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YUCJIEHHOE MOAEJUPOBAHUE TYPBYJIEHTHOI'O IOTOKA BO3JYXA

C UCITOJIb3OBAHUEM METOJIA OTCOEJJMHEHHBIX BUXPEW
A.A. Bopouun®, [ H. Jlykssinos®, E.B. ®po.ios”
* Canxr-Tlerepbyprekuii HAMOHANBHBIN HCCIEOBATENLCKU YHUBEPCUTET HH(OPMAIMOHHBIX TEXHOJOTHH, MEXaHHKH U
ontuku, Cankr-ITerepOypr, Poccus, ale vor@rambler.ru

IIpuBenen kparkuii 0030p OCHOBHBIX MaT€MaTH4YECKUX Mojeell ONHMCaHUs ITOTOKOB JKHIKOCTEH M Ira3oB, OT MOAENU ITyTH
cMemenus [Ipannmis Ko ogHO- M AByXmapameTpudeckux aupdepeHmansabeix RANS-Monene, a Takke HeCTallMOHAPHBIX
Mmozeneit kpynuelx LES- u orcoennnennsix DES-Buxpeit. [locnequuii Tun moneneit, Buepssie npemioxeHusii I1. Crnanap-
ToM B 1997 1., mo3Bonma o0benuHUTE NMpeumyinectsa moaeneit LES u RANS, uro Bmocienctsun pacumpuiio obiaacTs npu-
MEHEHHUs] HECTAlHOHAPHBIX MaTeMaTHYECKHX MOJENel K OMHUCAHUIO MOTOKOB JKHIKOCTEH M ra3oB. ABTOPBI HCCIIEIOBaHUS
MPHUBOIAT MaTeMaTH4ecKyto GpopmynupoBky mozeineit DES, nonpo6bHo ocraHaBiuBasch Ha MPUHLIUNUAIBHBIX OTIHYHUAX JaH-
HBIX METOJIOB OT Mojeneii RANS.

Taxxe mpuBeieH BUJ TPEXMEPHOH FeOMETPUUYECKOM MOJEIN HOCOBOM IIOJIOCTU 4Y€JIOBEKA, ITOJMy4EHHOH Ha OCHOBE JaHHBIX
KOMITBIOTEPHOIT TOMOTpa iy ¢ UCHOJIL30BaHUEM IIPOrpaMMHOro makera Mercury Amira. [Tocne cerMeHTanuu faHHOM Moze-
JIM ¢ HOMOIIBIO IIPOrpaMMHOro naxeta Altair Hypermesh Gbiia moctpoena oGbeMHas Hepery/spHas ceTka u3 1,5x107 koneu-
HBIX 3]IEMEHTOB, HA OCHOBE KOTOPOH MPOU3BEECH HECTAIIMOHAPHBIN pacyeT MapaMeTpoB MOTOKa (IPOrpaMMHBIHA MakeT Ansys
Fluent). [TIpuBeneHbI noTy4eHHBIE B PE3YJIbTaTe pacyeTa MoJisl CKOPOCTEH MOTOKa ISt BloXa U BbIOXA. Mcrons3oBaHKe Moj-
poOHOIT pacueTHOW ceTKHM M HecTanMoHapHOW Mozaenu DES mo3Bosmio BRIIEINTH BHYTPH MOTOKA OTIEIbHBIE MEIKOMAC-
mTabHbIe BUXPEBbIE CTPYKTYPBI.

ABTropaMu pazpaboTaHa TBEpAOTEIbHAS MOAEIb HOCOBOH MONOCTH, HA OCHOBE KOTOPOH OBIIM MPOBEIEHBI SKCIIEPHUMEHTAIIBHBIE
HCCIIeJOBaHMS TIpoliecca AbIxaHus. V3MepeHHble 3Ha4eHNs TIeperna/ia JaBIeHus IT0TOKA B MPEBEPUH HOCA ITOKA3ajN yIOBIIe-
TBOPHUTEIBEHOE CONIACHE C COOTBETCTBYIOIIMMH PACUCTHBIMH JaHHBIMM, M OBLI CHENaH BHIBOZX O BO3MOXKHOCTH IPHMEHEHHS
mozeneit DES mist MomenpoBaHust TeUeHHI KHUAKOCTEH U ra30B B KaHAIAX HEPErysipHOH (GopMBL.

