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JaucKperu3anuu. /IBrkeHne rpaHull, Kak MpPaBUJIO, BJIEYET 3a CO-
00l U3MeHeHHe KOHTPOJbHBIX 00bEMOB, TOITOMY BO3HHUKAET HEOD-
XOIMMOCTH B MCIIOJIb30BAHUU METOJIOB M3MEHEHUsT PACYETHON ceT-
k. B pabore neramnbuo paccmarpuBaerca IDW meron nedopmu-
pOBaHWS PACUYETHBIX CETOK. BBIYHCIUTENbHAS CJIOXKHOCTH 0A30-
BOro Meroja skBuBasienTa ouenke O (n;ny) (n; u ny — Kogude-
CTBO BHYTPEHHUX BEPIIUH U BEPIIMH HA HOBEPXHOCTH), YTO Bbl-
3bIBAET TPY/IHOCTH HCIIOTH30BAHUS B MPOMBIILIEHHO OPUEHTUPO-
BAHHBIX 33J/iadaX. KIII0YeBbIM 3JIEMEHTOM YCKOPEHHS HPOIELY Dbl
U3MEHEHUs PACUETHON CETKU SBJISETCS TPUMEHEHIE METOIa OBhICT-
pbIX MyabTunoseil. epapxudeckue CTPYKTYPbI JAHHBIX COBMECT-
HO C METOJaM¥ TeOpUHU TpadoB MO3BOJUIN CHU3UTH CJIOKHOCTD
anropurma 10 O (n;log(ny)) n obecnieanrs KadecTBeHHOE Jedop-
MUPOBaHUME PACYETHON cerKu. JONMOTHUTETHHO TPEJIOKEH METOI
pachpeie/ieHusi BEIYUCIUTEILHON HATPY3KHU, YTO BKYIIE MOBBICUIIO
CKOPOCTBL paboThl ajropurMma 10 80% Ha XapaKTepHBIX 3aJa9ax
ABUAIIMOHHON TPOMBIIIIEHHOCTH.

Keywords: numerical simulation, Navier-Stokes equations, IDW,
LOGOS software package

1 Bsegenne

Baxknoit cocTaBIsIOmEeil MEeTOI0B pacdéra 3aJad adpOSUHAMUKA C M3Me-
HATOIMUMUCA TPAHUIIAMU TIOMUMO YUCJIEHHBIX CXEM ABJIACTCA TOT WJIN WHOM
aaropuT™M AedopMUPOBAHNA pacuérHoit ceTkn. K TakmM 3ajgadaM MOXKHO
OTHECTH 3aJ1ady OlpejlesieHns Ppanuilbl duiarTepa Kpbiia [1] n 3aga4ay onpe-
JleJIeHHsT a9POIMHAMIUYIECKOr0 paBHOBecHs Kpblia [2]. B garHoM Tume 3agaq
cerka JebOPMHUPYETCS HE HACTOJBKO, 9TOOBI €€ TTepecTpanBaTh Ha KaskKI0M
pacIéTHOM Iare W JOCTATOYHO WCIOIB30BAHUA METONOB AebOPMUPOBAHNS
CETKH, 9TO TO3BOJIAET CYIIECTBEHHO COKPATUTL BpeMda MOAeaupoBanus. 13-
BECTHBIE METObI, UCTIO/TB3YEMbBIe [T JehOPMAIlny PACIETHBIX CETOK, MOKHO
pa3zenuTh Ha ABe Tpynmnbl. llepBag rpynmna mpeacTaBiger HAOOP METOO0B,
HCIIOJIB3YIOMIX (pr3nvecKne aHa 0T U WHMOPMAITUIO O CBIA3W BEPIIIUH JIJIst
ux nepenmerienust (mesh connectivity approaches). Hanpuwmep, B pabore [3]
HCIIOJB3YIOTCS YPABHEHUS PABHOBECHsI yIPYTOro Tejia. OTae/ bHBIM CJIyuaeM
TAKOT'O MOJIX0/1a ABJIAETCS METO/I, IPYZKUHOM aHaI0ruu, B KOTOpoM pédpa cer-
KU MOJCJUPYIOTCS TPYKUHKAME, JKECTKOCTh KOTOPBIX 0OpPATHO IPOIOPIINO-
HaibHa ux gymhe [4]. Tak:ke MoXKeT IPUMEHATHLCS AHAJOTHSL ¢ 3aKPYYeHHON
OPY:KUHOI, TIe *KECTKOCTE MPYKUHKK ONHCHIBACTCS (PYHKIHEH yIyIa MeK Iy
rpaismu [5]. Psg MeTom0B OCHOBBIBAETCS HA PEIeHUH yPaBHEHUlt ¢ omepa-
topowm Jlamraca u GurapmonndeckuM omeparopoM [6]. Bece merombr mammoit
IPYIIIBI NCIOIB3YIOT HHMOPMAIMIO O CTPYKTYPE CETKH JIJIsl TOTO, YTOOBI I10-
CTPOUTHL CHUCTEMY YPaBHEHWI IOPAIKA 7;, PABHOIO KOJUIECTBY CBOOOIHBIX
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BepIliuH. 3aTeM 3Ta CUCTEMA PELIaeTCs A/l HAX0XKIeHud J1ePOPMUPOBAHHO-
ro cocTostHust ceTkn. Ha mpakTrke mpy pacaérax MHOIAX 33,/1a4 TaKOH MeTOs
TpebyeT GOJBITON BRIYUCIUTETEHON MOIITHOCTH.

Ko BTOpOIit rpytme oTHOCATCS METOIbI, UCTIOJIB3YIONNE W3BeCTHbIe (hyHK-
[N TIEPEMEIIEHUsT TTOABUXKHBIX BEPINUH, & TaKXKe WU3MEHSeMON TPaHUIIbI.
OfuH M3 TaKuX METOIOB — METOH PaInaiabHbIX 6asucHbIX (byuknmii, RBF
meroz (radial basis function) [7]. On xopomo «copasiseTcs» ¢ 6ONBIINMA
nedopMaIusgMu B TOM YHCJIE U JIJIg HECTPYKTYPUPOBAHHBIX ceTok. (JIHAKO,
RBF meros, Kax u BbIIIe OMUCAHHBIE, TPEOYET PEIIEHUS CUCTEMBI YpaBHEHUIT
Pa3MepHOCTb, KOTOPO# COMOCTABUMA C KOJIMIECTBOM TOUYEK HA TIOJBUIKHOI
[OBEPXHOCTU. XOTH B JIAHHOM CJydae MPUXOJUTCS PEIaTb CUCTEMY MEHb-
IIIET0 pa3Mepa, YeM B METOJIaX, OITUCAHHBIX BBIIIE, MATPUIIA CUCTEMbI OKA3bI-
BaeTCs IJIOTHO 3alIOJHEHHON 1 1710X0 0bycioBienHoil. Pemenue sroit cucre-
Mbl MeTojioM [aycca Tpebyer O (nf’) orepauil, 4To Mo-MpeKHEMY OTHUMAET
60JIbIIIOEe KOJIMYECTBO BBIYUCJIUTENBHOIO BpeMeHu. B pesynbrare, perieHue
CUCTEMBbI, KaK IPaBWIo, TpedyeT UCIOIb30BaHNS XOPOIIEro mpe100ycaBiiu-
BaTess, 9TO 3aMeTHO yeaoxusger npumenenrne RBF meroza. Tlocae permennst
CHCTEMBI YPaBHEHUH, TPeOyeTCss BLIYUCAUTL 3HAUEHWE WHTEPIIOIATIMOHHOMN
dyHKIMK BO BCex TouKax, uTo sKkBuBaseHTHO O (n; ny) omepaiusam (ny — Ko-
JINYECTBO TOYEK Ha M3MEHSIeMOit HOBerHOCTI/I).

