped emtpdveta ue tayltnta £ anouaxplvetal ond authy UE
Tayvtnta £, g omolag o axpBrc utoloyloude tpayuatonoleltal €4y elval YVwoTy 1 TpoyLd
Tou owuatdiou Slauéoou tou Tory®uatog. H duoxolia tou utoloylouol TNg oUYXEXPLUEVNS
TpoYLdC elval Tpogavic xat eCuptdtal oc Ueydio Pabud and tny Béom xoL TRV TayUTNTA TWY
owUaTlony etdve 6To Tolywua. o Tov Adyo autd, yia TNV ATOTEAECUATIXOTERY) TEQPLY QT
e alnhenidpaone etodyetal N évvola g tuxvétnrac mlhavétnrag W(E — & x,t) xatd
™V onola éva cwuatidio Tou tpoonintel oty oTeped entpdvela e tayvtnTa & ylpw and To
¢ + d¢' oo onuelo x xau oe ypdvo t, Ha eZéNbeL and to (dlo onueto ue Taydtnta € ylpw and
10 £+ d€ (Zy. 2.1). Edv n nifavétnta W elvonr yvwots, téte elvar Suvatév va optafolv ol
optaxéc ouvbrixec vy Ty ouvdptnon xatavouric f(r, &, ).

Kotd tov npoadiopioud twv oplaxdy cuvinxdy, xUelo UEAnUd uag elvol n cUGYETLON NS
ouvVdpTNoTC XaTavouic Ty cwuaTdlny Tou arouaxplivovial ard To tolywua fT ue authy
TV oouaTdlny Tou tpootintouy oto tolywua fT. Ievixdtepa, 1 ocuuteptpopd auty| UTopel

v dtatunwbel pabnuatid we [17):

=

H ouvdptnon W (£,£) etvar pia mbavétnra, tétola GoTe 10 ENEpYOUEVO UOPLO UE TayUTnTa

W (&) f(E)d¢ (2.3)

¢ fo avaxhaotel and o Tolywua xat o anoxthcet TayvtnTa € oto diE.

H mpdtn ouvbrxn mou npotdfnxe avrixer otov Maxwell xat anotehel 1 ouviin cuvirxn
TOU EQPAUPUOLETOL AXOUO XAl CHUERN. LUUPWYIL UE AUTY, TA ELOEQYOUEVI TPOS TN POT) CWUATIOLL
OTOV TPOOTITTOUY GTNY ETLPAVELA YEVOLY T UVAUY TOUC Xal GEVYOLY AT AUTH UE TayUTNTES
Tou axohoufolv Ty xatavour Maxwell, 6nwe aut oplletal and TIg UAXPOOXOTIXES LOLOTNTES

Tou otepeoy Torywuatoc (diffuse scattering) [17]. O nuphvac W (£, €') éyel v wopph

m2-n  _ _me?
W, (& — > ¢ %pTw 2.4
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omou T, 1 Oepuoxpacio Tou TolyduaTOC.

OpLouévee opéc OUWS, 1 EPUPUOYT 0pLax®dY cuVBNX®OY dtdyuone xal Wialtepa oe TOA
apatd afpla By o€ ToLY®OUATA UE TOAD uxpt| TeayUtnTa, dlvouv anotehéouata mou EpyovTal
oe avtifeon ue to melpauatind dedouéva. Ilpoxelwévou va Eemepaotel auUTO TO UELOVEXTNUA,
o dog o Maxwell tponomoinoe T oplaxéc ouvbrixeg, GoTte Vo UNY UTAEYEL OALXT ATOAELY
uviung Twv cwuatdioy. 'Etol, éva oplouévo 1060616 a twv cwuatdiny dev anoppopdTal
a6 To Tolywua aANd avaxidtol Tdve o autd xol ouveyilel Ue TayvTnTa (o 68 UETPO UE TNV

TPOOTLITOUGA XAl GUUUETELXY) OE AUTYH WS TRo¢ eninedo xdbeto oTo Tolywua. XNy teplnTtwon
auth o muphivac W (€, &) éxel v vopen

m2§' 1N _mg2

/ _ / / ~ %k T
WE—=8=0-a)d( =&+ n)) +a-————z¢ *sTv. (2:5)
27 (kBTw)

O ouvteheothic a elval yapaxtnoloTixy WLOTNTA TOU GLYBUACUOU PEVGTOU-TOLYMOUATOS XAl
houPdvetal and netpouatixd dedouéva [15].

Ov opLaxéc ouvbrixec Tou Maxwell elvat autéc ToU YENOUWLOTOLOUYTAL GTNY TAELOVOTNTA TWV
TEPLTTOOEWY, elval apxeTd elyenoTeg xal Ta anotehéouata mou dlvouv elval apxetd xovtd
oe melpauaTixd dedouéva. Ilapdha, autd o Tpdmoc mou aviiwetwniletal N aAAnienidpaon
PEVCTOU-TOLYOUATOS amd QuoLxT| drodr Sev unopel va yapaxtneloTel axplBrc, xuplwe o un
toofepuoxpaclaxés poég. LTI MEPLNTOOELS QUTES, YPENOLUOTOLOUVTOL dANOU TUTOU OpLaxég
ouvlrixec Tou Tpooépouy ueyakltepn axplfBela xaL xahitepn QuoLXY cuvoy.

H emdoyr tou cuvteleotr| avixhaong o and melpouatixd dedouéva dev elval xdTL anAod.
Axdbuo xou yio 8lo 6uVBLUaCUS LUALXOU eTmupavelog xoL peUGTOY, oL TWES elval Suvatdy va
Stagépouy. Ou Slagopés autég, ogelhovtal 6To YeYovog 6Tl ev elvar Suvatdy uia ehetbepn
uetaPAnth vo opllel Tautdypova GAoUC TOUC GUVTEAECTEC UETAd00NC UETAEY EMLQAVELAC Xal
eevotol. o Ty avietdnion Tou tpofifuatog tpotddnxay evahhaxtixéc Bewproelg, 6mou
TAEOV OL GUVTEAEOTES YLol TOV Xx000ploud TV oplax®dy cuvinxdy éywvay Vo, évag Tou xa-
Oopllel tnv uetddoor opurnc xar évac deltepoc TNy uetddoon evépyeoc. H egapuoyy tov
optaxv ouvinxdy Cercignani-Lampis [56] 6nwe ovoudlovtal, éyel yiver ue emttuylo av xo

Teploplouéva Aoyw e aunuévne tohurthoxdtntac tou mapouctdlouyv [57].

2.5  ApBuntixéc teyvinéc

H Méfodoc twv Awxpitdyv Tayuthtwy (Discrete Velocity Method-DVM) [58, 59, 34, 60,
61] anotehel pa Baowh uébodo yia ) aptBuntixy entlvon e xuvnuixic ellowong xat elvar
aUTH TOU eQUEUOCETAL XAl AVUTTICGETOL OTNY TERITTWON TWV YRUUULXOY pOOY GE AY®YOUS
amelpou uxoug. Anotehel vretepuvioTiny pocéyylon xat 1 Boowr| Tne apyn elvat 1 emhoy
oploUévey dleufivoewy oL TWOV TN Uoptaxnic TayvTnTag, Yo TS onoleg av elval YVooTi 1

Aoom e e€lowong Boltzmann, elvat 3uvatédc o TpocBLopLOUGS TOY UAXPOCKOTIXGOY BLOTHTWY.
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‘Onwe elvar guowxd, 6oo peyalitepo elvol to mARHoc TV Slevfivoeny xal TwV TAYUTATOY
1600 o axeBhic Ha elval 1 Tpooéyyion TwV uaxpooxoTx®Y WLoTATWY. T var emiteuyBel 7
BérTIoTN EMAOYY) TWV TAYUTHTWY TOU GUVETAYETOL aXp37) UTOAOYLOUS TV UAXPOOKOTUXOY
WLoTHTOY, emhéyovTal TayUtnTee, oL onoleg Loovvtal ue T pllec xdnoou opbhoydhviou mo-
AUWVUUOL, HOTE OTNY GLUVEYEL VoL EQAUEUOGCTEL Uiar aptBunTtixy ohoxhpwon Tinou Gauss Tou
arotehel wa and T Théov aliomioteg Uebbdoug aptbuntixfic ohoxhipwons. To oyfua elvat
emavaANTTING xaL 6Ty yevuxrt| tepintwon ouyxhivel. H olyxiion auty) elvar apyn, dlwg 6tay
o aptBudc Knudsen elvor uixpdc. Iloapdha, autd ta anoteréouata Hewpolvtal allomiota oe
6ho 1o elpog Tou aplfuoy Knudsen. Ta mifavd ogpdiuoata mou unopel vo mpoxidouv elvat
ouvhbwe aptBuntxic plong xou eldixdTEPA GPANUATA GTEOYYVUAOTOINGNC, XATL TOU onUaiveL
6L napovoldlovtal 6e o EVToVY Lop®n 6Tay auEdveTol TOAY 0 aplBudc TV eTAVOAiPEOY.
[y avuwetdnion tou tpofAfuatos autol, éyouv mpotabel oplouéves Bedtidoels [62] xou
oyfuata emtdyuvone e oVyxhione Twv alyoplbuwy [61, 63].

H uébodoc Direct Simulation Monte Carlo [64], anotekel tnv dedtepn Baowy uébodo eni-
Auong, 1 omola wg xUPLO YAEAXTNELOTIXG EYEL TNY OTOYAOTLXY| AVTWUETOTLOT TWV UORLIXGDY
OLYXEOUCEWY, EVE Tapaxduntetol 1 an’ eufelog entluon g e€lowong Boltzmann. H ouyxe-
xpLuévn uébodog anodelybnxe 6Tt tapouotdlel ueyalitepn axpifBela and TNV xhaooLxr Loplaxy
Suvauxr xal YLt ToV AOYO auTO GHUERN YPNOLUOTOLELTAL EVPEWS OE GAEC OYEDOY TIC TEPLOYECS
SuvauLxfic apatomotnuévey podv. H ouyxexpuuévn uébodoc epapudletal xal avanticoeTal

OTNV TEPITTWON TWV U1 YRAUULXDY POGY OF AYWYOUS TETEQUCUEVOU UFHXOUC.

2.6 IIMpwg AVERTUYTUEVES - YRAUMULXES POES

Me Bdon tny enthuon tne yeauuxonolinuévne eéloworne Boltzmann €yel avtiuetwniotel pua
TAELEdA TPOBANUETWY TOL 0PopOUY ECWTEPXES XaL eEWTEPLXES poég [15, 17]. EWduxdtepa, boov
apopd POEC EVOS CUOTATIXOV EVTOC AYOYMY €YOUV AVTIUETWTLOTEL Ue emiTuylo poég ueTall
ToESAANALY TAAXOY UTO TNy eTidpaon xAlong nieong xau Oepuoxpactog, uetald xivoluevwy
Thax@dv xafde xoL evtdg xUAVdEXOVY xat ophoywvixdy aywydy. Avtifeta, n Siepevvnon
POV ULYUATWY TOPAUEVEL OYETIXE TEQLOPLOUEYT xoL UOALS To TEAeuTala YpdVLo TopaTneelTal
ULoL TEOOTAOELD YLOL TN GUGTNUATIXY UEAETY TOUC UE TNV enthuch TpoflAnudTwy, 6Twe autd
e pofc LeTall mAaxdVY [65] adhd xat evtde xUAVSpXGOY Xat 0phoYWVIXGY aywYdY Ue TOAD
ueydho uixoc [66, 67].

[ Tov yapaxtnploud uiag porc og yeouuxr o teénel Bewpntind 10 Uixog TwY aynyY®dv
va elvan dmelpo, duwe éyel Samotwiel 1L otic nepuntdoeig bnou L/ Dy, > 100, ot ypoupixéc
XVNTIXES EELOGOELS UTOPOUY VoL EQapUocToVy Ue enttuyta [17]. Ltic mAfpwe aventuyuévec
e0€c, 6T0 LdPOdUVOUXS Gplo, 1 Baowxr urébeon elval 6Tl oL dpol cuvaywYRS ayvoouvTal
xat Slotneolvtal Uévol ol dpol didyuone. 'Etol, ou apyixd un yeauuwxés egloboelg Navier-

Stokes mou mepLypdipouy TIC CLUYXEXELIEVEC POES amAoToloUvTaL ot Ypauuxec. Télog, n uovn
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CUVLOTOOA TN TAYUTNTAC TOU PEVETOV ToU ETUBLGVEL elval auTH 6Ty xateluvor tne xVpLag
PONRG. BuYXEXQUIEVA, 1) ToYUTNTA XATA UHX0C TNS PONC TUPAUEVEL AUETABANTT YLo ToeddeLy o
oTNV TePInTWoT XUALVIpLX0U aywyol 1 taydtnta elval cuvdptnon tne axtvixig Sievbuvong
T, EVQ 08 0Y®YOoUS GAA®Y SLATOUMY 1) TayUTNTO ELVAL GUVERTNOT TOV GUVTETAYUEVWY T oL Y
mou Bploxovtat oe eninedo xdbeto oty Sievbuvon tne poric. H emhoyr tne yerione yeauutxdy
ellodoewy Navier-Stokes cuvendyetal xat Ypron YROUUUXOY XLVNTIXGOY EELOOCEOVY.

To mhifog twv defpwv mou avagépovtal oty epapuoyt e edlowong Boltzmann yux
NV enlAUGT CUYXEXPLUEVWY TEOBANUATOY elval UEYAAO xat avapépeTal oe dLdpopa 01 pOMY.
Y1y mhetovoTnTa BERata TV TEPLRTOCEWY YPNOLUOTOLEITAL 0T YRAUULXOTOLNUEVT TNS Lop®N
%41t mou mepLopllel, ahhd Oyt onuavtixd, To eVpog TV e€eTaloUévwy TEOBANUATOY TOUAdYL-
OTOV YLU POEC OTY) UETOBATLXT TEQLOYT).

H arholotepn pot| elva 1 por) uetald 8o mapdAAnhwy TAaxdY weydhou urxoug, und tnv
enldpaon xhiong wleong. Ilo ouyxexpluéva, 1 ouyxexpluévn TeplnTwor agopd udvun eof
uovotouxol aeplou Uetall mhaxdyv anelpou unxouc. Arnotelel éva mpdTUTO TEOBANUL GTO
omolo unopel va eletaotel 1 anotelecuaTxdTnTA Slopdpwy VEwY Bewpldy 1) teyvixdy. H
eopuoYT oplaxdy cuvinxdy dudyuone oe cuvduaoud e to yovtého BGK yio v avtixotd-
OTAOY TOU 6pOU TV GLUYXPOVCE®Y, EYEL EMLTPEYEL TNV YENOLWOTONGT OAWY TWY AVOUAUTLXOVY
xar aptfuntedy uebddwy yia v eaywnyn anoteheoudtwy [68, 69, 70, 71, 72, 73, 74|, T«
omola cuviBwe agopolv Ty Tapoyn udlag xol fepudtntag. Avtiotoya anoteléouota €youy
AngBetl xat ue to povtéro S [75] xabde xat pe an’ evbelag enthuon e ellowone Boltzmann
(76, 77, 78] Baollbueva mdvto 6T0 UOVTEAD oxANedy ogolpdy. Mia onuavt) tapatfenon
mou unopel va e€ayfel and dheg autéc Tic epyaoleg elvatl Tl TEAXd, TOUALYLOTOV Yo OTAES
p0éc, Ta amoTENEOUATA TOU TpoXUTTOLY and Tic Hovielomownuéves ellodoec (BGK xou S)
Toeouctdlouy oG uixen andxhion and autd Tne xavovixhc ellowone Boltzmann.

H enduevn por) mou €yer pehetnlel xavonontixd elvar n xivnon peuotol evidg xUALY-
dpwol aywyol ueydiou urxoug und tnv enidpaon dwagopdc nieone. H meplntwon tne poric
eVTOC XUALYBpoU, eV oty TeaypaTixdTnTa elvar Sdidotaty, wabnuatixd uropel va ylvel yo-
vodidotatn av uetagepbel 0to xUAVSpxd cVOTNUN CUVTETAYUEVKDY OTou TAEOV UETAPOMES
UTdEyouY Ubvo oTnv axtivixt) Stedbuvor. Kau mdil 1 egapuoyr oplaxdy cuvinxody Sudyuong
elvar 1 ouviAiing mpaxtixt, oe cuvduaoud Ue SLdYOPEC TPOTAOES WS TPOS TOV TEOTO ETLAU-
one e ellowone, 6mwe an’ eubelog aptBuntue enthuon [79] 1 ue ypHon TV 0AOXANEWTXGY
e€lohoewy [80]. Tautdypova, xal To yovtého S €yel ddoel xavorotntixd anotehéouota [81]
avtioTtolya ue autd tou divel 1 enthuon e ypapwxononuévne eZlowone Boltzmann [82] yio
UOVTELO OXANP®Y opale®y. AvtioTolya otolyelo €youy TeoxUYeL xal yia TNV TEPITTOON TV
optaxdv ouvinxdy Sayutxrc - xatontplxrc avdxhaone Yo to woviého BGK [83, 84, 85]
xafde xon v to S [81].

Ye aywyolc opfoywvixic Slatounc UEYSAoU Urxouc, oplouéva oTolyela UTdEyouY Ot To-
AwbTepeg epyaoieg, oL onoleg GumC elte dev elyay OAOXANEWUEVY AVTLLETOTLOY TOU TEOPBAU-

TOC XL TPOGALOPLOUS TV axplBdY ouvinxdy [86], elte elyav teploplouéva aroteréouata [87].
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H npdtn ohoxknpwuévn epyaocio yio uovatouxd aéplo a@opoloe TNy Tpocouolwor UEow NS
Yeauuwxonoinuévng e&lowong Boltzmann ue to uovtého BGK oe ouvduaoud ue tn uébodo
DVM [88]. Apydrtepa, 1 idia npocéyyion enextdfnxe xar 6to puovtého S [89].

Mo dAAn mepintwon yia Ty omola undpyouy alléTioTa aroTeAéoUTo elval AUTH TNS PONC
UECL ULog Uenc xUALVdpLerc omrg mou cuvdéel Vo Selauevéc ue dlagopeTixée mEoELC 1
fepuoxpaotec [90, 91, 92, 93, 94, 95]. H pot| éyel aviiwetoniotel 1600 yia 6ofepuoxpactaxd
660 xou Yo Un Loobepuoxpactaxd medlo.

[ tig poée utyudtwy aeplwy, n tpoondfela mou €yel xataBinbel elvar nepropiouévrn. Erd-
YLoTES epyaoieg elyav epgavialel Tou vo acyolodvtal ue Tov axplfn utohoyioud pody. Mg
Teéopata eTAUONXaY poéc Suadx®dY ULYUETOY ELYEVOY agplov Yo dtdgopa xAacoxd Tpo-
BAuata egopudlovtag ypauuxés xvnuixéc e€lodaoelc [65, 96, 67, 61].

Extéc and v Bewpntid tpoc€yylon Twy pody o aywmYous UEYdAou urxoug anapalitntn
elval xou 1 mepapotixy weétn, n omola €yel apyloel and mohd vwplc el emoyrc Knudsen
(97, 98]. O Knudsen uelétnoe v e&dptnomn tne napoyic UE TNV YEWUETplL Xal TNy €ni-
Barlouevn Sagopd nieone. Iapatrenoe, 6Tl oTny eplnTwoT aywY®OY UeYSdAou UnRxoug yia
Kn = 1 eugaviletor éva eddytoto e addotatne napoync. H ouyxexpwévn cuunepipopd
OTNV TEPITTOWON XUXAXOU aYwYoU ogelletal 6Tov Uxpd apliud couaTidiny Tou elaépyovtal
0€ AUTOV 1) TOU GUYXEOVOVTAL UE TO TOLYOUATI EYOVTUS TAPIAANAAL UXEY) AXTIVLXA ToY VTN TA.
To copatidia autd éyouv ducavdloyo UEYdAn oLVELGPORE oTNV pot| UAlag YLo UeYdAoug
aptbuoic Knudsen. Kafidg o apibudc Knudsen ueidvetar, o avlavéuevog apthuds towv vopla-
OV GLYXPEOVOEMY SLAXOTTEL TNV aXTIVXT xlvnoT Tov woplny ue anotéhecua Ty Uelwon tng
cofc wdlag. Iepartéow adinon Twv poplaxdy ouyxpovoewy odnyel oe alinon tne tayUtn-
Tag, 1) omolo cLVETdYETAL TEpALTERW alinom tng porc udlag Slauéoou Tou xUXAxoU aywyou.
[Tewpduata mpayuatonotiinxay oe xUAYSpLx0oUc aywyols, dTou UeleTriinxay poéc oTny ue-
Tafate meptoyt [99], VO TPOCQUTES TELPUUATIXES EpYUOLES EUPAVIGTINAUY OTNY TEPLOYT| TNS
utxpopeuotounyavixfc [1, 87, 100, 101] xat cuyxexpuuéva ot poéc dapéoou ophoydviwy ut-
xpoaywy®dv Aoyw Pabulda mleonc. Toviletar, 61t Bacixd yapaxTneloTixd TwV TEWRAUATWY
ota dpbpa [87, 100, 101], elvaw btL tor amoteléopato xuualvovtal and tny udpoduvaulxt éng
v nepoy ) ohiofnone (0 < Kn < 0.1). H npoondfeia enéxtaonc 1oV anote eoudtwy 6Tny
uetaPBotxh 1 v ehevbepn woptaxt, tepoyR (Kn > 0.1) Bploxetar axdua oe eZéMEn AOyw
e analtnong ewxdy xal ueydhou xé6ctouc alohntipwy yia Ty UETENon TV avTloTOLY WY
UaxpooXoTIX®Y UeYEDOY drwe m.y. tne mleong xau tng Oepuoxpactac. Téhog, yua v me-
olmtwon ayoydy teryovixic xau Tpaneloedols dwatourc dev €youv avagephel avtiotolyeg

TELPAUATIXEC UEAETEC oTNY OLeVY| BLBAtoypadpla.
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2.7 Mn ypouuixég poég

Eivat yvowot 6t 1 uehétn pody aeplwy o€ aymyoUs Uixpol URxouc, 6TOULN XoL aXpo(pUoLa
TOEOUGLALEL ONUAVTLXES SLUYOPOTOLOELS OE GUYXQLOT) UE EXELVY OE Y wY0oUg UEYIAOU Urxoug.
Yy deltepn mepintwon, n por) unopel va Bewpnbel ypouuwx (mhipwc avertuyuévn) [15]
AXOUO 0L O TEPLTTMOOELS UEYIAWY SLapop®y Tieomne, YeYovoc To onolo eMLTRENEL TNV YeNoT
YooUULXOY xinuxdy eElodoewy [102, 81, 88, 103, 67]. Avtifeta otnyv npdn teplntwon pody,
1 poY| Bewpeltal un yeapuwxn xat avayxaio elval 1 ETIAUGT UN YRAUULXOY XLYNTIXGY EELOOOEWY
1 evolhoxtxd 1 egoapuoyh e webddou Direct Simulation Monte Carlo [15]. Ilpéner vo
TOVIOTEL, OTL OTIC POEC OE AYWYOUS UlXEOU UAXOUS, GTOULAL XL OXPOQUGL XAl CUYXEXPLUEVA
OTIC TEPLRTOGELS POMY OTOU AVAXOUV OTNY UETASBoTiXY %ol oTny Ldpoduvauxy TepLoyy, oL
OUVAPTAHOELS XATAVOUNRS TOV oouatdiwy otny elcodo xat ty é€080 Tou aywyol (1 otouiov,
axpoguotov) dev elvar Maxwell (Maxwellians) ot yia tov Aoyo autéd xatd tny poviehonolnon
avayxalo elvatl n Oedenon UTOAOYLOTIXOY TEpLOY DY TELY %ol UET TNy eloodo xoL TNy é£odo
ToU aywyoL (f otoulou, axpoguciou) avtiotouya. H uebodoloyio auth cuvendyetar 6t to
uToAoYloTXO opTio elval capdc auinuévo oe cUYxplon Ue To avtioTtolyo Tne meplntwong
YOUUULXOTOLNUEVS POTC.

LNy meployy) ooy SLEGOU axpoQuUGLeY, UTAEYEL TATOMEO TELPUUATIXGY Xal UTOAOYL-
ouxdv epyaotdyv [90, 104, 105, 106, 107, 108]. H miewodnpio twv avagephéviwy epyaotdy
oToYEVEL 6TNY PeATIOTOTOINGT TOU OYEBLACUOY Xdl TNS ATOB00NC AXPOPUOLWY TOU YenoL-
UOTOLOUVTAL WS GLUOTAUATA TEOWONE 6TNV agpodlaaTnuxy) teyvohoyla. Toviletal, étL oTny
TeplnTwon pody e yauniolc aptiuolc Re, oL Topandve UEAETES XATAATYOUY GTO GUUTEQUGUA
OTL 0TV UeTaBaTixy Teploy Y| Ta axpo@lota elvol duvatoy v avtixataotaboly ue otéula 1
xUAYBPLX0US oY wYOUS Utxeol Ufxoug, agol ta Teheutalo Tapouoldlouy ULXPOTERES ATMAELES
Aoy TOTC.

Epyaotiec otny melpauatinn xal Oewpntixt| uehétn podyv agplwy oc aywyols uixpol unixoug
xatd To mopeAoY Ytav meploplouéves. Amd T TpdTeC UEAETEC IOV EUQAVICTIXAY Elval TWY
Hanks xat Weissberg [109], ot onolol npbtewvay eunelpixéc oyéoelc utohoyLtopol e napoyhc
agplou BLAUEGOL XUALVOOIXDY oY WY®Y UXEOU UHX0US, 0TO UBPOdUVIULXG OPLO XL OTNY UE-
tafated teployn. Enlone uehétec npoRhbov and touc Barrer xau Nicholson [110], ot omolo
uerétnoay TNy por| aeplou 6e xUALYSELX0USC aywYoUg utxpol unxoug emtBdhhovTac younhoig
Aoyoug mieong.

Y1y oplaxn teplntwon poric Stauéoou xulvdpLxhc omic 1 TedTn UehéTn Ttporhbe and tov
Liepmann [111], o onolog oUyxpLve Ta TELROUOTIXE oL Ta AVTLOTOLYO UTOAOYLOTIXE ATOTE-
Aouata otny petafatiny neploy. Enéxtaoct tng uekétng oe xuAwvdpuxy| onr €ylve and Tov
Sreekanth [112], o onoloc yehétnoe v pox oe xUNYSpLX0UC aYwYoUs Uxpol Ufxoug emt-
Bdarovtag unholc Adyoug wieone, ov onolol avtiotolyoly oe aplud Knudsen xovid otny
uetaBatixt| teploy . Yroldyioe tny pot udlac aldtou ue Tov Aéyo mieong va xuualvetal and

1 éwg 20. llpotdbnxe wa nuieurelpxy| oyéor, 1 onola ouvdéel TNy pot| udlac Ue Tov Adyo
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nleong, Tov aptbud Knudsen xat tov adidotato Adyo tou urxouc tpog tn dduetpo L/D.
ITio npbdogateg uelétee mopouctdotnxay and toug Fujimoto xar Usami [92], ot onolot
uétpnoav v poyy udlog acplwyv yia vhnholc Adyoug mleone otny petaaTixd TEpLOY T Xat
TEOTELVOLY EUTELOLXY) OYEDT) YLOL TOV UTOAOYLOUS TNE potc Ldlac, ue Bdon to melpouatixd Toug
aroteléouata. Mehéteg yia pot| oe xUALVIPLXOUC aywYols oe xevd Tpayuatonolhinxay and
tov Barashkin [113]. Ev ouveyela, uehétec napouctdolnxay and touc Shinagawa et al. [114],
ot onotol uétpnoav v pory udlag tou aldTou SLaUEGOU XUALVIXGOY aywY®Y UE Slapope-
™ Aoyo uhxoug mpoc Ny dduetpo tou aywyol (L/D). Téhoc, npbogata ot Lilly et al.
[115] xatd v Peltiotonoinon tou oyedlacuol cuUGTAUATOY TPGWONS OTNY UEPOJLACTNULXT,
UeEAETNOAY TNV ETLBEAGY TOU UAXOUS TOY AYWYKOY GTNY ATOSO0T TWV CUYXEXPLUEVWY CUCTY-
udtov ylo dvo meptntdoels Tou Aoyou (L/D)=0.015 xar 1.2 xafdg xat yio evpld @douo e
dtaopde mieong. To ouunépaouo and Ty cuyxexpluévry UeAéTn eoTidlel 6T0 YEYOVOC OTL
N mepintwon pofc oe xuxhixd otéuo (L/D=0) éyel tnv yeyalitepr anédoor 6ty npdwon

AEEOBLACTNULXGDY CUOXELRDY OTWS T.Y. ULXPOO0RUPOEOUC.
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KEDAAAIO 3

MEAETH POQN LE AIQIOYE IMOIKIAQN
ATATOMON ME 'PAMMIKH KINHTIKH OESQ2PIA

3.1 Ewayonyi

Y10 napdv xe@dhalo Topouctdletal N UEAETN OOV UOVITOUXADY aEplwY 08 aYwYoUS Ue-
Ydhou urixoug ue xuAvdpwxt|, daxtuhoeldy|, ophoydvia, Terywvixy xau tpareloeldy| Swatout.
To aitio mou npoxakel TNy po¥| oTic Tapandvew tepittooels elvon 1 Babuida tieone xau 1 poy
fewpeitor mAfpwe aventuyuévn. To aplbuntixd arotehéouata TEOXUTTOUY XAaTd TNV ETiAVOY
YEAUUXGY xvnTxdVy e€lodoeny ol tapouctdlovtol yia 6ho To elpog tou aplfuod Knud-
sen. H uelétn eotidletol oTtov UTOAOYLOUO TNG GUVEETNONS XATAVOUTC, ard TNV omola elval
duvatdy va mpoxdhouy Baotxd paxpooxomxd UeyEdn OTwe 1 TAYVTNTA, 1 TUXVOTNTI XoL 1)
Oepuoxpacta. Enlorne, Bdoel Twv uaxpooxomxdy tocotitwy utohoyllovtal Baouxéc adidota-
TEC TOCGOTNTEC UETAPOPAS, OTWS Elval 1 adldoTaTy Topoy ) Xal 1 UéoT dlaTuntixy Tdor ota
TOLY OUATO TOU AY®YOU.

H uebodohoylo yia v aptbBuntix eniluor ypouuxdy xvnuxdy e€lodoeny, xalog xat
TOV UTOAOYLOUO TNE ABLAOTATNG TaPOYAS, YL AYWYOUS BLAPORWY YEWUETPLAOY, EXEL TEQLYPPEL
Aemtouep®c ot dldpopec dnuooteuuéves epyaotec [81, 88, 103, 67, 102]. Avtifeta, olyxplon
TV oaplfunTixdy ue avtiotolya TElpoUaTXd aroTeréouata dev €yel mpayuatonoinfel Aoyw
e Un Unapdng alldmoTwy TELpoUaTiXdY dedouévey. Xto mAalolo autd, TpayUaToToLElTAL
oUYxpLoT UETALY DEwpnTixdV %ol TELRUUATIXGOY ATOTEAECUATOY, KGoTe va dlamioTwlel 1 opho-
o %o oELOTLOTI TWY TELRAUATIXOY ATOTEAEOUATWY XxaBDC xat 1 SuvaTOTNTA TEPLYPAPNS
TEoBANUETOY and TAevpds xuvnTxig Oewplag oe 6ho To eYpog Tou aplfuoy Knudsen.

Mépoc Twv nelpauatin®dy artoterecudtov teoNile and tny tewpouatixy didtaln TRANS-
FLOW, 7 ornola eWdixeletal otny mpocouolnct) po®dyv extéds Hepuoduvauxric ooppotniag oe
aywYoUc dlabpwy YEWUETPLOY Xat Bpioxetal 6To epeuvnuxd xévtpo e Kaphopoine (FZK).
‘Al terpauotixd dedouéva tpoihday anéd to dpbpo [87], To onolo agopd poéc oe opboydvioug

utxpoaywyolc. Baowlduevol ota npoavagephévta nelpouotind dedouéva, mpayuatonoteiTal
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oUyxplon UETOEY TELpUUATIXGY Xal DEwpNTX®OY anoTEAECUSTOY UE OXOTO a) TOV ENEYYO TIC
opfoTnTac xuplng TV TelpauaTIXGY Sedouévny xabde xat B) Ty wavdTnTe TNe Yeapuxic
xwvnTxc fewplog oty poviehonolnor Twv tapamdvew pody.

H uovtelornoinomn podv agplov Slauécou aynydyv Ueydiou urixoug npayuatoroleitol Hew-
pwVTOC aywyd urxoug L, o omolog evdvelr dVo doyela ue méoeic P xar P avtiotouya. H
Oepuoxpactia Twv dYo doyelwy elval otalepr) xau ton ue 1o, evéd 1 pory oTov aywyd Oewpeltat
TAAPWS OAVETTUYUEVT).

H Swtour tou aywyol xabopiletar 010 exdotote TEOBANUA XoL CUYXEXPLUEVA GTNV To-
covoa St mapatifevral anotehéouota yio XUALYSpLxG, SaxTuloeldt|, opboydvio, TeLyw-
vixd xau tpaneloedr| aywyd. Toviletar, 611 xatd TNV ABLAOTATOTONGCT TWY LAXLOCKOTUXODY
TOGOTHTWY WS YopaxTneloTixd uéyebog emhéyetal 1 udpaulxy| Slduetpoc D) tou exdotoTe
ayoyol. H aplbuntud entiuon mpayuatonoteltal, epapudloviag tny uéhodo twyv dtaxpltdy
tayuthtey (DVM) oty aviiotouyn yeauuxt xwvntxt eZiowon BGK. Tovileto 61t o Puot-
%0 AYVWOTOC OTNY eXAoTOTE XNt e&lowan elval 1 cuvdpetnon xotavounc, 1 otola oTny
vevuny| meplntwon elval ouvdptnon €2L aveldptntwy YeTaBAnTdy: o) Tpels ywplxée, B) TeElS
CUVLGTOGES TNE UopLaxhc TayUTNTag. Avdloya Ue T YewUETElo OL TRELS Ywptxés aveldpTnTeS
uetaPBintéc elvon duvatdy va uetwbolv epapudlovtac napadoyéc wovodidaotatou ¥ SdldoTa-
Tou TpofAfuatog, afovoouuuetpxhic porc x.a. T v uelworn tou aplbuol Twv uopLaxdy
Tayuthtey epapudletar 1 Swdixaota tpofolfc [15].

Y10 Kegdharo 3 O emixevitpwbolue oty avalutiny neplypagn tne uebodoroylag dwaota-
Tomolinong TV AvtioTolymY Laxpooxomx®)y Ueyeddy otny meplttworn pofic o xUALVSELXO,

daxtuhoedn, opboydvio, Tetywvind xat Tpaneloeldr| aywyo.

3.2 Pon AMoyw puxprs Pabuldag nieong

3.2.1 Tevuxd otolyela

ITpwv and v emuépoug UEAETT POMY LOVATOUXOY AERLOY OE AY®YOUS UEYdAOU Urxoug
xal ToiAwy Slatoudy, oxémuo elvar va avagpepholyv ta Paouxd ueyélrn mou uroloyilovra
oe xdfe meplntwon. Luyxexpluéva, ol aywyol cuvdéouv dlo doyela ue méoelic P xou Py

’ ‘P17P2| ’ ’ ’ ’ ’ ’
avtiotorya e —p— < 1, o omola Bploxovron otny (Bl Beppoxpacta To. "'Odol oL aywyol
€youv uixoc L, eufadov A’ xau nepluetpo I, evédd n udpauluxr Siduetpog Dy, optletal we,

4A
Dy, = T

(3.1)

ue Dy, < L xau anotehel T0 yopaxtneloTixd uixog tou xdhe aywyol. Xe OAEC TIC TEPLRTOOELS
aywy®dv n pof avanticoetor otny 2’ xatevbuver. To adidotato euPadov oe xdbe neplntwon
oplletar wc A = A’/ DF xaw n adidotatn nepluetpo wg I' = I/ Dy O yweixéc cuvtetayéveg

adtaotatonoovvion we 2 = 2'/Dy, & = &'/Dp, y = y' /Dy xov v = 1"/ Dy, (axtiviei xate-
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Buvon). H paxpooxonixt| tayltnta otny dtevbuvon 2" elvar n o/, evd 1 dtatunted téon ota
ToLyouaTa Tou aywyol optleton we 7,,. H uéon uaxpooxomxi| taydtnta xaL 1 uéon dtotun-
wef 1édom optloviar we ' xau 7, avtiototya. T Tov UTOhOYLoUS TV AdEGTATOY TUPATEVK
TOGOTHTWY e@apudletol 1 e&hc adtaotatorolinon: T Ty taydtnTa u xaL TNy uéomn TaydTnTa
U woylel 6t u = u'/(voXp) xau T = u'/(voXp) ye vo = /2kTy/m 1 TAéov Thavr ToyiTnT
ue k tnv otafepd Boltzmann xau m tnv uoploxt udla tou acplou. H Swatuntiny tdorn xou 7
uéon StatunTixy| Tdon oTa ToLYOUATA TOU aywyol adlaeTatonollvTaL we T, = T,/ (2P0 Xp)

Xt Ty = 7, /(2PyXp) avtiotoya. H nocbétnta Xp oplletar og

DydP 1 dP
Xp="2— = <1 (3.2)

“hRdr  Pd -

xau elvan 1 adtdotatn tomxi xhion tieone, n onola tpoxakel v poh, evd Py = (P + P»)/2
elvaw 1 mleon avagopdc.