KiioueBnle cj10Ba: 9HCICHHOE MOJEIUPOBAHHE BO3YIIHBIX IIOTOKOB, METOJl OTCOSANHEHHBIX BUXPEH, TypOyIeHTHOCTb.

DETACHED-EDDY SIMULATION OF TURBULENT AIRFLOW

A. Voronin®, G. Luk’yanov®, E. Frolov®
* Saint Petersburg National Research University of Information Technologies, Mechanics and Optics, postgraduate, Saint
Petersburg, Russia, ale_vor@rambler.ru

A brief survey of the most significant mathematical models of the air and fluid flows from Prandtl’s mixing length layer theo-
ry to RANS models with one and two differential equations, as well as unsteady LES and DES models is given. Detached-
eddy simulation was first proposed by P.Spalart in 1997 and combined the main advantages of LES and RANS methods
which gave the researchers the possibility to widen the sphere of such models application. The authors give the basic mathe-
matical description of DES models paying special attention to the most important differences between DES and RANS mod-
els. The 3D geometrical model of human nasal cavities obtained from computer-aided tomography data using Mercury Amira
program is also given. The 3D unstructured mesh with 1,5x10 finite elements was constructed after the segmentation using
Altair Hypermesh software had been finished. The mesh was used to set up an unsteady simulation of airflow inside the ob-
tained geometrical model. Application of DES method on the mesh of a good quality made it possible to distinguish the
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small-scale turbulent swirls inside the flow. A solid-state model of human nasal cavities for experimental investigation of the
breathing process was designed. The measured values of the pressure drops inside the model during breathing simulation
showed good correlation with results obtained from the numerical calculations using Ansys software. The conclusion was
made that DES models may be used for flows simulation of liquids and gases in non-regular shaped channels.

Keywords: airflow computational modeling, detached-eddy simulation, turbulence.

BBenenue

YuciieHHOE MOJAETUpPOBaHUE TYpOYJICHTHBIX TEUECHUH >KHUIKOCTEH M Ta30B MPEACTaBIsAET cOO00H BechMa
CIIOKHYIO ¥ OTHOBPEMEHHO aKTYaJIbHYIO 3a/1a9y, BOSHUKAIOIIYIO B Pa3IMYHBIX 00JIacTAX HAYKHW M TEXHHUKH. Pa3-
paboTKa U MOCHeAyIoNiee BHEIPEHUE B HAYYHO-TEXHIHUYCCKYIO MPAKTUKY Pa3IMYHBIX MAaTEMATHUCCKUX MOJEIeH
TYpOYJIEHTHOCTH MPOUCXOIMIIO B OTBET HA BOZHMKHOBEHUE HOBBIX, IPUHLUIIMAIBLHO OOJiee CIOXKHBIX 3a/]1a4 pac-
yera TYpOYIEHTHBIX TEUEHHH, CBI3aHHBIX C MOJCIUPOBAHHEM BHICOKOCKOPOCTHBIX IIOTOKOB BO3/yXa B a3pOKOC-
MUYECKUX MPUIOKCHUSAX, OTIPEICIICHIEM apaMeTPOB aTMOC(HEPHBIX IIUPKYIIAIIUOHHBIX BUXPEH U JIp.