AJTBTEePHATUBHBIM METO0M, OTHOCHAIIMMCS KO BTOPOM TPYIINE aJTrOpPUT-
MOB, 1, HaIICAIIINM MHOXKECTBO HpI/IMeHeHI/Iﬁ, Ha3bIBaCTCA METO, O6paTHbIX
B3BerienHbix paccrosiauii [8], wnn IDW meron (inverse distance weighting).
On He TpebyeT pelreHUs! CUCTEMBl YPAaBHEHUI I W3MEHEHWs MPOCTPAH-
CTBEHHON CETKM W ABJISIETCS yCTONYIUBBIM K H0sbimmM gedopmarnuam. B or-
awaue or RBF meroma, mis nepeMeniens BEPIUH CETKY 3/1€Ch UCIIOIL3YOT-
CsI BRIDQXKEHWS B BUJIe (DYHKITMU CMEIEHUS TPAHUIBI. TaKOi sSIBHBIN 0IX0/T
YMEHbIIACT BBIYUCINTE/IbHBIC 3aTPAThl U O6ﬂquaeT napaJijie/JIbHYIO DeaJinu-
BAIUE) AJTOPUTMA.

IDW wmerom xopoiio 3apekoMen1oBasl cedsi BBULY IIPOCTOTHI PEAIU3aluu
6e30THOCUTETHHO K TUMY PAcIéTHON ceTku. OTHAKO, TPAKTUKA €TI0 UCIIOIb-
BOBAHUS CBOJIUTCS K MOJETBHBIM 33,/1aUaM, PACUETHBIE CETKN KOTOPBIX CO/IEp-
JKAT MAJIOe KOJUUIECTBO TEOMETPUIECKUX TPUMUTUBOB, TOCKOJIbKY BBIUUCIIN-
TeJbHAs CJIOXKHOCTE anropuTMma cpaBHuMa ¢ RBF meromowm, a mMeHHO cO-
crasisier O (n; ny). Ilo 9Toit mpuyunHe TPUMEHEHHE MOIX0/Ia B HCXOJIHOM BHU-
Jie JIJTsl TTPOMBINIIJIEHHO OPUEHTUPOBAHHBIX 33/1a49 HEIEIeCO00Pa3H0, TaK KakK
B MHXKEHEPHOH MPAKTUKe TPUMEHSOTCS, KaK [PABUJIO, JUCKPETHBIE MOJIETH
6OJIBIITOH Pa3MEPHOCTH.

B namnoit pabore meranbao pacemorper IDW wmeron 8] u ero moaudu-
karuu [9] 7utst cokpainennst ob1Iero BpeMeH: MOJIETNPOBAHUsS C COXPAHEHMU-
eM TOoYHOCTU pacuéra. B crarke npejcraBieH MOAUMDUIMPOBAHHBIN aJIro-
puTM 0OpATHBIX B3BEIIEHHBIX PACCTOAHUM [IJIsd 3a/1a4u OOHOBJIEHUSA KOOD/IU-
HAT BEPINUH PACIETHON CETKN ¢ COXPAHEHWEM TOIMOJTOTHH CBst3eit. Anroputm
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XapaKTepu3yercsd OIITUMaJIbHBIM KUCIIOJIb3BOBAHUEM BbIYUC/IUTEC/IbHBIX DECYyp-
COB, @ TaK2K€ [IO3BOJILCT YBCJINYINUTH CKOPOCTH BbBIITOJIHCHUA ITPOLEYPbI U3ME-
HEHUsI PACUYETHON CETKU C COXPAHEHWEeM KAaUueCTBa MOJYIAEMbIX PE3YIbTATOB
[10]. Momudurkanus agaropur™Ma MPOBOANIACH MIYTEM MPUMEHEHUsT PEGEPHO-
Y3JI0BOI TOTIOJIOTUM, UEPAPXUIECKUX CTPYKTYP JAAHHBIX U MTOAX0A MYJIbTH-
nosteii [11], [12], 9TO MO3BOJIAET CHU3WTH BBLIYHCIUTETBHYIO CJIOKHOCTH AJl-
ropurma. Ha mpumepax pereHus 3ajad ompejesieHnusi TPaHUIbl (JiaTTepa
KpbLIa U OIpeJeSeHus a3pOoJANHAMUYECKOr0 PABHOBECHUsI KDPbLIa MOKA3aHA
OPUMEHUMOCTb U TIPEUMYIIECTBO MPEJJIOKEHHOH MoauduKaIluu ajropuTMa
[0 CPABHEHWIO C UCXOJHBIM U MOJIUUIMPOBAHHBIM TOAX070M [9] B gacTu
6wicTpojeiicTBus. [lokazaHo, YT0O NpUMeHeHNEe PACIIPEIETEHHBIX HepapXuie-
CKUX CTPYKTYP JIaHHBIX COBMECTHO C METOJaMH Teopuu I'padOB MO3BOJISET
JIOTIOJTHUTEILHO COKPATUTD BpeMsl pacdéra 3agadn 10 80%.

2 OcHoOBHbBIE YPAaBHEHUdA, CIOCOO AUCKPETU3ANUN U YUET
TPAHUYIHBIX YCJIOBUI

Hecranuonapubie TpéxmepHble TypOy/JeHTHbIC TeYeHUsl BA3ZKONO TeILIo-
NPOBOIHOTO Ta3a OMUCHIBAIOTCS cucTemoii ypasaenwnii Hasre-Crokca (1), oc-
pepnenubix mo Pefinonbacy [13], koropas B korcepBatusHOil dopme, B Je-
KapPTOBBIX KOODJMHATAX, UMEET BUJI (3HAKU OCPEJIHEHUs OIYIICHbI):

9 .
F+Vpi=0

%) 7 (pitil) = —Vp+V (14 +7) (1)

%F + V lar — (g + )]

B cucreme ypasuenuii (1) ucmosb3yores obuienpuaaThe 0603HAUCHUST: P
— ILJIOTHOCTD; U — BEKTOP CKOPOCTH TE€YEHUS C KOMITOHEHTAMU U, U, W; P — J1aB-
genne; E = C,T + 0.5 (u2 + 0% + w2) — nostHas sueprus raza; h = Cp,T +
0.5 (u2 + v? —|—w2) — IOJIHAd SHTAJbINA Ta3d; T, U T — MOJEKyJdpHas u
TypOyJIeHTHAS COCTABJIAIONINE TEH30PA KACATEIbHBIX HAPIKEHUN COOTBET-
CTBEHHO; gy, U ¢ — MOJIEKY/IpHas 1 TyPOy/IeHTHAs COCTAB/IAIOIINE IL/IOTHOCTH
TEIIOBOIO HOTOKA coorsBercrsenno; I’ — remueparypa; Cy, = (CpT — R/m) —
yJAe/bHas TelJ0EMKOCTb 1IPpU 1HOCTOAHHOM 00béMe; Cf — yje/lbHas TelI0éM-
KOCTh TIPU MTOCTOSIHHOM JaBjennn; R — yHuBepcaabHas ra30Bas MOCTOSTHHAS;
m — MOJIpHas Macca ras3a.

Benwauabel MOTEKyISPHON COCTABISIONIENH TEH30pa KACATEIbHBIX HAIPS-
JKEHUH HbIOTOHOBCKOH CPEJbl yIOBIETBOPSIOT PEOJIOTHUYECKOMY 3aKoHY Hbo-
TOHA, CBA3BIBAIONINAN TEH30D BA3SKUX HANPAXKCEHUN W TEH30D CKOPOCTEH Je-
dbopmaruit. KoMIoHEeHTHl BEKTOpa IJIOTHOCTH TEIJIOBOTO TOTOKA CBABAHBI C
JIOKAJIbHBIM TPAJIMEHTOM TemrepaTypbl 3akonoM Dypee [13].

T, =2p(T),S = (Vﬁ—i—[Vﬁ]t),qﬂzx(T)VT (2)

DN | =
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Kosdbdunuenr nunammuaeckoii sszkocrn p (1) u koadbduument rermwmomnpo-
Boguoctu X (1) B 3aBUCMMOCTH OT TEMIIEPATYDBI HOTOKA OIPEJIEIATCS 110
dopmyme Caszepienya [14]:

_ TN\ To+Ts _ TN\ To+Ts (3)
H=r\7 ) 71, X~ X\1, ) T+T1,

rhe g U Xo COOTBETCTBEHHO JIMHAMHUYECKAsl BA3KOCTH M KO3pduiment
TeIIONPOBOAHOCTH Tipu Temmepatype 1y, Ts — korcTanTa Cazep/eHaa.