Egopuélovtag toollylo Suvdueny oe uLa dtagoplxt| €ta Tou peucsToU Tou TéUVEL xdbeta
TOV ayYwYO6, TEOXUTTEL OTL 1) UEon SLoTunTx? TAoT ToU aVATTUOCETAL 0T TOLYOUATA TOU
aywyoU elvar avdhoyn Tou yivouévou tng xhiong tleong xar Tou Adyou tou eufadol Tpog TNV

Tepluetpo Tou aywyol dnhadt [10],

. AdP
To = g

(3.3)

6mou A elvon to euPaddy tne dratounic Tou aywyol xau I 1 nepluetpoc. Adwotatonotdvrac
™V wéon dtatuntixh don T, , EZ.(3.3) o ewpdvrac 6t A/ = 1/4 npoxintel 6T
T A

w

1
T 2PXp, 2I' 8§

Tw (3.4)
anotéleoua, To omolo elval avedptnto tou oplfuod Knudsen, tne yewuetplog tou aywyol
xaOdc xaL Ty oplaxdy ouvbnxdy alnhenidpaone agplou - toyduatoc. H EZ.(3.4) yenot-
uomotiinxe Yo Tov éAeyyo TV aptBunTixdy anotekecudTwy tTne aptBuntixic exthuong towv
YRUUUXOY XVNTIXDY EELOMOEWY.

H nopduetpoc mou anewxovilel tnv apatoroinon tng porc elval 1 ntopduetpog apatoroinong

d , n onola yevxd oplletan wg
5= DyPy 1 1
ouvy 2 Kn’

(3.5)

omou p1 To LEOOe Tou aeplou oe Oepuoxpacio avagopds Th.

Ou opraxéc ouvlrxec mov ouvodetouy Ty exdotote xivntxh eZlowon elvan [15, 116, 17]
T =(1—-a)p, c-n>0, (3.6)

6mou ta oluPora (+) xoar (—) uTOdNAGVOLY THY XxaTavouY TOV GOUATIIWY TOU aToUaXEV-

YOVTOL XaL ELOERYOVTAL 6TO Tolywuo aviioTtolya, evd 1 elvar to pwovadiaio Sudvucua xdbeto
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0TO TolywUd XL UE Popd TPoC 0To eo0wTepxd g pofic. o a = 1 avtioTtolyoly oL oplaxéc
ouvbixec Thipoug ddyuorng, evéd Yo a = 0 avtiotolyoly oL oplaxés cuviixes xatonTpxhc
AVAXAACTC.

Kotd tnv Swadixaotio tng Staotatonolnong xat xot’ eméxToor ToU UTOAOYLOUOU NS pONC
udloc M oe kg/s, Bo npénel oL moodtntee g nieong P xav Py mply oL UeTd Tov aywyd,
1 Bepuoxpacia avagopdc Th, to eufaddv, to unxoc Tou aywyol xabdc xat To aéplo Tou
Siépyetan, va elvol yvwotd €& apyric. H pon udlag M rnou diépyetar and omoovdrrote

aywyYo6 dlveton and Ty axdioudn elowon,
M = /pu’dA'. (3.7)

Egapuéloviac Ty napandve adlaotatonolnon o xdvovtac yefion tne oyéonc p = 2P /vd

TPOXUTTEL OTL

PyX
MZUWLJ%/MA:ﬂﬁO i/wA (3.8)
Vo
f M 2
Vo
_— = — A = . .
TEX, A /ud G (3.9)

Ané v EZ.(3.9) npoxinrel 6T

APy Xp A" dP AD; dP
M=G——=GD,——=GD 3.10
Ug hvo dz' h vy Dpdz ( )
’ A P,—P
M=Gg=—2_"1 3.11
L (3.11)

H EZ.(3.11) npoxintel xdvovtac v moapadoyn 6Tl 1 péon napduetpoc apatonolnong xatd
uH®0¢ ToU AYwYOoL UETABAAAETOL EAAYLOTO oL OLGLAOTIXG Tapauével oTalepr ol lon ue dy =
(01402)/2. Lny neplntwon peydhov Stagopdy tieone epapudleta dagopetixt| uehodoroyia
mou mepLyedgetat otny lapdypago 3.3.

[ Aéyoug mAnedtnTac nopatifetal o utoloyloude tou aplbuol Ma xa Re cuvaptrioet
e TopauéTeou apatoroinong 0. And Tov oploud tou aplbuol Ma npoxinTel 6T
o

Ma = (3.12)

Co
6mou ¢y N TayvTNTA Tou fyou. Egapudlovtac tny mapandve adlaotatorolnor tpoxintel 4Tl

ﬂUoXP _ Vo Dh dP
Ma = =U——— 3.13
“ Co uCo Po dz' ( )

_ 2P, =P Dy
Ma=1,/% -y 3.14
. \E —D (3.14)

~
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Avtiotolya v Tov aptbud Re mpoxUntel

u'poDy uvoXppoDy,

Re = = (3.15)
Ho Ho
’ Du(Py — P))
_ Vo h 2 — 11
Re =u—————"D}py. 3.16
e=T T pT 10 (3.16)

’ 7 . 2 4
AvuxaBiotdvrac 6mou py = 2Py /vg, €youue

ﬂDhPO&(Pz — P)

Re =2 3.17
povo L Py ( )
’ Dy, (P, — Py)
—oge—=hiz U 1
Re =2u 7 2 (3.18)
Téhoc o aplbudc Kn ouvdéetar ue toug aplbuolc Ma xar Re wg
vy Ma
Kn=\|—+——. 3.19
" 2 Re (3.19)

An6 e EE.(3.14) xou (3.18) mpoxintel 61t yioo Ty nepintwon 6nou Dy, < L ow aptbuol Ma

xat Re Oa elvon puxpol axdua xou yia ueydheg Swapopés nieong.

3.2.2 Po1 og xUAVIpLXd %Al dAXTUAOELDY AYLY)

Yty nepintwon porc dlauéoou xUALYIELX0U xaL SaxTUAOELSOUEC aywyol oL avtloTolyeg
udpauhixée dduetpor opllovtar we Dy = D xa 2(Re — Ry) avtiotolya, 6tou Ry xau R ot
axtiveg Tou eowtepxol xal e€wtepxol xUAvSpou. H ypauuwxt xuvntind eClowon BGK nou
TEELYPAPEL TS CUYXEXPLUEVES POES Elval 1)

1

¢ stnf 0¢ B
o ; 80]+5¢—6u 5 (3.20)

6mou ¢ = ¢(r,0,C) n ouvdptnon xoatavourc, r N adldotaty axTixh anéotao, ¢ To UETPo
NG poptaxhc TayvTnTag, v 6 elvat 1 mohuy| yovia.
H poaxpooxomxt| taydtnta tpoxdntel and TNy Undevixy| pony| NG cuvApTNong XoTavoung

¢ e )
1 [ [ 2
u=— /0 /0 dCe™C dCdo. (3.21)

Aopfdvovtog unédn 6t dA = 2rrdr and ty EZ.(3.8) npoxintet ot

1/2
M = 27puoXpD; / urdr, (3.22)
0
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evdd and ty EZ.(3.8) n adidotatn napoyr) G diveton and v oyéon

Mo, 1/2
G = =16 dr. 3.23
1B, /0 urdr (3.23)

‘Ouola, Yl TNV TeplnTworn tou daxTuloedolsc aywyol 1 pory udlag mou Siépyetal and TNy
Statoun} Tou aywyol yia acLUTlESTN oY), Ax0AoLBOYTAC TNV TUEATAVL AdLICTATOTONOT),

elvar avtiotouyn tne EEZ.(3.22) xou diveton and v oyéon

M= 27T,0U0XPD,QL/ urdr, (3.24)

2

6mou r1 = Ry /Dy, xav 19 = Ro/Dy,. H adidotatn napoyh G dlvetar and tny oyéon

4
G=— 2/ urdr. (3.25)
2 =71 Jn
Enovtac aplfuntxd tyv EZ.(3.20), ouvodeuduevn and tic oplaxéc ouvlixec (3.6), uro-
hoyiletar 1 xatavour g adidotatng TayvtnTag u xobde xou 1 addotaty Tapoyr G and
g avtiotouyes eélotoelg EZ.(3.23) xa (3.25). Enlonge, toviletat étL v adidototn nopoyh) G

eCopTdTal U6vo and TNy TopdUETEo apalotolnong J.

3.2.3 Pon oe opboydrvio aywyd

"Eotw pony aeplou oe ophoydvio aywyd Ghouc H xow mhdtoue W ue —W/2 <z’ < W/2
xauw —H/2 <y < H/2. O Aoyoc twv nhevpdv H/W tou xavahiol unopel va mdpet Tiuéc
ané 1 (avtiotouyel o tetpaywvixd aywyo) éwe 0 (to tpdBhnua exguliletal oe povodidoTtaty
007)). To euPadov xat n tepluetpoc Tou aywyol optlovtat wg A’ = H x W xau IV =2(H+W)

avtiotouya. H udpaukuy| diduetpog Dy, tou aywyou oplletal wg,

W x H
W+ H

Dy =2 (3.26)
Yrov Iivaxa 3.5 napoucidlovtol o SlaoTatd Xt adldoToTa YEWUETELXA YAQUXTNPLOTIXG VLo
6houg Toug aywyouc. H ypauuwn eClowon BGK nou neptypdgel to ouyxexpluévo npdBanua
elvat: 5 5 )

¢| cos@a—j + sin Ga—j} + 8¢ = ou — 5 (3.27)
6mou ¢ = ¢(x,y,6,() n ouvdptnon xatavourc, ¢ to Uétpo tne woplaxic tayltntog, evé

elval ) moAwen) Ywvio. H paxpooxomuxy) taydtnta u Slvetal and tn oyéon

27 0o

ww) =~ [ [ on.c0)ce gy (3.28)
0 O
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Axolovldvtag Ty nopandve dadixacia adlaotatonoinong 1 pon udlac mou SiépyeTal and

TNy dlatour] Tou aywyol Yio aouurieoTn pot elvat

W/2  H/2 W/(2D,)  H/(2Dy)
M= p/ / "o,y )dy'dz’ = onXPDh/ / u(z,y)dydz, (3.29)

—-W/2 H/2 W/(2Dy) J —H/(2D})

eved 1 addotaty tagoyr G dlvetar and tnv oyéon

G pr— pr—
A'PyXp 1 + H/W —W/(2Dy)

M SH/W W/(2Dy,) H/(2Dy,)
bl / / u(z,y)dydx, (3.30)

H/(2Dy)

Kotd tny Staduxaoctia Siaotatonoinong xat untohoyiouol tng porc udlac M ypnoiuonoteiton 1
EZ.(3.11).

3.2.4 Pon oc tpLywvixd xar tpansloedn aywyo

Ocwpeltal aywydg, Tou omolou 1 Swatour umopel vo elval elte LoOTAELEY TELYWVIXT UE
Thevpd a, elte oooxelrc tpaneloednc ue Bdor ueydhn B, Bdon wuxer b, Uog h xol ywvia
6. H udpoaulur Sduetpoc Tou Tptywvixol aywnyol opiletal wc (BAéne Hivaxa 3.5)

Dh = ?OC, (331)

eve Yl TNV mepintwon Tou tpaneloeldols aywyol optletal k¢

1 1
D, =1 —|. 32
" /[Qh (B +b)sinf (3:32)
H ypopuwd xuvntuny e€lowon BGK nou reprypdgel ta ouyxexpiuéva npoBifuata elval 7
0 . 56—
(o, 00 =0u— . (3.33)

6mou s elvar 1 aveldpTnTy UETABANTA XoTd UAX0C TNS EXAOTOTE YAPAXTNELOTIXAS TOU TEOPBAT-
uatoc. H EZ.(3.33) ouvodeletal and tic oplaxéc ouviixee (3.6). H uaxpooxomxd tayltnto
u Slvetar and v EE.(3.28). H por udlac mov Siépyetal and tnv dtatour| tou aynyol yio
aovunieotn pot) didetal and tnv EE.(3.7) ol axohoubdvroac tny nopandve adlctatonolnon

TpoxUnTeL 6TL 1) adtdotaty TapoyY) G dlvetal and TN oyEom

M
A,p:)o(P / / u(z, y)dydz. (3.34)

'‘Ouota UE TIC Topamdve TEpLTTOOELS potic, yenotuonoteital n EZ.(3.11) yia tov unohoyloud

e porg wdlag M.
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3.2.5 Addotateg napoyég o Ay wyoUs ToxiAmy dLaTopdY

Yto Xy. 3.1 anewovileton n adidotatn napoyy G ouvapETACEL TNE TOEAUETEOU O Yia BLd-
(POPES YEWUETPLES AYWY®Y. Xe OAEC TIC YEWUETPLES, TO YapaxTNELOTIXG Urxog elvat 1 udpau-
Ay Siduetpog Dy, mou emitpénel Ty dueon olyxplor Twv anoteleoudtwy. Avitifeta, oty
TEPINTWON TOU EMAEYOVTAL KOS YAPAXTNELOTIXG UAXOC YEWUETPXES SLAOTAOEC AYwY®Y (.Y
axtiva, Uhoc opboywviou aywyol xhn), téte and TN oVYXpLon TV AnoTENEOUdTWY dev elval
duvatéy va mpoxidouv alibhoya cuunepdouata. To avalutixd anoteAéouata NG ToEOYHC
G dlvovtan otoug Ilivaxeg 3.6 - 3.9 cuvoptrioel Tng TapaUéTEou apoLonolnong d.

Hapatnedvtag to Xy. 3.1 dwamiotdvetar 6t 1 addototn nopoyr G nopouotdlel tny (dua
TOLOTXY) GLUUTEPLPORE. YLoL GAOUC Toug aywyouUc, eugavilovtag Ul Teptoyr) 6Tou 1 Tapoy
G elval oyeddv otabepr,. Kovtd otnv neployn 6mou d ~ 1 eugaviletat 1o erdytoto Kn xat
udhiota 1 Tepintwon tou ophoywviou aywyol ue Aoyo mhevpdyv A = H/W = 0.1 napouotdlet
10 o an6touo ehdytoto. Toviletan 6Tl To ehdytoto Kn eugaviletar oe Stagopetixy) Héon
v x80e aywys. Kabde npooeyyiletor to udpoduvauxd dpo (6 — 0o0) napatnpeitat, dtu n

adidotatn mapoyh) G yivetar avdioyn tng mapapétoou apoatonolnong 0.

. /i
al Circular l/ /i
— — — - Sguare, A=1 Vi i
——— Orthogonal, A=0.1 //' -I':
3 [ [T OrthogonaL A=0.01 //' ._I,:.:
— — — - Equilateral triangular /I' I
—————— - Isosceles trapezoidal, h/B=0.5, ¢=63.43° N
-------- Isosceles trapezoidal, h/B=0.78, @=54.74° // '
2t £o1f
Vs
O /j I
Vi)
........... ///
........... //.. i
L T v
1.7t = — //.'/:.’.
— T, gt
:::::;::':Q:‘Zﬂ'_;;-’:‘/"
1 1 1
10” 10" 10° 10 10°

Eyua 3.1 Addotatn tapoyn Yo aywyols Touxihwy Statoudy.

H eZdptnon tne adidotatng napoync G and 1oV GUVTEAEGTY| SLay LTINS avdxAaong v To-
couctdletar otouc Ilivaxec 3.6 oL 3.7 mou avtioToly0UV OTIC TEPLITMOGELC XUALYSpLXOU Xt
opfoywviov aywyol ye a=1, 0.85 xav 0.7. Iapatnpelitar 6Tt xabdg o ocuvtekeothc Sy u-
i avdxdaone o peldvetal (uelwon TpayiTnTag ToV TolYwUdTey aywyol), 1 adtdototn

napoyn G enlong yetdvetat. To yeyovog autd duxatohoyeital, dStoTL auvédvetat o aplhudc Twyv
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XOTOTTEUOY GUYXPOVOEWY UETAEY LOPLWY XL TOLYWUATWY TOU aYwYoU UE ATOTEAEGUN O OU-
vteAeoThc Tel3rc 0To Tolywua va uetdvetat. Ernlong, napatnpeltol 6tL n enidpaorn tou o otny
adidotatn nopoyh G elval xuplapyn otny ehetlepr voploxt teployr xal UetdveTtat oTadloxd
%xa0OC T0 0 auEdvel, evéd 0Ty LdpOSUVAULXT| TepLoyT) EEAAELPETAL 1) CUYXEXPLUEVY ETLLOPAOT).

H ovunepipopd auth elval avtimpoowreutixt] yio GAoUg Toug aywyYoUc.

3.3 Enéxtaon tng puebodoloylag oe peydheg Babuideg nicomng

Ye npoPhiuata oY exTOC OepUoBUVAULXTC LOOPEOTIOS, BLAIUEGOU XAELOTOY AYOYOY, OL
TepLoyéc poric mou mbavdy va tapouclacholy Tomxd 0To EcwTERXd TOu aywYoU umopel va
xalUdouv 6ho To elpog tou apluod Kn and tnv ekelbepn uoplaxy) teployn éwe To LSPOJL-
vapxd 6pLo. Ot tepintdoelg autée eugaviCovtal 6tayv 7 Stapopd Tleong elvat apxetd UeYdAn
[117]. H ypaupwai xivntiny) Bewpla eZaxohoubel va egapudletal otny nepintwon auth. Lo
™V yehor e yeauuwc xivnuxrc fewplog Paowxy| npotinébeon elvan 1 adidototn Pabulda
nieomne va elvar Xp < 1, 1o onolo dwaogariletar dtav Dy /L < 1, aveZoptitog tou ueyéhouc

tou dP/dz'. Auto woylel SLotL and tny xhion leong éyouue

_ DydP  DyP,— Py 2D, (P,—P)
- Pyd? P L L PP’

Xp (3.35)

( )

4 4 P 7P z ! ! 14 ¢ z ’ 4 z
6ToL 0 bpog ~pp- YL eydhec Babuldec nleone elvan tdlng povédac. "Etol toylel 6t

2D, (P, — P))

Xp = 1. 3.36
P By S (3.36)

H uebodohoylo umoloyiouod tne mapoyrc Gy ueydhee Pabuidec mleone Baoiletal oTic
Tomuxés ouvlrxec tou aywyoU. Xuyxexpwéva 1 tomxy napoyhc GF elvar ouvdptnon Tng
Tomxhc Tleong 1 emaxdiouba TNg Tomxrc TapauéTeou apatotoinong § oe éva Tuyato onueto
2* tou aywyouU, 6mou 0 < 2* < L. Yy neplntwon evog onoloudrnote aywyoy, otny Béorn z*

Loy leL 6L
MUO

H EZ.(3.37) unopel va ypagel otnv Lopen
/ * D P
M= AP E) D d (3.38)

vo  P(z9)d2
Edv avuxataoticouue to aplotepd uéhog tne EE.(3.38) ue tnv EZ.(3.11) t61e npoxintel 6Tl

ADy(P,~ P) _ AP() Dy dP

G Lug vo  P(2*)d7

(3.39)
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SN

L dP
=G* —_— A4
G=G PP dv (3.40)
U
"= *dP A1
Gdz P PlG d (3.41)

Ohoxhnpdvovtag 1o aplotepd uéhog tne EEZ.(3.41) we mpog v dtevbuvon g potic 2’ ot To
3e€L6 uéhog oto ddotnua P éwg Ps mpoxintel 6T
P

-5 ! = / G (5)dP (3.42)

Py

G

OewpdvTac 4Tl N TapdUETEog apatonoinong § elval avdroyn tne tleong, Adyw Tou oplouol

P,D
5= " (3.43)
Ko
TPOXUTTEL OTL
02
1
G — / G (5) ds. (3.44)
01 — 02
01
H EZ.(3.44) woylel ywo onotadfnote ntdon nieornc tou e@oupudéletal 6Tov aywyo.
Avtl e EZ.(3.44) elvar Suvatév va ypnordonownbel n axdéroudn mo anhy oyéon
o +9
G:G*(“QF 2), (3.45)

n omola 6NV TEplnTWoT TOU 0phoYOVIOL aywYoU Talel va Slvel alldmLoTa ATOTEAEGUATA YLo
TOND Uxpéc TWéc Tou Aoyou H/W xou yia TLWéS NG TapauéTpou apolotolnong 6 xovid otny
uovéda. Autéd e&nyelton and to yeyovée, ot yo uixpée Twéc tou Aoyou H/W 1 xounihn
mou mopouctdlel To eAdytoto Kn elval mo ardtoun. Xuyxplvovtag TiC adldoTaTES TAPOYES
G oty nepintwon H/W=1 t61e ot0 ornuelo nou eugaviletal to ehdytoto Kn, n tapoyh G
Sapépet xatd 10% and v avtiotoryn oty ehevbepn LopLaxt| TepLoyT, EVH oTny TepinTwoN
6mouv H/W=0.01 n ev Aoy dagopd minotdlel to 100%. Ta tov Aéyo autéd n EE.(3.45)
ATOTUYYAVEL 6TV TO dg elval x0vTtd oTnv povdda (xovtd oto ehdytoto Kn) xo to dp elvat
ToND uxpd (xovtd otnyv elellepn wopoxy mepoyn). To mopandve cuvutépacua toylet yio

omoladroTe YewUeTpld TOU AY®YOU.
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3.4 Ynohoyloudg TGOS nieong o AYwYO

H uebodoloyio umoroyiouol g potic udlac oe aywyolc Toxihwy SLaTou®dy Yo 6Ao To
evpog Tou aptbuol Knudsen elvor Suvatédy va emextabel xar otov urnoloyloud tng mTdong
Tleong xatd Uhxog Tou aywyoU, epocov YVoElLoUUe TNV Tapoyn.

Kotd v perétn Sixtimy cwhnvodoeny 800 Teplnt®doelc TpolANUdtony elvol Suvatoy va
mpoxUhouy. Luyxexpuuéva, 1 TedTn agopd To TeéBAnua tne elpeong tng porc udlac agplou
o€ Evay aywyod yio deSoUEV TTOOT Tleong avavTn xoL XaTdVTn Tou aywyoU, eVe To SeUTERO
TeOPBANUa elvar 1 eVpeon Tng Tieong e€680u Tou aywyol Yvepellovtag Tny tieon eloddou ol Thv
cory udlog mou Sépyetar and avtdyv. H deltepn neplintworn Ou anoteréoel xaL To aviixeluevo
UEAETNC TNC TapoVoac TapaYedQou.

'Eotw aywyog uixouc L, 6mou otny eloodo tou cuvdeeTal cUUTLESTHC dedouévng mleong
xatdbhdne xou poric palac M. O xdplog otdyoc elval 1 ebpeon Tng xaTavounc tleong xatd
uhxog tou aywyol xatl g tieong e£680u (Poyt), €xovtac wc dedouéva tny ieon otny eloodo
Tou aywyol (Py,) (ouunintel ye v nleong xatdhadng) xabde xar vy pory udlac M mou

Siépyetat and autdv. H uebodoroyla emlhuong tou ev Adyw mpofBhiuatoc nepthoaufdvel Ty

i-1 i i+1 N+1

PNHZP()MI

2VOUTIECTNG

Yyfua 3.2: Xyeddypauua aywyol, ufxoug L.

aptBuntiny) enthuon uta ocuvioug Slagopxrc eglowone mpdtou Pabuoy. Yuyxexpuuéva, 6Twe
patvetal xat 670 Xy. 3.2, 0 aywyoc dwuxpitonoteitat o N dtaothuata Az', evd oL avticToLyot
x6uPou elvan ¢ = 1,..., N + 1. Téte 1 wnleon otny elcodo xou tny €€odo Tou aywyoU elva
avtiotoya Py = Py, xoau Py = P,y

Ané tov optoud e addotatne tapoyhc G tpoxintel and tnv EZ.(3.38) 41

MUO

Ty

(3.46)
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SN

dP MU()

—| == 3.47
dz’ i A’DhG*(éz) ( )
Ynv ouviin dwagopuxr| EE.(3.47) Baowdc dyvwotog elvat o aplotepd uéhog e eélowone. H
enthuor Tne mpayuatonoleltol epapudlovtog tny uéhodo Euler. Xougova ue auth n ©uh e
mieong otov x6ufo @ Oa eloptdtal and v xAlon nieong otov x6uPo i —1lyue i =2,..., N+ 1.

H dwaxprtonomuévn woppt e EZ.(3.47) ue Bdon tov akybpifuo Euler eivan

M’Uo

P= P+ Ay
LT DG ()

(3.48)
Enouévoc, Zexwvdvtac and tov x6ufo i = 2 egopudlouue tny EE.(3.48) v i = 2,3,...,N
xau Beloxouue tny nleon otoug avtlotoyoug xouPoug uéypel Tov x6ufo N + 1.

Evalhaxtiny| uebodoroyla entiuong, n onola napouotdlel pueyalitepn axplfelo oe oyéon
ue v uébodo Euler, elvar 1 yerion e uehddouv Rugne-Kutta téroptne tdine. Toviletan,
ot 1 Tedeutata aptbuntixd uébodog emitpénel TV yeron apatod TAEYUATOC Yoo TNV ETiTEVEY
anoteleoud Ty Tne (Blag axplBelac pe ta avilotolya tng uebddou Euler oe mo tuxvd mhéyua.

[ Tov éheyyo tov apliunuixdy anotekeoudtny Tou TpoxUnTouv yenotuonoliinxay de-
Souéva ouyxexpuuévng ttoon nieong AP mou eqopudletal 6To dxpd TOU aYwYoU, Yl TNV
omola elvar Yvwoty 1 por ualac M mou Siépyetat and autov. I'vopllovtag ny ouyxexpluévn
TANEOYOpRLA TEAYUATOTOLACUUE TNV avTioTpoyn Sladixaacta, 6Tou xdvaue yeforn tTne rleong ei-
6680u xaL g potic wdlag M Tou aywyol dote va ekeyybel edv n tpoxinTouca mieor e£6d0u
ovunintel ue v dedouévn apyixn tieon e€6d0u.

Egopuélovtag tnyv mapandve uebodohoyia, dwamiotdinxe 61l xatd tov unohoyloud tng
mieong e€680u, onuavtixd pého mailel N axpifeia utoloyiouol g porc walac M. Iapaty-
effnxe, 6t uixpéc anoxhioeg tne potric walac M odnyolyv oe aroxhicelc Tding ueyéboug yLa
Ty wieom e€6dou. ol THY AVTLUETOTLOT TOU GUYXEXPUIEVOU TROBAAUATOC, Yenoluototiinxe o
avahuTixde unoloyloude e adidotatne napoyfic G xdvovtac yehorn e EE.(3.44). Avtifeta,
1 an\f oyéon utohoyiouol tou G and ty EZ.(3.45) dev dlvel to avauevoueva anotehéouata
oYeTd ue TNV unohoYLlouevn mieon e€630L.

Y10 Xy. 3.3 napovoldlovtal oL xatavoués Tleone XaTd Uhxog TmY aynY®OV yYio TECOERELS
SLapopeTixéc YewueTpleg, xabde xou téocepa SlopopeTid Celyrn Tne emBailduevng Stapopdc
nieonc AP = Py — Py xou e nieong avagopdc Py = (P + Ps)/2. Kébe o and tic téooepelc
TEPLTTAOOELC avTloTolyel oL oe uia Stapopetiny) teployt| poric. [ dheg Tic mepinTdoELS TOU
eZetdoTnxay, 1 TpoxUnTovc Ttiear Py 6Tny €080 Tou ay®YoU UTOAOYIOTAXE UE APXETE XY
axpiPeia, Gote va emahnfevetal ) aviiotolyn por) udlag M mou €youvue Béoel €€’ apyrc. H
Staxpltonoinon Tou aywyoU npayuatonouiinxe yenowonowdvtog 1000 ywpeixolc xéuBoug ue
0<xz<L.

Ané ta anoteréouata napatneeitol 6Tl dTav 1 por avixel 6tny ehellepn woplaxy teploy N

(0 = 0.05) xabdc xar 670 evdidueco tne wetafatixic teptoyhic (6 = 0.91), n xatavoun mleonc
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Topouctdlel YpauuLxt ouuneplpopd. Avtifeta, oTic teplnT®doELS potic oTny Teployn ohlobnong
(0 = 10.5) xaL xovtd oto LdpoduvauLXs Gplo (& = 68.4) oL xatavoués nleone tapouctdlouy

ToEABoAXT, GUUTERLPORY.

3.5 Yuyxploelg pody pdlag oe aywyYols dLapde®wy dLATOUGY

[o Stapopetinée Slatouéc aywydy, napoustdlovtal SlooTatd anoTEAECUATA Topoy S Ud-
Lac M o€ kg/s, ta onola Baotlovtar 6ta aviiotoryo xivntixd anotehéouata, UVOETAOEL TNC
Stapopdc mleong mou eqoupudletal oTtny eloodo xar TNy €€0d0 Tou aywyol. Xuyxexpluéva, Ho
TepLypagel 1 pot| evog xaboplougévou aecplou, To onolo Beloxetal oe dedouéveg ouvhixeg, dTay
autd dappéel aywyols toxihwy yewuetptdy. Ot yewuetpleg mou Oa e€etacloly agopolv Tov
XUALYOPLXO, TETPAYWILXO, LGOTAEUPO TELYWYIXG Xdl Loooxeh Tpaneloedy aywys (ue ywvia
6 = 63.43°). Enlone, Oa mpoypatonowmnfel olyxpion twv podv udlag vyl TOUC TORUTEVG
aywyolc 6Tny Teplttwor 6mou €xouy To Blo euBaddy, tepluetpo xal LdpAUAXY| dLduETEO.

Ocewpeitar aéplo dlwto, 1o omolo Pploxetar oe péorn Oepuoxpacia T = 293 K. H dw-
popd nleone AP otny eloodo %ol €£080 GhwV TwV aywY®dY ewpeltal otabepr xoL xupalveTat
an6 0.1 < AP < 70 Pa. Toviletat, 6t av xat to xivntixd anotehéocuata Paotloviol otny
Tapadoyr wovatouxol agplou, evioutolg €yet Samotwlel 6Tl elvar duvatdy va TpocouoLn-
HoUv o Suatouxd aépla, 6Twe To AlwTo, Ue xavomoinTxy| axplBela anoteheoudtwy. Enlong,
onueldveTal 6Tt xafdg adAdlel 1 Yewuetpla TOL aywYOU, TO eUPOS TNG TUPAUETPOU AQULOTOLN-
ong v 1o dedouévo evpog mleone AP Sev mapauével otabepd. To yeyovde autd ogelhetal
otV UeTABOAT TNg LBEAUALMC SLAUETEOU, 1 OTIoloL oL ATOTEAEL TO YOEAXTNELOTIXG U XOC
e porc. T xataoxevaoTind YapaXTNELOTIXS TWY EV AOY® AYWY®Y TEOXUTTOUY EAY apytxd
Bewpnfel xuhvdpixde aywyde Swauétpou D = 1.6 X 1072 m. H uetofold Tov YEQUETEXGY
YAEAXTNELOTIXAY TOV AYWYOY YLO TIC TEPLTTOOELS (8lou eufadol, TeplUEéTEou xal USPAUALXTC
Stapétpou mapouctdletal otoug Iivaxeg 3.1, 3.2 xou 3.3. T 6houg Toug aywyoug Bewpridnxe
6TL dev €youv unootel Wlaltepr xatepyaotio helavong xou wg ex ToUToU oL opLaxés ouVOTxeS

agplou-toyduatog emhéyOnxay va elvan autée g TAfpous ddyvone (o = 1).

[Tivaxac 3.1: Fewuetpla aywydy pe tdo eufadév A’ = 2.0 x 107* m?2.

Avyoyoc I'" [m] Dy [m] Tewpetplo aywyol [m]
Kuwdpixde 5.0(-2)  1.6(-2) D =1.6(-2)
Tetpaywvixoc 5.6(-2)  1.4(-2) a=1.41(-2)
lobmhevpoc torywvixde  6.4(-2)  1.2(-2) [ =2.15(-2)
loooxeric tpaneloedrc  6.0(-2) 1.3(-2) B =2.31(-2), h = 1.15(—2)

Yy mepintwon 6mou 6ol ou aywyol €youv To Blo euPaddy, 1 mapoyh udlac M oe
oyéon ue v enParhouevn dtagopd mleone AP amewxoviletar oto Yy. 3.4 (mdvw). To

2

euPadév Y Ghoug Toug aywyouc toolta e A = 2 x 107* m?, evé 1 mepluetpoc I xo-

35

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



[Tivaxac 3.2: Tewyuetpla aywydy pe tdo tepluetpo I = 5.0 x 1072 m.

Avywydc A" [m? Dy [m] Tewuetpla aywyol [m]
Kuhuvdpixde 2.0(-4) 1.6(-2) D =1.6(—2)
Tetpoywvixode 1.6(-4) 1.2(-2) a = 1.25(-2)
lo6mhevpoc torywvixés  1.2(-4)  9.6(-3) [ =1.67(-2)
loooxelfic tpaneloewdric  1.4(-4) 1.1(-2) B =1.91(-2), h =9.57(—3)

[Tivaxac 3.3: Tewuetpla aywydv pe S udpavhixd diduetpo Dy, = 1.6 x 1072 m.

Avywydc A" m? T [m] Tewuetpla aywyol [m]
Kulwvdpxde 2.0(-4) 5.0(-2) D =1.6(-2)
Tetpaywvixde 2.5(-4)  6.4(-2) a=1.6(-2)
lodmheupoc torywvixde  3.3(-4)  8.3(-2) [ =2.76(—2)
loooxelfic tpaneloewdhic  2.9(-4) 7.3(-2) B =2.78(—-2), h =1.39(—2)
tatdooetat O Ly < Liuare < iy < Lipigng-  AviloTorya n udpavlixd Siduetpog Dy

xoupaivetol WS Dy griang < Dhtrap < Dhsquare < Dpupe- T0 €0p0g ¢ Tapauétoou apato-
nolnong 0, To onolo avtiotolyel oto napandvw edpog mieong APy Tov xuAvdexo, Te-
TEAYWVIXO, LOOTAEUPO TELYOVIXG Xl L6ooXeNT) Tpaneloed) aywyd elvar 0.1 < § < 83.2,
0.097 < 6 < 73.7, 0.08 < ¢ < 65 xau 0.09 < 6 < 69 avtiotoiya. And T0 Ypdnua ma-
catneeltan 6Tt xdbwg avidvetal 1 dwagopd nieong AP auZdvetar xor n pony udlac M, evd
Yo 6ho to elpoc g dlagopdc micong AP 1 napoyt udlac elvar tng (Sog tédéng ueyéhoug
oe 6houg Toug aywyouc. MdAlota ue avouca oelpd 1 pory udlac oe xdfe aywyd xatatdo-
oetal OS¢ Mipiang < Mirap < Msquare < Miupe, VO 1 adidotatn napoyh) G xuualvetal wg
Girap < Giriang < Gsquare < Giupe- 2TNV CUYXEXPWUEVY TERITTWON aywy®dY 1) pony udlag elvat
avdhoyn tov 6pou M ~ G x Dy. Ecetdlovtag tnv mopdueteo apatonolnong 6 elval Ttpogavég
OTL 1 pot| xahUnTEL 6ho TO lpog Tou apltbuol Kn, and tny ehelbepn uoplaxt| teployr € 10
udpoduvauLxd dpto, xabde uetaBdhhetal 1 YeEoUETpla TOU aywyod ohhd xoL 1 emBalhoUev
Slagopd mleong AP.

'Otay oL aywyol éyouv tny (S tepluetpo I =5 x 1072 m, t61e 1 pory wdlog ouvapthoet
e dagopdc mleone AP anewxoviletat oto Xy. 3.4 (uéon). Xny neplntwon auth Loy lel yia
10 eUPaddy xat TNV LSPaAUAT dLdueTEo 6Tl A < A

triang

trap < Asquare < Atupe 204 Disriang <
Dh trap < Dpsquare < Dpupe avtiotorya. H pory udlog xuuaivetar ©¢ Mypjang < Mipap <
Msquare < Miype, VO 1 TopdUETROC dpalonoinone oUolwe Yot TOV XUALVOEIXG, TETRAYWVIXO,
LOOTAEURO TELY WVIXO Xal LoooxeAT| Tpaneloeldr) aywyo etvor 0.11 < 4 < 83.2, 0.08 < § < 65.3,
0.06 < 6 < 50.3 xau 0.07 < ¢ < 57.2 avtioToiya.