C 1925 r, xoraa JI. [lpanariem Obula mpe/IoKeHa NepBasi MaTeMaTHyecKass MOJIellb, TO3BOJISIONIAs OCY-
IIECTBIATH pacyeT OCPEeIHEHHBIX ypaBHeHNH HaBbe—CTOKCa IS IBIKEHUS KUAKOCTH ITOCPEICTBOM MOJEITHUPO-
BaHUS TypOyITEeHTHOH BS3KOCTH Yepe3 MapaMmeTp IyTH CMEIICHHS, Pa3IHIHBIME HCCIECAOBATEISIMA OBLIO TIpen-
JIOKEHO MHOXXECTBO MOJieel TypOyJIeHTHOCTH, IIHPOKO MCIIONB3YIOMNXCS B PA3TUYHBIX HHXCHEPHBIX MPHIIO-
keHusX: anreopandeckue monenu, RANS (Reinolds Averaged Navier-Stokes) monenu ¢ omaum u aByms nudde-
PEHIMANEHEIMA YpaBHEHHWSAMH IS ompeneneHus TypOyinentHor Bsskoctd, RSM (Reinolds Stress Modeling)
MOJIETT! PEHHOJNBIICOBBIX HANpPsDKEHWH, a Takke Oonee coBepmeHHble moaenu LES (Large Eddy Simulation —
MOJIETIM KPYIHBIX BHXpei) U MHorue apyrue. [Ipu aTom, HecMOTpst Ha TO, 4TO paszpaboTka moxaeneii RANS u
LES npoucxonuna (hakTHYeCKH OJHOBPEMEHHO, MCIIOIb30BaHUE IMOCIEIHUX JJIsl pacdeTa IMIMPOKOro CIEKTpa
TEUCHHI HA CETOMHSIIHUN JICHb HE MPECTABIACTCS BO3SMOKHBIM IO MIPUYMHE HETOCTATOYHOTO YPOBHS Pa3BUTHS
HMMEIOLINXCS B PACHIOPSHKEHUH MCCIIEA0BATENEeH BBIYMCIUTEIBHBIX MOIITHOCTEH.

VYkazaHHasi CJIIO)KHOCTh ObLTAa BO MHOTOM IpeonoiicHa, koraa B 1997 r. I1. Cnanapr [1] npeioxut MeTox
DES (Detached Eddy Simulation — MonennpoBaHue OTCOEIUHEHHBIX BUXpEH), MPEICTaBISIOMMNA coOol duc-
JICHHOE PEIICHNEe TPEXMEPHBIX HECTAIIMOHAPHBIX YPAaBHEHHN C MCIIOIF30BAaHUEM EIHHOW MOAETH TYpOYJIeHTHO-
CTH, KOTOpas JEHCTBYET KaK IOACETOYHAs MOJACTH B 00JACTAX C BBICOKMM CETOYHBIM Pa3pelIeHneM H KaK MO-
nenb URANS (Unsteady RANS — dopmynupoBka Moxeneit RANS st pacdera HecTallMoHapHBIX 3a/1a4) B 00-
JACTSX, TJIe CEeTOYHOE pa3pemieHre HemoctaTodHo [2]. OcHoBHas koHIenmus Metoga DES coctout B ncmomns3o-
BaHuu mozaenu LES mist obmacti cBoOboaHOTO TeueHust u Moneneit RANS mist morpaHWYHBIX CITOEB, a TAaKXKe B
Ka4ecTBe MOJICETOUHBIX (DYHKIMH. DTO MO3BOISIET H30€KaTh YPE3MEPHOTO APOOICHHS PacueTHON CETKH B MPH-
CTEHOYHBIX 00JACTAX M, TAKMM 00pa3oM, MOJIydarh JOCTATOYHO TOYHOE HECTAllMOHAPHOE peUIeHUE THAPOIUHA-
MHUYECKOM 3a7aqd P COXPAHCHUH IMPUEMIIEMOTO YPOBHS 3aTPaT BEIYUCIUTEIBHBIX PECYPCOB.

[Ipu sTom, ecnu B nepBoHavYanbHON (opmynupoBke, nanHor I1. CnanmaproMm, B kauectBe RANS-monenu
HCTIONB30BANIACh OTHOMapamMeTpuieckas monenb SA (Spalart-Allmares — monmens Crmanapra—Asmapeca), TO B
monenu DES, mpencraBienHoit B paborax [2, 3], mpeamoniaraioch HCIONB30BaHHE ABYyXIMapaMETPUUCCKOU
RANS-moznenu SST (Shear Stress Transport — MoieTh CIBUTOBBIX HanpsokeHUH MeHTepa [4]).