Cucrema ypasuenuii (1) siBJsieTCsl HE3aAMKHYTON M3-33 HEM3BECTHOH CBSI-
30 OJJHUX U3 OCHOBHBIX MEPEMEHHBIX ITOU CUCTEMBI Ty U Gy C OCPETHEHHBIMHI
napaMeTpaMy TedeHUsl. DTa CBA3b MOXKET OBbITh YCTAHOBJIEHA C MTOMOIIBIO
JIOTIOJTHUTETHHBIX COOTHOIIEHN, KOTOphIE B ODIEM CJIydyae Ha3bIBAIOTCA MO-
neyisiMmu TypOyJieHTHOCTH. B MHKeHepHOIl MpaKTUKe UCHOJb3YIOT JUHEHHbIe
nuddepennuanbbie Mogean TypoynenTaoctd [15], [16], Tae mpuMensttoTCst
SMIIUPUYECKUE COOTHOIIEHUS s KoaduimenTa TypOYIEHTHONW BS3KOCTH
i, & TAKIKE BUXPEPA3PEIIAIOIIIe MOJIeTU TYPOYIEHTHOCTH KPYITHBIX BUXpeit
LES (Large Eddy Simulation), DES (Detached Eddy Simulation) [17, 18].
Lns perenns nannas cucrema ypasHenuit Happe-Crokca josmkHa 6bITH J0-
[IOJTHEHA, TPAHUYHBIMU YCJAOBUSMHU PA3JIUYHBIX THUIIOB, ONHUCAHUE KOTOPBIX
MoxkHO Hafitu B |13, 14|. Yuciennoe pemrenne cucrembl Buga (1) ocrHoBamo
HA METOJIe KOHTPOJBbHBIX 00bEMOB. KOHTpOIbHBIE 00BEMBI (A9€iiKN CeTKH)
ABJIAIOTCA TPOMU3BOJIBHBIMU MHOTOTPAHHUKAMMT, 3aITOJTHAIOIINMA pvaéTHyIO
obstacth 6€3 3a30PoB u HaTOKeHwH. KaK Iblit MHOTOTPAHHUK OTPAHUYIEH TTPO-
M3BOJILHBIM IHCI0OM Tpaneii. OOmumit Buj ssueiiku oKa3aH Ha pUCcyHKe 1.

Crenaem nosiciennst K pucysky 1. 3gecs P — nentp stuetiku, F — oHa U3
rpameii a9eiikn, BhIJeIeHHAs [[BETOM, 71f — HOpMaJhb K Tpanu F.

JIjist 9MCJEHHOTO PereHnss MeTOL0M KOHETHBIX 00bEMOB BBITTHITIEM CHCTE-
My ypasreruit Hapbe-CToKca i TPEXMEPHOTO TEUEeHUsT TEILIOMPOBOIHOTO
BS3KOTO T'a3a B BEKTOPHOH (opwme:

C‘lit/de+f(F—G)d5:/Hdv (4)
AV AS AV

rie BekTop W — BEKTOP KOHCEPBATUBHBIX TTepeMeHHbIX, ' u G — BekTOpa
KOHBEKTUBHBIX 1 M y3MOHHBIX TOTOKOB, H — MCTOYHUKOBBIN WjIeH.

p P, 0
puU PUUy, + PNy Tnx

W =1 pv JF = pou, +pny G=| Ty
pw pPWUR, + PNz Tnz
,OE pHUn + puy TU+ q

31echb u, — HOpMajbHAs COCTABJSIOINIAST CKOPOCTH, ¢ — TEIJIOBON MOTOK,
T;j — KOMIIOHEHTBI TEH30Pa BA3KUX HAIPSI?KCHUI.

B cucreme ypasHennii (4) yaér IBUKEHUST TPAHWUIL KOHTPOJIBHOTO 00bEMA
OCYNIECTBJISETCA NYTEM BBEJICHUA CKOPOCTH JBUMKEHUSA I'DAHU:
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Puc. 1. O6wmumit Bug sueiiku cerku

;/WdVJrj{(F—:EW—G)dS:/HdV (5)
AV AS AV

rje i CKOPOCTH JIBHZKEHUSI TPAHUIBI KOHTPOJILHOTO 06bEMa [19].

ITo cpaBuenwio ¢ ypaBHEHUEM JjIs HEIIOABUKHBIX CETOK, YDABHEHUE BU/IA,
(5) BK/IIOYAET CKOPOCTH M3MEHEHUs] KOHTPOJBHOrO OObEMA U CKOPOCTh JIBU-
KCHHA €r0 I'PaHUIbI. OTMeTI/IM, 9TO COXpaHeHue IIOPAIKaA alllIPOKCHUMAILUN
YHUCJIEHHOW CXEMbl FaPAHTUPYETCs COOJIIOIEHUEM YC/IOBUS €OMETPUIECKOM
koucepsarusHocT (Geometric Conservation Law, GCL), kak moka3ano B
[20].

JIBuzKeHnne rpaHull B CBOIO 0YePETh TPEOYeT MOCTPOCHNUST HECTAIIMOHAPHBIX
cxeM pacuéra s ypaBaeHuit tuna (5). OIHAKO HEMOCPEICTBEHHOE UCTIOJIhb-
30BaHMEe BBIpaKeHUsI (5) JUIsl CO3aHUsT IUCICHHOH CXeMBl He PEKOMEHIyeT-
¢TI0 TIPUYWHE TOrO, YTO INar 1Mo BPeMeHH OyJeT ONpEeIeNsIThCs YCJIOBHEeM
YCTOUYUBOCTH JJId KAaXKJIOH sTUeiiKu CeTKH. DTO NMPUBEIET K CYIIECTBEHHOMY
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CHUKEHWEO TVIODAIBHOTO IAra 110 BPEMEHU BBUJlY HAJMYUS B PACIETHOM ceT-
Ke siueek, 00saaomux MaibiM 00bEMom. I1o 91oit npuuunne Boipazkenue (5)
TpebyeT MOSUPUKAIINN.

O/InH 13 MUPOKO TMPUMEHSIEMBIX TOIX0IOB MOICTUPOBAHNS HECTAITHOHAD-
HBIX TEUEHUH WCXOANT W3 TMPEATONOKEHNsI, I9TO TEUEHNe MOTOKA B KayKIbIH
MOMEHT BPEMEHW PACCMaTPUBAETCS KAK PE3YJIBTAT YCTAHOBIECHUS HEKOTOPO-
ro cranuoHapHoro mporecca [21]. [TosTomy BMecTO pelenns ypaBHeHUi BUIa
(5) paccmarpuBatoTest MOAUUITHPOBAHHBIE YPABHEHNST:

gt/de+;T/de+]{<F—£W—G)dsz /HdV (6)
AV AV AS AV

rJe T - TICEBIOBPEMS.