Téhog, 6tav oL aywyol éyouv ida udpauhuh diduetpo Dy, = 1.6 x 1072 m, dnhadh napou-

odlouv v Bl uéom datuntiny tdon, yia to euPadov A’ xat v mepluetpo I mpoxintel

z ! I I / I ! / / ’
OoTL Atriang < Atrap < Asqum"e < Atube o thp < Ftriang < quuare < Ftube AVTLOTOLYA. H
36

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



pot| udlac M ouvapthoer tng dlagopdc mleone AP anewxoviletal 610 Ly. 3.4 (xdtw) xat
oy ler 6t Myype < Moquare < Mipap < Miriang. Toviletar, 6TL 0TV ouyxexpluévn neplntwon
1 pon} udlac elvar avdroyrn tou dpou M ~ G x A'. To elpog tne napauétpou apalonolnong
d oV ouyxexplévn meplntwon elvatl otabepd Yo GAOUC TOUC AY®OYOUC XAl XUUALVETAL OC
0.11 < ¢ < 83.2.

3.6 Xuyxploeig pody pdlag oe dagpopetixd aépLa

Tivetaw oUyxpion tne porc udlac (kg/s) xou tng oyxouetpic Tapoyhc (m?/s) yo téo-
oepa dlaopeTind aépla, To dlwto (N2), To Ko (He), to apy6d (Ar) xa 1o Eévo (Xe), ta
omolo. pEoLV 0E XUALYSELXO oL TETpaywVixd aywyd. H emhoyy) twv acplwv €yive dote ol
avtiotolyeg woplaxéc Udlec vo Stapépouy €we xal 8Vo tdlelc ueyébouc. MNtnv deldtepn othin
tou Ilivaxa 3.4 napatifevrar ov wopaxéc udleg yio xdbe adplo, otny Teltn oThAN TapouCLd-
Covtal ot elduxée otafepés, evd otny tétaptn othin topatifetor 1 mhéov mbavi| taydtnta
vo = V2R*Ty v Gepuoxpactia Ty = 294.2 K. To aéplo Eévo anotedel To Bapitepo, evé 1o
Ao TO eEAAPEUTEPO ATO T TECOEPA AEPLAL.

[ Ty mpayuatonoinon 6 Awv Twv utohoylou®y, Hewpolue 6Tl Ta aépla Bploxovtal oe
Oepuoxpacta Ty = 294.2 K, evéd otoug aywyols egapudletal To (Bto evpog dlagopdc Tleong
AP, 6nwe xou 6Ny tponyovuevn tapdypago, ue 0.1 < AP <70 Pa.

H pot| udlog M yio 1o téooepa agpla 0TV TEPITTOOY TOU XUALVORLXOU XAl TOU TETROY WVL-
%00 aywyoU anewxovilovtal oto Ly. 3.5. Ko otic dlo nepuntdoeic napatneeitor 6tL 1o Bapy
aépro Xe mapouotdlel Ty peyohitepn por) udlac evedd To ehagpitepo, 10 He tnv uixpdtepn.
Avtifeta, n xatdotaon aviiotpégetal (Xy. 3.6) otny neplntwon tng oyxoueteixic napoyhc
woyler 6t V= M/po, 61ou py 1 muxvétnta mou aviotolyel otig dedouéves ouviixes (P,
Ty), 6mov Py = (P + P»)/2 n yéon nieon,.

Fevixdtepa, edv Oedfjoouue va ouyxplvouue mocotixd tic poéc udlac M yio Vo Bia-
popetixd aépta (1) xau (2) otnv da Stagopd mieone xou Hepuoxpacio xat yia onowadhnote
YewUETplA aywYOoU TPoXUTTEL OTL

My Gy fmy

=—/— 3.49
M2 G2 mo ( )

omou G xou Ga elvar ou avtiotolyeg adldoTateg Tapoy€g eve my xaL My oL AvTloTolyES
uoptaxéc udlec. And tny EE.(3.49) npoxintel 61t 0o hoyoc twv podv udlac elvat avdhoyoc

TOU AOYOU TV adLEOTATWY TAPOYMDY XL TOU AGYOU TV UoplaxdV Ualoy.
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P,=2.27x10° Pa P,=0.41 Pa
0.05f AP=4.5x10° Pa 08 AP=0.82 Pa
5=0.05 5=0.91

0.04f
. M=3.43x10" kg/s 06} M=8.24x10" kg/s
© ©
0 o.03} a,
o Q g4l
0.02f
0.01} ozr
%002 02z 06 8 1 12 14 0002z o0z o8 8 1 12 14
X [m X [m
10 80
P,=4.85 Pa P,=31 Pa
sl AP=9.53 Pa AP=57.3 Pa
5=10.5 60 3=68.4
__ 6f M=6.92x10° kg/s . M=6.34x10° kg/s
< ©
a. Baof
o ,| o
20}
2 L
0002 02 0608 1 12 14 0002z 02 06. Q08 1 12 14
X [m x[m

Yyfiua 3.3: Tumxéc xatavouéc nieonc xatd uixoc Tou aywyol (endvew aplotepd: LooO-
oxelfc tpaneloedrc, emdvw delld: LOOTAELPOS TELYWVIXOS, XATW apLOTERH: XUALYOELXOG,
%4tw SeZLd: TeTpaYwVLXAC).
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Circular

5| |- = — - Square
10°F | Triangular
——— - Trapezoidal

10"

Circular
5| — — — - Sguare
1000 Triangular

——— - Trapezoidal

10"

Circular
5| |- — - - Square
10 Triangular

——— - Trapezoidal

100 1 L

10" 10° AP 10" 10°

Yyhua 3.4: Poyy udloc aeplov aldtou oe aywyolc ue dto eufaddv (tdvw), ida tepluetpo
(u€om) xau o UdpaLALXY dLdueTpo (XdTw).
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10" . .
10™ 10° AP 10" 102

Eyhua 3.5: Por udlac Slapbpwv aeplwy o xUAVdpx6 aynYsd (Tdvew) xoL TETpaywvixd aywyd
(#dTw).
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1072

10'4 ) )
10" 10° 10" 10
AP
Yyhue 3.6: Oyxouetpint| napoyn dagdpwy agplwy o xUAYdEXS aywYs (Tévw) xal TeTpo-
Yoo aynYo (xdtw).
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Hivaxag 3.4: Iddtnrec acplwv.

Aéplo Moproxh udla, m x 10727 kg Stabepd aeptou, R*, m?/(s*K)  wvo, m/s
He 6.65 2078.6 1106
No 46.5 296.9 418
Ar 66.3 208 350
Xe 218 63.3 193

Mivaxac 3.5: Exgpdoeic twv Dy, A, A, I, I' yu didpopous aywyous

Avatoun Dy, Al A=A/D; I’ r

Kuhuvdpuxdc D “52 1 D T
. 2 2

Opboydviog 25 WxH 3 (14+%) 2W+H) Z(1+%)
Ioémheupog TELY WVIXOC e ‘/TgocQ %g 3o 3V3

, . 2Btk B+b L (b 2 on 1 (+5+Eat)
loooxehfic tpaneloedric Bibr 2L 5 h S rs)h B+b+ 245 3 (53)h
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ivaxag 3.6: ASdotatn napoy) G o€ oyéon Ue TNV TOEAUETEO apaloTolnong & YLo XUALYSELXO
aywyo6 ue a=1, 0.85 xo. 0.7.

G
) o= a=085 a=0.7
1073 0.751 1.01 1.39
1072 0.744  0.999 1.36
0.1 0.715 0.941 1.25
0.3 0.695  0.896 1.18
0.5 0.689  0.879 1.14
1 0.693  0.870 1.12
1.5 0.709  0.879 1.12
2 0.729  0.896 1.13
3 0.777  0.941 1.17
4 0.829 0.992 1.22
5 0.884  1.05 1.28
6 0.940 1.10 1.33
7 0.997 1.16 1.39
8 1.06 1.22 1.45
9 1.11 1.28 1.51
10 1.17 1.34 1.57
11 1.23 1.40 1.63
13 1.35 1.52 1.75
15 1.48 1.64 1.87
20 1.78 1.95 2.18
30 2.40 2.56 2.80
40 3.02 3.19 3.42
50 3.64 3.81 4.04
100 6.76 6.93 7.16
200 13.0 13.2 13.4
500 31.7 31.9 32.1
1000 62.6 63.0 62.8
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Hivaxac 3.7: Adidotatn napoyh) G o€ oyéon Ue Ty Topduetpo apatorolinong o yia opboyd-
vioug aywyolc ue a=1, 0.85 xat 0.7.

G
a=1 a=0.85 a=0.7
H/W H/W H/W

1 0.5 0.1 1 0.5 0.1 1 0.5 0.1
0
1073 0.837 1.06 1.39 0.862 1.10 1.44 1.09 1.40 1.86
1072 0.828 1.05 1.36 0.852 1.08 1.41 1.06 1.36 1.79
0.1 0.793 0987 1.27 0.813 1.01 1.30 0.961 1.20 1.54
0.3 0.769 0.944 1.19 0.783  0.963 1.22 0.877 1.08 1.37
0.5 0.762 0.929 1.17 0.773 0.944 1.19 0.838 1.03 1.29
1 0.768  0.926 1.15 0.773  0.935 1.17 0.797  0.970 1.21
1.5 0.78  0.942 1.16 0.787  0.945 1.17 0.785 0.952 1.19
2 0.810  0.964 1.19 0.807  0.964 1.19 0.786  0.950 1.18
3 0.864 1.02 1.24 0.855 1.01 1.24 0.804  0.965 1.19
4 0.924 1.08 1.30 0.908 1.07 1.29 0.833  0.993 1.22
5 0.987 1.14 1.37 0.965 1.12 1.35 0.867 1.03 1.26
6 1.05 1.21 1.44 1.02 1.18 1.41 0.905 1.07 1.29
7 1.12 1.28 1.47 1.08 1.24 1.48 0.944 1.11 1.33
8 1.18 1.35 1.51 1.14 1.31 1.54 0.985 1.15 1.38
9 1.25 1.41 1.58 1.20 1.37 1.60 1.03 1.19 1.42
10 1.32 1.48 1.65 1.26 1.43 1.67 1.07 1.23 1.46
11 1.39 1.55 1.72 1.32 1.49 1.73 1.11 1.28 1.51
13 1.52 1.69 1.79 1.45 1.62 1.86 1.20 1.36 1.60
15 1.66 1.83 1.93 1.57 1.74 1.99 1.29 1.45 1.69
20  2.00 2.18 2.28 1.89 2.06 2.31 1.52 1.68 1.92
30  2.70 2.88 2.98 2.52 2.70 2.95 1.98 2.15 2.38
40  3.40 3.58 3.69 3.16 3.34 3.59 2.44 2.61 2.85
50 4.10 4.28 4.39 3.80 3.98 4.24 2.91 3.08 3.32
100 7.61 7.79 7.70 7.01 7.19 7.45 5.26 5.44 5.68
200 14.6 14.8 11.6 13.4 13.6 13.9 9.98 10.2 10.4
500 35.7 35.9 36.2 32.7 32.9 33.2 24.2 24.3 24.6
1000 70.9 71.0 71.3 64.9 65.1 65.3 47.8 47.9 48.2
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[Tivaxac 3.8: Adidotatn napoyyr) G oe oyéon Ue TNV TAPGUETPO 0EALOTIOINGNE 0, YLOL TELYWVL-
x0Ug aywyouc ue a=1.

G
) Equilateral ¢ = 60°  Isosceles ¢ = 54.74°
1073 0.927 0.932
1072 0.916 0.921
0.1 0.872 0.876
0.3 0.841 0.844
0.5 0.831 0.834
1 0.833 0.836
1.5 0.851 0.854
2 0.875 0.878
3 0.931 0.934
4 0.994 0.997
5 1.06 1.06
6 1.13 1.13
7 1.20 1.20
8 1.26 1.27
9 1.34 1.34
10 1.41 1.41
20 2.14 2.14
30 2.88 2.88
40 3.62 3.62
50 4.36 4.37
100 8.05 8.07
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[Tivaxac 3.9: Addotatn napoyh) G oe oyéon ue TNV TOEAUETPO apatoTolnong J, YLo Teome-
Coewdelc aywyolc ue a=1.

G
) Equilateral ¢ = 60°  Isosceles ¢ = 54.74°
1073 0.877 1.02
1072 0.867 0.999
0.1 0.827 0.925
0.3 0.799 0.864
0.5 0.790 0.836
1 0.793 0.810
1.5 0.809 0.807
2 0.832 0.814
3 0.885 0.841
4 0.944 0.877
5 1.01 0.919
6 1.07 0.962
7 1.13 1.01
8 1.20 1.06
9 1.26 1.10
10 1.33 1.15
20 2.02 1.66
30 2.71 2.18
40 3.40 2.71
50 4.10 3.23
100 7.55 5.85
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KEDPAAAIO 4

2 YTKPIZEIY OEQPHTIKOQN KAI [TEIPAMATIKON
ATTOTEAEXMATSN

4.1 Ewoayonyi

H éwc xou ofuepa éhhewdn allomotoy melpauatixdy dedouévwy xuplng Yo poég dmou
Kn > 0.1, 1600 oe dlotdlelc xevol 660 xal o€ Uxpopoixéc Slatdéels, ogelletal oTny dUGXO-
Aol UETENOMC TWY UAXPOOXOTUXGY TOGOTATOVY, XaHOS Xal oTNny analtnor eCeMyUévng Ty volo-
viog xuplowe oe cuoxevéc uétpnone. Ta teheutaia ypdvia €youv mpayuatonoinbel onuavTxd
Bruata mpog TNV xatedBuvor auth xal apXeTd allOTLOTA ATOTEAEGUATA EYOUV XAVEL TNV EUQPE-
vion toug oty Stebvr BiBhoypapla, xaldntovTtag Toug 300 Tapandve Touelc Tne Teyvohoyiag
(101, 4]. Me tny eZéh&n auth elvon Ttpogavic 1 analtnorn cUYXELoNS TOY TELPAUATXOY dEdOUE-
Vv Ue Ta avtioTtolya Oewpntixd, dote va eCaxpBulel n miotdnta TV Sedouévwy xalde xat
N Vo TNTO TNS XLvnTixrc Bewplog va teptypddel anoteheouatind mpoyLatixés cuVOYXES poTC.
Toviletar 6t 1 avTETONION TRV Topandve pody Pactletar oe uia eviala Oewpla, and tny
omola TEOXUTTOUY ABLIOTATH ATOTEAEOUATA, To OTolol LoYYOUY YLo OTOLAdHTOTE TEPITTWOT).
Me tnv dwduxaotia dwotatonoinong, 6nwg auth teplypdgnxe oto Kegdhalo 3, ouyxexpuuevo-
roteiton 1 exdotote egapuoyy. To mapdy xe@dhralo tepthaUfdvel TNY oUYXELOT| TELRAUATIXGDY
dedouévwy Tou mpoépyovtal and uixpopoixéc datdlelc [101], xafde xar and v teyvoroyla

xevoy [4], ue ta avtiotorya Hewpnuxd xivntixd arotehéouata.

4.2 30yxplom oc Ulxpopoixég dLatdelg

Yy noapovoa mapdypago Oa mpayuatomolnel TEQLYpapr) TOV TELUUATIXOV SedOUEVODY
%xa0hC xaw Twv ouViNXGY delaywyhc Tev Tewpaudtwy Tou Teptypdgovtal oto dpfipo [101].
Ytov ouyxexpluévo dpbpo avagépovtol TelpduaTa xUplwe 6TNY LUdPOdUVIULXT TEpLOY Y| xaBKOC

xal oTny TepLoy ) ollalnong oe ophoydvioug uixpoaywyols. H xlpia Wéa tne melpouotixng
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dtaduxaotag (By. 4.1) elvar n Stathenon e Tiuic e mleonc e2680U Py xou 1 LETABOAT e
nleong elo6dou Py, olugwve ue tov Aoyo I = Py, /P,,;. T xdbe pia and tic nepntdoerg
unohoyiletat 1 pory udlac mou Sépyetatl and Tov 0phoyOVLO ULXPOAYWYO.

Ou ouyxexpuuévol uxpoaywyol éyouv xataoxevachel e v vébodo tne ydpaine DRIE
(Deep Reactive Ion Etching) oe mhdxa nupitiou, 1 onola emxahintetar e vixd Pyrex. H
Slatoun Tov aywyov elvar opboydvia, evd oynuatiletat peydrog aptBuds dUOLLY aywyY®OY
oe TapdAnin Tomobétnot, 6nwg yapaxtnetoTixd anewoviletal oto Xy. 4.2. O oyedioude

auTOHC ETLTEEREL TNV UETEMOT Weavic potfic udlog ue ueydhn axpleLa.

Frsaplaitied] chaumbser

High pressure
s 1ank

s A% wonepnia
armeaadios |

Py

Eyhua 4.1: Hepapatin didtaln.

Reservoirs Outlet

\“r—rn T 1T f

] ﬂ é,,,."’
L 01 0| ||I o
IJLH_H_LL_H L

CTTTTB asirochannels

Yyfua 4.2: lewuetplo uixpoaywydy.

E&etdolnxayv 8lo nepintdoeig acplny, Tou aldtou xal Tou fhlou, evd dUo eldn ophoydviwy
aywY®OY yenowonoinxay. Xtnv npdtr meplntwon ot aywyol éyouvv Vo H = 1.88 um,
mhdtoc W = 21.2 um xor uhxoc L = 5 mm, evd o Noyoc H/W wwolton ue 0.088. O
ouYoAx6g apliudec TV aywy®dy elval 45. Xtny deltepn meplntworn ot aywyol €youv vdog
H = 1.16 pm, t\dtoc W = 21.0 pm xav u¥xoc L = 5 mm, evéd o Aoyoc H/W ooltal e
0.055. O ouvoluxdg aplbude Twv aywydy elval 380. H por) udlac yio xdbe aywyd mpoxintel
SLlP@VTAC TNY GUVOALXT) UETROVUEVT p0Y) Udlag Ue TOV oUVOAXS opliud Tov aywydy avd

TeplnTwon,.
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"Eotw aépto dalwto oe Oepuoxpacia T = 294.2 K. To aéplo diépyetal and Touc aywyolc
mou éyouy Aoyo H/W = 0.088. To Oewpnrixd xou netpopatixnd anoTeAéoUotd ToU TeoXUTTOUY
anewoviovtat 610 Uy. 4.3. O Aéyoc Il = P,/ P,y malpvel Tiuéc and 1.2 éwe 2 xahintovtoc
€tol u6vo tny mepoyn ollobnone. AZilel vo onuelwbel, 6Tl oe dheg TIC TMEQLTTOOELS XAHAOC
auZdvetat o Aoyog Twv Téoewy II, o uéooc aplbude Kny uetdvetal. Toviletar 6Tt 0 apthudc
Kng Baolletar oty yéon nicon Py = (Pr + P2)/2. Yto Xy. 4.3 1o xwvnuxd anotehéouata
TapouoldlovTal Yl TEELS SLopopeTXée TUES Tou ouvtedeoth «, a = 1,0.9,0.8, o omolog
expedleL TNV TeayUTNTA TOU TOLYGUATOC. LOu@wva e Tov ouvteieoth 0 < a < 1, 10 1060016
TWV OWUATISIOV TOU avaxAOVToL and To Tolywuo ue ouvirxec TApoug Sdyuorc toovTaL Ue
@, eV TO T0G00TH TV COUATIWY Tou avaxhdvTal xatontewxd woltal ue 1 — a. Kabdc
UELOVETAL O GUYTEAEGTAC SLAYUTLXAC OVAXAAONS vy 1) TEAYUTNTA TN EMLPAVELIS UELOVETOL.

Y10 Xy. 4.3 nopatnpelton 6Tl undpEyel aEXETY IXAVOTOINTLXY TAUTION TV Bewpnuixdy
XL TELPOUUATIXWY ATOTEAEOUATOV. LUYXEXQUUEVA T XLVNTLXY ATOTEAEGUATA AVTLOTOLYOVY OF
TPELS CUYXEXPLUEVES TLUEC TOU GUVTEAEDTH) Loty uTixhic avdxhaone a, pe a=1, 0.9 xat 0.8. H
XxAUTOAY TV TELRoUATIXGY dedouévwy Totobeteltal UeTall TwV XAUTUAWY TOU AYTLGTOLYOUY
oe a=1 %ot 0.9. I'ia Tov Aéyo autd Hewpeiton L Ta metpauatixd arotehéouato Ho TauTIETOVY
ue To xwvnuxd oty mepintwon érmou o ~ 0.95. H ouurmeplpopd auth TV TELRAUATIXGOV
dedoUEvwY elval avaUEVOUEVT a@oU 0 aywYOg dev €xel unooTel Wialtepn xatepyaotio Aslavong.

H uéyiotn tius tou yéoou aplhuold Kng, o onolog Bactletol 0Tl TLEGELS TPLY XOL UETA TOV
aywyo, woottar ue 0.083, 1 omola xou avixer otny meployh okicbnong. To uéyioto oyetixd
o@dhua UETAEY TwV Bewpntixdy (a=1) xa netpauatindy dedouévmy elvat tne téding tou 4.5%.

Yy mepintwon agplou HAtou, 1o omolo Peloxetar otny B Oepuoxpacta T = 294.2 K
6Twe xou mpLy, Ta anoteréouata Tne ovyxplong anewxovilovtal 6to Ny. 4.4 (mdve xa yéor),
OTOU GUOLYL GUUTERECUOTO, OTWS XOL TALUTAVL, UTOROVY Vo TEOXUYOULV.

Kdvovtag yeron tou ophoydviou aywyol ue Aoyo H/W = 0.055 xat yio aépto Bhlo o€
Oepuoxpactio T = 294.2 K, ta anotehéoyata tng olyxplong amewxovilovial oto Yy. 4.4
(xdtw). Ko o auth Ty nepintwon undpyet ixavorountixy taldtion, 1 onola napotnpeital yio

Ny mepintwon 6mov a =~ 0.85.

4.3 X0yxplom oe dLatdéelg xevVoL

Y1y mapoloo napdypapo Hu tapouciacholdy cuyxploeic uetall Hewpentindy xal Telpouo-
TXOY ATOTEAEOUATWY, O €V EVIEADS dLapopeTind Teyvoroyxd medlo, ue autd tng Iapa-
yYedpou 4.2, tne teyvoloylac xevol. H ocuyxexpuuévn teyvohoyla €yel eupela e@apuoyn, eved
eQoEUOLETAL Yol TNV UEAETN EVOC ONUAVTIXOU AELTOURYLXOV TUNUATOS TOU avTLdpaaThpa Hepuo-
rupnvixric ouvining ITER. ITo ouyxexpiéva, o avidpaotripas yenowwonolel tpla entuépoug
CUGTAUATA XEVOU YLOL TNV EXXEVOOT) XaL TNV Slathenon tne wleong otov muphva dyxou 1350

m?. To x0plo cloTnua xevol éyel oyedlaotel Yo THV dvthnon Tev agplwy Tou dnuLoupyol-
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VToL 6TO TAGOUO xaBDC X0l YLol To EAEYYO0 dloppo®dy oTov Tupriva. Autd ouvendyetol 6Tl To
rowiha aépta (m.y Lobtona udpoybdvou, udpatuot, udpoyovdvipaxes x.a) Tou tpoxUntouy Hu
TEETEL VoL AVTAOUVTOL UE ULXEEC 1) UEYAAES Tapoyec. O €AeYy0g TN TaROY S AVIANONE TWY
agplwy anotehel €vay amd TOUC GNUAVTIXOTEROUS TAEdYOVTES Tou enNEedlouy TNy anddoor
TOU AVTLORUOTHRA.

To olotnua xevol anoteleltal and éva dixTuo aywyhy dapdpwy YeEwUuetetdy (Xy. 4.5), ol
omolol GUYBEOVTAL UE TOV TUPKVAL TOU BVTLOEAGTARA YL TNV ATOUAXQEUVOT TV aeplwy amd Tov
ECWTEPLXG TOU XaL TNV ExxéVwoT Tou ot ieon 107* Pa xou oe ypdvo 1400 sec. 'Etor eZacpa-
AMCetar 1 xabapdtnta Tou TAdoUATOC and cwUATd ToL TEopyovTal and TNV €Ay VOO TWY
TOLYWUATWY TOu Yavdla. 110 dixTuo aUTO Elval EYXATECTNUEVES OXTM XPLOYEVXEC AVTAlES,
téooepelc Pploxovtal ev hettoupylo xal oL undholnes Aettoupyoly w¢ egedpeia. O avtleg
AUTES AELTOURYOUV UG Younho, Uétplo xal uhnid xevd xol €youv duvatdtnrta dvtinone 100
m?/s n %8B wa. H poR oe autéc tic avihlec xahintel dhec Tic TEpLOyéC pofic xaL OTH-
YOC VAL 0 UTOAOYLOUOS TWY TAPOYOV XUl TWV TECE®Y OTO CUYXEXPLWUEVO dixTuo. "Evac
améd Toug TEMTAEYLX0US oTOYOoUS, elval 1 Yoviehomoinon tou cuoThuatog xafde xal 7 mi-
otornoinon Twv dedouévwy Tou TEo€pyovTal and TS AVTLOTOLYES TELPAUATIXESC SLATAZELS. XTOo
TAALOLO QUTO, XATAOEVAGTNXE TELpaUTIXY) dldTalT, 1 omola BploxeTal 6TO EpEUYNTIXG XEVTPO
¢ Kaphopoing xat ovoudletar TRANSFLOW. H Aentoueptc meplypagy| Tng oUYXEXPLUEVNS
dudtalng mpayuatonoleltal oto Iapdptnua A. Kiplog otdyoc tne didtalne elvar n yehétn
e poric udlag drapdpwy aeplwy mou diépyovial and aywyols Sla@dpwy YEOUETPLOY, OTWS
HUAMYBPLXGDY, 0p00YOVILDY, TELYOVIXOY Xt Tpareloeddy. Kiplo yapaxtnelotixd tng ouyxe-
xpLévng dudtalng elvon 1 uétpnon potc udlog oe 6Ao to elpog tou aptbuol Kn xau Wiaitepa
oty petafotixn meployn, 6Tou Ta TElpauaTiXd aroteréouata otny diebvh Biioypapia el-
VoL TIEPLOPLOUEVL XUl TIC TEPLOCOTEPES QOpEC ur allomiota. To melpauatixd aroteAéouota
ouyxelvovTal Ue Ta avTloToly o XvnTixd Yo Ty neplntwon TAfpoug didyvong, étou a = 1
xat v evpog dagopde weone oo ue 0.05 < AP < 80 Pa. Ta »xwvnuxd anoteAéouata
npoéxuday epapudlovtag Ty uébodo twv dtaxprtdy Tayuthtwy (DVM) yo ty enthuorn tou
avtiotolyou ypauuxomomuévou xivntixol uwovtéhou BGK. To aéplo mou yenouuonouidnxe
o€ OAEC TS TEPLTTHOOELS elval To dlwTo.

[ v meplntwon potic aldtov, ue uéor Bepuoxpaotio T = 293 K, oe xulvdpixd aywyod
udpavixfic dtauétpou Dy, = 15.96 mm xat uixouc L = 1.28 m, ta anoteléouata Tng potc
udlac ouvapthoel g dagopds tieonc AP mpLy xat Yetd Tov aywyd aneixovilovtal 6To Ly.
4.6. Xto ouyxexpyévo oyfua xabde xal ota undroima ypagruata ouyxploewy, xdfe éva
onuetlo avtiotolyel oe EeywpLotd metpauatixd dedouéva. o tov xaboploud TN melpauaTixhc
uétpnong meEmeL v elvon yvwotd 1 Swagopd wleong AP = P — Py xafde xou yéon nicon
Py = (P, + P)/2.

[Mapatneeital apxetd %o TOITLON TWV ATOTEAECUATOY EVED TO UEYLOTO OYETXO GQAAUIL
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Tou oplleTol WS
(Mcomp _ Memper)

Mcomp

(4.1)

elvat e té&ng tou 10%. Ta ouyxexpluéva anoteléouato xahintouy Ty Teployy) ollofnonc
xa0d¢ xan Ty uetaPatind teployt, ue tov aplud Kn va xuuaivetar wg 0.01 < Kn < 8.05.
To yeyovog 6t ta metpauaTind anoTeAéoUaTa XahUTTOUY UEYAAD UEPOC TNG UETAPATIXC Te-
oLoy Mg Ue apxeTd ueydin axplBela evioyvel tny alomiotio g metpauatixig didtaine TRANS-
FLOW. Téloc, onuetdvetat 6Tt xafide avldvetal n dtagopd mieone AP, n por) npooeyyilel
T0 LBPOBLVAULXS GpLO.

o v meplntwon tetpaywvixod aywyol udpavixrc Swauétpou Dy = 15.89 mm xou
urxouc L = 1.28 m, ta anoteléouota tne ponc udloac ouvapthioel tne Slaopdc nieone AP,
anewxoviCovtat 6to Ly. 4.6. To edpog tou aplBuol Kn xupaivetal wg 0.013 < Kn < 10.24.
Ly meplntwon auth, To TelpauaTixd arotehéouata tpoceyYllouv Ue apxeTd xair axplBela
Vv ehellepn poplaxy| teptoyR. To uéyioto oyetixd opdlua elvatl e tédéne tou 15% xou
rapovotdletol ya ueydhoug aptfuoic Knudsen.

Yto Yy. 4.6 napouctdlovtol eniong, T ATOTEAEGUATA YLOL LGOTAEUPO TELYWVIXO aywYo
udpaviixfic Stauétpou Dy, = 17.06 mm xau .oooxeholc Tpaneloeldolc aywyol USPALALXTC
Stapétpou Dy, = 16.48 mm, Oouc h = 14 mm, ueydine Bdonc B = 28 mm xoL ywviog 0 =
63.43°. To urxoc TV 800 aYWYOV TapaUEVEL (BL0, OTWS XAl OTLC TEPLTTAOGELS TOU XUALYOELXOU
XL TOU TETPAYWVIXOU oy ®YoU. LNy npdTth tepintwon To edpog tou aptbuod Kn elvat 0.017 <
Kn < 21, evé) oty dedtepn elvon 0.015 < Kn < 17.54. Kau otic 300 mepintdoec aywydy,
n eot} mpooeyyilelt TNV ehellepn uoplaxt| teployn ue wavorowntxy| axplfBeta. To uéyioto
oyetx6 o@dhua elvar tepinouv 10%.

Yto Yy. 4.7 napouvoidlovtal ot aplfuol Knudsen, Mach xoat Reynolds nou npoxintouv
xdvovtag yeron twv EZ.(3.5), (3.14) ot (3.18). 'Onwc mpoxvntel o aptiudc Knudsen xupai-
vetaw and 1072 éwg 102, yeyovéde mou QAVEROVEL OTL OL GLUYXELOELS XAAUTTOUY OAEC TIC TEPLOYECS
potic, oe younhd €wg xat Pnh6 xevé. O twég Tou aptbuod Reynolds elvar uixpée xat xu-
uatvovtar and 1072 éwe 10. To yeyovég autd amodewxviet, 6Tt 1 pox elval oTpwTh axdua Xt
6tav Beroxduaote oto cuveyég bplo. Téhog, ol Twwée Tou aptbuod Mach elvor enlong uixpéc
xoL xuuaivovtal and 1072 éwc 1071, Toviletat, 61t xabde To AP auidvel o aptbude Mach
dev UETABIANETAL ONUAVTIXS YEYOVOC TOU ATOdEXVUEL OTL 1) TaEadoy ) TNS AoLUTIEGTNC POTIC
elvol owoTY.

Y10 Yy. 4.8 napovoidlovtal to anotehéouata e oyxoueTpxric napoyfic (conductance)
oe lt/sec ouvapthoel e topauétpou apatonoinone 6. H oyxouetpuny| tapoyy opiletal o¢
[118]

_
o= (4.2)

Ané v xataototixd eZloworn Twy aeplwy tapaynYIlovTag K¢ Teog ToV Ypdvo xal BewpdvTog
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otL 1 Bepuoxpacia dev ueTaBIANETAL UE TOY YOOVO TEOXUTTEL OTL
\ \

dPV) d (M
T e T 4.
dt dt (m) £y (43)
U :
M
Gpv = ERTO- (4.4)

Avtixabiotdvrag y EE.(4.4) oty EE.(4.2) npoxintel 6T

M RT,
= _—— (4.5)

m AP
6mou M elvan 1) poty udlac oe kg/sec xan m etvaw 1 woptaxt udla tou acptou. H ouyxexpuuévn
TOGOTNTA AmoTEAEl oNUAVTIXY TapdUeTPo oTNY TeYVvoloyia xevol. And ta anoteréouata
SLATLOTAOVETAL XAl OTNY TEPIMTWON aUTY, 1) TOAY XA TadTion UeTad) TOV TELRAUATIXOY Xl
fewpnuxdyv anotelecudtwy. Ievixdtepa, 1 oyxouetewr napoyh C elvar oyeddv otalept| oe
APALOTIOLNUEVES aTUOCPOLEES, eV& xabde tpooeyyiletal 1 teployr| ohlobnone n oyxouetpuxn
TopoY Y| ueTafdAAeTar avdhoya Tng mapauéteou apatonoinone 0. Téoo ta mepauatind 600
xat Ta DewpenTixd anoteléouota anodetxviouy TNy Unapérn Tou eAdytotou Knudsen.

Ta o@dhuoto Yo OAeC TIC TEQLTTMOOELS AYWYOV ogelhovTal oe 300 xaTnyoplec GPAANUETOV.
Xy medTn aviXouy To GQIALT LOVTEAOTOINOTC OTWS 1) ETLAOYY) TOU xLYNTLX0V UOVTENOU,
1 eETAOYT| TV oplaxdy oLVBNXOY xafde xal 1 un Hedenon Twv gavouévey Tev dxpwv (end
effects). Yty dedtepn xatnyopia avixouy xuplwe opdiuata Tou tpoépyovtal and to Gpyava
LETENOTC.

‘Onwg mpoxUnTel amd TS TopATdvew oUYXELoELS, UTdEYEL AEXETA XAl TAUTLON TOV ATO-
TEAEOUATWY, 1) omola moTomolel TNV xavéTnTa TS Xxvnuixnc Oewploag va meptypddel ue ixa-
vormountuxy| axplfela apolonoinuévec poéc agplwy oe aywmyoUs peydhou urixouc, xabde xat
Ty ollomoTia TOY TEAUATIXOY UeTpoewy. Enlong, mapatnpeitar dti xabde auidvetol 7
emPBoalhouevn Swagopd wieong AP, 1 pofy udlac M uetofdiietal éwg xal TECOEEELS TELELS

ueyefouc.
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Kinetic, a=1 7
[ASid I - Kinetic, a=0.9 1
————— Kinetic, a=0.8 7
6E-11r ° Experimental
D 511
(@)]
=,
4E-11
=
3E-11
2E-11
1E_11 L L L L L
1.2 1.3 14 1.5 1.6 1.7 1.8
I:)in/I:)out
1.4E-11
Kinetic, a=1
1.2E-11F ————— - KinetiC, a=0.9 . ;0
————— Kinetic, a=0.8 P
. 7 7
1E11} o Experimental %
)
S~
(@)]
— 8E-12
=
6E-12
4E-12
2E_12 L L L L L
13 14 15 16 17 18 19 2
IDin/Pout

Eyfhua 4.3: Pory udlog aldrtou oe opboydvio aywyd ue T = 294.2 K: 0.012 < Kng <
0.016 xou Py = 2 x 10° Pa (mdvw), 0.036 < Kng < 0.05 xou P,,; = 0.65 x 10° Pa
(xdtw).
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Yyfua 4.4: Por udloc nhiov oe ophoydvio aywyd ue T = 294.2 K: o) yio H/W = 0.088,
0.037 < Kng < 0.047 xou P,y = 1.9 x 10° Pa (7dvw), 0.066 < Kng < 0.083 xou P,y =
1.026 x 10° Pa (uéom), B) yvo H/W = 0.055, 0.06 < Kny < 0.083 xow P,,; = 1.9 x 10°
Pa (x4w).
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Eyfua 4.5: Aixtuo xevol otov avudpaotipa ITER (ndve apiotepd), onueto dvtinone (ndve
8e€Ld), xpuoyevxn aviiia (xdtw).
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Eyfua 4.6: Oewpntind xou tepauatixd anoteréouota pofic Udlag aldtou o€ xUAVSELXO
(emdvo aplotepd), Tetpaywvxd (endve delld), LoOTAELPO TELYWVIXO (XdTw aploTepd) XoL
Loooxehy| Tpaneloedn (xdtw delld) aywyo.
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Yyfiua 4.7: ApiBuol Knudsen, Mach xat Reynolds oe xulitvdpixé (emdvo aplotepd), Te-
TEAYWVXO (ETdvw SelLd), LodTAEUpO TELYWVXO (XdTw apLoTepd) Xat LloooxelT| Tpaneloeldy)

(xdtw 8elld) aywyo.

o7

Institutional Repository - Library & Information Centre - University of Thessaly

21/05/2024 14:39:14 EEST - 3.144.83.38



10"

o

Kinetic
Experimental

10'1 A . A —
10" 10° 10" 10°
6O
10'F
Kinetic
| o Experimental
o
—10°}
O I
10'1 N NN T i
10° 10* 10" 10°

m

0

10"

[e]

Kinetic
Experimental

o
—10°
O E Oo
| Ooogm © 5o
10'1 A A N i e
107 10" 1600 10 10?
0
10"
Kinetic
| o Experimental
o
=.10°}
O
10‘1 N N MR M
107 10? 10" 10?