B mocneayromue roapl ObUIH TIPEUIOKEHBI yCOBEPIIEHCTBOBaHHbIE Moauukannu Mmoneinn DES — DDES
(Delayed Detached Eddy Simulation) [5] u IDDES [6] (Improved Delayed Detached Eddy Simulation), mo3Bo-
JUBIIKE PACIPOCTPAHHUTH HCIONB30BaHHE MeTomoB DES Ha MonenmupoBaHHE MIMPOKOTO Kpyra Oe30TpPBIBHBIX
TeueHn. Takas yHUBEpCalIn3anus OTKPBIBAET PsJl HOBBIX BOZMOXKHOCTEH aiisl mpritokeHnst metonoB DES k He-
CTaIlMOHAPHOMY MOJEIHPOBAHHUIO TYpOYIEHTHBIX TOTOKOB.

B HacrosieM MccieoBaHUH ObUIO OCYIIECTBICHO MOAEIHPOBAHUE TYPOYICHTHBIX TEUCHHUI B 00IaCTIX
HeperynsipHoi ¢opmbl nipu nomornn Merona DES-SST, nponsBeneH cpaBHUTENBHBIN aHAJIM3 MOJIYYEHHBIX pe-
3YJBTATOB M COOTBETCTBYIOIIMX IKCIICPUMCHTAIBHBIX JaHHBIX.

Maremarudeckoe ONMCAHUE MOJEJIN OTCOEIUNHEHHBIX anpeﬁ

Juist onucaHust ABUKEHUS SKUJIKOCTH KaK CIUTOIIHOM CpeAbl UCIONIb3YeTcsl cucTemMa ypaBHeHU HaBbe—
Crokca, BKIIOUAIOMas B ce0sl ypaBHEHHE HEPa3phIBHOCTH, a TaK)KEe YPaBHEHHS JJIS TPEX KOMIIOHEHT CKOPOCTH

moToka [7].
YpaBHeHHE HEPAZPHIBHOCTH:
opu,
[T (1)
ot 0Ox,

YpaBHEHUS ABUKEHUS:
Opu, | Opuy 0P Ot

ot ox ; Ox, Ox ;

rae u,, Z/l/. — KOMIIOHEHTBI CKOPOCTH, P — IUIOTHOCTH, P - JaBJICHHUC, a Tij — KOMIIOHCHTBI TCH30pa CABUTOBBIX

) 2)

HaNpsKeHUH.

188 Hay4Ho-TexHN4Yecknii BECTHUK MHCPOPMAaLMOHHbBIX TEXHOMOMMIN, MEXAHUKM U ONTUKK
Scientific and Technical Journal of Information Technologies, Mechanics and Optics
2014, Ne1 (89)



A.A. BopoHuH, I"H. JlykbsiHoB, E.B. ®ponos

OCHOBHOE OTJIMYHE METOJOB OTCOCAMHCHHBIX BHXped oT RANS-mozeneit TypOyJIEHTHOCTH COCTOUT B
ToM, 4TO ypaBHeHus (1) u (2) MOryT OBITh OTGMIETPOBAHBI MO OOJIACTH MPOCTPAHCTBA C COXPAHEHUEM ITOJIHOTO
o0BpeMa HH(OPMAITIH O BRICOKOYACTOTHBIX MYyJIBCANUAX MCCICTyeMbIX BeTnuuH. HBIME cioBamMH, QUIBTPOBa-
HHUE YpaBHEHUH ABIKEHHS IT0 BPEMEHU 3aMEHSACTCS OCPEAHEHUEM 10 00IaCTH MPOCTPAHCTBA.

MatemaTnueckass (GopMymupoBKa (GHUIBTPOBAHUS BEKTOPHOTO MO CKOPOCTH U(X,f) BBITISAOUT Clie-

JYIOIIUM 00pazoM:
u(x,t) = j G(r,x)u(x—r,)dr, 3)
rie G(r,x) — ¢uistpyromas gynkuus. [Ipu sTom mmpuHa dunsTpa, onpenesstomas pyakuuo G(r,x), Mo-

XKeT OBITh 3alaHa apUOPHO MO0 ONpeeIeHHBIM 00pa30M COOTHECEHA ¢ Pa3MEPOM PACUETHOM CETKH KOHEUHBIX
ameMeHTOB. OTGUILTPOBAHHEIE B COOTBETCTBUM C BhIpaxkeHHeM (3) ypaBHeHus anmxeHus (1) u (2) moryT ObITH
MIPUBEICHBI K CIIEAYIOEMY BUAY:
opu, Opuu, (= 2 ou | o [ou Ou
ot ox; Ox, 3 ox, ) Ox ox;, 0Ox

J i

i T, =U;U, —U U, —TEH30p OCTATOUHBIX HATIPSKEHHIA.