ITpu unrerpupoBanuu OyaeM MCIOJL30BATH TEOpPeMy O cpenHeMm. B kade-
CTBE CPEIHEro 3HAYEHUI 10 00bHEMY TPUHUMAELTCI 3HAYEHUE B IEHTPE ddeii-
KW, & B Ka49eCTBe CpeaHero SHaYeHUd Ha I'PaHN — 3HAYCHNE B IIEHTPE I'PaAHH.
Torga ypasrenue (6) 3amuimercsa Caemyommm 00pasoM:

N
P P .
= (WV) = (WV)P+f§_1 [F (W)~ 8W — G (W, V)] S5~

— (H (W, VW),V =0

rae n - mar mo BpeMenu, N - KOJUYeCTBO T'paHeil B dadeiike P.
Beipazkenue (7) MOXKHO MPEJICTABUTH B OMEPATOPHON hbopMme:

;(WP)P+£(WP)P+L(W):0 (8)

rie

N
L(W) =Y [F (W) 8w — G (W.YW)| S~ (H (W.9W)p Vi (9)
f=1

Pasnocrasiii oneparop L (W) BKIO9aer ammpoKCUMAannid KOHBEKTUBHBIX
u 1udPy3UOHHBIX TIOTOKOB U NCTOYHUKA. 1[oCTpOeHNE PA3HOCTHOrO OIIEPATO-
pa L (W) ocHOBaHO Ha HESBHBIX ANNPOKCUMAIUIX KOHBEKTHBHBIX U Auddy-
3UOHHBIX IIOTOKOB. ﬂﬂ?{ AITIPOKCUMa KOHBEKTHUBHBIX ITOTOKOB, KaK IIDa-
BUJIO, WCTIONB3YIOTCS OJHOCTOPOHHME PA3HOCTH. [109TOMY anmpoRCHMAIIHsT
nnPepeHImagIpHOr0 OMepaTopa Pa3HOCTHBIM OMEPATOPOM 00JI1aaeT mep-
BBIM TTOPSITTKOM TI0 MTPOCTPAHCTBEHHON mepeMeHHoi. [TocKONMbKY ypaBHEHMsT
SIBJISTIOTCST HETMHERHBIMY, TO JIJIsT OTIPEIEIEHNST PENTEHIS Ha HOBOM BpEMEH-
HOM CJIO€ UCTIONB3YIOTCS UTEPAIuy 1o HesnHeitHocTHn. OO03HaInM WHIEKCOM
~ TapaMeTphl, HaliIeHHbIE Ha TpeablayIneit ureparyn. Torma, TpegIcTaBuM
3HaveHne orneparopa (9) B BUzE:
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L (W) = (W) — L(WY) + L(W?) = AL (WL, W) + Ly (W)
(10)
rie

N
Ly (W) = 30 |F (W) = 8 — G (W,.YW)| Sy —(H (W. VW) Vi (11)

~
Il
—_

N g
AL (WW-I’ W) = Z [8F —i— aG} (W7+1 ~W7) —
f

oW oW
f=1
(12)
OHY
= (Wt —_w
oy )
B pesysibrare nojiyuum gesipta — hOpMy pa3sHOCTHBIX YpaBHEHUN
vptt —vp vt 11 OF . 0G 4
( At A | AR +Z[8W i— 8W]AW Sy—
(13)
OH
—— AWV = R(W
~ W, (W)

ITpaBas vacTb ypaBHeHU IBJIAETCA HEBI3KON ypaBHEHUI OaJiamnca

Wg—W}

R(W) = (vt - vy

Z F-iw-a ASf + vt
f=1
(14)

Jast BBIYMCIEHNS KOHBEKTUBHBIX TOTOKOB MCIOJB3YIOTCS JBe HamboJee
u3BecTHble cxeMbl: cxema Poy [22] u cxemsr AUSMP [23]. Jauusie cxemsl
oTHOCAT K cxemaMm Tura ['omyHnoBa. B 3Tux cxemax cHaga/ia mpoBOAUTCH Pe-
KOHCTPYKIMs (BOCCTAHOBJIEHNE) DEIEHUS, B PE3Y/IbTATE 9€r0 BHITUCISIIOTCS
NPUMWUTUBHBIE TTAPAMETPhI TOTOKA CJIEBA W CIpaBa OT rpanu stueiikm. Jjis
BhraucsieHust 1uPy3UOHHBIX TOTOKOB 10 SIBHOM CXeMe UCIIOJIb3YIOTCS Tapa-
MEeTPbI ¥ MPOU3BOHbBIE, OIPEIEJIEHHBIE HA BHYTPEHHUX IPAHIX WHTEPIIOJIs-
oueil Io X 3HAYEHUSIM B SUYeiKax.

JLOTIOTHUTETHHO /15T BOZMOXKHOCTH YHCIEHHOTO MOIETNPOBAHNS 33,539 00-
TeKaHUs MOABMKHBIX TeJI TpeOyeTcda MpUMeHeHHe aarOpPUTMOB J1edOpMUPO-
BaHHA pacuérHoii ceTku. lamee OymeT paccMOTpeH METOJ OOPATHBIX B3Be-
[IEHHBIX PACCTOAHMHA M IMPEICTABIEHO €r0 MOTU(PUITNPOBAHHAS PEeATH3aIIsT
JJIsI YAYYIIeHNsT TOYHOCTH PacyéToB Ha IMPOU3BOILHBIX HECTPYKTYPHPOBAH-
HBIX CETKaX.
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3 HedopmupoBaHmne pacdE€THOI CETKU

MeTo, 00paTHBLIX B3BELICHHBIX PACCTOSHUNA I103BOJIHET BHIYUCIUTE Iepe-
MeIleHne BEePIUH PACYETHON CeTKM HA OCHOBe BbIpaykeHus [8]:

_ 2 wi(@)s;
R ST )

wj(a:):}\x—:cbj|‘p,p<0, (16)

rae wj (x) — BecoBasi (DYHKIMS, Sj — TTepeMeIeHne BePINHbI Ha TPAHMAIIE.

Knrouespim mapaverpom Beipaxkenns (16) aBagercs KOHCTAHTA p. Y MEHB-
[IEHWEe MAAHHOTO MapaMerTpa MPUBOAUT K 3aTyXaHUIO AehOPMUPOBAHUS PAC-
9€THON CeTKU BAAJM OT MOABUMKHBIX TPAHUIl. JlaHHAS peasn3aiiust XOPOIIo
OOAXOMUT s HeDOMBIuX nedopMaIUil CABUTA W, KAK TPABUIO, [JId Ta-
Kux 3aga4 p € [—4; —1] . OgHako, jisg OPOU3BOJILHOTO M3MeHeHHsT (hOPMbI
MOBEPXHOCTHON CETKW AJITOPUTM W3MEHEHHWsS KOOPAWHAT JIEMEHTOB CETKH,
OCHOBaHHBIN Ha BhIpaxKeann (15), He PEKOMEHIyeTCsl BBUJLY OTCYTCTBHSI 110~
PABOK HA BPAIIEHUE.

Viydimnenne ucx0HOr0 aArOPUTMa, CMEIICHUS BEPITUH CETKHU JIOCTUTASTCS
nyTéM KOPPEKTUPOBKHU BeCOBO (DYHKIMK U BBEJeHUS (DYHKIMU [IEPEMEITIe-
Hust |9]. Unes BBejeHus 110106HO07 DYHKIMYU J€KUT B LPEIIOJIOKEHUH, Y4TO
nepeMertenne s; (&) ONpesenseTcsa He TOTbKO TTlepeMeIeHneM j-0if BepITHHbL
Ha, TOBEPXHOCTH, HO U IOJOKEHUEM MPOM3BOILHON TOYKHU X, IJIsT KOTOPOIt
OPOUBBOIUTCS PACIET CMEIeHHs. PaccMOTpHUM MOIHOE IepeMellIeHne Ipon3-
BOJIBHOM TOYKHU T TBEPIOro Teja, KaK IMOKA3aHO Ha PUCYHKE 2.