8

Eyfua 4.8: OewpnTixd Xl TELPAUATIXE ATOTEAEGUATE 0YXOUETPXNC Topoy e aldhTou oe
xUAVOPLXG (emdvw aplotepd), Tetpaywvxd (emdvw de€id), tobdmheupo TELYwVXS (%dTw
aptotepd) xat Loooxehy| Tpaneloeldr] (xdtw delld) aywyd.
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KEDPAAAIO 5

APIOMOY. POISEUILLE KAI YAPAYAIKH
ATAMETPOY XE APAIOITOIHMENEY. POEX:

5.1 O apBudc Poiseuille

Mt omd TIC ONUAVTIXOTERES ToPAUETRPOUS O TATIPWS AVETTUYUEVES POES elvat o aplfude
Poiseuille , o onolog opiletar wg o yvduevo Tou cuvtereoty| Tefric Darcy xou tou aptbuod
Reynolds [119, 10],

Po = f X Re. (5.1)

O ouvtekeotric T3¢ Darcy oplletal w¢

7
pu

omou 7, elvan 1 U€on SLTUNTLXY TACT TOU AVATTUCOETAL OTA TOLYOUATA TOU aywYoU, u’ elvat
1 wéon tay T XaL p 1 tuxvotnTa Tou agplou. O aptbudc Reynolds opiletar wg
pu' Dy,

Re , 5.3
. (5.3)

omou Dy, elval 1 udpauAxr SLdueTEoC Tou aywYoL xal i To LHeC Tou agplou. Avtixabiotd-

vtog g BEE.(5.2) xau (5.3) otnv EZ.(5.1) npoxintel 6Tt

_ 87,Dy,

Po —
pu’

(5.4)
Ou EZ.(5.1) xau (5.4) and pabnuatixd) oxontd elvon duotec. And guowxh oxontd 6uns, 1
EZ.(5.4) elvon o xatdhAnhn yioa otpwtéc poée, agol n uéon Swotuntixy tdon dopeital Ue
v €GN Tdom xow Gy ue Ty duvauxt nleor 6mwe yivetow ve oty EZ.(5.1), n onola etvat

XATAAANAT) Yo TURPOdELS pOEL.
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Y10 onueto autd elodyoviar ol addotatec tocdtntes: o) A = A'/D3 1o addotato
euBadby tou aywyol, B) I' = I"/Dy 1 addotaty mepluetpoc, v) U = u//(voXp) xou d)

Tw = 7.,/(2PXp), 670U
DydP  1dP

Pdy Pdz

elval 1 addotaty Tomxn xhion nieong, 1 onola Tpoxahel Ty poy.

Xp = (5.5)

Ened?) n pot| Oewpeltar mhfpwe avartuyuévn xat dev undpyel uetagopd opurc otny died-
Buvon 2" e porc, and ooliylo duvduewy oe Lo SLagoplxr Tour Tou aywYoU TEOXUTTEL
ot A dP

5o 24
To = gy (5.6)
Adwaotatonowdvrac v EE.(5.6) xou xdvovtac ypron 6t A/ = 1/4 npoxintel 61t
T, A

- w

1
W= op X, 2 8

(5.7)

To ouyxexpluévo anotélecua Loyvel yLo otoladhtote dtatour| Tou aywyol. Téote n EZ.(5.4)

AAVOVTOS YEHOT TOU 0pLoUOU TNS TALUUETEOU 0pALOTIONoNE O AdlACTATOTOLELTAL (¢

_ 87.D,  87,2RXpD; 1670

P 0.8
0 ot/ potvXp u (5:8)
6ToL , .
U
0= == dA 2.9
i = [uw) (5.9)
A

n péon addotatn tayltnta. Tehxd ewodywvrac v EE.(5.7) oty EZ.(5.8) npoxintel 6T
[120]
P0:f><Re:%5. (5.10)
Hopatnedvtag ty EZ.(5.10), dwmiotdvetar 61t 0 unohoyiouds tou aplhuod Poiseuille
elval eQuxTdc Yoo 6Ao 1o elpog Tou aplBuol Knudsen, epdoov ta aviiotoliya xivnuxd ono-
TEAEOUATA YLOL TOV UTOAOYLOUS Tng Uéong adidotatng taydtntog u elvon dtabéowa. Xtoug
axdéhovboug Ilivaxeg 5.1 xou 5.2 napoucidlovtal ta anoteAéouata TV aplfudy Po o Ty
TeplnTwon pofic avdueco xUAVSpxd aywYo, xabde xau poric oe opboydvioug aywyolc. Xu-
yxexpuwéva otov Ilivaxa 5.1 nagouvoidlovtat ol aptbuol Po yio xUAVOpixd aywyo Ue TRELS
SLOLPORETIXEC TLUEC TOU GUVTEAESTY) Loy UTiXHc avdxhaone mou ex@pdlel TV ahhnienidpaon
agplou - Tolyduatoc. Iapatnedvrac ta anotehéoupata, damtotdveTal Tl xalde auidvel 7
TapdueTpog apatonolnong, o aptiude Po auédvel. Avtibetn ouunepupopd eugaviCel o aplbudg
Po xafdeg yetdvetat o ouvteleothc @, Tou exgedlel Ty TpayVtnTa Tou aywyol. 'Etol, 6o
uet@dveTol 1 TeayUTnTa Tou aywyol uewdvetal xar o aplbudg Po. Xto udpoduvaulxd 6pLo
(0 — 00) 0 apfiuée Po telvel oty avahutixr T, n onola elvat {on ue 64.

Yrov Iivaxa 5.2 napoustdlovtal ta anotehéouata tou apltiuol Po yia pot| oe opboyd-
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vloug aywyous ue Aoyo mheupdy H/W = 1,0.5 xav 0.1. "Ouola cuunepdouata 6tog otny
TeplmTwor Tou xUAYSELX0U, elval Suvatdy va e€ayBovy. AZilel va onuelwlel, oL xaL oTIC TpELS
TEPLTTMOELC TwV 0pHoYWVIWY aywY®dY To ATOTEAECUATO TOU AVTLGTOLY0VY 6TO USPOSUVOULXO
6pto tautilovtal ue exelva tou dpbhpou [119].

Y10 Xy.5.1 (ndvw) mpayuatonoteltol ua olyxplon UeTall eVOS XUMVOELXOU aywyoU, VoS
TETPpAYWVIXOU aywYol xaL evic ophoydviou aywyol ue Aoyo mhevpdyv H/W = 0.5. Tlapatn-
eeltar 61t, 0 opboydviog aywyde ue héyo mhevpdy H/W = 0.5 tapouoidlel tov 8lo oyedov
aptbud Po pe tov xuhvdpxd aywyos. Téhog, oto Ly.5.1 (uéon) napouotdlovtal ot aptbuot
Po v ophoydviouc aywyolc e dtagopetixd Aoyo nhevpdv H/W. Hoapatnpeeitar, dtt xabdc
o Moyoc H/W uedvetat o aptbude Po auvidver onuavtixd xuplove xovtd 6o udpoduvauixd
6pLo (6 — 00).

Ytoug Iivaxeg 5.3 - 5.5 nopoucidlovtal anotehéouota Tou aptbuol Po yia daxtuloedelc
aYwYoUs OUVOPTACEL TN TAEAUETPOU apatoTolnone § xat Tou AGYou Twv axtivey Ri/Ry, ue
a=1, 0.85 ot 0.7 avtiotorya. MMopatnpdviag Ta anoteréopata TpoxUntel 6Tt yla 1073 < § <
107! (ehetBepn wopaxA teployn), o aptBudc Po auZdvetar ypouuxd ue to 4. N 107! < § <
10" (uetaatixd mepLoyh) o apiudc Po cuveytlet vo auZdvetor ahhd pe uixpdtepo pubud, eved
v 0 > 10 (neptoyn ohlabnone) xabde auldvetat to d, o apliuéc Po auldvetat mohd apyd
EWC OTOV TPOOEYYLOEL ACUUTTOTIXA To AVOAUTIXE ATOTEAECUATA TOU UBPOSUVAULXOU 0ploy
(tehevtala ypouun otouc Iivaxec 5.3 - 5.5) [116]. H ouunepipopd auth mapatnpeitol yio
omowadRrote T Tou Aoyou axtivey Ry /Ry xafdc xo Tou cuvteleaTs| dlay T avdxhaong
a. Téhocg, xaldc o Moyog Ry /Ry avidvel o aplbudc Po entone auvZdvel, eve xabde ueldvetal
0 OLVTEAEOTYC BLay LTS avdxhaong a o aplbuds Po uetdvetal.

Yrov Iivaxa 5.6 nopovoidlovtat arotehéouata Tou aplbuod Po yia Suo Telymvixols xoL
dVo Tpaneloeldelc aywyolc oe dho To elpog TNne mapauétpou apatotoinong d. Iapatneeltal,
ot To aptunTixd anotehéouata ToaEouctdlouy TNV (Bl TOLOTIXY| CUUTIEPLYORS OE OYEoT UE
Toug mponyoluevoug aywyous. Toviletar étu 1 petafoly Tou apluod Po cuvoptioel Tng
Sratouric A tou aywyol elaptdtol and To elpog Tou A. o uxpéc TLég Tou d o apLbude
Po yetafdihetar ehdytota xabde uetafdiietor to A, eved 1 uetaforr| tou aplbuol Po elvat
oNUAVTIXY YLoL LeYdheg TLéS Tou d. Tevixd, n enidpaoy tng Statourc Tou aywyol otov aplbud
Po avZavetar xafdg xivoluaocte oto ouveyés dpro. Erniong, mapatneeiton to yeyovéde 6t ol
aptuol Po yia Stagopetind A elvar ueyaitepol 1 uxpdtepol ue tov avtiotolyo apliud Po

Yo XUALYSPLXS oY wYo.

5.2 Axpifric udpaUALXY| BLAUETPOS U1 HUAALXGDY ALYV

H 3éa tou urodoyiouol tne axplBrc Slauéteou elval EVPEWS YVWOTYH 6T0 TEdlo TNe xhao-
o pevatounyavixic [10]. Lougova ue feuehiddelc apyéc, o cuvtekeothic TpBric evde un

xUAYBEL0U aywyol elvar mepinou loog ue tov ouvieheoty| TEWBNC XUALYSELXOU aywYOU UE
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Eyfua 5.1: Aplfuol Poiseuille yia xulivdpixd aywyd xa d%o opboydvioug aywyols ue Aéyo
mhevpdy H/W = 1 xou H/W = 0.5 (ndvw), v didgopouc opboydvioue (uéom) xou yio
daxtuloedelc (xdtw) aywyolc we Tpog TNV TApdUETPO apatontoinomns 0 xat o = 1.
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dduetpo Dy, = 4A'/T". H vndleon auth anotelel uia tpocéyyion, dotL n uéomn tayitnta oe
Evay un xUAYOpd aywyo Sev elval tdvtote (on ue Ty avtiotolyn uéon TaytnTa xUALYdpLxoU
aywyol Sauétpou Dy. Ltny mapoloa mopdypago Oo mepypaget 1 Swadixacio utoloyiouo
g axptBoic Slapétpou DIFAC eydy To amoTENEGUATA TOL TPOXUTTOUY XANITTOUY 6LO TO EVPOC
e mopauéTtpou apatomtoinong 0. EwWlduxdtepa ta aplfuntind aroteréouato xovtd 6To udpodu-
vauxd Gpto (0 — 00) ouyxplvovtal pe avtiotorya anotehéouata, to onolo elval diabéoiua
oty debvi| BiBhoypapla [10] yia Tov éheyyo g 0phdtnTac THV anoTENECUATOV.

Optlovue wg Poyype Tov 0plhud Poiseuille xuhivdpixol aywyol ue Siduetpo Dy, evd Po
elvat o aplbudc Poiseuille yia onolovdfnote un xulvdpuxd aywys. O aptbude Poiseuille mpo-
xUmter xdvovtac ypfion e EE.(5.10) ue v Baowxr npotndbeor tny Unopln twy aviioTtolywy
HLVNTIXOV ATOTEAEOUATOV.

H EZ.(5.4) ypdgetar otny uopyh

Poruge = D™ (5.11)
Mol
6mou u' xou 1, elvan 1 uéom Tyt xar Statunuxn tdon evéc un xukvdpxol aywyol. H

EZ.(5.11) émhleton ¢ Tpog Ty UdpauALXY SLAUETEO KOS

p’

Dyrect = Potubeﬁ (5.12)
XUl OTNY GUVEYELXL OSLAOTATOTOLEITAL WC
/LU()XPE ’L_LDh
D7 = Poyype ———— = POpype—n— 5.13
" O 6 Py X P 1607, (5:13)
Kévovtac yefion tne EE.(5.10) n EE.(5.13) ypdgpetor oty wopyh
D]elxact 1 Potube
= 5.14
Dh 87iw Po ( )
Yy ouvéyeta Baotlouevn oty EE.(5.10) xat ypnotuonodvrag Gt
A 1D2ract
— = 5.15
r 4 D, (5.15)
1 adidotaty uéor Swatuntixn tdor yiveta
_ 1D’c;a7act (5 16)
Tw=g D, .

Avtixafiotdvrac v EE.(5.16) oty EE.(5.14) mpoxintel 6Tt

D}elccact Potube
=14/ . 0.17
Dh Po ( )

63

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



H EE.(5.17) yapaxtnelletat yia tny anAdTnta xal TV YEVXOTNT TNS, VO Loy Vel Yol GAO TO
elpog e napauétpou apatonoinone. Xenowwonowdvtag tny EE.(5.13) elvar duvatd n uehétn
TOU GQPINUATOS, TO OTOL0 ELGAYETAL XATY TNV YENOT TNS UOPALALXTS SLAUETEOU GE UT XUALVOEL-
x0U¢ aywyouc. To anotéhecua autd amoxtd UeYOAITERT ONUACLY OE TEPLTTOOELS POWY EXTOC
Depuoduvauxic toopponiog oe alyxpLlon Ue poEC 6TO GUVEYESC GOpLo. LTNY TE®TN TEplTTWOoN,
1) TOAUTAOXOTNTOL XAl TO ATOLTOVUEVO UTOAOYLGTIXG XO0TOC YLot TNV eMLTELET) allOTLOTWY ATO-
TeheoudTwy elvatl capdg To ueydho ev ouyxploel ue TNy devtepn TEPITTWOT, UE ATOTEAEOUA
N yehon tne WEag e UdPAUALXAC SLauéTeou Vo elvol o TRooLTH) xUplKg xaTd TNV UEAETN
TEYVOAOYLXDV EQUOUOYDV.

Y1ig embueveg mapaypdpoug Oo mapouoiacholy anoteléopata TNg axpLB30U¢ USPAUALXTC
Stapétpou yia daxTuloedelc xoL opboydvioug aywyolc oe 6A0 To €UPOC NS TALUUETEOU

apatonolnong 0.

5.2.1 AxpBric udpauviixy] dLduetpog o daxTUAOELIELS AYwYOUg

Edv 1o ouyxexpévo mpdfBinua enthubel aplbuntixd, egapudlovioag tny uébodo twv Sia-
XELTOV TaYLTATOVY elval SuVATOY Vo UTOAOYLOTOUY Ol XATAVOUES TayLTATOY xabdg xal ot
adidotates tapoyés G ylo didpopes TLéS Tou Aoyou Ry /Ry. Ytny ouvéyela, xdvovtac ypfion
NC Tapandve TAnpogopiac xat egopudlovtac Ty uebodoroyia mou teplypdgetar otny Iapd-
Yeago 5.2 untohoyiletal To OYETXO GQPIANUN OTNY UBPAUALXT SLAUETPO TOL aYwYOoU ot OYEoT
ue v axplPh T e Xto Ty, 5.2 (mdve) anewxovilovtal To anoTENECUATA TOU GYETLXOU
o@dhuatog ouvapThHoeL Tou Aoyou Ry /Ra, ue oplaxéc auvlixec mhhpouc Sidyvong (o = 1) xau
YLt 6Ao To elpog TN TapauéTpou apatonoinons 6. Ané to Xy. 5.2 (ndvw), dantotdvetal GTu
v xdfe T Tou Aéyou Ry/Rs, T0 UEYLoTo oyeTiXd opdhua elvar Betixd xar napouctdletal
070 LSPOSLVaULXS GpLo xabdg (0 — 00). To ouyxexpévo ypdgnua elval oe TAYEN ULVl
ue To avtiotolyo mou moapouctdletal 6To xhaoowxd BBAo pevotounyavixrc [10]. Kafde 1
apaLonolnon TN pofc auldvel, To oyeTxd oPdAUd UetdVETAL ¢ xoL yia 0 ~ 4. Tw 6 < 3
TO OYETXO opdiua elval apvnTixd xou auldvetar xabde mpooeyyiletal 1 ehelbepn Uoplax
neployt (6 = 107?). Exnlong, oto ouyxexpwévo ypdonua mopatnpeettal yio xdfe tLuf tne mo-
cauétpou apatonolnone To oyetind apdhua (Betixd 1 apvntind) auldvel xalde o Aoyoc Ri/ Ry
avZdvel. To uéyioto Betxd xan apvntixd o@dhua tapatneeital yio Ry /Ry = 0.9 xar § — oo
xar 0 = 1072 aviotoiya pe Twéc +22.5% xar —17.5% avtiotowya. Télog, onueldvetar 6T
Yo Uxpéc Tuéc Tou hNoyou Ry /Ry xow 0 < 5 1o oyetxd opdhua xuupaivetol uetalld £5%.

Baowd otolyeto mou npoxinTel and Ty Topandve avaiuon elval 6T YEVIXd cuuTEpdoUATY
dev umopolv va datutwlody adld to olyoupo elval 6tL oe xdfe Tepintwon Touv Adyou Ri/ Ry
TO OQIAUA TOU ELOdYETAUL ELVOL ULXPOTERO OF APAULOTOLNUEVES POEC AT’ OTL OTLC AVTLOTOLYES

070 UdpodLVAULXS Lo,
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Lyhuo 5.2: Uyetxd o@diua otny udpauhixr SLAUETEPO 6€ GUYXELOT UE TNV axpEl3r) UBEAUALXH
dLdueTpo yia SaxTUAOEWY aywyd ue Abyo axtivoy Ri/Ry (tédve) xau opfoydvio aywyd ue
Aoyo mheupdv H/W (xdtw), ue optaxéc ouvBixec mhfipouc Sdyuonc a = 1 xou didpopec TLuég
NG TOEAUETEOU AEALOTOiNoTC 0.
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5.2.2  Axp3ric udpauviixy) didpetpog ot opboydyLoug aywyoig

Emdovtog aplBuntixd tny avtiotouyn yeauuwxr xivntixd eélowon xou egoapudlovtag tny
uebodoloyia tne Iopaypdpou 5.2, To anoteAéoUATA TOU TEOXVTTOLY YL TO GYETIXO GOANUIL
Tou eledyeTol oTNY UdpauAxY SIdUETPO Tou aywyol amewxovilovtar oto Xy. 5.2 (xdtw).
[apatneeitar, 61t xafde auidvetol 1 TUPGUETEOC dPALOTOINOTEC, TO OYETIXO GQPIANUL ETLONC
avEdvetat. H xaunihn mou avitiotolyel oto udpoduvauxd bplto (& — 00) elvar oe Thipn cuu-
pwvio ue TRy avtioTtolyn xauniin tou napouctdletat oto [10]. e xdfe nepintwon tou Adyou
H/W tou aywyol, to ogdhuo xuuaivetal wetald —34 xou 20%. Ltnv napovou neplntwon,
OTWS %ol TNV TEPITTWOT TOU SaXTUAOELSOUC AYWYOU, YEVLXY GUURERIOUATO OEV UTORPOUY Vo
eZayfolv v Ty Tdom Tou 6YIAUATOC, TO oTolo dTWS TEOXUTTEL, e€apTdTaL dueca and TOUC
Aoyoue H/W 1) Ri/ Ry TV aywydy ol TS TopoUETPOU apalotolneng .

[ Ty ohoxAnpwuévn uehétn tou ogdiuatoc oe opboy®dvloug aywyols, TapouctdleTol
otov Ilivaxa 5.7 o Moyoc Dt/ Dy, cuvopthioel tne Tapauétpou apatotolnone 4. Luyxe-
xpLéva To 6@diua 6Toug ophoydvioug aywyols tapauével 6Tabepd xal Uxpd Wlaltepa oTLG
Teplnt®oelc 6mou v v = H/W =1 xau 0.5. T tic nepintdoeic énov v = H/W =0.1 xau
0.01 To o@dhua elvat uxpd otnv ueTaBatixr Teploy | xal auEdveTal onuavTxd otny ekellbepn

uopLaxt meployy) xat Tnv neptoyy) okicbnong.

5.2.3 AxpBric udpauvAixn dLdUETpOg O TELYwVLxoUg xot Tpaneloeldels
Ay WYoNS

Ta anotehéopota Tou Aoyou D /Dy yia 800 dtagopeTinolc Tplywvixolc aywyols mo-
couotdlovton otov Ilivaxa 5.8. Tlopatneeiton, 6Tl T0o o@dAu xat yia T U0 TEPLRTOOELS
aywydy elvol wxpd xol tne dlag tdEne ueyébouc mou xuualvetar oto 10%. To amoteké-
ouata vy Vo Stagopetixols Tpaneloeldelc aynyolc tapoustdlovtal atov Ilivaxa 5.8, 6mou
T UTOTEAECUOTO GTO ELOAYOUEVO OQIAUA TopoUGCLAlouy ONUAVTIXES SLa@opEc UETAEY TV
300 aywy®dv. XTov Loooxehr| tpaneloedr] aywyo ue ¢ = 63.43° 1o ogpdhua elvar apxetd
uwxpd xat otabepd 6e 6Gho To eUPoOC TOL J, EVK GToV deltepo aywYd Ue ¢ = 54.74° n cuune-
oLpopd Tou o@dluatoc elvol duola Ue TNy TeplnTtwon ophoywviou aywyol ue AdYo TAEUp®OY
v = H/W =0.1. Ta anoteréouota 6To udPOdIUVAULXS Gplo (& — 00) elval oe Then cuupwvia
ue to anotehéouata tou dpbpou [119] mou napovoidlovtal anotehéouata xdvovtac yeron
TV LSpoduVaUXOY e€lo®oewy Navier-Stokes.

Toviletat, 6t 1 napovoa avdivor xou to apliuntixd anotehéouata o anoterécouy yei-
oo gpyalelo oe ouyxploelg ue avtiotolya Telpauatixd dedouéva xabdhg xat otov oyedlooud
xat BeltioTonolnoy uxpoocuoxeudy. H napamdvew uehodohoylo elvon duvatdy va enextalel oe
AYOYOUC UE SLAQORETIXES BLATOUES UE dEBOUEVO OTL Tar avTioToly o xuvnTixd anotehéopata elval
Stabéowua. Enlong, elvon Suvath n egopuoyr Tou yoviéhou adlnhenidpaong acplov-TolyOUATOS

fewpdvtac a # 1.
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Hivaxag 5.1: Apludc Po oe oyéor ue Ty TapdUeTeo apolonolinong J, Yo XUALYSpixd aywyo
xaL a=1, 0.85, 0.7.

Po
) a=1 a=085 a=0.7
1073 0.00533  0.00394 0.00288
1072 0.0538 0.0401 0.0294

0.1 0.539 0.425 0.319
0.3 1.73 1.43 1.02
0.5 2.90 2.28 1.75
1 2.77 4.60 3.58
1.5 8.46 6.83 5.36
2 11.0 8.93 7.06
3 15.5 12.8 10.2
4 19.3 16.1 13.1
5t 22.6 19.1 15.7
6 25.5 21.8 18.0
7 28.1 241 20.1
8 30.3 26.3 22.1
9 32.3 28.2 23.9
10 34.1 29.9 25.5
11 35.6 31.5 27.0
13 38.4 34.3 29.7
15 40.7 36.6 32.1
20 44.9 41.1 36.7
30 50.0 46.8 42.9
40 53.0 50.2 46.8
50 54.9 52.5 49.5
100 29.1 57.7 295.8
200 61.5 60.7 29.7
500 63.0 62.6 62.3
0 64 64 64
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ITivaxac 5.2: AplBude Po oe oyéon ue v tapduetpo apotonolnong 9, v opfoydvio aywyd
ue hoyo mhevpdy H/W =1,0.5 xau 0.1 xou =1, 0.85, 0.7.

Po
a=1 a=0.85 a=0.7
H/W H/W H/W
1 0.5 0.1 1 0.5 0.1 1 0.5 0.1

J

1072 0.00478 0.00377 0.00287 0.00464 0.00365 0.00278 0.00367 0.00285 0.00215
1072 0.0483 0.0383 0.0293 0.00464 0.00365 0.00278 0.0376 0.0294 0.0224

0.1 0.504 0405 0.316 0.492  0.395  0.308 0.416  0.333  0.260
0.3 1.56 1.27 1.00 1.53 1.25 0.98 1.37 1.11 0.88
0.5 2.62 2.15 1.71 2.59 2.12 1.68 2.39 1.95 1.55
1 5.21 4.32 3.47 5.17 4.28 3.43 5.02 4.12 3.29
1.5 7.63 6.37 5.15 7.62 6.35 5.12 7.64 6.30 5.05
2 9.88 8.30 6.74 9.91 8.30 6.73 10.2 8.42 6.77
3 13.9 11.8 9.67 14.0 11.9 9.70 14.9 12.4 10.0
4 17.3 14.8 12.3 17.6 15.0 12.4 19.2 16.1 13.1
Y 20.3 17.5 14.6 20.7 17.8 14.8 23.1 19.5 15.9
6 22.8 19.8 16.7 23.5 20.3 17.0 26.5 22.5 18.5
7 25.1 21.9 19.0 25.9 22.5 19.0 29.7 25.3 21.0
8 27.0 23.8 21.2 28.0 24.5 20.8 32.5 27.9 23.2
9 28.8 25.5 22.8 29.9 26.3 22.5 35.1 30.3 254
10 304 27.0 24.3 31.7 28.0 24.0 374 32.5 27.3
11 31.8 28.4 25.6 33.2 29.5 25.4 39.6 34.5 29.2
13 34.2 30.8 29.1 35.9 32.1 28.0 43.3 38.1 32.5
15 36.2 32.8 31.1 38.1 34.4 30.2 46.5 41.3 35.5
20 399 36.8 35.1 42.4 38.8 34.7 52.8 47.5 41.7
30 445 41.7 40.2 47.6 44.4 40.7 60.7 95.9 50.3
40 471 44.7 43.4 50.6 47.9 44.5 65.5 61.2 56.1
50  48.8 46.7 45.5 52.6 50.2 47.2 68.7 64.9 60.2
100 52.6 01.3 52.0 o7.1 95.6 53.7 76.0 73.6 70.4
200 54.7 04.0 69.2 59.5 28.7 D7.6 80.1 78.8 76.9
200 56.0 55.7 995.3 61.1 60.8 60.3 82.8 82.2 81.4
1000 56.4 56.3 56.1 61.6 61.5 61.2 83.7 83.4 83.0
oo 96.9 56.9 56.9 62.2 62.2 62.2 84.7 84.7 84.7
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ITivaxag 5.6: Aplbudc Po oe oyéor ue Ty Tapduetpo apalonolnong 9, yia Sld@opoug oLy w-
vixoUg xoL Tpaneloeldelc aywyolg ue a=1.

Po
) Equilateral Isosceles Isosceles trapezoidal Isosceles trapezoidal
¢ = 60° ¢ =54.74° h/B=0.5,¢=06343° h/B=0.78, ¢ = 54.74°

1073 0.00431 0.00429 0.00456 0.00393
1072 0.0437 0.0434 0.0461 0.04
0.1 0.458 0.456 0.483 0.432
0.3 1.43 1.42 1.5 1.39
0.5 2.41 2.4 2.53 2.4

1 4.8 4.78 5.05 4.94
1.5 7.05 7.03 7.41 7.43
2 9.14 9.11 9.62 9.83
3 12.9 12.8 13.6 14.3
4 16.1 16 16.9 18.2
5 18.9 18.8 19.8 21.8
6 21.3 21.2 22.4 25

7 23.4 23.3 24.7 27.8
8 25.3 25.2 26.7 30.3
9 27 26.8 28.5 32.6
10 28.4 28.3 30 34.7
20 37.4 37.4 39.7 48.3
30 41.7 41.6 44.3 55
40 44.2 44.2 47 59.1
50 45.9 45.8 48.8 61.9
100 49.7 49.6 52.9 68.4
00 53.3 - - 74.6
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Mivaxac 5.7: Adyoc axplBoilc udpaukixic Slouétpou TEog TNV LdPAUAXY SldueTpo urn Xu-
AvBpLxol) aywyol cuvapTHoEL TNG TapaUéTEou apatotoinong d v opboydvioug aywyols ue
a=l1.

DZIaCt/Dh
Orthogonal (y = H/W)

vy=1 =05 ~=01 ~v=0.01

1072 1.05  1.07 1.2 1.46
1072 1.05  1.07 1.19 1.41
0.1 1.05 1.07 1.16 1.25
0.3 1.05 1.06 1.12 1.16
0.5 1.05 1.06 1.1 1.12
1 1.05  1.06 1.07 1.07
1.5 1.05 1.05 1.05 1.05
2 1.05  1.05 1.04 1.03
3 1.05  1.05 1.02 1.00
4 1.05  1.05 1.00 0.983
d 1.05 1.04 0.991 0.969
6 1.06  1.04 0.981 0.957
7 1.06  1.04 0.973 0.947
8 1.06  1.04 0.966 0.938
9 1.06  1.04 0.96 0.931
10 1.06 1.04 0.954 0.924
20 1.06  1.03 0.922 0.886
30 1.06  1.02 0.907 0.868
40 1.06  1.02 0.899 0.858
50  1.06  1.02 0.894 0.851
100 1.06  1.02 0.882 0.837

o 1.06 1.01 0.869 0.822
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ivaxac 5.8: Adyoc axpBolc udpaLAXRS SLaUETEOU TPOC TNV USPAUALXT| SLEUETEO U1 XUALV-
dpuoV ay®mYoU CUVOPTACEL TNG TUPAUETEOU aEaloToinong O YLol SLPopous TELYWVIXOUS Xal
tpaneloedelc aywyoug e a=1.

DZIaCt/Dh
) Equilateral Isosceles Isosceles trapezoidal Isosceles trapezoidal
¢ = 60° ¢ =54.74° h/B=0.5,¢=063.43°> h/B=0.78, ¢ = 54.74°

1073 1.11 1.11 1.08 1.16
1072 1.11 1.11 1.08 1.16
0.1 1.1 1.11 1.07 1.14
0.3 1.1 1.1 1.07 1.11
0.5 1.1 1.1 1.07 1.1

1 1.1 1.1 1.07 1.08
1.5 1.09 1.1 1.07 1.07
2 1.09 1.1 1.07 1.06
3 1.09 1.1 1.07 1.04
4 1.09 1.1 1.07 1.03
5 1.09 1.1 1.07 1.02
6 1.09 1.1 1.07 1.01
7 1.09 1.1 1.06 1

8 1.09 1.1 1.06 1

9 1.09 1.1 1.06 0.995
10 1.09 1.1 1.06 0.99
20 1.09 1.1 1.06 0.964
30 1.09 1.1 1.06 0.953
40 1.09 1.1 1.06 0.946
50 1.09 1.1 1.06 0.942
100 1.09 1.1 1.05 0.930
00 1.09 - - 0.926
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KEDPAAAIO 6

EISATQIH £TIS STOXAYXTIKES AIAAIKAYIEY

6.1 Ewoayonyi

Ta tehevtata ypdvio €vTovo elval To eVOLAPEEOY TNC ETLOTNUOVLXAC XOLVOTNTAC YLOL TNV
enlhuon gavouévwy ponc xal uetagopds otny uetofatixt| nepoyr. 'Onwe éyouue avoagépet,
oty meptoyr) aut 1 Uéon eheVbepn dtadpour| elval ouyxplown Ue To yapAXTNELOTIXG UTxOC
TOU exd0T0TE TPOPARUNTOC UE ATOTENETU, 1) BEwplol TOU GUVEYOUS UEGOL VoL XATAPEEEL XL VAL
elval amapaltntn N yeron evalhaxtixdy yebodoroyidy eniivone. Mo and i puefodoroyieg
emiluong elvat 1 yerorn tne xwvntxic Bewplog, 1 omola Paciletar oty Oeuehiddrn eéicwon
Boltzmann. H yafnuotixr Suoxolia entivong tng ev AMdyw elowong amoxhelel tnv eniteudn
XAELOTGV aVahUTIXGY Aoewy. [ Tov Aéyo autd avantiybnxe n uébodog Direct Simulation
Monte Carlo (DSMC), n onola tapaxduntet tny enthuon e e€lowone Boltzmann. Yto napdv
Kegdhawo nepiypdgetat n guhocogia tne uehddov DSMC, evd ot xepdhata Tou axohouholy
(Kegdhowa 7-9) didovtar teetc dapopetinée epapuoyéc e uebodou.

6.2 H Mé6odoc DSMC

H mpdtn otoyaotxy) uébodoc nou avantiyfnxe frav n uébodoc Test Particle Monte Carlo
[121], n omola epapudletal yia TNy Hovielomolnomn po®dy ywelc Ty tapousio eVEoUopLIXGOY
ouvyxpoloewv. H ouyxexpiévn uébodog avantiylnxe yia tnv uovtehonolnor podv 6e Toll-
Thoxeg yewuetpleg. Katd tnv uébodo auth|, uovtelomoeital évag ueydhog aptudc uoptaxdy
TPOYLOY %ot utoloylleTtal 0 Aoyog TV couaTdiwy Tou elépyovtal and To Tedlo, TEOS TO
OUYOAO T®V UOVTEAOTONUEVODY COUATISIOY, YVWOoTOC ol w¢ transmission probability. H
uovtehomolnom Twv Tpoylody elvol aveldptntn Tou Yedvou, evédd haufdvovtol utddn udvo ot
ahAnAeTLdpdoeLs aeplou - TOLYOUATOC.

Muo evadhoctir| uébodog TpoxUTTEL UE TNV ELOAYWYT TNS TALUUETEOU TOU YPOVOU Xl TNV

TAUTOY POV UOVTEAOTOINGY) TWV UOELAXGY TROYLOY GTO YEOVIXO auTd SLdoTnua UE TNV ¥eHon
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nhextpovixol utoloyloth. H uéhodoc auty elval yvwoty wg uébodog Direct Simulation Monte
Carlo xat ypnowonoteltol yio tnv woviehonolnon apatdy agplwy [14].

H Boaowe tpocéyyion tne uehddou DSMC éyxeltal 6Tov dtaywploud tne YopLaxic xivnong
amd TS LOPLAXES GUYXPOVGELS XuTd TNV dtdpxela Uixpol ypovixol Bruatoc At. 'Ola to ow-
uatidior SLaviouy CUYXEXPLUEVT ATOCTAOY) TOU AYTLGTOLYEL GTO TUPATAVL YEOVIXO BHud, EVEH
otnv ouvEyela axohoulel 1 povtehomolnoy Twv Uoplaxdy cuyxpolcewy uetadl dvo Tuyala
EMAEYUEVODY ooUaTdlwy Tou Wlov xehol. To ypovxd Brua At neénel vo elvar uxpdtepo
ané Tov uéco ypdvo olyxpouonc. H uoplaxy xivnon mpayuatonoleltar ue aniéc ellodhoelg
xivnong, eved anapaltntn elvat 1 Tallvouncy tTov cowuaTdloy 6 XEAA XL UTOXENE (HOTE oL
UOELAXES OUYXPOVGELS VO TROYUATOToL0UVTAL UETALY YELTOVIX®OY Uoplwy. H otoyaotir Siadi-
xaoto emAOY RS AVTLTPOCWTEUTIXOV LeVYOUSC COUATIOIOVY YLd TNV LOVTEAOTOINOT) TOY LORLIXGDY
ouyxpovoewy Baciletal dueca oe oyéoelg mou Tydlouvy and tny xwvntxt| fewpla. o Tov
Aoyo auté 1 uébodog DSMC eugavilel Toug dloug teplopiouols ue tny eélowor Boltzmann.
Ou mepLoplopol elvat 1 undheon Tou LoELIX0U YEOUC XoL 1) ATALTNOY AEULGY AEPLKY.