MozenupoBaHrue TEH30pa OCTATOYHBIX HAIPSHKCHUH, OINpeAeieHre KOTOPOro OKa3bIBaeTCs HEoOXOu-
MBIM JUTSL 3aMBIKAHMsI CHCTEMBI ypaBHEHUH (4), MPOU3BOIUTCS C IMOMOIIBIO TaK HA3BIBACMBIX MOJENEH IOJICe-
TOYHOU BSI3KOCTH, HanOOJIee U3BECTHAS M3 KOTOPHIX — MOAETh CMaropmHCKOrO — COJCPKHUT B CBOCH OCHOBE TH-
MOTE3y O MPOMOPIUOHATHFHOCTH TEH30pa OCTATOYHBIX HANPSDKCHUH TCH30PY CKOPOCTEd nedopMaiuidi OTQIIbT-
POBaHHOTO 10 (COOTHOIIIEHHE, TI0 BUIY aHAIOTUYHOE THoTe3e byccuHecka).

Dopmyauposka Meroga DES cocrout B 3ameHe nuHeilHOro macmrada /.o, BXOISILIEro B MCIOJb3ye-
Myt RANS-Mmonens, Ha cliefyromiee COOTHOLIEHHE:

Ipgs =minily o, CppAl,
rae [, —auHennslit Mmacitab DES, Cp,, =const, A — pa3mep ¢unbTpa, onpenenseMblii Kak

A=max{A A A},
roe A A

B pesynbpTare Takoi 3aMeHBI B CiIy4ae, ecii pa3mep pripTpa (pacdeTHOH ceTki) A OKa3BIBaeTCS CIIHII-
KoM rpy0onIM, ¥ Cpp A > 1, o, 10 1o = 1,0, 1 Mogens DES ¢yskimonupyet kak mojens RANS. B nHom ciy-

,»AA, — pa3Mepbl pacuETHON CETKH B AaHHOH TOUKE.

gae monens DES mpeobpasyetcst k Buny mozxenu LES u BrIonmHSECTCS pemieHne oThIIBTPOBAHHBIX YpaBHEHHHA
(4), 9TO TO3BOJIIET MTOMYYUTH CYIIECTBEHHO HECTAI[IOHAPHOE PEIICHUE 3a/1a9H.

FeomeTpnquKaﬂ MoOJeJIb BHYTPEHHHUX HOCOBBIX KaHAJI0B

ITocTpoeHne reoMeTpruIecKoil MOZIENIN BHYTPEHHIX HOCOBBIX KaHAJIOB YEJIOBEKA OCYIIECTBIISIOCHh HA OC-
HOBE JIaHHBIX KOMITBIOTEPHOH TOMOTrpadiy YeperHOi KOPOOKH MalMeHTOB OTOJIAPUHTOJIOTHYECKOTO OTACICHHS
MEIMIMHCKOTO IeHTpa «Aamupanreiickue Bepou» (Cankr-IleTepOypr) mpn HmOMOIIM CHENHATM3HPOBAHHOTO
nporpaMMHOro naxkera Mercury Amira. Bux TpexmepHo# reomeTprdeckoil MOAEIN HOCOBOI ITOJIOCTH YeJIOBEKa
MpUBEJEH Ha puc. 1.

M
0,2

0,15

0,1

0,05

! |
0 0,05 0,1 0,15 0,2 M
a §)

Puc. 1. leomeTpuyeckas Mmogens BHYTPEHHMX HOCOBLIX KaHasoB YernoBeka:
ncxogHasi Mogens (a); oTpedakTupoBaHHasa moaernb (6)
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CermeHTaIysi MOJICIY, TIPUBEICHHON Ha puc. | (BBIICICHUE TPAHUI] «BXOI», «BBIXOA», «CTCHKa»), OCY-
LICCTBISUIACH MIPH TIOMOIIH porpamMMHoro nakera Altair Hypermesh, moctpoeHue pacyeTHON CETKH KOHEYHBIX
3JIEMEHTOB — C UCTIOJIB30BaHUEM IporpaMMHoro makera Ansys Icem CFD.