QueBunO, 4TO:

r/:r,')—i-(r’—rl')):r,’)+M(T/—Tf,)7 (17)
rae M — MaTpuia moBopoTa Ha yroJl Mex Iy HopMasaamu n’ = Mn (pucy-
HOK 2). Torma mjist CMeIeHnst TOYKU 7 0Ty IuM:

S(T):T/—T:T/—I-M(T/—Tg):MT—T‘—i-Tl/):M?”—T—i-b, (18)

rie b =1y — Mry =1+ s (rp) — My,

Anangormaneiv 06pa3oM PYHKIHA 5 () MOYKHO TIPEJICTABUTH, KaK CMeIle-
HIEe PACCMATPUBAEMON TOUKHM B PE3Y/IbTATE MEPEHOCA U TOBOPOTA PACIETHOM
00J1aCTH OTHOCUTEIBLHO j-0i BEPIITHHBI:

sj () = Mjz —x +b; (19)

IIpn sTOM BekTOD bj Gymer HaxoANTHCA U3 yeaosus s; = My, — xp, + bj.
Takum obpazom, TpUMEHEeHUE JAHHON (PYHKINU K TOYKAM Ha, TOBEPXHOCTHU
TOYHO OTMCHIBAET UX MEPEMEITEHNA. DTO COOTBETCTBYET KOPPEKTHOMN moCTa-
HOBKE 37349l UHTEPIOJIAIIH, TO €CTh 5 (wbj) = 5;.C y9éToM BBIpAKEHNS
st byskun eMerenns dopmyiaa (15) 6yger uMeTs BT
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Puc. 2. TloopoT u nepemerriernne TBEPIOTO TEIA

_>wj(x)s;(r)
() = S @)

Takum 06pazom, BKIa BPAIEHUS TOBEPXHOCTHBIX TPAHUI] B MTOTOBOE TIe-
pemerienne 000 BEPIUHBI CETKHA YITEH, B PE3Y/AHTATE UET0 OPTOTOHAIb-
HOCTH IPU3MATUIECKOTO CJI0ST OYIET COXPAHATHCH.

B cBoio ouepear MaTpHUIlBI TOBOPOTA OMPEIEIAIOTCH HA OCHOBE M3MEHE-
HUsl HAIPAB/IEHUST HOPMaJIefl MOBEPXHOCTHON CeTKH B TOUKax Ip,. Hopmass
B BEPIIWHE HA MOBEPXHOCTU MOYXKET ObITh BBIUHC/IEHA, KAK CPEIHEE OT HOP-
Maselt cMekHbIX rpaneit. Ho mamabrii mogxom maéT Xoporue pe3yabTaThl B
cyYdae Majioro OTIWYHWs ILJIOIAIel CMEXKHBIX Tpaneit. g HeperyaspHbIX
JUCKPETHBIX MOZEel COpa3MePHOCTh COCEHNX TPaHell, Kak IIpPaBrIo, He Ta-
PAHTUPYETCH, TTOITOMY B 30HAX JIOKAJBHOTO CTYIIEHNS IIOBEPXHOCTHOM CETKN
paBUJIbHEN HOPMaJIb BRIYUCIATH KAK CPEJIHE B3BEMEHHYIO CyMMY HOpMaJiei
rpaHei, rjie BeC 3aBUCUT OT ILIOIIA M caMoil rpanu. V3 HaliieHHbIX HOpMaJIei
[0 | TI0CJIe CJABUTA PPAHUIBI HA JIAHHOM I1are, BhIYKUCILIETCA COOTBETCTBYIO-
mast MaTpuna nosopota M;.

B kauecrse BecoBoii dyukImn Gepércst 6osee obiee mo cpaBaeHuio ¢ (15),
(16) BBIpakeHWe B BUJE CYMMBI JBYX CTEIEHHBIX WJICHOB, UTO IMO3BOJISET
COXPAHUTH KAIECTBO MPU3MATHUIECKOTO CJIOS PACIETHON CETKM B pe3yabTaTe
nebOpMUDPOBAHUS W CIVIAXKUBATH UHTEPIOJIAIUOHHYI0 (DYHKIIUIO BIAJUA OT
rpaHutbl pacaétHoit obmactu. Cornacuo pabore [9] BecoBast byHKITHSA MOXKeET
UMeThb CJIEeIYIOMUil BUI:

(20)
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| () (i) | e

rae A; — Bec BEpIIMHBI IPOIOPITMOHAIBHBIN VIO OKPYZKAIOMIUX ero
rpaneii, L — xapakTepHbIil pa3mep obsactu, ol — mMaciiTab TpurpaHuydHoOi
obsiacth, @ u b — HEKOTOpBIE TIOKA3ATEU CTEIIEHH.

YHuceHHBIN 9KCIEPUMEHT MoKasbiBaer |9, uro 3nadenus a = 3, b = 5
JIAI0T XOPOIIIKEe PE3Y/IbTAThI B MINPOKOM jJuaria3zone pedopmaiiuii. 3uadenue
napaMerpa L Takke MOKeET BapbUPOBAaTLCs [ PA3HBIX 33J1a4, HO B 00-
[EM CJIy9ae OMPEIEIsIeTCsT aBTOMATHIECKN KAK MAKCUMAJIBHOE PACCTOSHUE
MeXy djieMenTaMmu ceTku. [lapamerp v 0TBewaeT 3a OTHOIIEHWE BEJITMIHHBI
CMEITeHNs BEPITUH B MPUTPAHNTIHON 0OJACTH K CMEIIEHWI0 BIAJIM OT Hee.
Jlns gyqmreit paboThl METOZA B 33a9axX ¢ DOMBITUMY CMEIEeHUSIMY TPAHUIL
PEKOMEHAYETCA YyBEJINYNBATH 3HAYCHUA ITOTO IapaMeTpPa.

Ananus Beipakennii (15), (16) u (20), (21) nokasbiBaer, 9T0 AJITOPUTM Jie-
dbopmMupoBaHna PACIETHON CETKM, OCHOBAHHBIN HA JAHHON MOIE/H, BECHMA,
TpeboBaTesieH K BRITUCIUTEIBHBIM MOITHOCTAM. TaK g ABYMEPHBIX 33713t
9HCJIO BEPITUH HA MOABUXKHON IPAHAIE CPABHUTEILHO HEBEIUKO, 1 OA30BbII
agroputm IDW goctatouno 6wIcTpo cripaBiasieTcs ¢ 3aaadeit. Tem He menee,

. . 2
JUTST TPEXMEPHBIX 33J1a9 YUCJIO TOUYEK Ha TMOBEPXHOCTH pacTér Kak O (nS),
re n — obIree YUCIO0 BEPITHH, MOITOMY BBIYUCIUTETHHAST CIOKHOCTE AIT0-
2
putma cocrasJsier O (n . n3> , 1 Kak ciejcTeue — 3 peKTUBHOCTE aJIlOPHUT-

Ma crpemuTenbHo nagaer. Vcnonb3ys niaen anropurmon Baprca-Xara [24]
i Meroja BeicTpbix Mysbrunodeit [11, 12|, BeruncanTesbHas CI0KHOCTh
asnropurma IDW moxuo csectr k O (nlogn).

CyTh MeToma ObICTPBIX MyJabTHTIONEH (npuMmenuTenbHO K MeTomy IDW)
COCTOUT B TPEIIIOJOKEHNN, YTO JJis BBIYMCJIEHNUS BEKTOPA ITePEMEeIeHNs
Heo0s3aTesIbHO UCITOIB30BATE OJIHbII HAOOP YHCJIEHHBIX XapaKTEPHUCTUK TI0-
BEPXHOCTHBIX TOYEK BBUJY CBOWCTB cremennoil dynkumu Buga (21). Bume-
CTO TOrO IPEJJIAraeTCs JIJisd BbIYHUCIEHUS [TEPEMEIEHIS BEPIINH CEeTKH, JIe-
JKAIUX HA PACCTOSHUH HECKOJIBKUX XapaKTePHBIX JJINH 0OTEKaeMoro TeJia,
IPUMEHATh HeKuil Habop Toudek ¢ Becamu OJIM3KMMM 110 XapaKTEPUCTUKAM
noJTHOMY HabOpy. DTO HMPEIOKEHNE MOXKeT ObITh 0DOCHOBAHO TEM, 9TO, KaK
[IPABUIIO, S4elKU B jipe PACUYETHON CETKU HABJILIOTCH O0Jiee KPYIIHBIMU U 110-
[PELTHOCTH 110,100HO AIIPOKCUMALUY [1EPEMEIIEHIS HEe OKAXKY'T BJUSHUS HA
KaveCcTBO pACUIETHON ceTKU. B cBOIO 0Uepeb i TPU3MATHIECKOTO CITOT Pac-
9€T BEKTOpA MEepeMEITeHIsT BeChbMa, BaykeH. U HaubosbIiee BANSHIE HA TIepe-
MEITEHUE OKA3BIBAIOT OJIMKAMIINE TOUKH, JEKAIIHe Ha TOBUXKHON TpaHUIIE,
KOT/Ta, BINSHWE TPOYUX MOBEPXHOCTHBIX BEPIIUH MOXKHO YUECTHb AIlTPOKCH-
Marmelf, Kak MOKa3aHo Ha PUCYHKE 3.