H yopwt Staxpitonoinon oe dixtuo xehdy mpayuatonoleltol uévo 6Tov Quoxd yGpo, eve
0 Y OPOC TWVY UXPOCXOTUXAY TAYUTHTOY TEPLAAUBAVEL TLC TRELS CUVLOTOGCES TNG LOPLAX S Tay -
mrac. O guoxdc yoheoc yenolwonoteltal otny dtadixactia emthoyhc Tou Lebyous ooUATISIWY
%ot TNV YopLaxy oUyxpouot xafihe xal 0TOV UTOAOYLOUS TWV UAXPOOKOTUIXGY TOGOTHTWY.
Tuyédv ouuuetpieg Tou TpofAAuaTog elval SuVaTdY Vo UELOGOLY Tov apliud TwV SLaoTdGEWY
TV YWEOY XENDY, xaHOC xat Tov aptud TV Yweixdy GUVTETAYUEVWLY Yia Xdbe cwuatidio.
O uopraxéc ouyxpoloelg avtipwetonilovial wg gatvoueva Teldy dtactdoewy. Toviletat, 6Tt ol
Y WPLMEC CUVTETAYUEVES XUl OL UOPLAXES TAYUTNTES UETABAAAOVTAL CUVEYADC, EVG 1) SLaThipnon
e ualog, opunc xou evépyelog EMBAAAOVTAL XUTE TLC LOPLUXES GUYXPOUGCELS.

O oplaxéc ouvirixeg xoatd v péhodo DSMC emfBdhhovtal oe poptaxd eninedo xat e€ap-
TOVTOL OTO TNV CUUTERLPORE TV COUATIIMY %ol BEV £Y0UV TNV LOPQT CUVARTNONS XATAVO-
unc. To yeyovog autd emitpénet Ty poviehonolnor oVvheTwY YewueTeldy xou diepyaotdy. H
ué¢fodoc DSMC agopd tnv povielonoinomn woplwv xatdhinhou guotxol yeyéboug xat o aplb-
ubéc Toug UetdveTal dpaoTixd unobétovtag 6Tl xdfe cwuatidio aviitpoownelel Eva dedOUEVO
aptiud Fy mpayuatixdyv voplwyv. H ntocdtnta auth elvar ouvifog évac peydhog aplfude tne
14Enc Tou 102 mpaypaTixdy Loptwv.

Ov uvaxpooxomxéc apyxéc ouvbrixeg emBaAlOVTOL UE TNV LOPYH apYIXAC OUOLOUOEYNC
xatavourc couatidiwy oe 6ho to tedlo. H por| elehlooetat €yovtac wg agetnplo Ty napandve
apy ) xatdotaor cuvapThoel Tou Ypbvou. ‘Okeg oL Sladixacieg Unopovy Vo TEoGdLOPLETOVY

XATAAANAAL, GOTE O UTOAOYLOTIXOC YpOVOC Va elval avdAoyog Tou apliuol Twv couaTtdiwy.
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6.3 IIeproyn woydog tng wuebddov DSMC

Y10 Xy.6.1 arewoviCovtol oL teployéc toyvog dlopbdpwy Uebodohoyldy, cuvapTHoeL ToU
YAEAXTNELOTIXOU UXxoug L Tou cuoTAUATOS Xal Tng uéong woptaxic andotaone 0. I ou-
YXEXELUEVN TLUY) TN Hoptaxiic dtauétpou d, xabde n uéon andotaoy UeTall TwV UopleV UELD-
VETAL €yoLUE aUENon TNS TUXVOTNTAC, OTWS YAPAXTNELoTIXd QalveTal oTtov optlévtio dova
Tou Xy.6.1. Ly neplntwon e poptaxic duvauixic (Molecular Dynamics), n onolo Boot-
Cetat otig mo Oeuehiddeig e€lodaoelg, 1 uéhodog Loylel yia 6o To e0p0OC TWV TORAUETPWY TNC
TUXVOTNTOS XAl TOU YopaxTnetoTixol ueyéboug.

‘Otay 0 Aoyog g Yéong Uoplaxic améoTaong 0 Teog TNV Uoptaxy) dduetpo d elval oAU
ueyahitepog e Lovddac (0/d > 1) t61e 10 pevotd ovoudleton apond (dilute). H uéhodoc
DSMC, érwe xou 1 E€lowor Boltzmann, elvat duvatdv va yenowwonoinfel yia apad peuctd
otav 0 Aoyoc tne Uéone ehelbepng Sladpounc A Tpog TNy uoplaxt| SIAUETPO Elval TOUAGYLOTOVY
A/d > 10. H uébodoc DSMC anotelel wa otatiotxs, uéhodo, n onola elvor mohd anodotixd
oty petafatiny meptoyy) 6mov 0.1 < Kn < 10. H DSMC e€axohoufel va toylel yia uL-
xpotepeC TLWECS Tou apliuol Kn, éyovtoag mapdAAnha apxetd auEnuévo UTOAOYLOTIXG XOOTOC.
‘Otav 1 uéon ehetfepn dadpoun Tou cwuatdiou elval apxeTd ULxEY| o oyéon Ue TO Yopd-
ATNELOTIXO UNXOC TOU GUGTAUATOS, TOTE TO UECO GUUTERLYPERETAL WS OUVEYES peuaTh. ToTe oL
TOGOTNTEC TN TUXVOTNTAC, TayUTNTaC Xou evEpyeLag opilovtal eraxpBog oe xdfe onueio Tou
nedlou porc. H neployt| auty) aviiotoyel otny neployt) 6mou Kn < 0.1 xat ypnoiuonololvtol
oL e€lodoelc Navier-Stokes. Adyw Twv SLa@opeTixdy xpLtnplov yia TNV Yenon Twv eElodoeny
N-S %o tne uebodov DSMC xat ou Vo uéhodol toybouy otny TeLywvixr teployr tou Xy. 6.1
6mou 0/d > 10 xou Kn < 0.1 [18].

6.4 Movtehonoinon woplax®y GUYXPOVGEMY

H mbavétnra tne npayuatoroinong ua oUyxpovong uetall evog edyoug cwuatidloy elvat
AVEAOYT TOU YLVOUEVOU TNG OYETIXNAC ToyUTNTAC ¢ XAl TNS GLYOALXYC EVERYOU BLATOUNC O .
Ye x80e xehl Tou medlou poric utoloyiletal 1 uéon xaldhe xat N UEYLOTN TLUY| TOU YLVOUEVOU
cyop xau 1 arodoyr g olyxpovong Uetall Twv Uoplowv mpayuatonoteitor ue tny uébodo
anodoyfc - andppldne. LVugwva ue Ty ouyxexpluévn uébodo yua xdfe Cedyoc oouatdiny
vrohroyiletar n mbavétnta olyxpouong, n onola LooUTaL UE TOV AOYO TOU YLVOUEVOU Cp.OT
TEOG TNV UEYLOTY TWWY| Tou, 670 exdotote xehl. O anattoluevog UTOAOYLOTIXOC YPOVOS OTNY
ouyxexplUévn Sladuxacta elval avdAoyog Tou TETpaY@VoL Tou apliuol Twy cwuatdiwy ot xdbe
xehl, eV® 0 ouyxexpluévoc akyopliuog arotelel UEpog evog eupEng SLadEdOUEVOU LOVTENOU
LOPLIX MY GUYXPOVUGEWY, YVwoTd we Non Time Counter scheme (NTC) [14].

Yiugova ue to wovtého NTC, oe éva xehl dyxou V. 670 onolo xdbe cwuatidio aviiotouyel

oe Fy mpayuatixd cwuoatidia, n mbavétnta olyxpovone P d0o cwuatdiwy 610 Ypovixd
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Yyfua 6.1: Ileproyéc woylog ouvapthoel Tou yapaxtnelotixol uixouc L/d xau tng péone
uoptaxfic anbotaonc Tou cucthuatoc §/d.

didotnua At, loovtal ue To TNAixo
P = FNO'TCTAt/‘/C. (61)

Yy EE.(6.1) n oyetued taydtnto yetaBdAheton avdhoya e TNV ETLAOYH T0V 0oUaTdIWY, EVE
1 OLYOAXY| EVERYOC dlatour elval cuvdpTnon Tne oyetxnc Tayvtnrac. O uéoog aptbude Tpoy-
uaTXOY ouaTdlny oto xell elvar nV,, evd o aplbude twy uyovielonoinuévwy couaTdiony
elvar N = nV,/Fy, émou n n aplfuntxr tuxvétnra tou aeplov. O ouvohxde apliudc ou-
YxpoUoE®Y 610 XeAl elvat duvatdy va utohoytotel emthéyovtac N(N —1)/2 Ledyn cwuatdiwy
xa urohoyilovtag tny mbavétnTa ovyxpovone P. H ouyxexpiuévn uebodoloyio anodetxvie-
Tat 6TL elvon avemapxic, dtot N mbavétnta P oelval puo uixpr tocdtnta xoL 0 aptbuds Twyv
Ceuyapltdyv elvar avdhoyog Tou TeTpaY®GVOU Tou aptiuod TwV UOVTEAOTONUEVEDY COUATIOIWY.
Enilong, AMoyow tou 6t 0 apliude Fiy elvar apxetd ueydrog, o aptbudc twv Levyapltdy Loovtal
ue N2?/2. To yeyovéc autd odnyel oe éva 6odAUa, To onolo elval apxetd onuaviixd Yo
uLxeéc TLEC Tou apliuoy Twv UOVTEAOTOUNUEVWY COUATLOIWY.

H napoandve Siadixactio uropel va Bertinlel edv uévo éva 1060016 TV cLVOAXGY (euya-
oL@V Angbel urédn oty wovtehonolnon TV voplax®dv ouyxpovoewy. IlapdAAnia 1 mbavé-
Ta olyxpouone avidvet, dtapdvtag Ty EZ.(6.1) ue to ouyxexpévo nocootd. H uéyiom

am6d00m EMLTUYYAVETOL, OTAY TO EV AOYW T0G00TO elval T€Tolo KoTe 1 uéytotn mhavdtnta vo
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toovtal ue TNy uovdda. To mocootd t61e divetar and tnv oyéon
Pmax = FN(O'TCr>mamAt/‘/Ca (62)

evd 0 aptBudc tov Leuyapldv avé ypovixd Brua tpoxintetl edv n EE.(6.2) nodanlaotaotel
ue N2/2. Toviletow 61t 1) tocdTNTe N petofdhheton ypowxd, UE anoTéAecud 1 Uéom T
TOU TETPAYGVOL Va elval SLa@opeTixt| and To TeTpdywvo tne uéorne Tiunc. Autd ocuvendyetal
611 1 mocbtnTa N2 mpénel vo avixataotabel and to yivéuevo wag ypovixd uéone tune N
ue wag otiyuatag twic N. Xdugova e tny uébodo NTC, o cuvohuxde aplude mbavdvy

ouyxpoVoewy og xdfe xell toodtal ue

1 _
5NNy (0r¢ ) mac A/ Ve, (6.3)

eved 1 mhoavotnTa olyxpouong divetal and TNy oyéon

orCr

(UTCT)ma:E ‘

(6.4)

Yy nepintwon ulypotog agplov, 1 uébodoc NTC elvar aveldptntn T0V GUGTATIXOY %Ol
avTieTwniCel To ulyua wg éva aépto. Xtny nepintwon Unapéng ueydhng dtagopds uoplaxoy
ualody Uetold TOV oUCTUTIXOY TOU ULYUOTOC TopaTneeltal To YeYovog OTL Ta Uixped UbpLa
EYOUV UEYAAT oyeTixr] Ty UTnTa xat 1) T06OTNTA (07C; )mas ELVAL TONG ueYaAdTEPN 0N TNV
avtiotolyn Twv YeyahuTtepny owuatdiwy. To yeyovoc autd €yel wg anotéhecua oL cUYXpoU-
oelg UeTadl ehappdy Uoplwy va TeayUaToToloUvTal To 6UYVE and 6Tl TNy TEpITTwoY TV
Bapéwv cwuatdlov. ' v anoguy? Tou cuyxexpluévou tpofifuatog 1 uéhodog NTC eqap-
uéletat LeywpeLotd ot xdfe cuoTATIXG XL 0 GUYOALXOS aELOUOC TLOAVHDY GUYXEOVCEWY UETALY
Tou eldouc p xat Tou eldoug ¢ LoodtaL ue

1
§NPNQFN(UTCr>maI,qut/Vc: (6.5)

eved 1 mhavotnta olyxpouong divetal and TNy oyéon

orcC
— (6.6)
(UTCr>ma:c,pq
avtioToryo. T peydio aplbud cucstatixdy Tou ulyuatog amatteltal Ueydhn UvAUY GTOV UTo-
Aoyloth) Yeyovog mou xablotd adbvato Tov utoloyioud molvatouxdy wyudtoy. H enlivon
Tou {NTAUATOC UVAUNG TeaYUATOTOLELTOL Ue ToV Slaywpeloud Tov Uoplwy ot xafoplouéveg

ouddeg p xaL g xau byt oty Bedpnon evog udvo eldouc.
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6.5 Ilepropiopol tng webddou - Aplhuntind opdipata DSMC

H uéhodoc DSMC evowuatdvel 800 eldn opaludtov: o) 10 6TATLoTXO 6YIAUL, TO 0Tolo
mnydlet and v otatiotxd gUon e uebddou xat B) o vietepuvionxd opdhuata, to onola
eCopTdVTAL amd TNV eMAoYY) aplOUNTIXGOY TApAUETPWY OTWS T.Y. To Ypowxd Bruc At, Tov
OYXO TOV YWEXOV XENDY XaL TOV GUVOAXOS 0pliud TwV coUaTSlwy. YNy TedTn teplnTtwon,
xVpta TNYY elvon 1 Bedenomn 6Tt €va cwuatidlo avTimpoownrelel €va ueydio TAR00S TpayuaTL-
2OV couaTdiwy tou agplou. To yeyovog autd €yel wC ATOTEAEGUA TNV EUPAEVLOT GTATLOTIXNAC
SroxVuavong (statistical scattering), n onola cuvibueg axoloubel xatavour| Poisson tng uop-
9

(nV)N exp(—nV)/N. (6.7)
omou n 1 aptbuntey muxvotnta, Voo dyxoc xar N o aplbudc twv owuatdiewy. H tumd
améxhion elval e TéEng e tetpaywvixic ptlag Tou apliuol Twv couaTdiwy Tou yovielo-
TOLOUVTAL, EVK 1) UEom T TNe xatavourg elvan lon ue nV. Exlong n otatioting dwaxduavon
TOV ATOTEAECUATWY UELOVETOL CUUPOVA UE TNV TETpaywvxY| plla Tou aptbuol Twv couaTt-
dlwv mou ypnowonotodvtat. [ v enitevén Tou entbuuntod emnédou axpifetac epopudletal
ETAVAANTTIXOC YApTNC OoTe Tehxd va emttevyBel n embuunty, olyxhion, dnhady| tny eniteuvln
UOVIWY UeYeDDOY uetd and xavomonuxd aptbud delyudtwy.

ITpénel va toviotel 6TL Baowd otatiotxd medBinua otny uébodo DSMC anotehel 1 d7-
uLtouEYlol ONUAVTIXOY GUVETELOY 6TO TREAYUATIXG aéplo Tou ogelhovTal xatd xUplo A6Yo 6Ny
Umapdn uxpol apliuold couatdioy. o tov Adyo autd mpénel va eréyyetal oe xdbe Briua o
apliudc TV cwuaTdiwy avd ywewxd xekl Gote vo artogelyovTol T€Tolou eldoug opdiuaTa.

Yty deltepn xatnyopla ogdhuatog, o Baocixdc teploplouds Tou TeoxUnTeL, elval 6TL To
xpovixd Bua At xar 0 6Yx0g TV YopXdY XEADY deV UTOPOUY Vo ETAEYOUY apXETH Uixpd,
AOYw Tng amaltnong UEYAANS uToAOYLOTIXHC LoyVoc. LuvhAlng 1 ouyxexpluévn xatnyopla
o@dluatog éyel ueyalitepr enidpaon ota apluntixd anoteléouata oe oyéon UE TO GTATL-
OTXO QAU XAl AUTO BLOTL OL VIETEPULVLOTIXES TOCOTNTES TPOXVUTTOUY dueca and To eldog
e exdotote mpog uehétn porc. H axpifBeia tng uebddou DSMC ev yéver auldver xabdg
10 yeovixd Brua xal To Uéyebog TV ywpdY xeMOY Telvouv oTo Undéy, eve dev undpyet
avtioTolyo xpithplo evotdfelog énwe Tou aptbuol Courant otig xhaoowxés uehbdoug Tenepa-
OUEVDY BLLPOpOY.

Télog Tovileton 6Tl 0 ATALTOVUEVOS UTOAOYLOTINOS YpOVoS xafde xal 1 araltnon utoho-
yioTixrc uviung etvat 8o Baouxol utohoylotixol Teploplouol Tou yapaxtneilouy Ty uébodo
DSMC.

6.6 AAlyobpibuog uebddov DSMC

Ta Baowd Briuata mou repéyovtal oe évav ahyoplfuo DSMC eival ta e
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1. Kofoploudc tov Paoxedy YEWUETPXAY YOQAXTNRLOTIXGOY TOU TEedlou, TOV GUVOAXO
apliud cwuatdiny, Tou yeovxol Bhuatoc At xaldg xar TV tapauétpwy tou xabopl-
Zouv 10 eldog tng poric 6nwe .y 0 Aoyoc meong P/ P xal v nopduetpog apatonoinong
J.

2. Egapuoyh apywxdv ouvinxdy: Ta cwuatidio Siavéuovtol tuyaia uéoo oto umoloyi-

oTx6 medlo xat avatifevtal oe auUTd oL TRELC CUVLOTOOES TNS UopLaxnc TayUTNnTaC C.

3. Kivnon ocwuatdioy: 'Oka ta couatidio xivovvtal oe xdbe ypovixd Brua At clugwva
UE TNV OYEoN
Tpew = Tolg + CAL, (68)

and TNy omolo TEoxUTTEL 1 VEX OE0T TOU COUATIOOU Tpey. EdY xatd tnv xivnon tou
cwuotidlov dwmotwlel oUyxpouot ue oTEREd TolydUaTH TOTE Xakeltal 1 UTOpPOUTIvVY
alknhenidpaone aeplov-toryduatoc. Erntong edv éva couatidio Bpebel extdc unoloyi-

oTxoU edlov TOTE aUTS SLayeAPETAL and TNV UVAUY TOU UTOAOYLOTY.

4. Ewoayoyrh véwyv cwuatdiwy and ta dpta: Néa cwuatidia Snuloupyolvtol 6To elxovixd
HpLol To TESLOU UE CUYXEXPLUEVES UPYLXEC CUVTETAYUEVES XOL CUVIOTOCES TNG LOPLIXNS

TayUtnToC C.

5. YroloyLoudg uoplax®dy ouyxpoloewy: e xdbe ywpwxd xell Tou tedlou unohoyiletar,
oVugwva ue to povtého NTC, o mbavéc apliudc ouyxpoloewy tou Ho cuuBoly e autd
oe xdfe ypovixd Priua At. O aptbudc twv nhavdy Leuyaptdy mou Ha cuyxpouatoly elval
ouvdeTNnon Tou apltiuol THY cwUATlwY 6To XEAL, TOU 6YX0U TOLU XEAOU xaBOSC XAt TOU
ypovixoU Buatog At. Ipayuatomoleital Tuyalo enthoyn (edyous couatdiwy, To onota
avixouy 670 Bto xehl xau (dlo unoxeil. H amodoyn # n andppudn tne obyxpouong dvYo
cwuatdilny Paotletal oe ua mbavdtnta, n omola elvat avdhoyn Tng oyeTixnic TaydTnTog
xafdg xan g evepyoU SLaToURc Toug. LTV TERITTWOT ToL Uta 6UYXpouoT Yivel dexth
T6TE oTo. cwuaTidla avatifevtal ou avtioTolyes TayUTNTES UETA TNV GUYXEOUCT, TOU

LXOVOTIOLOVY TIC apy €S SLaThenomS 0puic XaL eVERYELAC.

6. Y10 oTddlo auTd YIVETAUL EVTOTLOUOE %ol UETOVOUAGLX TOY CwUATOlWY, TwV oTolwy oL
apYIXES YW oUVTETAYUEVES €youy ueTaPBAndel. Xto otddio autd dnutoupyolvtal
unTeoa To omola TepLEouV TNV ovouacia Tou xdbe couatidiou xabde xar To xehl oTo
omoto meptéyovtal. Ta unteda autd o yenowuoromboly xatdihnha 610 6TAdL0 UTOAO-

YLoUuoU TV oUYXEOVOE®Y xat TNy Tuyalo emthoyy) (edyouc owuaTdiwy.

7. YROAOYLOUOS UAXPOOKOTIXGY TOGOTHTWY: YTOAOYILOVTL OL UUXPOOXOTIXES TOGOTTES
TOU agplou CUVOIPTAGEL TWV ULXPOCKOTIXMY LWOLOTATOY TOY COUATIIIOV GTO YEOUETPLXO
uéoco xdbe xehol. To cuyxexplévo 6Ttddlo dev mpayuoatomoleital ev yével oe xdfe

Yeovix6 Briua YLol TNV anoQuUYT GUCYETIOUMY UETALl TV Sladoyxdy enavaribewy.
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8. AUZnomn tou unoloylotxoy ypbvou xatd At xol EAeyy o< TS oTaTloTXiS dtaxduavong
edv elvon wxpdtepn tou 1%. Edv dev wavoroteltal 1 undfeon auth téte o alyodplfuog

eTLOTEEPEL 0T0 Brijua 3.

Ta rapandve Bructa arewxovilovial oto Lyruo 6.2

6.7 IIpbobeteg deuxpiviosig otov akyoptbuo DSMC

Hop” 6An v anhéTnTa Tou cuyxexpLUévou alyoplfuou, utdpyouv onuavtixd {nTiuaTa
mou TeEEnel va. An@boly umddr hote 1 axplBela xat 1 0phHTNTA TWV ATOTEAECUATWY Vo Slo-
TNeoUvTaL Ot XavoToLTxd eninedo. Xuyxexpuuéva otny mapdypeago auth Ba meptypapoly
AemToUgpeLeg OYETIXd Ue TS apyxés ouvbrxeg, To uéyefoc Twv xehdy, TNy emthoyy| Tou ypo-
vixol Bruatoc At, Baowxd Intiuata mou agopoly Ty xivnorn Twv couatdiewy xalde xal Tov

UTOAOYLOUOS TWVY ULXQOCXOTULXOY TAYUTHTWY UE 0TOYA0TIXES Uebbdoug.

6.7.1 Apywésg ouvbxeg

To npdto Briua Tou akyoplBuou DSMC elvar 1 emBolr apyixdy cuvinxoy, n orola Buctle-
TaL TNV TUY LA XoTaVOUT TWY CWUATSIWY XaTd Uurxog Tou Tedlou porg xaL oTtny avdfeon Twyv
TELOY CUVOTWOOY TNg Uoptaxhc TayVtntag. H dlo autéc dwdixaotieg ewodyouv éva apyixd
OTATLOTIXG 6PIAUa, To omolo Ou Studwlel oe endueva ypovixd Briuata tne uehodou. o Ty
uelwon Tou aEY X0l OTATLOTIXOV CYIAUATOC XoL TOV TEQLOPLOUS UETAB00TC TOU OTIS UTOAO-
Y OUEVES UOXPOOXOTIXES TOCOTNTEC TpayUaToTOlElToL UE Simhaolaoud otadiaxy) alinoy Tou
apliuol Ty cwuatdiwy oto utoloyiotixd tedlo. H ouyxexpuuévn Staduxacto anexoviletat
oto Yy. 6.3. Edv apyixd o cuvohxds aptfudc twv owpatdiov emhéyetar va elvar 30 x 10
T6TE %t TNV ETPBOLT apytxdV cLVANXGOY yenotworototvial 7.5 X 10 cwuatidia, to onola
Zexvolv va ahhnhemdpoly LeTall Toug. Ye GUYXEXPLUEVO uTohoyioTxd ypdvo (t=10At) o
apliudc Twv couatdiny dimhacidletar oe 15 x 10°. Toviletar 611 xatd Tov dithaciaoud, 1o
VEOL 6LUATISLL TOU TEoXUTTOLY dlatneoly Ty Béom xoL TNV Uoplaxy) TayUTNTo TWV opYLXOV
7.5 x 10° couatdtwv. Ta 15 x 10° couatidia mou urdpyouy 6to medlo poric ouotwe petd
amé ouyxexpwévo ypovxd Brua (t=13At) dinhaoélovtor oe 30 x 10°. 'Otav ohoxhnpwbet
1 mapandve Sadixaocto Sithactaouol Tou aplfuold TV coUATSIWY ZeXLVE XaL 1) XovovXY
TPoGoUOlwoY) Tou TEdlou poNg XaL 1) XaToYEAPT| TWV Uaxpooxorix®dy ueyeddv. H emhoyt Tou

Yeovou Simhactaouol Twv couatidlwy Bactletal oe eunelpxd xpLthpLo.

6.7.2 YnohoyioTixd mAEyp

H egapuoyr tou ywewol mhéyuatog xatd tnyv uébodo DSMC mpayuatormoleital yio Ty
TEOGOUOLWOT TWV U0PLIXDY CUYXPOVUCEWY XAHDS Xal TOV UTOAOYLOUS TWV UAXPOCXOTUXGDY

rocotitwy. [ v e€ac@diion uag Quoxd amodexThc Tpocouolwong 6VYXpouoTS evig
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Cebyouc oouatdioy, To uéyeboc xdbe ywpexol xehlol Bev mpénel va Cemepvdel Ul UEoT
eheVbepn Stadpoun A. Xty neplntwon 6mou 1 andotaon Vo cwuatidiwy Tou Ho cuyxpouoToly
elval yeyahUtepn and A TOHTE eLOdYETAUL EVA UT) QUOLXO GO XATH THY UETAPORY OPUNS XAl

EVEQYELAC.

6.7.3 Emloyn ypovixol BrAuatog

H emdoy? tou ypovixol Priuatoc At mpémel va yivel ue tétolo TpoTo GoTe var elval Ui-
XPOTERO TOU UEGOU YPOVOU GUYXPOUCNC T, , WOTE VA Elval dUVOTH 1 TpayUaTOTOINGT TNS
arooVleving e elevbepnc xivnome Twv coUATISIOY oL ToV Hwoplax®dy ouyxpoloewy. O

uéoog ypbvog alyxpouong oplletal ¢

(6.9)

omou v elval 1 ouyvoTTa oUyxpouong, A elvat 1 uéon ehevbepn Stadpour| xal € elval 1 uéon

uoptaxy| TaydTnTa.

6.7.4 EAel0eprn xivnon copatidlny

To otddio tng ehelbepng xivnong Twv cwuatdiwy otov akydeliuo DSMC repthaufdve

Teelc Paoixéc Aettoupylec:
1. Avavéwon TV YOELXOY GUVTETAYUEVWY TOY CWUATISLY,
2. Ilpooouolworn mbavic alnhenidpaonc ocnUaTdloU-0TELOY TOLYOUATOS Xl

3. Kafoptoudec tou xehod 610 onolo 10 cwuatidio xatarfiyel xalde xal v oyetxy| Oéon

ToU cwUATdloU UEca 6E QUTO.

‘Onwe npoavagéphnxe otny Ioapdypago 6.6 n tehxr| B€on Tou cwuatdiou TpoxUTTEL Xd-
vovtag yehon tne EE.(6.8). H anhf auth dwaduxactio nepueheler uto tohunhoxdnta, 1 onola
TpogpyeTal and To YEYOVOC TNne mbavric oUyxpouoTc Tou couatdiou ue 6Tteped Tolywuoa. [
TUYALEC YEWUETPLXES ETLPAVELES O UTOAOYLOUOC TWV GUVTETAYUEV®DY TOU onuelou Tpdoxpou-
orn¢ Tou owuaTIdlou ue TNV oTeped emipdveta eupavilerl ua duoxohiio agol To cwuatidio eite
uropel vo diéNBeL epantouevixd tng emgpdvetac (nepintwon (1), Xy. 6.4), elte va to dane-
pdoeL xaL Vo UelveL 6T0 eowTepxd Tou (teplntwon (2), Ly. 6.4), elte va 1o danepdoet %o
va eloélfer Eavd oto medlo poric (meplntwon (3), Xy. 6.4). T tov Adyo autd dev apxel
UOVO 0 UTOAOYLOUOS TOV ARYXOY XL TEAXDV GUVTETAYUEVWY TOU owUaTdiou, ahAd xoL o
ouvey g €Aeyyoc Tne TeoyLds Tou. 'Onwg avagéphnxe otny Iapdypapo 6.7.3, To Wavixd ypo-
vixé B At elvar autd mou dev enttpénel 10 cwuatidlo vo xivnbel andotaon ueyahitepn Tne
uéong erevbepnc dtadpouric A. T Tov Adyo autd oe xdbe ypovixd Brua udévo éva 10cooTd

TV couatdiny Ou uetanndfoel oe Simhavd xell 1 Bo ouyxpouoTel Ue oTeped ToLyMdUTA.
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Yy neplntwon mou dmotwlel olyxpouon tou cwuatdiov ue CTEPEd TOLYOUATA TA

Briuata mou mpayuatomolovvTaL elval tor eERg:

1. Yroloyiletou To onuelo oUyxpouong hivovtag éva oloTtrnua e€LoOoEY TOL amoTehelTa
and Ny eéloworn TeoyLdc Tou cwuaTdiou xal Tng eElowon Tou TEPLYpdEL TNV OTERED

ETLQAVELAL.
2. Yrnohoyloudg tou ypdvou, atov onolo cuufaivel 1 adyxpouon.
3. Avdbeon 010 cwUATSO TV XATIAANA®Y GUILGTWOOY TNG LopPLaX\S TaYUTNTIG.

4. Kivnon tou couatidiou Yo 10 UTOAOLTO Ypovixd SLAGTNUN TOU ATEUELVE.

Ev ocuveyela yivetal éleyyoc tou xehiol oto onolo €yel xaTaAfel T0 owUaTidlo GoTe
n TAnpogoplo auTyH va yenotuonolnel Yo TOV UTOAOYLOUS TOY UAXPOCKOTUIXGDY TOGOTATOVY
xafdg xou otny Sladixacia emhoyrc coUATOIWY xoTd TNV UoVTEAOTOLNGY TWV UOPLIXOY GU-

YXPOUGEWVY.

6.7.5 Ewoepyodueva copatidia

e mpoPhiuato podv oto onola UTdEYouY Un TeayuaTixd dpla, ot xdbe ypovixh oTiyun

At, eloépyeTal ouyxexpLuévoc apliudc cwuatdiny, o onolog dlvetal and tny oyéon
1
Nb = ZAnovtAt, (610)

omou A elvar 1o eufadoy g emgdvelog and tny onola Bo SiéAHouv to cwuatidia, ng elvat
1 apluntixd tuxvotnta tooppotiac, evd vy = (2vg)/y/T elvar 1 Bepuixd taydtnTa TV €L
oepyouevwY couatdinwy. Toviletar 6Tt Ta owuatidia Tou ewoépyovtal oto nedio poric €youv
XATUVOUEC TOU AVTLOTOLY0UY ot oLVOTXES LooppOoTilag Uaxpeld amd Ta 6pLo TOU UTOAOYLOTIXOU
nedlou. Xe ouvlrxec toopporniag (steady state conditions), o apluds Ty cwuatdivwy tou
eZépyovtal and To nedlo poric mpénel elval loog ue Tov apliud Twv cwuaTdiny Tou eloépyovTar,

OOoTE 0 GLYOALXOC Uéoog aptiudc cwuaTdlny va tapauével otabepdc.

6.7.6 YTmOAOYLOWOS OXPOGKOTUXGDY TOGOTATWLY

X1V Topdyea(po auT SLATUTOVOVTUL OL OYECGELS UTOAOYLOUOU TWV UIXPOCXOTIXOY TOGO-
THTWY %018 urxoc tou Tedlou porc. H aplbuntind nuxvéotnta n oe xdbe xehl Tou tedlou poric
oplletal wg -
~ NFy
" chell

(6.11)

H nocétnta N elvar o ypovixd uéoog aplude tov couatdiov oe xdfe xell, Vi elvat o

6Yx0g Tou Ywewol xehoy, evéd Fiy elvar o aptBudc Twv couatdiny Tou aviintpocwrevet éva

84

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



owuatido tnge DSMC. To Sdvuoua tne paxpooxomixnc taydtntac divetat avtiotoiya and

NV oyéon
N
1
u= ; ci (6.12)

6mou € = (¢, ¢y, €,) elvar To ddvuoua e LopLaxhc tayUtnTac Tou exdotote owuatdiov. H

Oepuoxpacia oe xdbe xekl Tou medlov unoloyiletal WS

=2

kpT =) m(e — ), (6.13)

N W

2

6mouv u = (ug, Uy, u,) 10 dLdvuoua TN Uaxpooxomxfc TayUTnTac oto exdotote xeAl. o Tov

umohoYLoub T Tieong oe xdbe xell ypnolwonoeltal 1 xataoTaTixy e€lowon wg
P = nk,T, (6.14)

1 omolal xdveL ypRon TOV TOTUXGY TOGoTHTWY Yia TNy Hepuoxpacia xaul TNy aplbuntixy| tuxvé-
™o

To didvuoua tneg potic Depudtntac oe xdbe xel unoroyiletar we

q=mn Z [(c = u)*(c — )], (6.15)

Téloc 1 dratuntiny) tdon oto eninedo vy yua xdbe xehl, divetar and tnv oyéon

Toy = MN Z [(cx = ug)(cy —uy)l,, (6.16)

EVO avTloToly o TEOXUTTOLY OL SLATUNTIXES TAOELS XaL 6Ta utdhoLra entineda.

6.8 YROAOYLOUOG ULXPOOXOTUX®OV TAYLTAT®Y Baclouévog oe tuyaioug
apLtBuoic

H otoyaotxr uoviehomolinon @uoxdy Slepyoaotdy amottel 0 SnuLovpylo dVTITPOCWTEL-
WOV TWOV Y Tig UeTABANTéS, oL omoleg axohoufolv ulo ouyxexpuuévn xatavour. Autd
EMLTUY YAVETAUL UE TNV Ypnion Tuyalov aplBudy xat anotekel onueio xhedl tng puebédou DSMC.
A¢ Bewprioovue pia oudda Sladoyxdy tuyaloy aptbudy Ry, ol onolol elvor ouolduopga xa-
Taveunuévol uetalld 0 xou 1.

H xoatavour| g uetaAntic  elval duvatdv va tepLypagel and uia GuVAETNOY XATAVOUT|C,
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Tétola Gote N mhavdTnTo ula TWAC Tou T va Beloxetol UeTaEY T %ol & + dx LooUTol UE
\
fodz. (6.17)

Edv 1o x xupalvetol and a éwg B, T6TE 1 cLVOALXT TLhavOTNTA Elvol

B
/ foda =1, (6.18)

Y10 onuelo autd Bewpolue Ty abpolotixt| xatavour| Fy tétow hote

F, = / " fuda (6.19)

Edv dnuloupynbel évac tuyatog aplfiudc Ry, o omolog wooltar ye tnv afpolotixr xatavour,
dnhad?)

F, = Ry, (6.20)
t6TE 01NV TERPINTWOT TOU anAol Tapadelyuatog Tng ueTaBAnThAc @, N onola xuualvetal ouoLo-

uopgpo and a fwg B, n avitlotolyn ouvdptnon f; mpoxUntel vo elvoal otabepr| xat and v
EZ.(6.18) éyouue 6Tt

fo =1/(B = a), (6.21)
evdd and e EE.(6.19) xau (6.20) npoxintet
B
Fo= [ /(8- a)s = (&~ )/(5 - o) = By, (6.22)
1) TLo amhd
r=a+ RS — ), (6.23)

H Aertovpyla tne ueldodou arewxoviletar oto Yyrua 6.5.

H mapandve Swadixaoctio dev unopel va egapuootel otny mepintwon émou dev unopel va
tpaypatorounfel avahutixh) ohoxhipwon tne f, otnv EZ.(6.19). 'Eva avtinpoowneutind mo-
eddetyua elval 1 ouVAETNOT XxaTAVOUNS TNS TayUTNTUC EVOC aeplou ot Loopporia mou diveTal

and TNy oyEom

fo= % exp(—F2?), (6.24)

6mou = 1/vg pe vg = +/2kT/m 1 théov mbavi| Taydtnta tou aeplov. Avuxabiotdvtac v
EZ.(6.24) oty EZ.(6.19) npoxintet dTu

F, = % /_ZO exp(—pF%u?), (6.25)
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SN

F, - %[1 +erf(Bu)] (6.26)

H éxgpaon (6.26) dev unopel va avtiotpagel HGote vo tpoxtdel 1 taydtnta u 6UVaPTAGEL TOU
tuyatou aptbuol Ry. T Tov Aoyo autd oe autéc Tig mepintdoelg epapudletar 1 uéhodog
arodoyfic-andpptdne. Katd tnv uébodo autr n tuyala ouvdptnon xatavourc f, Sopeltal ue

Y LEYLOTN TWAC frnaz ©C
[z
/

fm B fmaa:‘

Y1y ouveyela emhéyeTat uia Tuyata Twur Tng uetaBAnTtic o, N omola elval ouolbuop@a xaTa-

(6.27)

veunuévn uetall twv oplwv e, énetta utoloyiletal 1 ouVdpTNoN fI YL TNV GUYXEXELUEVT
T tou z. H anodoyi tne twwic Tou & mpayuatonoteitan 6tav 1 avtiotowyn fi elvar ueyo-
Aotepn and éva tuyato aplud Ry ue 0 < Ry < 1. Ye avtifetn neplntwon n tuyala Ty
Tou x anopplnteTal xat emAéyetol Ue Bdoel mdvta tuyatoug aptBuois uta dhAn T Tou z. H
Sradixaoio auth emavalauPBdvetal €wg 6Tou 1 T Tou T Ylvel amodexTh.