YucjeHHoe MOJeJIMPOBaHUE BO3YLIHOI'O IOTOKA B HOCOBOI MOJIOCTH YeJIoBeKa

Pe3ynbTaThl YHCIEHHOTO pacuyeTa HeCTAIMOHAPHOTO MO CKOPOCTEH IMOTOKA BO3MyXa JJIsS [€OMETPUUECKON
MOJICTIM BHYTPEHHIX HOCOBBIX KaHAIIOB (BIOX M BBIJIOX), MPEACTABICHHON Ha pHC. 1, IpuBeAeHHI Ha puc. 2. Moze-
JMPOBAHUE OCYIIECTBISUIOCH ¢ Hcmoibp3oBanueM merona DES-SST (mporpammusnii maketr Ansys Fluent) Ha oc-
HOBE 0OBEMHOIT HEperyIsapHOi ceTkH u3 1,5%107 TeTpasapHuecKix KOHEUHBIX SMEMEHTOB CO CIIEAYIONMMHU Ipa-
HUYHBIMH yCJIOBUSMU: p = (0 — JaBJI€HUE HAa BXOAE B HOCOBYIO IIOJIOCTb; #, = U, = U, = 0 — KOMIIOHEHTHI CKOPO-

CTH IIOTOKAa Ha CTCHKE; P:50xcos(n><(0,869r—0, 47828))+50 — JaBJIEHHE B HOCOIJIOTKE MpPHU BIOXE;

P =50xsin (n X (1,176471 +0, 5)) —50 — naBiieHUE B HOCOIJIOTKE MPU BBIIOXE.

CKOpOCTb, CKOpOCTb,

m/c M/C

Il 8,5 ‘ 6,9
7,6 0,2
6,3 5,5
5,9 4,8
5,1 4,1
4,2 34

’ 34 2,7
25 2,0
1,7 1,3

Jos 0,7
0

Puc. 2. MopgenvnpoBaHue NoToka Bo3ayxa B HOCOBOW nonocTy Yyenoeeka. Metog DES-SST. MNone ckopocTeii:
BOOX (a); BblAoX (6)

B pe3synbrare MogenupoBaHus OBLTH MOIYYCHBI IPOCTPAHCTBCHHBIC MOJIS CKOPOCTEH U IaBJICHUH TOTOKA,
a TaKXe TPACKTOPUH JBIIKCHHS MajbIX OOBEMOB BO3AYIIHOHW CTPYH, BU3yalHM3alUs KOTOPBIX CIIOCOOCTBOBAIA
BBISBJICHUIO B OOIICH CTPYKType MOTOKA BO3/yXa OTIECIBHBIX BUXPEBBIX CTPYKTYp Pa3IUYHBIX MaciiTtaboB. Ha
pHc. 3 TpUBEICH pe3yabTaT MOACIUPOBAHUS TPACKTOPHU BMXKCHHS BO3IYNTHOTO MOTOKAa BHYTPU TaliMOPOBOI
naszyxu Jo (puc. 3, a) u nocie onepanuu (puc. 3, 6) MO yIaleHHIO HOBOOOpa3oBaHus (KUCTHI). BeHTuisiius na-
3yXH MPOHU3BOAUTCS Yepe3 €CTECTBEHHOE COYCThe. YIalleHHe KUCThI OCYIIECTBILUIOCH 4Yepe3 HCKYyCCTBEHHOE
coycTbe, C(HOPMUPOBAHHOE B XOJI€ OMEPALIUH.