Crenaem nosicuennsi. Ha prucynke 3 npeacrabied hbparMeHT MOBEPXHOCT-
HOI CeTKM, Ha KOTOPOH TOUKH, He MPUHAJIEXKATITIE TTOBEPXHOCTH, BhIJEIEHEI
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Puc. 3. ®@parmenT pacuéruoii cerku

KpacubiM 1BeTOM. Bymem cunrarh, ato Lo > 1 > L; =~ 0 u jeBag Bepim-
Ha, JIOKUT JOCTATOUHO OJIM3KO K TOBEpXHOCTH. Bimkaiimmas rpads K BhIIe-
JIEHHO# TOUKe CjieBa OTMEYeHa IIBETOM BMecTe ¢ eé peprmuamu. CoryracHo
(21) cmemenue 1eBO# TOUKM OyIE€T ONPEIETATHCS PEIAIOIINM BKIAIOM BED-
[ITWH BLIMIEYTOMSIHYTON TPAHU, B TO BPEMd KAK BIUAHUE BBIJAETCHHBIX I[BE-
TOM BEpIIUH CIIPaBa CYIIECTBeHHO HIKe. CHIpaBeinBO TaK Ke [M0Jararh,
9TO CMEITEHUST BEPIIWH, COCTABIIIONINX OMKANIIYIO TPAHD HA TOBEPXHOCTH
JJIS BBIIEJIGHHOW TOYKMW CIIPABA, OKA3BIBAIOT BJIMIHUE COPA3MEPHOE BKJIATY
BCEX OCTAJIbHBIX BBIJIEJICHHBIX BepiiuH. [[o 3Toi npuwynbe HUXKE TPUBEIEH
AJITOPUTM, TTO3BOJISIIONINI BBIYUC/IATD EPEMEIEHUE TTPOU3BOIBHON TOYKH,
HCIIOJIB3YS TOAXO0/IbI AIMIPOKCUMAIINH PACIETHBIX BEJIUUNH.

Beusy Toro, wro paciosiokenune BEPIIUH PACUETHON CeTKU B 00IIEM CJry-
Jae MPOM3BOJILHO, MOUCK HabOpa TOYEK MOABUKHON MOBEPXHOCTHON CETKH,
KOTODBIl BHOCUT HaubGOJIBINU BKIa B Bhipaxkenue (20), mpeacraBisier co-
6oif TOBOIBHO CIOXKHYIO 3amady mepebopa. Ilo sToit npuwunbe mpemraraer-
CsI METOJ, OCHOBAHHBIN Ha Pa3OMEHNN MHOXKECTBA IMOBEPXHOCTHBIX TOYEK Ha,
OIMHOZKECTBA [25].

Haubonee nomxomsineii nepapxudeckoit CTpyKTypOil JaHHBIX JJId [Ipe/i-
CTaBJIEHHUSI BJIOYKEHHBIX MHOYKECTB SIBJIAETCA OuHapHOe mepepo. KirodueBoit
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3aj1atieil MOCTPOeH OMHAPHOTO JIePeBa SBJISETCI PA3IETCHIE TOBEPXHOCT-
HBIX BepIuH. BBuly TOT0, 410 HOBEPXHOCTHAA CETKA 3a9aCTYI0 MUMEET HEPAB-
HOMEPHOE PACIPEIeEHIe BepIuH, TPeOYeTcsa MOIX0, YINTHIBAIONINN TaH-
el paxt. Cosmanme HOBOTO V374 JepeBa MpeArnoaraeT pas3jeieHne Ha-
60pa TOBEPXHOCTHRIX BEPINUH, COOTBETCTBYIONINX Y3JIY-POJUTENIO, HA JIBA
PABHOMOIITHBIX TIOJMHOXKECTBA TOUeK. JIOMONMHUTENLHBIM TpeboBaHueM, CO-
6JTI0/TEHTE KOTOPOTO BJIEYET TMOBBITIIEHNE CKOPOCTH PAbOTHI AlTOPUTMA., STBJISI-
ercd (POPMUPOBAHUE KAXKIOTO y3J1a JEPEBa TAKUM 00pa30oM, 9To0bl TOBEPX-
HOCTHDBIE BEPITHHBI TPEICTABIAIN CODBOM KOMIAKTHBIE BJIOKEHHBIE TIOIMHO-
kecTBa. st mocrpoenus: Haubosiee cbasaHCHPOBAHHOTO GUHAPHOIO JIEPEBA
OpeIaraeTcs yIecTh pébepHO-y3I0BYI0 TOMOJOTHIO TIOBEPXHOCTHON CETKH,
KOTOpas MpPUMEHAeTCst st pa3bumenus rpada cerkn [25].

[TocTpoerne GuHApHOTO JepeBa ¢ YI6TOM CBA3AHHOCTH BEPINWH TOBEPX-
HOCTHOM CETKH, aCCOMUUPOBAHHBIX C Y3/IaMHU HEPAPXUIECKON CTPYKTYPHI,
MO3BOJIAET YMEHDITNTH PATNYC OMUCHIBAIONIEH chephbl, Kak MOKA3aHO HA PH-
cyHKe 4.

Puc. 4. Cpasuenne pazbuenus rpada CeTKH a) ¢ MpUMeHe-
HI€ TOTIOJIOTHH CBsi3d, 0) 6e3 NpUMEHEHUs TOTOJIOTHH CBSI3U

OueBuIHO, YTO CBA3AHHOCTD BEPIIWH B O0IIEM CJAy4dae IPUBOJUT K YMEHb-

[IEHUIO PAINYCa OMUCHLIBAIOIINX cdep (Ri < ]%Z) . Pazbuenue muoX)KeECTBA 110-
BEPXHOCTHBIX BEPIIHUH OCYIIECTBJISETCS /10 TeX 110D, MMOKa KOJTHYECTBO TOUYEK
HA HUPKHEM YPOBHE HE CTaHET MEHbIIE OIPEIeEHHOTO 3HaUeHNs (KaK TpaBU-
710, 30 — 60). Y361 GHHAPHOTO JIEPEBA COOTBETCTBYIOIIHE JTAHHBIM BEPIITHHAM
[OPUHSTO HA3bIBATH JincTamMu. KJI04eBoil 3Tall yMEHBIEHUS BBIYHCIUTE b
HO¥ CJIOKHOCTHU ajropurma JiedopMUpPOBaHUs PACUETHON CETKM COCTOUT B
nocTpoeHun 0coboro Habopa TOYeK, KA4eCTBEHHO IIPEJICTABJISIONIET0 acCco-
[IUUPOBAHHbBIE BEPIIUHBI y37a OuHApHOTO JepeBa. llosTomy 1o 3aBepiierun
CO3/IaHUS CTPYKTYPBI JJAHHBIX JIJId KAaXKJI0T0 Y3718 BBIMOJHSIOTCS CJIe/IYOIINE
Irarm:

— co3maérea cdepa, ComeprKalasg BCE MHOMKECTBO ACCOIMHPOBAHHDBIX
BEPINH, BLIYUCASIETCS €€ paguyc U IMEHTD;

— dopmupyercsi TecToBas cdepa ¢ IMeHTPOM, COBIIAIAIONIUM C IIEHTPOM
TIepBO#, HO C YBETUYIEHHBIM PAJILYCOM;
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— Ha TecToBOi chepe bopmupyercs HADOP TOUEK U JJis KAXKIOU BbI-
YUCJIAETCS 3HAYEHUE, OLPENEAIEMOE BbIPAXKEHUEM:

FH=Y -4 (22)

S o3
i=1 HT—WH

rae a; — HOpMUPOBAHHBIA BEC BEPIIUHbI, T; — KOOPAUHATHI ACCOIUAPOBAH-
HO BEPITIUHBI TOABUKHOM MOBEPXHOCTH, I — KOOPAWHATHI BEPITHHBI TECTOBO
cepnr.