H yebodoroyia arodoyric-andppdng otov alydpiliuo DSMC egapudletol otny dwadixacta
anodoy g 1 andpptdng uta uoplaxric oUYXpoucNc. TNV GUYXEXPLUEVY TepinTwor) utohoyi-
Zetow n mbavétnta mou Siveton and v EE.(6.4) xow e€etdletar edv n mbavétnra auth elvar
ueyaAUTepn N Uxpdtepn evog Tuyatou aplbuol Ry. Ytnyv meplntwon 6mou elva peyaidtepn
T61e deyduaoTe OTL Tol cwuatda o cuyxpouoToly xal utoloyllovue TIC LOPLAXES Tay V-
TNTEC UETA TNV oUyxpouot. Xe aviifetn mepintwon emhéyouue véo (elyoc owuatdimy xa
ETAVAAAUBAVOUUE TA TARUTAVL PriuaTa.

[o Tov UTOAOYLOUS TWV TELDY CUVLOTWOMY TNS UopLaxXHS TaYUTNTAC OEV YenouLoToLelToL
1 dwdixacta anodoyic 1 andpprdng, alkd axorovbeitol 1 napaxdtw Siadixactio:

OL popLaxéc GUVIBTOOES €, XAl ¢; UTopoUy uabnuatixd va Staturnwioly we
¢y = rcost (6.28)

xa
¢y = rsind. (6.29)

H yovia § elval oyotduoppo xataveunuévn oe 6Ao 10 2m ondte LoyveL OTL
0 = 2rRy. (6.30)
Enlong 1o uétpo 7 tng uopLaxic TayvTnToc xat 1 uopLaxy) TayitnTa ¢, divovtal and tny oyéon
r=[~log(R)]"* /5. (6.31)
'Etol xdfe gopd mou anateltal 1 dnutoupyia Twv 3U0 LOPLIXGDY CUVLGTOOMY XUAELTAL 1) AVTi-

otolyn uropoutiva Tou xGdxa DSMC, 1 onola ypnotuonotel tic topandve EEZ.(6.28-6.31).
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Apym

Kadopropd g yeopstpiog
a1 paowdv nopapspoy

™G porg

h 4
Empoin apyuchv
ouvinKhOv

.

Kivmon copandioy

h 4
Ergaywyi] vaov
copaTdiov @d Ta opLa

v

Movtehomoinon popLady
CLYKPODGELY

h 4

Evtomopdg ial
LETOVOULAGIT. COUATIHIOY

v

YToroyiopog
LOKPOCKOTILK (v
TOCOT TV

OXI

Araxbuavorn <19%

Amobicenon dsdopévary

TEhog

Eyfua 6.2: Awdypaupe poric alyopibuou DSMC.
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Yyhuo 6.3: EEENEN Tou aptBuol Tov cwuatdiny cuvapTioel Tou Ypovou.
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Eyfua 6.4: Adnhenidpact uoplou - oTepE0y TOLYOUATOC.
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Eyfua 6.5: Tumxd ypdonuo cuvdptnong xatavoung xal afpoloTixic cuUVEETNOoYC.
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KE®DAAAIO 7

POH AIAMEXOY ITAPAAAHAQN TTAAKQN

7.1 Ewayoy

Y10 Topby xe@diolo emthieTAL 1) oY) LovaTOULX0U agplou SLoUEToU TURGAANAGY TAAXOY,
n onola ogelhetar oe Pabulda nieonc. Kiplog otdyoc elval ula medtn anhy) egapuoyy| tou
akyopibuouv DSMC xau 1 uerétn g enidpaong Tou Ueyéboug Twv meptoydv tou Peloxovtal
AVAYTN XL XaTdVTN TNg pofc. Luyxexpluéva, apxetéc uehétec [122, 123] unobétouv bt Ta
owuatidia, Ta onola eloépyovtal oe €vay aywyo, €youv ouvdptnon xatavouric Maxwell xat
dev uglotatar UeTaBol) TNG oLVAETNOTC XATAVOUNG GTA doyela AVAVTY XAl XATAVTN TN POTC.
H unébeon auty| erainfedetol uévo otnv nepintwon poric mou aviixel otny ehelbepn poptaxy
neproyr. [ Tic mepintdoelc pody oty UetaBatixy xal USPOSUVAULXT TEQLOY T, CUYXPOUGCELS
TeayUaTonoloUvTal UETAE) TwV coUaTdiwy Tou eleépyovtal 1) e£épyovTal and Tov aywyYod UE
owuatidia Twv dUo doyelwy ue arotéieoua va UeTtaSdAhovTaL 1) TomX TayUTNTA, TUXVOTNTA
xat Oepuoxpaocia, To onolo cuvendyetol UETABOAY TNG GUVAETNONS XATAVOURC TOY COUATISLWY
amé TNV LeoppoTia.

Moaxpld and tov aywyod 1 Yaxpooxomxr TayvTnta elvol UNSEVLXH xaL 1 CUVAETNCT XATo-
Vounc Twv couatdiony elval yvooth xat teovtal ue v xatavoury Maxwell. Avtifeta otny
eloodo (1) €€080) Tou aywyYoU N paxpooxomixt| ToyvTnTa Sev elval Undevixy xat ETOUEVKS 1
xatavour, Maxwell wc optaxt; ouvBixn elo6dou (1 e£6d0u) atov aywyd dev unopel va ypnot-
uornotnfel. H taydtnta otny eloodo (¥ €€0d0) tou aywyol elval dyvewotn xat anotehel uépoc
e Adorg.

Y10 dpfpo [124] 1 ouvdptnon xatavourc otny elodo tou aywyol Peélnxe dtu Siopépet
onuavTxd and tnv ocuvdptnon xatavourc Maxwell yio apiuoic Knudsen peyaiitepoug tou
0.1. Ynuewdvetal 6Tl oL utoloylouol TpayUATOTOLRONXAY Lol AYwYOoUS UeYSAOU Urxoug Ue
L/H > 25 xau yw yeydho héyo nieong Py /Py = 0.91.

H mpochiixn tov unoloyiotuxdy ywelwyv avdvtn xol xatdvin g eofic EMQEpEL onua-
VTt av€nor Tou LToAoYLoTIXOU x60TouC, To onolo eloptdtol dueco and to uéyeboc twv

OUYXEXPWEVODY Ywelwy. Y10 Tapdy xepdhaio exté¢ and tny UeAétn Tou medlou porg, Oa
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mpayuoatonoinfel ulo Tapauetewxr) avéhuon Bactouévn oto uéyeboc Ty Teploydv potic HoTe
va dtamotwbel 1 enidpaon Tou oe Paoixéc tocdTNTES TS Ty elval N wieon), 1 Oepuoxpaaia,
1 tayvTnTa xat 1 adidotaty tagoy Wonou Siépyetar and To xavahl xatd TNV UETABOAY TOU

Aoyou mieone Py /Py, tou ufxouc L/H xat Tng mopoUétpou apalotolnong d.

7.2  Ilepiypapy npolBAfuatog

Oewpolue dUo mapdAiniec Thdxec urxoug L, ol onoleg €youv andotaor H xor cuvdéouv
dVo nuudretpa doyela. Ou mapdhhniec TAdxeg extelvovtol oto dmelpo otnyv teitny Sievbuvor
2, Bh. Ey.7.1 (ndvw). Tic napdhinhes mhdxec dappéel povoatouxd aéplo, T0 0molo 6To
aptotepd Soyeto Peloxetal oe mleon woopporniag Py xat Gepuoxpacta Tp, evédd oto delié doyelo
éyel nieon Py ue Py > P xou Beloxetal otny 8t Oepuoxpacto Ty. Ta oteped Touyduota
Beloxovtal enlong oe Oepuoxpacio Ty, 'Etol 1 pot| and 1o apiotepd npog to de&l Soyelo
ogelleton ubvo oe Babulda mleong.

O nocdtreg, ol onoleg xafopilouv v Ao tou mpofifuatog elval To adidotato ufxog
L/H twv mhaxoy, o hoyoc nleone Pi/ Py , to uéyeboc twv meploydy avivtn xol xatdvtn e

poTic xat Téhog 1) TapdueTpoc apatotolnorc 4, n onola optletol we [17]

_ HP,

)
Moo

J

(7.1)

omou H elvon 1 anbéotoon Twv ToapdAAnAwy TAaxdy, i elvat to I€Odec oe Oepuoxpaoctio ava-
wopdc To, vo = +/2kTo/m elvar m ©héov mbavi taydtnta tou agplou, k elvan 1 otabepd
Boltzmann xal m 1 poptaxn udla tou agpiou.

O vroloyioude g Tapoyfic Tou agplou Tou Slappéel To xavail xafdg enlong xat n uehéty
ToU TEedlou poric TpayuaToTolelTaL cuvapThoel Tou adtdotatou ufixou L/ H ot tne napauétoou

apatormoinone 0. H adidotaty nopoyr W opileton we

6mou My elvan 1 ooty udlag dapéoou oploywvixhc xohdtnToc oty teplntwon poke povoa-
Topxol agplou ot xevé. Ly edud auth mepintwon n pof udlac My exppdletar and Ty

avaAUTIXY oyEoT
H

’U()\/E

Toviletat 6Tt 0L XUTAVOUES TWV ABLAOTATWY UAXPOOXOTUXDY TOCOTHTWY TN TAYVTNTAC ugz(x,y),

uy (7, y), aplfuntudic tuxvétnrac n(z,y), nleone P(x,y) xou Hepuoxpacioc T'(x,y) npoxd-
TTOLY SLoLPGVTIC TLE AVTLOTOLYES Lo TATES TOGOTNTEC UE TLC YAQAXTNPLOTIXES TOCOTNTES UV

popdc Vo, no, Py xau Ty, evdd and tny xataotatxt eélowon Ty aeplwv toylel 6Tt By = nokT).
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A
v

L/H

Ly/H

L/H

HyH

H,/H

h=0.5

Yyfua 7.1: Tewuetpxr] anewxdévion napdhnhov thaxdyv (Tdve) xat UTohoYLoTiXd TAEYUN
(%dTw).

Enionc o nocétntec x = o' /H xov y = y'/H exppdlouv Tic adldoTateS YwpLxéc GUVTETAY-
uévec. 'Ola ta amotedéouoto mou Oo mopoustacloly ce autd To xegpdhato exppdlovtal
OUYVIPTHOEL TOV TUEATAVE® AdLICTATOY LAXPOCKOTUXOY TOGOTHTWY. Adyw Tng cuuuetplag
Tou mpoPAfuatoc otny deduvon z, emAdeTol To dvew ULod TV TapdAAN oY Thaxdy. Katd
TOV Zova cLUUETPLOC eQUPUOLETAUL OpLaXT GUVOTXT XATOTTELUNAC AVEAXAAONC TOY CWUATISLWY.

H vewuetpuer dudtaln anewxoviletat oto Ly. 7.1 (xdtw).

7.3  AptBuntixn wébodog

To ouyxexpuyévo TedBinua emhibnxe xdvovtac yenon tne webodou DSMC epapudlovtag
t0 povtého Non Time Counter (NTC) yio tnv uoviehonolnon 1wy Hoplax®dy cUYXEOUCEMY.
[ v wovtelornoinon Tou evdouoplaxol Suvauixol emhéyOnxe To LOVTERO TV GXANEOVY

ogapdy (Hard Sphere model), evéd n adnienidpaon aeplov-tolyduatoc woviehonotiinxe
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unofétovtag poviého mhfipoug ddyuone (v = 1). Ot meployée avdvTn xat xatdvtn e porc
Dewprnxay tetpayovixés xar to uéyeboc toug xuuaivetar and 2H éwg 8H. O ouvolxdc
aptfudc couaTdiov tou yenowonothfnxay xuuatveton avd teptttwon arnd 20 — 30 x 10°. To
uéyeboc xdfe xehold xa otic dbo xateubiveelc toovtal ue H/20, evd to ypovixd Briua mou
emthéylnxe elvar At = 0.01(H/vg). O ouvohxdc aplBudc xeldy oto unoloytotxd nedlo

xupalvetar ané 3 x 103 éog 1.2 x 10°.

7.4 AplBuntixd anoteAéouata

Ta aplfuntixd anoteréouata agopolyv Tov utoloyloud g adidotatng napoyns W dia-
UECOU TV TARIAANAWY TAAXOY GUVAPTACEL TNE TORUUETEOU opatoTolnome d, Tou adldoTaTou
uhixouc L/H twv mhaxdv, tou Aoyou nieonc Py/Py avdvtn xow xatdvtn tne porc xafde xat
ToU UeYEDOU TV UTOAOYLOTIXGDY YwelwV TELY Xl UETA TS TUREAANAES TAAXES. LUyXEXPLUEVA
1 napduetpoc apatonoinong 0 talpver tywéc 0, 1, 10 xow 100, to adidotato uixoc L/H naipvet
Twwée 0.5 xau 2, o hoyog nleong Pr /Py nalpver Tyuée 0 xow 0.5 xan téhog éyouy emheybel névte
TEPLTTOOELC UEYEDOUC TV TEPLOY DY AVAVTY) Xl XATAVTN TNS PONC. LUYXEXPLUEVA 1) TPOTT Te-
olntwon avtiotowyel oe Hy = Hy = Ly = Ly = 2H, 1 deVtepn oe Hy = Hy = Ly = Ly = 4H,
nteltnoe Hy = Ly = 4H xow Hy = Ly = 8H, ntétaptnoe Hy = Ly = 8H xow Hy = Ly = 4H
xau 1 tedevtata oe Hy = Hy = Ly = Ly = 8H.

7.4.1 Enidpaorm vnohoyloTxdv ywelony

Yroug Iivaxeg 7.1 xou 7.2 mapoucidlovton aptbuntixd anoteréouoto tng adldoTatng na-
coyfic W ouvapthioet tne napauétpou apatonoinong d, tou adidotatou uhixous L/ H xafde xat
Tou UeYE€Houg TV UTOAOYLOTIXOY Ywplwv TpLy Xat UETA TS Topdhhniec TAdxeS Yo Adyo Tie-
ong P1/Py =0 %o 0.5 avtiotoiya. O tipéc tou § emhéynxay wc evdetinés Twv 1€608pnv
TEELOY WV pOT|C, OL oToleg xaAUTTOUY Ao To elpog tou aptiuod Knudsen.

To aptbunuxd aroteréouata yia ty nepintwon 6mouv § = 0 xaw Py /Py = 0, ouyxplOnxav
ue to avtiotolya anoteréouata mou napatifevtal otov Ilivaxa 29, ced. 699 tou [17], ta
omola mpoéxudav ue v uéhodo Test Particle Monte Carlo. I'ia tnv nepintwon 6mou § = 0

xat Py /Py # 0 woylel 6t

Py

W =we (1 — Fo) : (7.4)

omou W elvan 1 adidotatn mapoyn yio Ty Tepintwon pofc aviueou ot TapdAAnhec TAGXES
ue 6 = 0 xaw P1/Py = 0. H nosétnta W uropel va utohoyiotel avolutixd and v oyéon
[17]:
HL—In[L+ (L? +1)'/2}?
L3+ 302 +4— (L2 +4)(1+ L)/’

Wek = %[1 + (1 +LHYV2 - 1) (7.5)

6mou L elval To adidotato urixog tou aywyol. To aplfuntixd anoteréouato Tou TapdvTOC
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xegohalov eAéyyOnxay ue ta avtiotolya avaluTixd xol Stamotdinxe Thien tavtion. Tovi-
Cetar 6L Y TNV meplntwon dmou 0 # 0 Sev Peébnxay avilotorya newpauatixd dedouéva yio
an’ eubelac oVyxpion e Ta avtiotouya aptbuntixd anotehéouata.

Ytov Hivaxa 7.1 napouctdlovrat ta anoteréouata tou W yia por oe xevé (Py/Py = 0).
Hopatneeitan dtL yLo Ty neplntwon pofic otny ehelbepn poplaxy| neptoyt (8 = 0) dev undpyet
eZdptnon tTou W wg mpog 1o uéyehog Twv mEpLoydY TELY XaL UETA TOV aywYd XoL YL TLC
dVo mepintdoes tou L/H. To yeyovée autd dixooloyeltar and tny anouvslo Tov Uoplaxdv
ouyxpovoeny. Avtifeta xafde 10 § auidvetal napatneeitol 6Tt To Uéyebog TV TEPLOY OV
AvVEVTY %ol XaTévTn TN porc mallel onuavtixd pdlo oty axpifeia g adldoTatng Topoyhc
W. "Etot, xafdg audvetar to uéyehog twv neploydy yetaBdiietal 1 adidotatn napoyr, N
omola tetvel va otafepononfel yio tic nepintdoeg énov Hy = Ly = 8H xav Hy = Ly = 4H
xaw Hy = Hy = L1 = Ly = 8H. H ovunepupopd auth odnyel oto ouunépaoua 6TL 1o uéyehog
NG apLoTepnc Teployfc TELY ToV aywYd €yel ueyalltepr onuaocio otny eniteudn xahlitepng
axpifBetog oto W, an’ 6t n 8edid meploy | UeTd Tov aywyd.

Yrov Iivaxa 7.2 napovoidlovtat ta aptbuntxd anotehéopata tou Wyl tny neplntwon
6mou o hoyog mieone oovtal ue Pi/Py = 0.5. 'Ouota ye tov tponyoduevo Hivaxa 7.1 yio v
neplntwon émou 6 = 0 dev umdpyel edptnon tou W wg mpoc To uéyehoc twv meploydy TpLy
xal UeTd Tov aywyd. Kabde auvidvetal n tapduetpoc apatotoinong n exidpaon tou ueyébhoug
TV TepLoy GV elval eugavic. Axdua xal yia tny teplntwon 6nov Hy = Hy = Ly = Ly = 8H
Topatneeltal 6Tl To ouyxexpllévo uéyefoc twv meploydy didel axpifeia ubvo dYo ue tpla
onuavtxd dnpla oto W. H axpiBeia Bertidvetal yia v teplntwon 6nov Hy = Hy = Ly =
Ly, = 12H. BePaiwe, n tedevtaia mepintwon araitel mohd yeyahitepo unohoyLlotixd x6oTog,
Yeyovég mou TNV xabotd acvugopn ot Thalota TNe tapolcag dtatpBc.

To uTOAOYLOTIXG XOGTOC XURLKEC WS TPOC TOV YPOVO TOU UTALTELTAL VLol TNV GUYXALOT| TOU
ahyoplBuou DSMC vy tny nepintwon poric avdueoa oe mapdAAnhec TAdxeS xuualveTal and
UEPIXES BEXADES EWS UEPLXES EXATOVTABES WPEC AVAAOYA TOY TUPAUETEWY TOU YPTOLLOTOLOU-
vtat. Ytov [livaxa 7.3 napatifevta ol ypdvol oe Gpeg Yo xdbe uia tepintwon. Iapatneeitat
OTL 0 UTOAOYLOTLXOS YpoVoc audveTal xabde auZdvetal n TapdueTEog apaLonolnong, To adld-
otato uixoc L/H xou o héyoc nieone Pi/Py. Kafdc 1o 6 petafdhhetar and ty ehdyiot
OTNV PEYLOTY TWUT TOU Xat SLaTnedvTog TLg undhowmeg UetafAntéc otabepés, o ypdvog oyedov
TptmAaotdleTon Yoo TLS avTloTolyES TERLITAOELS. LNy Teplntwor émou petofdihetol to L/ H
61 Yoo TV meplntwon 6mouv & = 0 xar 6 = 100 anorteitar o (dloc oyeddv ypdvoc ahhd
SrapopeTixnic T8Enc ueyéfouc avtiotoya. Télog xabde uetaBdhihetar o héyoc nicone P/ Py
napatneeitor 6L yio & < 102 0 ypbdvoc oyeddv dimhaoctdletar, evad yio & = 100 anoiteltar o
(8tog oYedOV YEOVOC Yo TS AVTIOTOLYES TEPLTTOCELS.

Me Bdorn v mapandvew avdiver, avihoya Ue To Tpog entAuot TEOBAnUa, ETLAEYOVTOL

avtioTolya ot Slaotdoelc 8 — 4 o 8 — 8.
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ivaxag 7.1: Adidotatn tapoyh W ywa Aéyo nieone Pi/Py=0 cuvopthoel Tou ufixoug tov
TEPLOY WY TELY %Ol UETE TOV aywyd xafde xal Tng TapauéTeou apalonoinong d.

Lo/H
L/H 6 2-2 4-4 4-8 8—-4 8-38
0 0805 0.805 0.805 0.805 0.805
05 1 115 121 121 125 125
' 10 131 138 139 142 142
100 1.33 140 140 143 143
0 0542 0542 0542 0542 0.542
) 1 0810 0.863 0.863 0.884 0.884

10 114 121 1.21 1.23 1.23
100  1.18 1.24 1.24 1.27 1.27

Mivaxag 7.2: Addotaty napoyh) Wy héyo nieone P/ Py=0.5 cuvaptfoeL Tou uixous v
TEELOY MV TELY oL UETA TOV ay®Y6 xaBd¢ %ol TNG TapauéToou apatonolnong d.

Lq/H
L/H 6§ 2-2 4-4 4-8 8—4 8-3
0 0402 0402 0.402 0.402 0.402
05 1 093 104 105 107 1.09
10 122 130 131 134 1.35
100 122 132 132 135 1.36
0 0271 0271 0271 0271 0.271
) 1 0622 0.68 0.697 0.708 0.718

10 103 112 1.12 1.14 1.15
100 1.06 1.15 1.16 1.18 1.19

[Tivaxag 7.3: Xpdvoc yovtehomoinong.

Time [h]
P/Py, 6 L/H=0.5 Fluctuation % L/H =2 Fluctuation %
0 73 0.5 74 0.7
0 1 38 0.6 86 0.5
10 o1 0.8 144 0.5
100 308 0.9 300 0.9
0 120 0.8 120 0.9
0.5 1 100 0.7 176 0.5
’ 10 110 0.8 103 0.7
100 308 0.9 368 0.9
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KEDPAAAIO &

POH AEPIOY AIAMELOY KYAINAPIKOY AT'QIOY
[MEITEPAYXMENOY MHKOYX XE KENO

8.1 Ewoaynyi

O pogg aeplwy SLaUECOL AYWYOY TETEPACUEVOU UHXOUS ATOTEAOUY avTXElUEVO UEAETNG
1660 O€ TEPAUATIXO 0G0 XaL 08 UTOAOYLOTIXO eninedo ta teheutata ypdvia. Ta yapaxtnpl-
OTXd TOV CUYXEXPLUEVWY oMY EYouy (wTixy) onuacic 6ToV oyedlaoUud XaL TNV XUTACXEL
CLUOTNUATWY XEVOU, G GUOXEVES Tou ameublivovtol ot SlaoTnuixy| Teyvoloyia, oty SLAon
OLUUECOU UEUSRAVAOY XL TOPMIWY UECWY, OTNY XATACKELY) NULAYOYOV XoL TENOS OE ULXEOT)-
AEXTPOVIXEC GUOXEVES. e OAEC TLC TAUPUTAVL EQupUOoYEC To cUotnua mhavdy vo Beloxetal
oe ouvixeg yaunhol, uétplou B uPnhol xevol xat e GUYSUAOUS UE TO OTL 1) YALAXTNELOTIXY
dldotaon Tou cueTHUATOC UTopel va elval Tng Wi TaENe ¥ ueyalUtepn and tny Uéon eheliepn
Stadpour| Tou aeplou, N pon mou avarticoetol TLHovoy va xohinTel Gho To eVpog Tou apLhuoy
Knudsen.

Yy napolvoa mapdypapo egapudletar 1 uéhodoc DSMC yio v unoloyiotixn Uehétn
eon¢ LovVouTOULXoU agplou 6 xevo SLAUEGOU aYwYOU XUAYOELXHC SlaToUunRg UE TO AOYO TOu
uhixoug mpog Ty axtiva tou aywyol (L/R) va xvuaivetar and 0 éoc 10. Yroloyiletar 1
addototn Tapoy xafde xou ot paxpooxomxéc noabdtnte (aptBuntixnd tuxvétnta, nedlo ta-
yuthtwy, mieon xau Bepuoxpaocta) oe dho to nedlo poric xat Y 6ho to elpoc Tou apiuol
Knudsen. Entong uehetrfinxe n enldpoon tou yoviéhou addnhenidpaone acplou xol Tolydua-
T0¢ eqapudlovtac To uovtélo ntieng ddyvong (diffuse reflection) xat to povtéro Cercignani
- Lampis [125]. Ennpbofeta uehetifinxe n enidpaon tou popaxot duvauixol (intermolecular
potential) epapudélovtac 10 HovTENO TV oxhnedy ogupdy (Hard Sphere Model) xafde xou
t0 uovtého Variable Hard Sphere Model. Téhoc yia ouyxexpLuévec TEQLITMOOELS TA UTOAOYL-
oTxd anotehéouata ouYXpivovtal UE Ta avtioTolya Tewpauatixd anotehéouata [113, 92, 115],

Ta onota elvan Swabéoiua otny Siebvi| Biioypapia.
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POrTO

L P]=O,TO

| R
0,0) x!

Eyfuo 8.1: Iewuetpinr anexdvion aywyol TETEPAOUEVOU UNXOUC.

8.2 Ilepiypapyn Tou mpofAjuatog

Oewpolue aywyd xuxhixfg Slatoung axtivag I xau tenepaouevou uixoug L, o omolog
ouvdéel dVo nuidnelpa doyeta. H yewuetpunr Sudtaln xabde xal 10 cVoTNUA GUVTETAYUEVKDY
(@', r") anexovilovtar oto Ly. 8.1. Tov aywyd Sappéel Lovoatouxd aéplo, To 0Tolo 6To
aplotepd doyelo Bploxetal oe nieor woopporiag Py, evd 6to 3elid Soyelo €yel oA younhy
nieon Pr, Ty onola xou Oewpolue Py = 0. H Oepuoxpacio tou agplou ota doyela avdvtn xat
%xaTAVTN %xo0GS xal 0To eowTERXS TOL aywYoy elval otabepr xou lon ue Th. O nocdTNTeg,
ot onoteg xafopilouvv v Aior Tou npoPifuatoc elvon to adidotato uixoc L/ R tou aywyol

xaL 1) TopduUeTpoC apatomolnong 0, N onola optletal we [17]

_ RPR

b
HoUo

J

(8.1)

omou R elvar n axtiva Tou aywyol, Py n nieorn avagopds, 1o elval to 1&ddec oe Hepuoxpaota
avagopdc T, vo = /2kTo/m elvar 1 Théov mbavi| tayltnta Tou aeplov, k elvar 1 otabepd
Boltzmann xat m 7 poptaxy, udlo tou aeplou. Toviletal 6Tl 1 mapdueTEOC apoaLonolnong o

elval avTloTeégng avdhoyn tou aptbuod Knudsen xar ocuvdéovtal and tny oyéomn

s VT L

= (8.2)

Y1dyoc elvar o unohoylouds NG Tapoyfic Tou aeplou Tou dlappéel Tov aywYo xabde extong
xaL n uehétn tou medlou poric ouvapThoel Tou adtdotatou uixou L/R ot tne nopauéteou

apatomoinone 0. H adidotatn nopoyr W optletan wc

6mou My elvan 1 poth udloc Siapéoou xuxhxdhc omhc oy TeplnTwon Eofic LOYOATOWLXOY

agptou oe xevé. Lty eduh auth tepintwon 1 poh udlac My exgpdletar and Ty avahutxd
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oyéon
Valin

Vo

M,y = P,. (8.4)
Toviletat 6Tl 0L XUTAVOUES TV ABLAOTATWY UAXLOOHOTUIXGDY TOGOTHTWY TNS TAYVTNTAC Uy (x,r)
, Ug(x, 1), aplBuntixic tuxvétnrag n(z,r) , tleong P(x,r) xa Gepuoxpaoctiac T'(z, 1) npoxi-
TTOLY BLULEGVTAS TLG AVTLOTOLYES BLAOTATEG TOCOTNTES UE TIC YAQUAXTNELOTIXES TOCOTNTES AUV
popdc Vo, no, Py xau Ty, evdd and tny xataotatxt eélowon Ty aeplwv toylel 6tL By = nokT).
Enlonc o tosétnrec r = 1'/R xauw © = 1’/ R exgpdlouv v adidototy axtivix xat aZovixh
ouvtetayuévn avtiotolya. ‘Ola ta artoteréoyata tou Ha napouctacholy e autd To xe@dlaLo

exPEALOVTOL GUVAPTACEL TWV TUPATAVL ASLAOTATWY UAXPOCHOTUXGDY TOCGOTHTWY.

8.3 IIepiypapn alyopibuov DSMC

'Onwe avagéplnxe oe mponyolueveg tapaypdgouc, o ahydpliuog tng uebédou DSMC re-
oLéyel dbo Poaowd PAuata: o) tnv ehedlepn xivnomn twv cwuatdioy xat B) e owuaTdlaxéc
ouvyxpovoelg. Katd tnv dudpxea tou mpdtou Bruatog, to cwuatidia Staviouv cuyxeXpL-
uévn anéotaon nou xaboplletal and Ty TayitnTa Toug xafde xal and to ypovixd Priuc At.
Mépoc Twv ocwuatdiwy xatd tnv xivnon toug, mbavéy vo alknhemdpdoouy ue to axivnta
TOLYGUATA TV doyelwY B Tou XUALVOEIXOU aywyol. TNy neplntwon auth YenollorololvTal
ot oplaxéc ouvirxec thfpouc ddyvone (purely diffuse boundary conditions). Enione yio tnv
UEAETN TN eldPUONS TOY 0pLaX®dY cLVONXOY aeplou - Toly®dUATOC eQapudalinke To LOVTELO
Cercignani - Lampis [125, 15], yio ouyxexpuuévec Twwéc tou adidotatou uixous (L/R) tou
aywyol. To uovtého C-L mepiypdgeton and dVo ocuvteheotée (accommodation coefficients),
EVOLY TIOU QLYTLOTOLYEL OTNV EQATTOUEVLXT TPOC TO TolywUd 0pUY| TOU COUATIOLOU %ol EVay TOU
avTiotolyel otny xivnuxy) evépyeta xdbeta oto Tolywua. 'Etol to uovtého C-L mepukelet
dVo Babuolc eheubeplog xou mepLypdpel Ue TLo PeahloTixd TEOTO TNV ahAnAeTidpaon acplou -
Tolyduatoc. ‘'Eva dilo uépog Twv owuatdioy mhavéy va e&éllel and to unoloyiotixd nedio
XUl OTNY TEPITTMON AUTH TO 0WUATIOL0 dlaypdeTal TAHEMS ATd TNV UVAUTN TOU NAEXTEOVIXOU
UTOAOYLOTH.

Metd o téhog tng ehetbepne xivnong 6hwv Ty couaTdiny, véo cwuatidio dnutoupyol-
VTl OTOL U TRy o Tixd dplar Tou mediou porc. O aplbudc Twv oouatdioy autoy elval tpoxa-
HopLouévos xat utohoyileto and tny EZ.(6.10). Xto ouyxexpluévo tpdinua to Aaupdvovtog
unodn Ty aovoouuuetpia Tou TpoAfuaTog, To euPaddv A Tng emupdvelag Tou SiépyovTal Ta
oouatidia tooltal ue A = TAr? vy Tic %8beteg emLpdvelee, eved A = 2rAx yio tic optlovieg
emgpdvetec. Toviletor 6Tt To cwUATIOL TOU ELOEPYOVTAL £YOUV XATAVOUES TOU AVTLOTOLYOVY
oe ouvlrxec Loopporiog waxpld and v elocodo xal Ty €€odo Tou aywyoU. Xe ouvlrxeg
ooppornioc (steady state conditions), o aplfudc Twv cwpatdiov tov eZépyovtat and 1o ne-

3o potic elvar loog ue Tov aplbud THV COUATISI®Y TOU ELGEPYOVTIL, EVE O GUYOAXOC UEGOC
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apliude cwuatdlwy nopauével otalbepdc.

Kotd v diudpxeta tou dedtepou Priuatoc tou alyopibuou DSMC, ou cwuoatidiaxéc ou-
YXEOUOELS UOVTEAOTIOLOUVTAL XAVOVTAC XPNON TOU EVOOUOPLAXOU UOVTEAOU OXUANROY CHULRGOY
(Hard Sphere model - HS) xafdc xat tou povtélou (Variable Hard Sphere model - VHS)
[14]. Xt0 1pdTo YoVTéNO 1) GUVORLXY evepYOC Slatoun (total cross section) napauével otabep,
evd 10 1EGdEC elvan avdhoyo e Tetpaywvixc pilac tne Ospuoxpaciac VT. Ta apBuntind
ATOTEAEGUATO TTOU TROXUTTOUY Topouoldlouy Uia Yewxotnto xat Sev anatteltal o xabopioude
Tou agplou mou ypnowonoteitat. Avtifeto oTo deUtepo UOVTELOD 1) GUVOAXY) EVERYOC SlaTou)
dev mapauével otalbepr) adld elval ouvdptnor g oyetxic TayUtntag Twv couatdiwy. To
ddec otny mepintwon auty elval avdhoyo Touv TV, émou 1 mapduetpog w yapaxtneilel xat To
Q€ELO OV YPNOLUOTOLELTAL. 2TO CUYXEXPWEVO TEOPBANUO Teayuatorolinxe oUyxplor ono-
TEAEOUATOV UETALY TV 300 TApUTEVw UOVTEAWY EVOOUOPLAXOY SUVIULXOU X0l GUYXEXPLUEV
Yo Ty mepintwon tou woviehou VHS yenowonoffinxe aéplo filto pe w = 0.66 [14].

H Suvauxr) xivnon tov cwuatdiwy uovtehonoleltol yia évo twovo aplbud ypovixody Bn-
udtwy, Kote vo entteuyfoly ouvbixes udviung porc oto unohoylotxd wedlo. To addotato
Ypovixd Prua mou yenotuorouifnxe toovtol ue At/t,, = 0.01(R/vy) o eniong yio 6hec Tic
TEPLTTAOOELS, Ol auVOxeS uovUNS poric Bewpninxe 6T emtelybnxay dtav 1 otaTioTiXy dlo-
x0uavor e napoyfc elvon uxpdtepn tou 1%. Ileploodtepec hentouépetes yioo Ty avdiuon

o@diuaToc Tou akyopibuou avagépovtal otny axdrovdn Iapdypapo 8.5.

8.4 Beltiotonoinon alyopifpov DSMC

[ty entteudn tne emBuuntic axpiBelag ota aplbuntixd anotehéouata tpoyuatorol|in-
xav BedTidoelc xatd v egapuoyt) tou akyoptBuou DSMC. O fertidoeic autéc eotidlovtat

oe 800 Paowxd onuela:
o XNV eQupUOYT TELOY EMTESDY TUXVOOTS TOU YOELXOU TAEYUATOS XAl

® OTNY ELOAYWYT| ETLPAVELDY UE EWBLXO GUVTEAEOTH BopUTNTaC YLol TNV OUOLOUOQRPT| XATA-

voun TwV 6oUaTdimy.

[ %dfe éva and to nopandve Inrhuata axoloubel avaluTixy TEPLYPUPY TV EVVOLHDY Xl
TOU TROTOV QupUOoYTc Toug otov akydelbuo tneg uebddou DSMC.

H ponj agplou Slauéoou aywyol nenepaouévou urnxoug Bewpeltal a&ovoouuueTpixh, Ve To
utoloYLoTixo nedlo anewxoviletal oto Yy. 8.2. Anoteheltal and 1oV aywyo6 nou oplletal wg
(0<r<10<az<L/R), xa tc 800 xUNYOpLXEC TEPLOYES TELY X0l UETH TOV AY®YO TOU
opilovtar wg (0 <r < Ry/R,—L1/R<xz<0)xu (0<r <Ry/R,L/R<z<(L+Ly)/R)
avtioTtowya. To uéyebog Twv mapamdvew xUAvdpxdy Teploy®dy dev elvar €€’ apyic dedouévo
xal Yyl Tov AOYo autéd mpayuatonolhinxe mapauetelr) avdluon Yo TNy elpeon) TV BEATL-

OtV dlGTAoEWY, UE YVOUova TN Slathenoyn tng aptbuntixic axplfelag Twv anoteheoud Ty
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L/R
L,/R
L/R
Ry/R —
Ry/R
EEEEEEEEEEE R T =1.25 -
— =0.75
r=1 T =05
(0,0) x
L x=025 | x=L/R+1
x=- x=L/R+0.25

Yyfuo 8.2: Yroloyiotixd nedlo ue 3 entneda ninvwong tou ywpelxol TAEYUATOS.

oto 1% »afdc xar Tou unoloylotixol yebvou mou anateltal. O telxéc dtaotdoelc Tou
yenowonoifnxay oe dhec Tic mepintdoelg elvar Ly = Ry = 8R xa Ly = Ry = 4R. To
UTOAOYLOTIXG TAEYUA elval ouoLbuop@o xal tepleyel Tpla emineda TUXVWONS, OTWC YoRAXTN-
ototixd amewxoviletal oto Xy. 8.2. Kovtd ota touyduata tou aywyol ol UeTaoréc Tov
UAXPOOXOTUXMY TOGOTATOY ELVAL 0pXETE EVTOVES, YEYOVOS TO omolo Suxolohoyel Ty yeron
e TOXVWOoNS, dtatnedvtag Topdhhnha xor Ty emtbuuntyh axpeiBela TV anoteheoUdTOY 6T
OUYXEXPLUEVDL OTUElaL.