EcrecTBennoe
COYCTbE

HckyccTBeHHOE
| i COYCTbE 0,02 m

Puc. 3. TpaekTtopun notoka Bo3ayxa B raiMOPOBON Nasyxe HOCOBOW MOMOCTM YenoBeka:
[0 onepauun no yaaneHuto HoBoobpasoBaHus (KMCTbI) (a); mocne onepauun (6)

Hcnons3oBanue HeCTaHHOHapHOﬁ MOACIN OTCOCAUMHCHHBIX BI/IXpeﬁ OPUMCHUTECIIBHO K MeJIKOMAacCIITa0-
HOM CeTKe KOHEUHBIX DJIIEMEHTOB ITO3BOJIMIIO TAKXKE CMOACIMPOBATH NPOLICCCHI npe06pa3OBaHI/m 1 IepEMCLICHNA
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JIAHHBIX CTPYKTYp B MPOCTPAHCTBE C TEUCHHEM BpeMEHH. BO3MOXKHOCTH MOJEIUPOBAHUS TAKUX BUXPEBBIX
CTPYKTYp MaJbIX Pa3MepoB, POPMHUPYIOIIUX BICOKOUACTOTHBIC KOMITOHCHTHI KOJICOAHUS JUHAMHYCCKUX XapaK-
TEPUCTHK TYpOYJIECHTHOTO ITOTOKA, IIPU COXPAHEHHH IPHUEMIIEMOTO YPOBHS 3aTpaT BBHIUYMCIUTEIBHBIX PECypPCOB
MIPEJCTaBIsET CO00H Ba)KHOE IPEHMYIIECTBO HCIIOJNBF30BAHHOW B XO/€ HACTOSAIIETO HMCCIIEIOBAHMS HECTAIIHO-
HapHOW MOJENH OTCOECOUHEHHBIX BUXpeil. MonennpoBanyue NOTOKa BO31yXa BHYTpU IaliMOpPOBOM Ia3yXu C HC-
ronp30BaHneM Metoga DES st Mozpeneid, MoMydYeHHBIX U3 TaHHBIX KOMITBIOTEpHON ToMOTrpadui MaueHTOB 110
¥ TIOCJIE OTEpalyy 10 YOaJCHHIO HOBOOOPa30BaHMS, MO3BOIMIO CHAENATh BBEIBOA O BAKHOCTH KaueCTBEHHOTO
BOCIIPOM3BEICHHUS TAKMX BUXPEBBIX CTPYKTYP, aHAIN3 TTOJIOKCHUS KOTOPBIX BHYTPH TYpOYICHTHOTO MTOTOKA MO-
JKET CTaTh BaKHBIM MHCTPYMEHTOM a/IeKBaTHOM OLIEHKH MapaMeTpOB MOJIEIMPYEMOTO TEUEHUS U paccMaTpuBae-
MOM reOMEeTPUUECKON MOJIEIH.

JKCNepUMeHTAILHOE MO/IeJTHPOBAaHHE BO3IYIIHOTO MOTOKA B KAHAJIAX HePeryJsipHoi (popMbI
Ha MpHMepe HOCOBOH MOJIOCTH YeI0BeKa

Ha ocHOBe maHHBIX KOMIBIOTEPHOH TOMOrpaduu OblIa co3/1aHa TBEPAOTENbHAsE MOJIENIb HOCOBOH IOJIOC-
T (pHc. 4), C MCIOIB30BaHAEM KOTOPOH OBLTO OCYHIECTBICHO IKCIIEPHMEHTAIBHOE MOJEINPOBAaHHUE IMPOIecca
IbIXaHuA. MIMuTanus IBIKEHHS BO3MyXa IPH JIXaHUH NPOU3BOAUIACH Yepe3 TPYOKy, IPUKPEIUICHHYIO K MOJe-
JM B 00JIACTH HOCOIJIOTKH. B pa3inuHbIX TOYKaX MO OBUIM YCTAaHOBICHBI IbE30PE3UCTUBHBIC TAaTYUKH JIaB-
JIeHHs1, NO3BOJISIONME (GUKCUPOBATh U3MEHEHHE Neperaa AaBjIeHHs ITI0TOKa BHYTPH BO3IYIIHOH CTpyH ¢ Tede-
HHEM BpPEMEHH.