ObienpuaaThbiM TpebOBaHUEM JJIsd MeHepaluy BhIOOPKU TOYEeK Ha TeCTo-
BOIT cepe sgB/IeTCHd UX paBHOMEpHOE pacupeaenenne. Hanpumep, 1o moryT
OBITH BEPIIWHBI JIOAEKAIIPA UM MKOCAIPA, BIIMCAHHOIO B TECTOBYIO CeEpy.
Ha ocHOBaHWM BBIYMCJIEHHBIX 3HaUeHU GyHKIMU Bua (22) I KazKIoro
y3JIa JlepeBa Ha OCHOBE PErPEeCCHOHHOTO aHAJJIU3a CTPOSTcd 4 ¢-TOYKH, all-

—\

npokcumupytorme GyHkmo f ()

f(f)zi<| r 1 L1 + L ) (23)

F-all®  IF-al® IF-&I1P IF-all®

[TocTpoennsiit HAOOP ¢-TOYEK MPEJICTABJSAET ACCOIMUPOBAHHBIN HAOOD U
COXPAHAETCS T KAXKIOTO Y3712 JAepeBa. AHAJIOTUYIHO 7 KaKI0H TOUKHA B
@-1abope BBITUCSIIOTCT MATPHUIIBI TTOBOPOTA, BECOBOU KO3 DUIINEHT W BEK-
TOP CMEIIEHNS.

Takum 06pa3oM, YCKOPEHHBIH AJITOPUTM BBIYUCJIEHUST TIEPEMEIeHUsT TTPO-
W3BOJILHOHM BEPIMUHBI COCTOUT U3 CASAYIONINX IMaroB. Buraucisercsa paccTo-
sIHME OT BEPIIUHBI 10 [EeHTPa KOPHI OMHAPHOTO aepesa. B Towm cayuae, eciaun
paccrognme B 3 pasa OosbIe, 4eM PaJInyC TECTOBON CEphI, TEePEeMEIeHne
BBIUHMCJIAETCS Ha OCHOBE (22) ¢ MCIOJIb30BAHUEM TOJBKO (-TOYEK KOPHEBO-
ro y3ja. B mpoTuBHOM Ciyvae BBIIOJHIETCS CIYCK MO0 OMHAPHOMY IEpeBy,
¥ TPOIEIyPa TMOBTOPIETCS /I KaXK0T0 U3 MOTOMKOB. B TOM ciaydae, eciu
y3es JepeBa sBISIeTCd JIMCTOM, BKJIAJ B TEPEMEIEHNE TPOU3BOAUTCI BCEM
HabOpOM acconmupoBanubIX BepinuH. 110 3aBeprrennn crycka mo OuHapaoMy
J[ePEeBYy BBIYUC/ISIETCS UTOTOBOE IIEPEMEINEHNE HA OCHOBAHWUU BKJIQJIOB KaXK-
[0ro m3 y3,10B. Takol MOogx0 ] MO3BOJIAET JOCTATOYHO OBICTPO HPOU3BECTH
BBIYUC/IEHUE TIepeMeIeHus o000l BHyTpenHeil Bepiuabl 0a1arogaps chop-
MUPOBAHHBIM HabOpaM @-TOUEK.

C TouKU 3peHuss TPOTPAMMHON PEATU3AINY [1JisT OBICTPONIEHCTBUS aJIT0-
PUTMa HEMAJOBAXKHO 0DECIEeUNTh TOCIEOBATENBHBIN JOCTYIT K acCOIHHPO-
BAaHHBIM BEPINUHAM. DTO IPETOJATAET TPUMEHEHUE COPTUPOBKU BEPITHH
[MOBEPXHOCTHOM CETKH, TIPU KOTOPOU MHIEKCAIINST ACCOTTMHPOBAHHBIX BEPIITHH
JBYX JTIFOOBIX y3/I0B OMHAPHOrO JepeBa, UMEIOIUX OOIIero poguTesis, ObLIa
6bI CKBO3HOIT (TIOCIEIOBATEIBHOI ), KAK [TOKA3aHO HA PUCYHKE HEKE.
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buHapHoe aepeso

MHAaeKebl maccusa BeplwmnH (0<n<m<p<q)

O| 1| .. |n2f n |n+lf .. |m-1| m [m+1) .. |p-1| p |p+l| .. | q
A N N N J
Y Y Y Y
0 ysen 2 y3en 4 y3en 6 y3en
N\ A J
Y Y
1 y3en 5 y3en
N\ J
Y

3 y3en (KopeHb)

Puc. 5. Conocrapienue WHIEKCOB MOBEPXHOCTHBIX BEPITUH
y3JIaM JIepeBa

Omako, ciaenyer MOHUMATD, 9T0 JTI000e eOPMUPOBAHTE PACIETHOI CeT-
KU MOXKET IMOTEHINAJIbHO YXYAIINTDH €€ Ka4ecTBo. HOSTOMy BaKHBIM KpuUTe-
pueM aaropuTMa JeOPMATINN CETKHU SIBIASIETCA KadecTBO sueek medopmu-
POBAHHON CceTKu, B 0COOEHHOCTH COXpaHEeHWe OPTOTOHAJBHOCTH TPU3MATH-
YECKOTO CJI0sA, HE3OTHOCUTENBHO K BBIYUCIUTENLHOM CJIOKHOCTH AJITOPUTMA.
Ho apgantupoBasHBIi TOAX0M COXpAHSIET CBOMCTBA UCXOIHOTO AJTOPUTMA Jie-
dopmupoBanus pacuéruoit cerku. Tax, id TeX BEPIIUH, KOTOPbIE PACIIO/Ia-
raroTcsd OJIM3KO K T'PAHUIIE, CIIYCK 10 JepeBy Oyiaer bosiee TyiyDOKUM, 9TO ra-
PaHTUDYET XOPOIIee KAUECTBO siU€eK B MOIPAHUIHOM Cjioe. B ¢BOIO ouepeib,
JIJIST BBIYUCJIEHUST TTEPEMEITIEHN S BEPITUH BAAIN OT TPAHUI] OYIeT TPOU3BeIEH
HETTYOOKUit CIYCK, a MOTPEITHOCTh BBIUUCIEHUST HOBBIX KOODINHAT BEPIITHH
HE KPUTUYHA JIJIsT TUeeK, TPUHAJIEKANIUX APy TOTOKA.

st moBbITIeHs KavecTBa AehOpMUPOBAHHON JUCKPETHON MOmIe I cJie-
JIYET CTPOUTH UEPAPKXUIECKUE CTPYKTYPHI JTAHHBIX [IJIsi KaXKJ0U TTOIBUKHON
nin 3apUKCUPOBAHHON TpaHuIlbl. Bo-TIepBbIX, 9TO TO3BOJISET TOYHEE OIpe-
JIEJINTh YCPEIHEHHBIE BEJUYUNHBI KAXK/IOTO y3Jia CTPYKTYPBI BBUIY IIPSIMOTO
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BJIMSIHUS Ha, PAJMUYC, KAK TECTOBOM, TAK M ONUCHIBAIONIEH cephl Jjist y3/10B
BEPXHETO YPOBHS. A BO-BTOPBIX, 9TO IPUBOAUT K H0Ji€€ OBICTPOMY CITyCKY 110
JepeBy, ITO BAUGET Ha CKOPOCTb BLIYUCJIEHUS TIepeMeITieHus TTPON3BOILHOM
TouKH. JJOoTOTHUTETLHO, TTOIX0, TIPEAIOIATAIONINI TOCTPOEHNE OTIETHHOTO
OUHAPHOTO JlepeBa J/s KaxKI0i WHTEpPeCyoIell TPAHUIIbI, TO3BOJISIET COKPAa-
TUTH KOJUYIECTBO BLIYUCAEHUHN /11T TTIOBEPXHOCTEN, He M3MEHSIONNX CBOE TI0-
JIoKeHne U POpMYy, TIOCKOJIBKY JIJIsi HUX CPEJIHUE 3HAYEHUS TepeMeNieHnii u
MaTpUIL TOBOPOTA IpejompeeaeHbl. C 1e/ibio MPOCTOThHI U3/I0KEHUS MaTepPHU-
aJia, Jasiee 00Cy K AATCs TOJIBKO OBUXKHbBIE TPAHUIIBL. 3MeHeHs TTpejiia-
raeMoro HUKe ajropuT™a Jjis 3apUKCUPOBAHHBIX TPAHUI] OYIyT OTMEUEHBI
OTIETBLHO.