‘Ocov agopd TNy YeNom EMLPAVELGDY UE €86 oLVTEAEOTY| PapUTnToC TEETEL VoL TOVLOTEL
6Tl oToyelouy oTNY SLaTAENON TNS OUOLOUORYNE XATAVOUNS TWV cwUaTiwy oe Ao TO UTo-
hoyiotind medlo. Elvar mpogavég 6Tl xatd TV amousio TV GUYXEXPLUEVWY ETLPAVELDY, O
apliude TV ceUATBloY avd Lovdda 6Yxou 6Toug XUALYSpLxoUC daxTulloug UaxpLd atd Tov
dZova ovuuetplag elval Tohd wxpdTepog o oyéon Ue TIC TEPLOYEC xovTtd oe autéy. To ye-
Yovoc autd Ueldvel Ty xavotnta eniteuing e embuuntic axplfBelac. 3XT0 GUYXEXPLUEVO
TEOPANUO €YLVE YEHON ENTA EMPAVELDY XATA TNV AXTIVLXTH XAl TELOY xotd Ty alovixr xo-
telbuvorn. H Géon tov ouyxexpuuévewy entgaveldy anewxoviCetal oto Xy. 8.3. H Poaouxr| déa
™S YeHoNS TV Tapamdve emigaveldy elval 1 e&ic: To cwuatidia mou xivolvtol mpog Tov
dova ouuuetplag r = 0 % and ta aplotepd mpog Ta 8edid, xabde damepvolv Tig oUYXEXEL-
uéveg emipdveleg dimhooidlovtal xat xdbe éva and Ta véa cwUATdL ATOXTOVY TO LoV TOU
apyxoV ouvteheoty| BoapUtntac. Avtifeta, 6tay to cwuatidia arouaxpivovtal and Tov dova
ovuuetelag B xivolvtar and to 3e€ld mpog T aploTtepd, xafdg Stamepvoly TIC eV Ay ETLYA-
Veleg UTOBLTAAOLALOVTAL XAl TO VEO GWUATIOL0 omoXTd T SLTAJGLO GUVTEAEGTH BapdTnTaC TOU
apytxoU. Axolovbdvtag tn ouyxexpluévn dtadixaoto meploplletal onuavTixd 1 oTATIOTIXN
StaxduoveT Twv anoteheoUdtoy, eved dtatnpeital o (8log uéoog aplfudc couatdiwy oe dho
T0 uTohoyLoTXO TEdLo.

O opliudc 1wy cwuatdiny xabdc xal TwY XEMOY Tou yenotuoTolRinxoy eZapTdTal onuUd-
vixd omd to adidotato uixog Tou xulivdpxol aywyol (L/R). Ilo ouyxexpuuéva o aptBude

10V ceUaTdlwy xuuatvetal atd 2 X 107 éng 3 x 107, evd o aptBudc Twv xeldv and 4 x 10*

101

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



L/R
L,/R
L/R
RR| g N
Ry/R
e R e I -
re=l— ___ N L r=0.5
R e e Y
— .
x=0 x=L/(2R)

Lyfua 8.3: Ofon empaveldy Ue eWxd cuVTEAESTY) PBaplTnTag.

ed¢ 8 x 101 avd nepirtwon.

8.5 Avdiuvor opdipatog aiyopibpuou DSMC

H uéfodoc Direct Simulation Monte Carlo, Aéyw tng otatiotixic @long tng, Teptéyet
o@dluoTo Tou ogelhovtal oe JSLAPOPETIXOUC AOYOUC OTWC T.Y. OTN YPENOT CUYXEXPLUEVOU
aptiuol owuatdiwy Yy Ty woviehomoinon evog mpayuatixol aeplou, Tov TEQLOPLOUS TOU
unohoYLoTxoU edlou xovtd oTny eloodo xaL TNV €€0do Tou aywyol, 1 ywexT Slaxpltonoino
Tou medlou pofic xal TéAoC Tov Slaywpeloud Tne eievbepnc xivnong twv cwuatdioy and T
oouatdiaxéc ouyxpovoels. Kdbe évac and toug napandve Adyoug Oo mpénel vo avalleTal
Eexwplotd avdhoyo Ue To exdotote mpog emtAuot mpdBinua. Eival mpogavéc éti xabde o
aptiud TV cwuaTdley Tou yenolwwonotovvtal auidvel f xafdg To ywewxd TAEYUL TUXVAOVEL,
1 aptBuntixd Aon Oa tpooeyyilel Tny mpaypatxétnta. H Béhtiotn auth neplintwon dev elvat
eQTH AOY® TOU UEYIAOU LUTOAOYLOTIXOU XOGTOUC TOGO Ge Loy Ug 660 XaL GE YpOVOo, Tou
amouteltar. "Etol xd0e @opd évac ouuPifaouds fa mpénel va mpayuotonoleital avdueca ota
ToEamdve altio eLloaywyhc ogpdiuatoc otny uébodo DSMC.

H uovtelonoinon tng ehelbepng xivnong twv ocwuatidlowy xabde xal ToY Uoplaxoy ou-
Yxpovoewy xabiotd T uébodo DSMC we éva apliuntixd relpaua, 6to onolo d%o 187 cpahud-
TWY UTOPOVY VO EUQUVLOTOUY: o) To GOENLATA TOU TPOXUTTOUY 06 TN 6TOY AT QUGT TNS
ueb6dou xat B) To ouoTNUATIXG o@dAuaTe TOU ogelhovTal 0T YwELxT| dlaxpLtonolnen, Tov
aptiud Twv couaTdiwy, Ty enthoyn Tou ypovixol Buatog At, To uéyefoc Tou unoloyioTixoy
medlou x.o. XNy mpdTn TeplnTwo, To oTaTIoTIXG o@diua elvol Suvatdv va uelwbel audvo-
vtog tov apliud twv detyudtoy (samples) mou emthéyovtar xatd Ty aptbuntxy dtadixaota.
O aplfude Twv detyudtwy Tou Teénel va emiteuy el KGote To GTATIOTIXG GQdAUa Vo elval UL-
%p0Tep0 and €va xaboplouévo dvw 6pLo, umopel vo UTOAOYLOTEL AVOAUTIXE. XUYXEXPLUEVA 1)

oTaTtloTxr dStaxluovon TV aroteleoudtony otny UéHodo DSMC elval avtlotpdone avadio
\
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e Tetpaywvixfic pllac Tou apliuol twv delyudtwey [14]. Xto ouyxexpuuévo mpdBnua Tig
ponc aeplou SLauéoou xUALYIELXOU aYwYoU TEREPACUEVOL UXoug, 1 Baoixr TapdusTtpog, and
Vv omolo xaboplletal To oTUTIOTIXG GQIAUA elval 1) Tapoyh Tou Siépyetal and TNy eloodo
xaL Ty €€odo Tou aywyou. H nopoyn expedletar ouvapthioel Tou cuvoiixol apliuol cwuo-
TWlwy mou Sipyovtal and TNy Slatour| Tou aywyol. 'Etol otny neplntwon Tou aplbuol twy
oouatdiov NT tou Siépyovtat and v eloodo tou aywyol (eninedo x = 0) xat xtvolvtow
ané apLoTepd Teog Ta Sefid, N otatioTd dwduavon elvar tne tdEng VN, Avilotoua
StaxOuavor Twv couatdioy N~ mou xivouvtol and to Sedld Tpog To aploTepd Xal Slamepvoly
v el6odo Tou aywyol elvar Tne 1Enc VN . H mapoy# tou Siépyeton and Ty elcodo Tou
ayoyoU wooltar ue N — N7 ol TpayUaTonoldvTac oTaTloTixs avdluom, oL dve xoL x4Ttw

EXTUUNOELC TNG TAPOY NS LOOUVTAL UE
(N" £ VN*+)— (N~ +£VN-) (8.5)

Kavovixorowdvtac ue tny napoy ) NT — N~ npoxintel 6t

VN VRS

1
N+ —-N-

(8.6)

Y& OheC TIC MEPITTMOOELS TTou UeheTHOnxay To xpLthiplo tepuatiouoy tou alyopibuou frav 7
AVLOOTNTA
VNt +VN-
Nt—N- ©

dnhadr To otaTloTxd o@dAua TG Tapoyhc oty elcodo Tou xLAWYSELXoU aywyol va elval

0.01, (8.7)

uxpdtepo and 1%. H dia uehodohoyia npayuatonoibnxe xau oty é€0do (x = L/R) tou
aywyol unohoyllovtoag to avtioTolyo oTaTloTixd oAU,

Kotd v uehétn tou ouyxexpiuévou mpofAfuatog tapatnerinxe étL xafde n napduetpog
apatormoinong 6 avldver, dnhadh xabde mpooeyyiletar To Ldpoduvauxd dpto, o aplBude TV
SELYUATWY Yo TNV ETUTELEN TOU TOPATAV® XELTNElou oUYXAloNg awldvel onuovtixd. Tny (S

tdon napouctdlel xal 1 ueTaBols Tou addotatou ufxous L/R tou aywyou.

8.6 ApiBuntixd anoteAéopata

Ta aptbunuxd anoteréouata mou Tpoéxuday xatd tny enthuon tou TpoBAAUNTOC POTiC
agplou oe aywyd uxpol unfxoug tepthaufdvouy tov unohoyioud tng adidotatng nopoyric W
ToU aeplou ouVapTHoEL Tou adidotatou uixous L/ R tou aywyol xabde xat tne mapauétpou
apatonoinone §. Mekethfinxav ol tepintdoelc émou to adidotato uixoc L/R maipver tiuée
L/R =0,0.1,0.5,1,2,5 xat 10, evé n napduetpog apatonoinong xuuaiveton and 0 (ehelbepn
uoptaxh meptoy ) éwe 2000 (Ldpoduvauxd dero). Enione napovoidloval ypagphuato xatovo-

URS TOVY BACIXOY UAXPOCKOTUXGOY TOCOTHTWY TNS TayUTtnTac, aptduntixic Ttuxvétntac, tieong
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xa Oepuoxpaacioc, ToodTNTEC 0L OToleC TAPOVGLALOLY TEAXTIXG EVBLAYEROY XATA TO OYEBLACUO
XOL TN YENOT TWV €V AOY® AYWYOV.

Yty napoloa mopdypago Oo avalubfolv enlong n enidpaon Twv dapdowy oplaxdy cuv-
Onxdv aeplou - ToryduaToc Tou yenouywomotiinxay, xafhe xal 7 enidpaon TOV SLAPOPETLXGOY

UOVTEA®Y EV0U0PLAXOU SUVAULXOU.

8.6.1 Addotatn nopoy

Ta aptbunuxd arotedéouota yia Ty adldototn tapoyh) W yenoulonoldvTac oplaxéc cuv-
Oxec mAfipoug Bdyuong xal LoVTELO eVBOUOELIX0U BUVOULXOU QUTO TWY OXANEMY GPULEKOY,
napovoldlovtal otov Ilivaxa 8.1, cuvaptfoel Tng TapauéTEou apalotolinong 6 xal Tou adLd-
otatou uhxoug L/R. Ot oplaxéc ouvlrixec mAfipoug didyuong elvat Suvatédy va tpoxddouy and
10 yovtého Cercignani - Lampis Oétovtac toug ouvteleotéc o xoL o, (ooug pe tnyv uovdda.
H nepintwon L/R = 0, n onola avtiotolyel oty pot| aeplov Stauéoou xulvdpixic xothd-
mrac (orifice flow), mpoépyetar and 1o dpbpo [53] xar mapatibetar yia Adyoug mAnpdTNTOC
xaL oUyxplone. Ernlong to anotehéouata mou avitiotolyoly otny eheliepn uoplaxy neployy
(0 = 0) ouunintouv ue Ta avtiotoya anoteréouata Tou Tapouotdlovial ato dpfpo [17], Ta
omola TpoxUnToLY Xdvovtag yehon tne uebodou Test Particle Monte Carlo.

Avaddovtag Ta aptbuntixd aroteréouato tne adidotatne mapoyhc W, mapatneeital to
YEYOVOS OTL SLUTNPAOVTAS TNY TARAUETEO apatotoinong § otabepr|, xabde auldvetat to adLd-
otato uixog tou aywyol L/R uyewdvetar i napoyh) W. Toviletar 61t otny nepintwon émou
=1, nwuftou W yie L/R = 0.1 elvar névte nepinou gopéc ueyalitepn and tny neplntwon
L/R =10, ev6 vl 6 = 10% 1 avtiotouym uetworn tou W elvar uupdtepn and dvo gopéc. Avti-
feta datnpdvrag To ufixoc L/ R tou aywyol otafepd, napatnpeltar 61t 1 adidotaty tapoyh
W augdver xabdg auvldveton 1 mapduetpog apatonoinore . H e€dptnon tne napoyn W and tny
TopdUETEO apatonoinone 0 yia Ghec Tic TLwéC Tou urxouc L/ R unopel va anotunwbel oe tpelc
draxpLtég meployée. H mpdtn meployn avtiotolyel oe uxpéc Tiwég Tou 0 dmou TapaTreelTAL
uxer) atnon tng tapoyrc. H Seltepn neproyn mepthauBdvel Tic evdidueoeg Tiwég Tou §, dmou
Topatneeltal onuavtxy avénorn tou W, n omola elvar ypauuxd avdroyn tne xilong logd,
eved 1 teltn meployh meplhauPBdvel Tig ueYdheg TLUES TOU 0, OTIC ontoleg mapatneeital acbevic
avgnom tou W, mpooeyyilovtac aoLUTTOTIXG Tal aVTIGTOLY O ATOTEAEGUATA 6TO LSPOSUVIULXS
6pLo (6 — 00).

o v emadifevon twv aptiuntxdy anotehecudtony g nopoyrc, mpayuatonolhinxe
oUYXpELoT Ue avTloTolyo TElpauaTiXd anoTeAéouata, Ta onota elval Slabéoiua otny Siebvi| Bi-
Broypapia. Xto Xy. 8.4, napouctdletal 6Uyxplon UeTadl TV aptiunTix®dy anoTeAecUdTWY
Tou avtetolyolyv oe L/R = 2 xat 10 xou twv avtiototywy tetpauatixdy yoo L/R = 1.92 xau
10.66 avtiotouya [113]. Tlapatneeitat 6Ti, eV Ta TEWROUATIXG ATOTENEGUATO AVTLOTOLYOUY
oe duatouxd aépto C Oy xou to aplbunTixd anotehéoUaTo aVILETOLYO0VY GE UOVOATOULXS aé-

oLo, ev toUtolg Tapouctdletal Ui ToAD xohr) TAUTION TOV ATOTEAECUAT®Y YLo xd0e T TNe
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Yyfiua 8.4: Ylyxpion aptBunuxdyv xat netpauatixdy anoteheoudtoy yio L/ R=2 xou 10.

TopaUETEOU apatotolnong d.

Ot Fujimoto xat Usami [92], Baolouévol 6To TELpaUOTIXE AROTENEGUATA TOUS, £YOUY TTPO-
Telvel uia eumelpxy) oyéon, and TNy onola unoloyiletal 1 adldoTaTy TapoYY) GUVAPTAGEL TNS
TOEAUETEOU apatoTtolnong xat Tou Aéyou nleong mpty xal Uetd tov aywyd. Xto Xy. 8.5
arewcoviletar 1 olyxplon Ty aplunTixdy anoTeAecUdTOY UE To avTioTolya TELpUUATLXE
aroteléouata, To onota Pacilovtal otny eunelpr| oyéon twv Fujimoto xou Usami. Iagotn-
peltat pLot ToAY xahf TadTion Yoo GAEC TS TEPLRTMOELS Tou adtdotatou uixouc L/ R xat yio
d < 500.

Télog, obyxpion npayuatonolhiinxe ue tpdogata aplbuntixd aroteréouata and toug Lilly
et al. [126], ta onola avtiotoryoly otic tepntdoeic L/ R = 0.03 xau 2.4, evéd oL avtioTtolyec
méoelc ety Tov aywyo elvar Pp = 1071 xou 410 Pa. H nopduetpoc apatonolnong ¢ mou
AVTLOTOLYEL OTIC BU0 GUYXEXPLUEVES TEPLTTMOOELS elval & = 24.7 xan 9.45 avtioTtoya. Kot otic
dVo mepnTdoeLc 1) Slapopd UETAdY TwV TapdVTLwY apliunTixdy aroTeheoUdTOY XoL AUTOV 6TO
[126] elvan uixpdtepn tou 2%.

Me Tic mapamdve ouyxploeig, to aptbunuxd arnoteréouata tou Iivaxa 8.1 unopolv va

Yopaxtnelotoly alémiota yior 6Ao o e¥pog Ty TWOY Tou uixous L/R tou aywyou.

8.6.2 Opraxéc ouvbrxeg acplou - TOoLYOUATOG

Yty nopovoa nopdypago Oa mepiypagel 1 enldpaon TV SLAGOPETIXOY UOVTIEAWY TREOGO-

uotlwong aeplou - Toly®uaTog, Ta onola exneedlouvy oe ueydro Babud tnv magoyr xabdeg xat

T0 nedlo poric otov aywyo6. Xtov Ilivaxa 8.2 napoucidlovtar anoteléouata Tne adldoto-
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Eyfua 8.5: XOyxpion aptOuntixdy xal TELRAUATIXOV ATOTEAECUATWY Yia dLdpopes TWES TOU
A\oyou L/R.

e Tapoyhic W yla ouyxexpLuéves TWwéc tou ufixouc L/ R xal Tne TopaUéTpou apalotolnone
J, Ypnotuomoldvtac optaxéc ouvbrixec mhhpouc ddyuonc (3n othhn) xaL oplaxéc ouvirixec
Cercignani-Lampis (4n otfin). Xtn deltepn neplntwon ov ouvteleoTéC TOU AVTLOTOLYOUY
OTNV EQPATTOUEVLXY| TEOC TO TOlywUA 0puY) TOU CWUATOIOU ap XL GTNY XLVNTLXT| EVERYELL
xdfeta oTO TOlYWUAL O, EMAEYONXAY Vo LooUvTaL ue oy=0.5 xa a,=1. Toviletar 6T Ta
aroteléouata Tne Teltng xoL Tétaptng othing Tou Ilivaxa 8.2 avtiotolyolv oe evdouoploxd
uovtéro oxhnedv ogatpdy HS, evd n méuntn othin aviiotolyel oto evdouoplaxd UOVTELO
VHS. Ané v avdhuon tou Ilivaxa 8.2 npoxdnter 1L xafde to uixoc tou aywyold L/R au-
Eavetal, 1 enidpaom Tou YoVTEAOU alANAETidpaone aeplou - ToLYGUATOC aUEdvETaL dPUaTIXE.
Yuyxexpwéva, yioo L/R = 0.1, 1 xow 10 xon ywa 6 = 1, n adidotorn nopoyr) W otny tétaptn
othhn €xer auénbel xatd 1.8%, 18.4% xar 83.3% oe oyéon ue 1o aviioTolya anoteAéoUATA TNC
teltne othine. H Bt tdon napatnpeltal yior Ghec T TLUEC TNC TopauéTpou apalonolnong 0.
(¢ anotéleoua, 1 e€dptnon TN TAPOYHC 0TO UOVTENO allnhenidpaone aeplou - TolyOUATOC
elvar ToAY aofevic yia L/R < 1, evd elvar apxetd onuavuxs otny tepintwon 6mov L/R > 1.

Télog and tov Iivaxa 8.2 mapatneeitar To yeyovog 6T 1 enldpact Tou HovTEAOU alhnhe-
midpaong Exel uxpn e€dptnon and Ty tapduetpo apalonolnong. Luyxexpluéva, yoo L/R =1
xar & = 0.1, 1 xau 10, n mapoyh W otnv tétaptn otihn audveton xotd 17.9%, 18.2%
xau 11.4%, oe oyéon ue g avtiotoyes Twwéc e tpltne othine. T'evixd boo neplocdtepo
apatomolnuévn elval 1 por, T16co Ueldvetol 1 enldpoon Tou LovTéRou alknAenidpaonc aeplou
TOLYGUATOS, EVG oTny Teployh ohlolnone xabde xal oty udpoduvauxy| teployy| 1 enidpaon

auth Tadel va ugloTaTal.
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Iivaxag 8.1: Addotatn napoyh W we npog 1o uixouc L/ R xou Ty napdUetpo apatonolnone
§ v povtého oxhnpdv ogapdy (HS) xau oplaxéc ouvlixec mifjpouc didyuone xatd tnv
alAnAenidpaomn aeplou - TolydUATOC.

W

§ L/R=0 L/R=01 L/R=05 L/R=1 L/R=2 L/R=5 LJ/R=10

0.0  1.000 0.953 0.801 0672 0514 0311  0.192

0.1  1.014 0.965 0812  0.680 0520 0312  0.190

0.5  1.069 1.018 0.855  0.715 0544 0322  0.194

1 1.129 1.074 0.902  0.754 0572 0334  0.198

2 1221 1.165 0.981 0819 0620 0361 0213

5 1374 1.312 1.117 0948  0.732 0436  0.258

10 1.463 1.404 1.220 1.062 0855  0.543  0.335

20 1512 1.462 1.302 1.168  0.974  0.695  0.463

50 1.534 1.498 1.383 1.287  1.156 0917  0.696

100 1.533 1.508 1.435 1.358  1.259  1.068  0.874

200 1.529 1.512 1.462 1412 1339  1.184  1.020

500 1.526 1.515 1.484 1.449 1397 1271 1.125

1000 1.523 1.515 1.494 1.456 1406 1282  1.143

2000  1.522 1.517 1.493 1.458 1404 1284  1.145

8.6.3 Movtého evdopopLaxol duvaulxol

'Onwe mpoavagéphnxe, uekethinxe 7 enldpacr Tou povTéhou evdouoplaxol SuvauLxol oTLS
YAEAXTNPLOTIXES TOGHTNTES TN POTC, EQapublovTag To UovTéLo oxhnedy ogupdy HS - Hard
Sphere model xo. to uovtého VHS - Variable Hard Sphere model. Xtnv teheutalo othin
tou Ilivaxa 8.2 mapovoidlovtar ta anoteAéouata TS Tapoy RS Yiol aéplo Hlo xal Bewpd-
vtog oplaxéc ouviixeg mhfpoug didyvong. Xuyxplvovtag Ta anoTeAéouata TN TelTNg XoL Tng
TEUNTNG OTAANC TEOXUTTEL OTL 1) ETUSPACT, TOU UOVTEAOU EVEOUOPLAXOV SUVAULXOU TNy odLd-
ototn napoyfic W elvar auedntéa. Tuyxexpwuéva yioo L/R < 1, tat anote\éouaTo TopoUévouy
auetdfinta, evéd yia L/ R = 10 xou yio yeydhec tyuée tou 0, eupavileton pio uixpr| enidpaon
oty napoyic W ue uéyiotn andxhion 5.3%.

8.6.4 Iledio Porg

Yy mapovoa napdypago Ha napouciacholy xou Ha avalubolv ol xatavoués Twy Bactxdy
UAXPOOXOTULXGY TOCOTHTWY TN apthuntixic tuxvotntag, Tne TayvtnTac, tne mleong xat tng
Oepuoxpactac xatd unxoc tou dZova cupuetplac 1 = 0 Tou aywyoU, xafde xar oe oAdXANEO
T0 medlo poric. XTnv mpdTyn meplntwon avixel To Xy. 8.6, oTo omolo mapouctdlovtal o
AATOAVOUES TOV HaXpooxomxdy LeYeldy yia § = 1 xou 107 xou yia duépopec Tuuéc Tou ufixoue
L/R.

Ye Oheg TIC TEPINTWOELS, xabdg audvetal 1 o Sievbuvor, n alovixy| Taydtnta auidvetal,

eved 1 wleon xau 1) Oepuoxpactio uetdvovtat. ToviCetar 6t 1 aovixr Taydtnta avidvetol on-
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Hivaxag 8.2: Adwdotaty napoyr) W wg npog Sudgopeg oplaxéc ouvlfixeg xol uovtéha evdo-
uoptaxol SuvauixoU: Stayutixy avixhaon (a, = o = 1), CL - Cercignani-Lampis (a,, = 1,
a; = 0.5): HS - hard spheres, VHS - variable hard spheres (#At0, w = 0.66).

w

HS VHS
L/R 6 Diffuse CL Diffuse
0 0.1 1.014 1.010 1.014
1 1.129 1.129 1.115

10 1.462  1.454  1.446

100 1.534 1.523 1.531

1000 1.523 1.516  1.522

0.1 0.1 0.965 0.983 0.963
1 1.074  1.093 1.063

10 1.404 1.415 1.388

100 1.508  1.507  1.507

1000  1.515 1.509 1.514

1 0.1 0.680  0.802  0.680
1 0.754 0.891  0.746

10 1.062  1.183  1.041

100 1.358 1.396  1.349

1000 1.456 1.466  1.456

10 0.1 0.190 0.343  0.190
1 0.198 0.363  0.197

10 0.335 0.493 0.318

100 0.874 0.932 0.842

1000 1.143 1.162 1.117
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UAVTLXE X0VTd 6TNY eloodo xal Ty 2080 ToU aYwYoU, EVKD 6TO EOWTEPLXO TOU AUEAVETAL UE
uwxedtepo pubud. H ouyxexpluévn ovureptpopd Yivetal euxohGTERA AVTLANTTYH OTLS TEQLRTO-
oewc yio L/R =5 xou 10. H péyrot alovint| taydtnta xatd uhxoc tou dZova cuuueTplac
eugaviletar uaxpld and ty €080 Tou aywyol xar elval aveldptntn Tou whixouc L/R tou
aywyoU, eve avtifeta eaptdtar and TNy TAEdUETEO apaLOTONCNE 0, CLYXELYOVTAC TIC TEpPL-
mtooec Yo 6 = 102 xou 6 = 1. Ou xatavouée e meone xar tne Hepuoxpactioc ToloTxd
eugavilouv avtifetn ocuuneplpopd oe oyéon ue TNy alovixr TayVTnTa, YEYovog To onolo HTay
AVAUEVOUEVO.

H enidpaon tne napauétpou apalonoinong § oTic ev AdYw UaXPOGKOTIXES TOGOTNTES ATEL-
xovileton 6710 Ly. 8.7, 10 onolo avuotoiyel oe xatavoués yia L/ R = 0.5 xou 5. Iapatnpeita
6T Ta anoteréouata yia 0 < 1 xou yio & > 102, mhnoldlouy ota aviiotolya tne erelbepnc
uoptoxt) mepoy) (0 = 0) xabde xat tou udpoduvauxol oplou (& = 2000). To yeyovic
autd €pyeTal o€ cuUPLVLa UE Ta aroteAéouata Tou Ilivaxa 8.1 dmou, dnwe tpoavapéphnxe, 7
adidotatn nagoyh W napouével oyeddy oaUeTdBANTY o WxpEéS XAl UEYAAES TWIES TOU J, EVED
ueldvetal onuavtixd oto edpoc 1 < & < 102 Tlpéner va towotel TL Yo peydheg TLuéc Tou
4, n andtoun addnon otny TayvTNTA TELY XoL UETE Tov aywyd elval Teplmou 1) S, evdd otny
TeplmTwom Uxpdv TWOV Tou § N avénorn e TayiTnTac oty €€080 Tou ayYwYoU elvol apxeTd
To UEYAAN amd Ty avilotolyn otny eloodo tou aywyol. To yeyovdg autd anewxovileta
xahUtepa oty nepintwon L/R = 5.

Y10 Xy. 8.8 mapoucidlovtol ta mpoglh TN addotatng alovixrg tayvtnTag otny eloodo
(x = 0), o wéoo (x = L/(2R)) xaL v €Zodo (x = L/R) tou aynYol %ol YL dlopopeTL-
xéc Twég twv L/R xou 0. Ta avilotouyo npogih méoewy amewxovilovtat oto Xy. 8.9. O
ouvduacuot L/R = 0.5,6 = 1 xoa L/R = 5,0 = 10? urnopel va ewpnhodv wg evdewtixée
neptnthoelc 6mou oL toodtntec L/ R ot § malpvouv uixpéc xat ueydhes Tiuéc avtiototyo evéd
oL dAhot dvo ouvduaouol w.y L/R = 0.5,6 = 10*> xoau L/R = 5,5 = 1 avuinpocwrelouy Ti¢
TEPLTTAOOELC OTOL ULa antd TS Vo TocdTNTeS elval UeYdAn evd 1 dedtepn uwxer). [ xdbe uia
amd TG TECOEPELS TEPLNTAOELS, OL XATavouéS TayUtnTag xol tieomng yapaxtneilouvy tny eZéMin
NG PONE %AUTE UH%0g TOU AYwYoU.

Téhoc ota Lyruata 8.10 xat 8.11 napoucidlovtar ot Looldelc xaumdhe tne nieong xat
Tou Tomxol apthuod Ma yw L/R = 0.1 xou 10 xav § = 1, 10 xau 1000. Meletdvtoc ta
OUYXEXPLUEVO YRAPHUATI TEOXUTTEL OTL oTNy TepinTwon énou 1o § mapauével otabepd xat
t0 ufixoc L/R uetaPdihetan and 0.1 oe 10, to nedio porc Sagoponoteltat onuaviixd téoo
ToloTxd 660 xaL tocoTixd. Enlong 6tav To urfxoc tou aywyol nopouével otabepd xat o §
uetaPdiietol and 1 énc 1o 1000 1 moloTixn cuuteptpopd TwY UeYelhY Tapauével auetdBinty

EVE TOCOTIXE dLAPOPOTOLOVVTAL.

109

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



L/R=0.1
- —— - R

PIP,

12 12
L/R=0.1
- === L/R=1 L/R=0.1
—_———— L/R=5 - =-=--LlRrR1
= —-= L/IR=5
.............. L/R=10
o
Eo.
-
10 12 14

Yyhuo 8.6: Katavouée adidotatne aZovixrc Tayvtnrtog, tleone xot Bepuoxpaciog xatd uixoc
Tou dZova ovuuetplag 7 = 0, vy d=1 (aprotepd), d=100 (8e&Ld) xor ddwopec TLUEC TOU

uhxoug L/R.
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Eyfua 8.7: Katavouée adidotatng alovixric taydtntog, nieong xaw epuoxpactiog xatd urxog
Tou dZova oupuetplac r =0, yio L/R = 0.5 (aptotepd), L/R =5 (de&id) xan didgopes Tiuéc
TOU 0.
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Yyhuo 8.8: Katavouée addotatne alovixfic taydmrac oty eloodo (z = 0 : —), uéon
(t=L/(2R) : —— — ) xat €Z0do (x = L/R : —- — - —) T0U aywyol yLo SLUQORETIXES TUUES
Twv L/R %o 0.
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Yyhua 8.9: Katavouée nieone oty eloodo (v = 0: —), uéon (x = L/(2R) : — — — ) xa

¢€odo (t=L/R: —-— - —) tou ayoyol yia daopetixéc Twéc twv L/ R xa 4.
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Yyfua 8.10: Ioolelc nieong xovtd otny neployy tou aywyol vy L/R = 0.1 (apiotepd) xat
10 (deZud) xau ddpopeg TLUES TOL 6.
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Yyfua 8.11: Isoteic Tonxol aptBuold Ma xovtd otny neployy Tou aywyol yia L/R = 0.1
(aptotepd) xar 10 (3e€Ld) xat didpopes Tywés Tou 0.
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KEDPAAAIO 9

POH AEPIOY AIAMELOY KYAINAPIKOY AT'QIOY
[TEITEPAXMENOY MHKOY?Y

9.1 Ewayny"

H Aentouepric mototixr meplypapt] Tou mediou potc apatomotnuévmy acplwy tou Siépyo-
vToL and xUALVdpLxoUc aywyols TemepaoUévou unxoug tapouctdlel Wialtepo evdlagépov 6Tov
BélTioTo oyedlacud xa Aettovpyia Slapdpwy TUTWY CLUGXELVOY OE ToWiAo TEYVOhOYLXE TEdia.
Mepixéc amd Tic Topandve eQoupUoYES elval oL UETENTES poTic UAlag, To ULXpoaxpo@UoLa Tou
XENOWOTOLOUVTAUL WG CUCGTHUATA TEOWONG OTN AEEOdLAGTNULXT), Ta dIXTUL COANVOOEWY, oL
avTAleg %ot TUpYoL an6oTAENC O CUOTAUATA XEVOU, Ol UEUBPAVES XoL Ta Top®dN UECG GTNY
Ty vohoYlol SLUALGTC %ol TEAOS 1) XATAOKEUT) ULXPONAEXTROVIXGDY CUOTIUATWY %ol POIXOV Cu-
OXEUMV GE ULXPO-TAEXTpOUTovoLoYLXd ouothiuata (MEMS).

Aoy e Oewpntinnic xou mpaxTixic onuaclac, To CUYXEXPLUEVO TEOBANUO €YEL EXTEVAOS
ueketnbel oto mapehdov. Ou mpdteg epyaoiec oto ouyxexpuévo Béua tapouotdotnxay and
touc Knudsen [97] xou Clausing [127] xat oL ouyxexpluévec epyaoiec anotéhecay onueio ovo-
popdc Yio VEOTERES UEAETEC TO00 G HewpnTind 660 xat TelpauaTixd enlnedo yio poég Slouéoou
OYLOUGY oL XUNYOPLXOY aywmYdY utxeol unixouc. Mepwxd and ta entotnuovixd debpa mou
oyetilovtal dueoa pe Ty napovoa pehétn elva ta [109, 112, 128, 92, 53]. Enione onuavtixs
EQELVNTIXT TPOGPOEE 0TO cLUYXEXPLEVO Béua €yel mpayuatonownbel and toug Sharipov xat
Seleznev [17] xou mo npdogata and Tov Xie [129].

H oparonoinuévn pot aeplou Stauéoou xuhvdexol aywyol mou evédvel dVo doyela, ma-
EOAN TNV amAY) YEOUETELXT| TEpLYPapn, analTel onuavTLXT UTOAOYLOTXXY Loy e, Xupleg Aoy
TOU YEYOVOTOC OTL Yla TNV axpl31) Teplypa@y Tou nedlou porc xatd TNV Tpocouoiwaorn Teénel
va ouurepthngboly teployéc Ty doyelwy avdyvtn xal xatdvtn tne eorc. H mo ocuving uno-
Aoyiotxr uébodog mou €yel TV SuvatdHTHTA ETAUGTC TETOLWY POGY GTNY UETABATIXT TepLoyY)
elvar 1 uébodoc Direct Simulation Monte Carlo (DSMC) [14]. Xtnv nepioyy ohlofnong xau

udpoduvauxy| teployn elvat Suvatdy va egapuoaboly ol Yvwotéc elodoelc Navier-Stokes ue
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oplaxéc ouvbrxec ohlolnone A un. Toviletar 6t av xou n uéhodoc DSMC elvar ev yével
APXETY ATOTEAEOUATLXT, TO UTOAOYLOTIXG xOOTOC elval apxetd ueydho otay eéetdlovtal OAeg
Ol TEPLNTMOELS TARAUETPWY PONE Xt YEWUETPLaC. Ol Lo UTOAOYLOTIXE SuTaVNEES TEQLTTOOELS
eo®Y elvar 6Tay 0 AOYOC TOU UNXOUC TPOC TNV aXTIVOL UELGVETAL XAl 1) TTOOY Tleong elval
uwet|. H pot| otic nepuntdoeig autéc dev unopel va Oewpnbel wg mAfipwng avertuyuévn xat
Yoo Tov Adyo autd Bev umopel va emthubel ue v yerion g yeauuxic xuvnuxnic fewplog.
Erniong, o anoitoduevog umohoylotixds ypdvog xal 1 uviun auldvetor xabdg uewdvetat o
apfudc Knudsen. Téhog, toviletar 6Tt 0 aplthudc TV TERAUATIXOY EPYAOLOY OTO GUYXE-
xpLUévo Béua elval TohD Uixpdg xat dev XaAUTTOUY GAEC TIC TEPLTTOGELS pody. ['ta Tov AoYo
qUTO, OV XAl TO CUYXEXELUEVO Oéua ueleTdte €8 xal apXeTd XaLpd, UTEEYOUY TEPLOPLOUEV
aLomota dedouéva.