Puc. 4. TeepaoTenbHasi Mogernbs HOCOBOWM MOOCTU YenoBeka

PesynbraThl SKCIEPUMEHTAIEHOIO M3MEPEHUS Mepernaja JaBICHUs U TBEPAOTCIbHON MOJICIIN HOCOBOM
MOJIOCTH, & TaKKE YHCICHHOTO MOICITHPOBAHUS JUIS COOTBETCTBYIOIICH KOMIIBIOTEPHON MOJEIH BHYTPCHHUX
HOCOBBIX KaHaJIOB (TIpe/iBepue HOca) PUBEACHBI Ha puc. 5. V3 puc. 5 BUIHO, YTO pe3y/bTaThl YUCICHHOTO MO-
JICTMPOBAHUST HAXOJSITCSL B YIOBJIETBOPUTEIHHOM COINIACHU C JIAHHBIMHU JKCIEPUMEHTA. YYHUTHIBAsI, YTO HECTa-
LUOHAPHBIC TPAHUYHbBIC YCIOBHS Ul M3MEHEHUs JAaBJICHHS TTOTOKA MPH YUCICHHOM pacyueTe ObUIM 3aaHbl AJIs
BBIXOZa (00IAaCTh HOCOTJIOTKH), YCTAHOBJICHHBIN (DaKT CXOICTBA 3HAYCHUH aMIUTUTYA KONCOaHWH HaBleHHUS Ha
BxoJie (TIIpe/jiBepre HOCa) /sl TBEPAOTENILHOM U KOMITBIOTEPHOW MOJIENEl MO3BOJIKII C/IeNaTh BbIBOJ 00 a/ieKBar-
HOCTH HCIOJb30BAHHON KOMITBIOTEPHOW MOJIETIM HOCOBBIX KaHAIIOB, 4 TAK)KE METOJIa PacueTa MPUMEHUTEIBHO K
PEIICHUIO THAPOAMHAMIYESCKON 3a/1a49H.
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Puc. 5. Pesynbtatbl MOAENMPOBaHUS UBMEHEHUS Nepenaaa AaBneHus B NpeaaBepumn Hoca B npoLlecce
ObIXaHus: TBepAoTenbHasi Mogernb (a); YACNeHHbIV pacyeT (6)
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YNCNEHHOE MOAOEJIMPOBAHUE TYPEYNEHTHOIO NMOTOKA BO3QYXA...

3akaouenne

B xoze HacTosimelt paboThl OBLIH UCCICIOBAHBI BO3MOXKHOCTH IIPUMCHEHHUS HECTAIIMOHAPHON MaTeMaru-
YeCcKOW MOJIeNTM OTCOCAMHEHHBIX Buxpel Cranapra K pelieHHI0 3a1a4, CBSI3aHHBIX C MOJICIMPOBAHUEM JBHXKE-
HUSI BO3/LYLITHOTO TIOTOKA B 00JACTSIX HEPETYIApHO# (hOPMBI Ha TPUMeEpe BHYTPEHHUX HOCOBBIX KaHAJIOB YellOBe-
ka. [losydeHHbIe pe3yabTaThl YHCICHHOTO pacdeTa MoKa3aid YIOBJIETBOPHUTEIbHOE COINIACHe C COOTBETCTBYIO-
LIMMH OTIBITHBIMH JaHHBIMU.

Hcrionp30Banme MEITKOMACIITAOHOM CeTKM KOHEUHBIX 31eMeHTOB (1,5%107 TeTpasapiuecKix 3JIeMEHTOB)
MO3BOJIMIIO BOCHPOU3BECTH MPOCTPAHCTBEHHBIC PACIPE/ICICHHsI CKOPOCTEeH U JIaBICHH TOTOKA BO3/yXa € JOC-
TATOYHO BBICOKMM pa3pelieHueM. Busyanusanus TpacKTOpUi IBIDKCHHS MajblX OOBEMOB BO3AyXa B OOmICH
CTPYKTYpE BO3IYIIHOW CTPYH MO3BOJUIIA WACHTU(PHUIIMPOBATE OTJCIbHBIC BUXPEBbIC KOMIIOHEHTHI TYPOYJICHTHO-
r0 MOTOKAa. BO3MOXKHOCTD BBISBICHUS TaKUX CTPYKTYP SBISCTCS HECOMHEHHBIM JOCTOMHCTBOM MeTonoB DES,
KOTOpBIC MOTYT OBITH HCIOJB30BaHBI B 33]]a4aX MOACITHPOBAHUS IIUPOKOTO Kpyra TCUCHUH B 00JIACTAX KaK pery-
JISIPHOW, TaK U HEPETYSIPHON TeOMETPUH.
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