Y10 mhaiolo autd, ol Shinagawa et al. [114] npayuotonolnoay enéxtaon e epyaoias Twy
Usami o Teshima [130], yia tov unohoyloud oL Ty U€Tpnon g 0YXOUETpLXAC Tapoyhc
(conductance) aldtou dauéoou XUMVSPLXOY aYwY®Y ToU avTLoTolyoUy e SLAYOPES TUIES
ToU AOYOou urxoug mpog TV axtiva xafdg xal v Sidgopeg TLwéS Tou AdYou mieong avdvTy
%o ©otdvTn e poric. Tooo ol melpauaTiXéc 660 XL OL UTOAOYLOTIXES OYXOUETPLXES TOPOYES
Begbmxav va elval younhdtepeg and exelvec mou mpoxUnTouy xdvovtac Yenon e ellowong
mou mpotelvetal and touc Hanks xar Weissberg [109]. Ov Koppenwallner et al. [131], ueé-
oay TewpauaTixd Ty e€dptnom tou cuvteleot| extévwone (discharge coefficient) we npoc
T0 Adyo urxoug mpog Ty axtiva xou Tou aptBuol Reynolds oe oyiouéc xuxhixfc datourc.
Eivat yvwotd 6t xulvdpixol uixpoaywyol, ol omolol yenoluonolodviol kg UXpoaxpo@lola,
nopouotdlouy amAdTnTe 0TNY XaTaoxeLY| Toug. Xto dpbpo [131], extdc and Ty uétpnom g
oYxoueTpc Tapoyfic, mpayuatoroinxe éAeyyog TNC Sounc NG POTC 0TO ECWTERIXG TOU
AYOYOoU YLoL TNV UTapdn XUUATOY GUUTIEGTC GTO ECOTEPLXS TOU UXPOYUGLoV. LTNY Tpoondlela
BEATIOTOU OYEBLACUOY TOY AYWYOY UXE0U UHXOUC YLoL THY YEHOT) TOUS WS CUCTAUATA TEOK-
ong oty agpodaotnuxy, oo Gimelshein et al. [132] xou Lilly et al. [115] yehétnoav t660
TELPAUATIXG OGO XL UTOAOYLOTIXE TNV eRLdRUOT TOU URXOUG AETTOTOLY WY XUXAXDY CYLOUDY.
H ouyxexpévn epyaoia tepthauBdvel 800 Teptmtoelc Tou AOYOU Ufxoug Tpog TNV SLAUETPO
xafde xau poég oe xevd. To cuunépacua and TNV GUYXEXEWEVY epyacio Tou TpoxUnTeL elval
OTL 1 oyLoun ue ueydho urxog eupavilel Ty uPnhdtepn anddoor TpdwoNg. LTS TEPLGOOTERES
amé TiC epyaoteg mou napatifevtal, To atoteAéouato Tapouoldlovtal oe SLUoTATEC TOCHTNTES
xat vl ovyxexpuéva aépta. Hpbogata ot Varoutis et al. [21] avdntulay xo e@dpuocay tny
uéhodo DSMC yia adidotatec nocdTnTeg, Gote Ta adldoTtata apthuntixd artoteAéouata, »e
TEOC TNV TALOY T XL TLC UAXPOOXOTUXES XUTAVOUES YLal Y wYOUS UE BLApopec TUUES TOU AGYOU
UX0UC TEOS TNV aXTLVAL, VoL THpouotdlouy ULd YEVIXOTNTA.

Yy napoloa epyaoio 1 adidotatn éxdoon tou alyopibuouv DSMC egapudotnxe yia tnv
aptBuntiny| enthuon pofic uovatoulxol agplou Slauéoou xUALYSpLxoU aywyol Ue Tov AdYO
urxoug Tpog TNy axtiva vo xupalivetol and 0 éwg 10, evéd o hdyog mieong avdvtn xol xatd-

vin e pofic xupalvetal and 0.1 éoc 0.7. Adyw tou 6Tt oty epyaoia [21] tpayuatonols-
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Onxe épeuva Tne e€dpTnomne Twy apltiunTixdy aToTEAECUATOY atd TO UOVTELO aAANAETidpaoNS
AgELOU-TOLY OUATOS X0l TOU UOVTEAOU EVOUOELAXOU dUVOULXOU, 6TNY TopoVod UEAETY Epap-
uoletat To Hovtélo mATpoug didyvong yia TNV ahAnienidpaon agplou-ToLYOUATOSC, EVEH YLa
NV TEPITTWOT TOU eVOOUOPLAXOU duVaULX0U Yenoluorolhinxe To UoVTELO OXANEGY GQALPOY.
Ta apluntixd anoteréouata nepthaufdvouy Ty adidotaty tapoyh xafde xoL xaTavVoUéS Uo-
%xpooxomXOV TocoTATLY (Tayltnta, nieon xa Bepuoxpaoctia) yia 6ho 1o edpoc Tou aptbuol
Knudsen. I'ia ouyxexpuwiévee nepintdoelg poric o aptbuntixd anoteréouoto ouyxplvovtal

ETULTUYAOC UE avTioTolya Telpauatixd dedouéva nalalotépwy epyaotdy [112; 92].

9.2 Ilepiypapn mpolAfuatog

Ocwpeltal 1 aovoouuuetexr) ot Lovatouxol aeplou SLauécou XUALVIELXOU oy wYoU
axtivag R xat uixoug L, o onolog cuvdéel dUo nuidnerpa doyela ue méoeic Py xaw Py (Py > Py).
H Oepuoxpacio ota doyelo xat 670 eowtepxd Tou aywyol napauével otalepn xau ton ue Tp.
H yewuetpuh anewxévion, to obotnua cuvietayuévoy (z,17) xou n apyh tov afdvev anet-
xoviCovtal 610 Xy. 9.1. Ta Soyela avdvtn ol xatdvin Tou aywyol areixovilovtol oto Xy.
9.1. Ot mocdtnTeg N, FPo xon Tp yenotdonolotvtol k¢ ToGOTNTES AVIQORAS TNS TUXVOTNATIC,
e mleone xat tne Oepuoxpaciac ue Py = nokly. Eniong, n axtiva R tou aywyol atotelel
TO YopaxXTNELOTXG unfxog xat 1 théov mhoavh taydtnta vy = \/m, ue k v otabepd
Boltzmann, tnv yapaxtnetotixy taydtnTa Tou TeoBANudToC.

H enihuvon tou cuyxexpuiévou npofifuatoc xaboplletal and Tpelg TapaUéTeous, Tov AoYo
uhixoug mpoc TNy axtiva Tou aywyol L/R, tov Aoyo nieonc Pi/Py xoL tny TapdUeTpo apato-

rolnong 0, n onola opiletan we [17]
_ RP,

HoVo

J

(9.1)

Toviletat 6TL 1) TapdueTpog apatonolnong d elval avTloTedpue avdroyn tou aptbuol Knudsen
(6="9%)-

Kiptog otdy0g elvatl 0 untohoylouds Twv adldoTAT®WY UAXPOGKOTLXMY XATAVOUDY GUVAE-
Toel v mopauétpwy L/R, Pi/Py xat 6. Ou xatavoués auvtéc nepthaufdvouy tic dvo ou-
VLOTOOES TOU davioUOTOS TNG MAXPOOXOTUXAS TayVTNTOC Uz(®, T)/vo ol Uy (2, 7)/ve, TNV
apBuntied tuxvétnta n(z, ) /ng, v nleon P(z,r)/Po xou v Oepuoxpaocio T'(x,r)/Ty. O
rocétnrec r = 1r'/R xav x = &' /R avuioTtolody TS GUVTETAYUEVES GTNY adldoTaTn axTivixy
xaL agovixr xatevhuvon aviioTolya.

Entong, uta dAAn onuavtixy toodtnta elvar n adidotatn napoy W tou Siépyetol Stauéoou

Tou aywyoU xot oplletal we

W=, (9.2)

119

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



omou M elvon 1 pory udlog mou SLépyetal amd TOV AYwYsd XAl

VT R?

Vo

MOO =

Py (9.3)

elvar 1 avtlotoryn avalutixh tosdtnta v pory oe xevé (Pi/Py, = 0), Swoauéoou xuxhixic
oytoufc (L/R = 0) otnv ehelbepn poptaxh neptoyy (8 = 0). Ltnv neplntwon porc Slauéoou
xuxhxhc oytoufc oty ehelbepn voptaxt| teployy ue héyo nieone Pi/Py # 0 1 pory udloc

oplletal w¢
: VT R? Py
M, = 1—— 9.4
0 o P, ’ ( )
eve 1) adLdoTotn Tapoyn elval .
M, p
Wop=— =1-—". (9.5)
MOO PO

Ev yével, extédc and T mapamdve 8Vo avahuTxée oyEoelg XAELOTAS Uop@hc dev UTdpyouv
dhheg dabéowuec. Me v mdpodo Twv Ypbdvwy, didgopes eunelpnés oyéoelg yia o Woeu-
paviotnxay, PBactléueves oe TELpUUATIXG XoL aplbunTixd aroteAéopoto. Av xal oL eV AOYw
EXPEACELS LOYVOUY UOVO YLOL CUYXEXPLUUEVES TEQLOYES POTIC, €V TOUTOLS amoTeAoVY Baoixd epya-
Aelo yia mpdyELpoUC UTOROYLOUOUSC. Y AUTEC TS EUTELPLXEC OYECELS AVIXOUY OL EELOMGELS TOU
npotdfnxay and touc Fujimoto ot Usami (BAéne EZ. (21) xat (22) oto [92]) v poéc o€

%ev6 xat and tov Sreekanth yio Sudgopec tepintdhoelg Tov Adyou meorng [112]:

1-P /P [1+ P /P

w) =
1+ L/D 5/

§+1.038] . (9.6)

H teheutaia oyéon xabde xaL optouéva melpauatixd anoteréouata oto [92] ypnotuonolin-
xav otny Hapdypagpo 9.4 yio tnv npayuatonoinon ouyxploewy UETAEY TELRAUATIXGY XL TWY

TOEOVIOY APlOUNTIXGOY ATOTEAECUATOV.

9.3 Al\yé6pibuog DSMC

‘Ohot oL unoloyiouol mpayuatonohiinxay ue v yerorn e uebédou DSMC Boaoiouévn
oto povtého NTC [14] vy tnv poviehonolnon twv Uoplaxdy ouyxpoloewy. llpbogata, o
ahyobpluoc DSMC tporonouinxe xatdAAnho xal eQopuéoTnxe Ue emtTuyla yla THY UOVTE-
Aomolnomn po®v oe xevéd dlauéoou aywy®y Tenepaouévou uixous [21]. Xtnv ouyxexpuuévn
epyooia, o Tapandve xdduxac enextdinxe yio nepntdoels ue hoyo wieone P/ Py # 0.

To aovooupuetpxd utoloytouxd tAéyua (Xy. 9.1) anoteleltor and tpela enineda md-
xVwong Yoo Ty entteudn axpifBelag oTic €vtoveg xAOELS TV Uaxpooxomix®dy Ueyeldy xovtd
ota oLy Guata Tou aywyol. Ernlong d¥o alovixéc xal entd axtivixéc Ldvec Ue edxd GuVTE-

AeoTh| Bapltntac yenoworouiinxay yia TNV oUolOUop® XaTavour TwV cwuaTdiny ot xdbe
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xeh [53]. Ou aptBunuxéc nopduetpol emthéylnxay yia v eniteudn axplBelac énc xat dvo
onuavTLXd Ynola xaL cUYXEXPLUEVA YLol OAES TIC TEQLRTOOELS TO Ypovixd Bhua xol to uéyebog

TV Yeyohitepwy xeAdy Tou edlou emhéyOnxay we

_AY
B R/UO

At —0.01 (9.7)

xalL Ayl
Ar=Az = "2 =005 (9.8)

R
avtiotowyo. H ouyxexpuévn dwaxpitonoinon eaopoaiilel 6L 0 ypdvog tng ehebepne xivnong
TV 6OUATIOIOV Elval xpdTEpog and TOV UEGO YpOVo GUYXPOUGTC Xl OTL 0 GYXOC TOU XEALOU
elval éva 10c0oto TNne xuBenig ehevbepnc dtadpouric. Ye dheg TiC TepITTOOoELC 0 apliudc TwVY
couatdloy mou emhéyfnxe wovtar pe N = 3 x 107, evd 1o péyehoc Twv UTOAOYLOTLXOV
TEPLOY WY OVEVTY %ol XATAVTY Tou aywyol emhéyfnxe (oo ue L1 = Ry = Ly = Ry = 8R. O
oUYOAXAC aptBubC TwY xeMdY etvar 8 X 101 xat 0 aplBudc Twy couaTdiwy avéd xel xuuatveto
ané 10? and 2 x 103, Téhoc n enavaknmtied Swadixacto Tou alyoplfuou tepuatiletar 6tav 1

OTATLOTLXY SLaxdUOVOT) TWV ATOTEAECUATOV LXAVOTOLEL TNV AVLoOTNTA
\

VN
VNF VN

6mouv Nt xar N~ elvar o ouvohxéde aptbude owpatdlewy tou Siépyovial and aplotepd Tpoc

< 0.001, (9.9)

T 8e€Ld xat and delLd mpoc o aplotepd oTNV Eloodo Tou aywyol (x = 0) Yo 6ho TO YPOoVLXS
dLdoTnua NS HovTelonolnore.

Toviletar 6Tt T0 LTOAOYLETIXG XboTOC avEdvetar onuavtixd xafdg o Abyor Py /Py xou
L/R avZdvovtal. To yeyovic autd dixatohoyeital Stott xabde ta Pr/ Py xau L/ R auZdvovtal,
n moocétnta N~ enlong avldvetal. 'Etol n otatiotind Swaxduavon tng porg, n onola elvat
e 1¢Ene VNT/(NT — N7) uerddveton. Mo dhhn autlar adnong tou utohoylotixol x66Toug
elvol 1 avinon tne mopauéteou apatonoinone & xafhe mpooeyyilel To Ldpoduvaulxd 6pLO.
Yy meplntwon auth o aptbude Twv cuyxpoloeny tou teénel vo uovtelorotnfoly elval xotd
TOA) UEYAAUTEQOG €V oLUYXploEL Ue TNV Teplntwor porig oTtny ueTtaSatixy Teployn.

H uébodoc DSMC arotehel pia otoyaotixt| uébodo ue anotérecua oL QUOLXES UAXPOGXO-
TUXEC TOOOTNTESC Ue TRaXTIXO eVOLA@EpoY va utohoyilovtal Teplodixd xal we uéoeg Tiwéc. H
cor udlag M elval duvatdy va exppaotel cuvapTHoeL Tou GUVOALXOY aElBUoy TwWY CKOUATLOIWY

mou diépyovtal and v eloodo Tou aywyol (z = 0) wc

m(N+ — N-)Fy
t/

M= (9.10)

6mou m 1 poptaxt; udla xat t' o ouvohxdc ypdvoc uovtehonolnone. Tote olugwva ye Ty
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EZ.(9.2), n addotatn napoyhh W vrnoroyiletat we

o 2 (NT-NT)

ﬁf% (9.11)

6mou t = t'/(R/vg) etvar o addotatoc cuvolxdc ypbvoc xau Vo= V//R? o adidotatoc
OLYOALXOC GYXOoC Tou Tedlou.

H apiBuntind muxvétnta oe éva xehl oplletal wg

NjFN

n; = i=1,2,..,J, (9.12)

j

6Tou 10 j dNAGVeL To xeli Tou medlou pe dyxo Vi, J elvar 0 ouvolixdg apliube Twv xeAdy

xar Nj elvar 1 péomn tiur| Tou aplbuod twv cwuatdlov oto xekl o xdbe ypovixd Brua. H
aplOuUNTLXY TUXVOTNTA aSLIGTATOTOLELTAL UE TNV aptBunTiey TuxvoTNTA avaQopds 1y WS

n; N;V

i Y -

— =1 J _1727"'>J> (913)

Un N ‘/]

6mou Vj; = Vj/R? elvan 0 adldotatog dyxog tou xehod. 'Ouoto 1 adidotatn woxpooxomx

TayUTnTa o Oepuoxpaacia opllovtal wg

Nj
u]‘ 1 .
Yo =N ey, j=12T 9.14
Vo N] i=1 ’ g ( )

Kol
{ ch (u/vo) } j=1,2,...,J (9.15)

avtiotolya. Ytg EEZ.(9.14) xou (9.15), N; elvon 0 aplbudc twv cwuatdlov oto j xehl xat

C;j ONAGOVEL TG ABLAOTATES TEELC GUVLOTWOOES TNG UOPLAXNAS TayUTNTAC TOU & 6OUATIS0U 6TO j

xell. Téhog, 1 addotaty nieorn urohoyiletal xdvovtag ypron tne xataototixrc ellowong
b _n T

— j=1,2

A 9.16
PO TL()TO T ’ ( )

Yy enduevn napdypago Oa mopouciacsTtoly to aplfuntixd anoteléouata tng adidototng
TOEOY MG XAl OL XATAYOUES TV UIXPOOXOTUIXOY UEYEDDY Tng Taydtntag, Tne tleong xa tng

Oepuoxpaoctiac.
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9.4 ApiBuntixd anoteAéopata

AplBuntixd anoteréouata mapatifevtal yio 0 < § < 2 x 103, 0 < L/R < 10 xou 0 <
Pi/Py < 0.7. T to ouyxexpuuévo elpog Tapauétpwy 1o anoteAéouata tapouotdlovTal oe
dVo vnoevotnrec. H mpdtn eotidleton otny adidotatn nopoy xou tepthaufdvel ouyxploelg Ue
TELPAUATLXE amoTEAEGUATA XoL 1) SeUTERT) e0TLdleTol 6TO TESLO POTiC XAl TNV Y wELXY) UETAPOAY
TV aVToToLY WV Loxpooxorx®)y ueyelohy. Téhog uehetdtal n e€dptnomn GAwY TRV TURATAVE

UaxXpooXOoTLXGY UeYeldY otic napauétpouc 0, L/ R xa P/ P,.

9.4.1 AdudoTatn nopoy

H ouunepipopd tne adidotatne napoyrhic W ouvapthoel twv mopauétpwy d, L/R xou
Py /Py anewoviletar ota Yy. 9.2, 9.3 xau 9.4 avtiotoya. Xto Xy. 9.2 napoucidlovtan
anotehéouata tou W ouvapthoe tng mapauétpou apatonoinong ywo L/R = 0.1,1,5 xau
P /Py =0,0.1,0.5,0.7. Xe 6hec Tic meptntdhoelc 1 ooty e€dptnon tou W oand to § elvar
TOEOUOLAL. LUYXEXPUUEV, XoOOC TO § aLEAVEL, Yiar ULXpéS TIWES Tou, To W auldvetal ue uxpd
oubué. e evdiduecec Twéc Tou § (1 < § < 10%), undpyer onuavixy aténon tou W, evé
v ueydieg TLwéc tou 0, To W oouveyilel va auldvel €wg 6Tou TpooEYYIOEL AOLUUTTWTIXY TA
avtiotolya arotehéouata 6To LUdpoduvauxd dpo (& — oo). Toviletar 6Tt To anoteréouata
v P1/Py =0 xat 0.1 oyeddv tavtilovtat étav § > 1.

H eZdptnon tou W and 1o P1/Py yio L/R = 0.1,1,5 o § = 1,10, 102, 10* anewxovileton
oto Xy. 9.3. Xe ohec i nepintdoelc o Woaugdvel xabde to P/ Py uetdvetal. Lnueldvetal
6t xabde o Moyoc mieone uetdvetar, v uxpd L/R xau 6, to W au&dvetan andtoua, v
v yeydha L/R xau § 1 adénon tou W elvow uixpdtepr. Ye oplouévec mepntdhoels (m.y.
L/R =5 xo 6 = 10% % 10%) undpyet évac xplowwoc hoyog tieorne (Pr/Py)* népa and Tov onoto
Tepaltépw Uelwon tou P /Py dev ouvendyetow onuavuxs abénon tov W. To gawvbuevo autd
ovoudletar otpayyahouds e porc (choked flow) xat elvar evpéwe Yvwotd 6to udpoduvauxd
6plo. Amé ta aplfuntixd anoteAéouaTa TAPATNEEITAL OTL TO PULYOUEVO aUTH TapoLGLaleTal
xaL oe apatonolnuéves poéc. Entong n tiur| tou xplowou Adyou tieong ueldvetal xabdg 1 tuy
e TapaéTeou apatonoinone uetdvetal. Téhoc toviletar 6ty L/R = 0.1 ta avtictouya
amoteréouata v § = 10% xou 10° oyedév tautilovraL.

Y10 Yy. 9.4 nopouoctdlovtat anoteléouata tou W ouvaptioer tou L/R vy P /Py =
0.1,0.5,0.7 xou § = 107,1,10,10%,103. 'Onwc avayévetar, oe 6hec Tic Tepntdoeg o W
uetdvetat xafde to L/R avEdveton. apatnpeitar duwe 1o YEYOVOS OTL Yoo GUYXEXPLUEVES
nopauétpouc (ueydha P/ Py xal d), to W napovotdlet éva péyioto oto L/R. H nopatipnon
auth) dev unopel va e&nyndel guouxd xau mhavdy va ogelletal 6T0 UTOAOYLOTIXG GYPIAUAL TOV
ATOTEAEOUATOV.

Y10 Ey. 9.5 mapouctdletol ovyxplon Uetald TV TUpdOVIOY apliunTixdy anoTeAecUdT®wY
XL TV aVTloTolywy Tetpauatixdy ard toug Fujimoto xatr Usami [92]. Ta nelpaupatind arote-
Méouata npofiliay and to Xy. 8 tou dpfpou [92] yio L/R =0.99, 5 > 1 xau 0 < Py /Py < 0.5.

123

Institutional Repository - Library & Information Centre - University of Thessaly
21/05/2024 14:39:14 EEST - 3.144.83.38



[ Ty mpayuatonolnon tne oVyxplorng ta avitiotolya aplbuntixd aroteréouoto tou Wyl
L/R = 1 tolManhaocidotnxay ue tny tocétnta (1 — Py/Py)~t H mold xahf tadtion uetald
TELPOUOTIXGY Xt aptunTixdy anoteleoudtwy oe éva ueydho edpoc tou 6 xau tou Pi/P,
motonotel ™y aplBuntixd Aon v L/R = 1 xou Gewpeltar 61t n ouyxexpluévn axplBela
ETEXTELVETAL XL YL TLS UTONOLTES Teptntdoetg Tou L/ R.

M dAAn olyxplon pe melpauatixd anoteréouota napouctdletal oto Xy. 9.6. Ta
nepaotixd anoteréouata Pacilovtal otny eunepixy| ayéon (9.6) mou mpotdbnxe and tov
Sreekanth [112], vy Sudgopa oet napauétpwy. H olyxpion elvar mohd xohf otnyv elelbepn
uopLaxy meployh xat oe éva Uépog TNe UetaPatixic meployAc €wg oL v & < 2 xal apxeTd
ol Y 2 < 8 < 5 xou Py/Py = 0.7 xou 0.5. IIépav tou ouyxexpuuévou elpous napauétpwy
1 ovyxexpévn oyéon (9.6) dev elvar aliomiot.

H ouyxexpuwévn uroevétnta xhelvel ye v mopouclaoy TLVIXOTOINUEVKDY aptBunTixdy
anoteheoudtov e addotatne tapoyfic W ouvaptioel tou 6 xav L/R otoug Ilivaxec 9.1,
9.2 xat 9.3 yo P/Py = 0.1, 0.5 xau 0.7 avtiotorya. T v meplntwon émov L/R = 10
TO UTOAOYLOTIXG XOOTOC AUEAVETOL ONUAVTIXG oL VLol TOV AOYO auTd TopouotdleTal TEPLOEL-
ouévog apliudg TEPITTMOOEWY TOL § TOU XAAUTTEL TNV eAellepn Loplaxy) xaL TNV Uetofatixy
neproyr. 2tov Ilivaxa 9.4 napovoidlovtal anoteléouata tou Wyl tny mepintworn dmou
Py /Py = 0.2, 0.3, 0.4 xou yiot yapaxtnetotixéc tiwéc tou § xou L/R. Toviletat 6t o Hivaxec
9.1-9.4 mepLéyouy amOTEAEGUATA TOU €Y0UV TAPOUGLACTEL 0To Topehd6y o ypapuxr Lopen
xat enlong emmpdoheta anoteAéouata ToU xahUTTOUY Eval UEYSAO €0p0C TWV TORUUETRMY TTOU
emnpedlouy TNy pot|. Oewpeltal GTL To TVaxoTOUEVA anoTeEAéoUATa TopoUotdlouy LWLalTEpO
eVOLAPEROY OTNY CUYXEXPLUEVY) EQEUVITLXT epyacia apol UTopolUy eUxola v yenotuonolnboly
ATO TNV EQELVNTIXY) XOLVOTNTA VLo GUYXELOELS UE avTioTOLY A TELPAUATIXG ATOTEAECUATA 1) Yo

Eheyyo allomoTiag VEWY apliunTixdy anoTEAECUATOVY.

9.4.2 Iledlo porg

H uerétn ouveyiletal ye pia mo Aemtouept| mapatipnorn tou tedlou potic, 1 omola apytxd
TEAYUOTOTOLELTAL UE TNV Tapousiaon Twv Ypauudy pofic yio Py/Py = 0.5, L/R = 0.5,5
xar 0 = 1,10,10%10% 010 Ty. 9.7. Tapatneeltar 6T oty yetafatixd neptoyh (6 = 1) ou
Yoauuéc ponc elval oyeddy CUUUETPLXEC TELY oL UETE TOV aywyd xal dev mapouctdlovtal
divec. H ouyxexpuuiévn ouuneplpopd elval yopaxtnelotixy] yia OAeC TIC TeplnT®doelg e § < 1.
Kobd¢ 10 6 auZdvet ou ypauués pong xduntovtal ol diveg eupavilovtol xatdvTrn Tou aywyou.
D 6 = 10, ot dlvec éxouv AdN eugaviotel, eved yio § = 102 xar 10% to péyeboc twv dtvdv
avdvetol ue anotéheoua Loyupd jet aeplou xatd urxoc tou r = 0 oty €£odo Tou aywyou
va dnutovpynbovyv. H Slduetpoc Twv jet elval (on ue v Slduetpo tou aywyol xal To uixog
Toug extelvetal axdua xat €€w and medlo poric. Luyxpivovtac i ypauuée potc v L/R =
0.5 xau 5, mopatneeiton L 1 eugdvion tne divne xabuotepeitar xabde to L/R avidve.. H

oLUTERLYPOPS TG poNc, OTwe anewxoviletat oto Xy. 9.7, ywa Py /Py = 0.5 elvow yopoxtnplotixd
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YL omotodfnote Aoyo mleong uetal 0 < Py /Py < 0.7.

H uetaBolf tne adidotatng nieong xau Oepuoxpactiac xatd uixog tou d€ova cuuuetplog
r=0xu—8 <z <L/R+ 8 anewoviletar ota Uy. 9.8 xou 9.9 avtiotorya yia § = 1,102
L/R = 0.1,1,5 xa. P;/Py = 0.1,0.2,0.3,0.5. Y10 Zy. 9.8, yia ¢ = 1, n petafori e
Tleong UEL@VETAL LovOTOVa. Zexivd and Tny Tuh Looppotiag, 1 omolo tooUtal Ue Uovdda,
xal mapauével otabeph v o < —2. XNV GUVEYEw, 1) TECT UELBVETOL XATd UnRxog TNg
anéotaone —2 < & < L/R + 2 éwc 6t0u @Tdoel tny xotdvin mieon woopponiac, 1 omolo
tooUtat ue P/Py xau nopouével otabeph yo o > L/R + 2. H avtlotouyn petofold e
Oepuoxpactac anewxoviletoar 6to Xy. 9.9 xou yi & = 1, nopauévelr otabepr| xau lon ye v
TWh woopponiag i 7 < —2, eVE OTNY GUVEYELN UELOVETUL €w¢ To & = 0, 6Tou YL OAeg TIg
nepintdoec Twv L/ R, napouotdlel évo ehdytoto. Ntnv ouvéyela 1 Oepuoxpacio auvZdveto
€wg 6Tou @Tdoel TNy Ty Loopporiag tne. [evixd, n uetafory| tng Oepuoxpaoctiag, yioa 6 = 1,
elvar i %o petdveto xafdc o Aéyoc mteone xow to L/ R avZévetan. [ § = 102 1600 1
uetaPolr| tne mieong 6oo xaL e Oepuoxpaciog cuyxplvouevee Ue Tic avtiotolyeg Yo 0 = 1
alhdlouv Spaotixd. Xtny meplntwon auth 1 uetaPolr| dev elval uovétovr. Xto Xy. 9.8
Yo 6 = 102, 7 wleon oty €Zodo Tou aywyYoU peldveta To xdTw and to Pi/Py xar oty
ouvéyeta xatd uixoc e anéotaonc L/R < x < L/R+8 yopoxtnplletot and pLo TahavTwTix
OUUTERLPORY, TNE OTOLUC TO TAYTOC UELGVETAL YUPW and Tny Ty toopporniac. H ouyxexpiuévn
TOAVTWTLXY OLUUTERLYORd UeldveTal xafde o Adyoc nieone avidvetat, evd vy Py/FPy = 0.5
eCogaviletat. H talaviwtixd ovurepipopd tne nieong ogelletol ota xluata cuuniéong, Ta
omola dNULOUPYOUVTAL OTO OTO ECWTERPLXO TOU AYWYOU X0l UETAPEPOVTAL XATAVTY TNne pofic. H
avtiotolyn ouurepLpopd TN UetaBolnhc g Bepuoxpaactag arewxoviCetal oto Xy. 9.9, dnou yia
§ = 1 o 10? nopatnpetton 6L éyel Ta (dla yopaxTneloTixd pe autd tne leonc. Luyxplvoviac
v wetaPor e Bepuoxpactac 6to By. 9.9 yia § = 1 xou 10? nopatnpettar 6L To eAdyLoTo
ot tehevtala teplntwon elvar mo évtovo. Toviletar 6Tl duola cuuTepLpopd Tng UETAPOATC
e mleone xou e Oepuoxpacioc mapatnpeltar vy 6ha T L/R. Q¢ yewwxd| napatipnon,
onueldvetal 6ttt medla mleong xou Oepuoxpaciac (xar 6hou tou medlou porc) e€aptdvTal
dueoa and tov Aoyo nleane P/ Py xaBde xau and to d, eved n e€dptnon toug and to L/ R dev
elval apxeTd onuavTixn.

Yto Xy. 9.10 mopouoidletol Ulo To 0AOXANEWUEVT EOVO TNG ETIdpaoNS TNG TapaUé-
Teou apatonolnone oto medlo porc. Ilapouoidleton 1 uetafory) tou aplbuod Ma yw § =
1,10,10%,10%, L/R = 0.1,5 xou P1/Py = 0.1,0.2,0.3,0.5. T povatouxd aéplo o apthude
Ma vroloyiletar and ty tayvtnta Tou aepiov wg Ma = /6/5(u,(r,0)/vy). Ye Ohec Tic
neptntdoelc o aptiudc Ma Zexwvd and to undév, omou elval 1 Ty LooppoTlac Uaxpeld and
™V €lo0d0 Tou AYWYOU xaL GTNV CUVEYELX ZeXtVE Vo UEL)VETAL oTo dto onuelo (z = —2),
6mou 1 mieon &exwvd vo yetdvetat. O aplbude Ma ocuveyilel vo augdvetar xatd Urfxog Tou
aywyoU xal QTéveL Ty uéyLtotn T Tou, 1 onola e€aptdtal oe ueydho Babud and ta P/ Py
xat 9, evdd elvon mpaxtixd aveldptntoc tou L/ R otny €€0d0 tou aywyol. Ltny cuvéyeld, o

aptbude Ma Eexuvd vor UELGVETOL EC TNV TLUT LOOPEOTILAC XATAVTN TNS poT|c, 1) omola toovTal
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ue undév. Tapatneeitar 6TL yia Tov dlo Aéyo mieong, xafde to 6 avldvel, n UéyLotn TLn Tou
Ma yeidvetar dpaotind. o yauniols Aoyoug mieong 1 po¥| elval urepnyntixt) otny €€odo
Tou aywyol 6tav & = 10% xou 10%, evd yivetor utonymrh 6tav § = 1 xa 10. Exnlong, yuw
TOV (810 AOYO0 Tleong N TaAaVTOTIXT cuuTeEpLpopd Tou aptiuol Ma oto dell doyelo ueldvetal
xaL tehxd eCagpavileton xaboe n napduetpog apatonoinone uetdvetat. H mapatnerioeic autég
elval o cupgovia Pe T adldoTaTES TAROYES TNG TEONYOUUEVNS UTOEVOTNTIG.

Yo Xy. 9.11 xatavouée tne adidotatne alovixic taydtntac, otny eloodo (z = 0), uéon
(x = L/(2R)) xou éZ0d0 (x = L/R) Tou aywyol nagoucidlovtar yia 6 = 1,10°, L/R = 0.5,5
xar P/Py = 0.1,0.7. Ou avtiotoiyec xatavouéc nieone napoustdlovtar oto Ly. 9.12. Ot
ouvduacuot L/R = 0.5, =1 xav L/R =5, = 10° fewpoitvial evdetinéc nepintdoelc Tay
L/R xou ¢ elvon uixpd 1 weydha avtiotouya, evé ta urdrona dbo dnhadf L/R = 0.5,6 = 10°
xat L/R = 5,0 =1 elval avitnpoowreutixd TV TERLTTOOE®Y 60U Utd and TLS TopauéTpous
elval uuxpt| xar 1 dAAn ueydhn. Enlong, to anoteréouata yia duo SLa@opeTixols Aoyoug
mieong elvarl evdextind yia weydheg xal uxpéc ttooels tieone. To ouyxexpuuéva yeopruata
elva yopaxtnplotxd yio Ty e€EMEN Tng potic (emitdyuvorn potic xat ntdon Tieorng Tou agplou)
2T URXOUS TOU Y wYOoU.

Téloc ota Lyfuata 9.13 éwc 9.15 mapouotdlovtor ol tooldelc xaundiec tou TomxoU
aptbuot Ma yuw L/R = 0.5 xau 5 xaw 0 = 1 o 100. Mehetdhvtog ta ouyxexpluéva ypopruata
TEOXUTTEL 6TL TNV TEpinTwoT dTou To § napauével otabepd xat To ufxoc L/ R petofdiheta
ané 0.5 o 5, 1o medlo potic dagopomoleitar oNUAVTIXE TOCO TOLOTXE 0G0 XAl TOGOTIXA.
Enlong étav to urxog tou aywyol nopauével otalepd xat o ¢ uetafdiietar and 1 o 100 7
TOLOTLXT] CUUTIERLPORS TV UeYEDDY Tapauével aUETABANTH VG TOCOTIXS BLoPopOTOLOUVTOL.
Téhoc xabdc avidvetar o Aoyog wleong nopatneeitar 6T Tocotxd ol apluol Ma peidvovtat

v 6heg g neptntdoels tou § xat L/R.
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Mivaxac 9.1: Addotatn napoyhh W ywa Aéyo nieone Pi/Py = 0.1, cuvapthioel Tou uixouc
L/R xou tne mopauétpou apolotolnong 6.

W

§ L/R=01 LJ/R=05 L/R=1 L/R=2 L/R=5 L/R=10
0 0.856 0.721  0.605 0463 0279  0.170
0.1 0.869 0.731  0.613 0468  0.281

0.5 0.924 0.775 0648 0493 0201  1.171
1 0.984 0.826  0.689  0.521  0.304

2 1.08 0911  0.761 0573 0330  0.192
5 1.27 1.08 0.913  0.699  0.412

10 1.38 1.20 1.05 0842 0529  0.321
20 1.45 1.29 116 0985  0.689

50 1.49 1.38 1.28 115 0915

100 1.51 1.43 1.35 1.26 1.07

200 1.51 1.46 1.41 1.34 1.18

500 1.51 1.48 1.45 1.39 1.27

1000 1.51 1.49 1.46 1.40 1.28

2000 1.5 1.49 1.46 1.40 1.27

Mivaxac 9.2: Adudotaty napoyd Wy Aéyo nieonc Pi/Py = 0.5, cuvapticel tou uixouc
L/R »ou tne mopauétpou apalotolnong 0.

W
§ L/R=01 L/R=05 L/R=1 L/R=2 LJ/R=5 L/R=I10
0 0.475 0399 0336 0256  0.155  0.0935
0.1 0.486 0409 0343  0.260  0.156
0.5 0.528 0444 0370 0280  0.163  0.0934
1 0.583 0488 0405 0304  0.175
2 0.688 0573 0474 0351 0197  0.114
5 0.948 0.796  0.658 0486  0.271
10 1.15 1.01 0.866  0.669  0.388  0.223
20 1.27 1.15 1.04 0864  0.571
50 1.35 1.28 1.20 1.07  0.828
100 1.37 1.35 1.29 119 0.993
200 1.39 1.39 1.35 1.28 1.11
500 1.39 1.41 1.39 1.32 1.18
1000 1.39 1.42 1.40 1.34 1.20
2000  1.39 1.42 1.40 1.34 1.19
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Mivaxac 9.3: Addotatn napoyhh W ywa Adyo nieone Pi/Py = 0.7, cuvaptficel Tou uixouc
L/R xau t