HambHetiee yerkopenne agroputma IDW JeXUT B IIIOCKOCTH pean3alnu
Ha napaJjeabHbix 9BM. peioxkerHblil aJropuT™ JOCTATOYHO JIETKO [O]I-
naércsa pacnapaJiiesuBanuio. g sroro Heo6xonuMo 0OECIednTh Kax0e
BBIYUC/IUTETHHOE SIPO TOJIHON nHMOpMAIUell O TOBEPXHOCTHBIX BEPIIMHAX,
KOTOpas MOKeT ObITh chopMUPOBaHA IIEpPE]] HAYAJIOM PACcUY€Ta, & UMEHHO: KO-
OPANHATHI, BECOBBIE KOIMPUIIMEHTRI, TTepeMeIrenns. B mpoitecce n3MeHeHmst
CETKN KazKJ0€ BbIYUC/INTEJILHOE AaDO0 (bOpMI/IpyeT nepeMernteHmne BCex CBONUX
BEPIIIHUH. HO 3aBEPIICHNN TTPOIECCa ABNKECHUA CETKU BBITIOJITHACTCA O6HOBﬂe-
HUE I‘.HO6a.HbeIX MaCCUBOB, COOTBETCTBYIOINUX TOYKAM Ha IMTOBEPXHOCTH. TeM
caMbIM pacmapasienuBanne ajropurma IDW, a Taxxke mpumenenue wuieit
OBICTPBIX MYJIBTUNOJEN MO3BOJISET CYIECTBEHHO COKPATHUTH BpeMs HEOOX0-
AUMOe Ha Tporeaypy medopMaiun pacaéTHON CeTKH.

Crenyer oT™MeTuTh, 9TO B OOIIEM CJIyYae XapakTep U3MEHEHUS (hOPMBI
CPAHUIIBI 3apaHee He W3BECTEH, MOTOMY OOHOBJIEHHWE HADOPA -TOYEK U CO-
OTBETCTBYIOIUX €My MaCCUBOB AAHHBIX CjeAyeT Je/aThb epes KaxK oM 1Ipo-
e rypoit gepopMupoBanms pacuaéTHoit cerku. Jlanuasa nporesypa mo3Boasder
CYIIECTBEHHO MOBBICUTH KAUeCTBO J1eOPMUPOBAHHON pacaérHoii cerku. O -
HAKO, 33/1a9¥, UMEIOINE MPAKTUIECKUI MHTEPEC, XaPaKTEPU3YIOTCI JT0CTa~
TOYHO MOAPOOHBIMU pacuyéTHbiMEU ceTKamu. [1oaToMy coorBercTByIOIee Ou-
HapHOE JIePeBO TaK ¥Ke OYIeT COMepXKaTh OOBINOe KOJUIECTBO y3710B. Tak,
HAIPUMED, IJs ToBepxHOCTH, comepxkaiieit 300 Toicaa BepIinwH, OuHAPHOE
nepeBo Oyaer uMeTh 13 caoée (OymeM cYuTaTh, YTO KOJUYIECTBO BEPIIUH B
Jucrax 32), u It MPOBEJICHNsI PEIPECCHOHHOTO aHAJIN3a JJisl Y3/I0B KaK10-
ro cjiosg TpebyeTcs TOJIHbIN HaGOP TMOBEPXHOCTHBIX TOYeK. 10T1a BBIUUCIIN-
TeJIBHYIO CJI0XKHOCTH dTana 0OHOBJIEHHUS JIAHHBIX OMHAPHOTO JI€PEBa, MOXKHO
oreauTh Kak O (ny - Ny - 1y), TI€ Ny — KOJUIECTBO TOUEK HA TECTOBOH cde-
pe, Ny — KOJIMYECTBO CJIOEB CTPYKTYPHI AaHHbIX. ClegoBaTe/bHO, IPOIeIypa
O0OHOBJIEHUS TTOJTHOrO HAOOpa JIAHHBIX JJIsi ¢-TOUEK CTAHOBUTCSH 3aTPATHON C
BBIYUC/IUTETHHOM TOYKHU 3PEHUs JIjId TOAPOOHBIX JTUCKPETHBIX MOJeJel, UTo
SABASETCS Y3KUM MECTOM.

YcTpanenne 9TOr0 HETOCTATKA JIEKUT B PacCIpeleseHNn HATPY3KH 3Ta-
[a PerpecCHOHHOTO aHAJM3a IO BLIYUCAUTENLHBIM sapaM. lloaxom pasme-
JIGHUd BBIYMCIUTEIbHBIX MOIIHOCTEH OCHOBAaH Ha CBOMCTBAX HEPapXUYeCKOn
CTPYKTYPBI JaHHBIX. [IpeniokeHtoe BoIle OnHAPHOE IePEBO 10 TOCTPOSHIIO
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CUMMETPUYHO U 00J1aaeT TeTePMUHIUPOBAHHBIM KOJIMYECTBOM YPOBHEH. DTO
[IO3BOJISIET PEAJIN30BaATh OBICTPLIE AJTrOPUTMbBI JOCTYIIA K HAMATH, KOTOPbLIE
NPUMEHSII0TCI A9 PABHOMEPHOTO paclipelesieHns Harpy3Ku Ha BBIYUC/IHU-
TesibHbIe sapa. OMHUM U3 TAKUX TTOAXO0B SABJSETCS AJTOPUTM (hopMUpo-
BaHUs YUCTOBOTO KOJA JIJIA KaXKIOTO y3/1a TAKUM 00pa3oM, YTOOBI UCXOTHAS
nepapxuvecKas CTPYKTYpa JAHHBIX MPEACTaB/IsiIa coDOit TBOMYHOE JIEPEBO
nowcKa (9UCI0BbIe KOJBI y3J0B Ha pucyHke 5). Ilpornenypa 6Geictporo mo-
MCKA TIpUMeHsIeTCs Jijid (DOPMUPOBAHUS CIIKUCKA KJFOUYEH y3JI0B U JIOCTYIIA K
nH(MOPMAIIY COOTBETCTBYOIINUX BEPIUH (PHCYHOK 6).

CPUo

CPU1

CPU2

Puc. 6. Pacnpenesnenne BLITUCIUTELHON HATPY3KN

Ha pucynke 6 npuBenén mpumep paszbuenust y3/0B OHHApPHOTO aepeBa Ha,
3 BLIYHCJUTENbHBIX sapa. Pasmenenume ocymiecTBiagerca ¢ yaéroM o0bEMA,
BBIYUC/ICHN, CBA3AHHBIX C aCCOIMMPOBAHHBIMU BEPIINHAMHE, JJIT KaXKI0TO
y3aa. Tak, BorancauTenbHoe sapo ¢ maaekcoM ) obpabaTbiBaeT TOTBKO KOP-
HEBOI y3es1, sapo ¢ mHaekcoM 1 oOpabarbiBaeT IIPsSMBIX ITIOTOMKOB KOpPHEe-
BOI'O y3J1a, & sSApO C HHIEKCOM 2 IPOU3BOIUT BLIYUCINTEIbHBIE OMEPAIIN
I INCTOB OWHAPHOTO Aepesa. B obieM ciydae momo0HBIN TTOAXO0 TTO3BO-
JISTET CYIIIECTBEHHO COKPATHUTH BpeMs, TpebyeMoe Ha PerpecCuOHHbINH aHaIn3,
aT0 Oymer moKa3aHo Ha MPUMEepE PEITeHnsT XapaKTePHbBIX 33124 aBUAITHOHHOM
TTPOMBITIIJICHHOCTH.

4 YwucjgeHHBbIE 3KCIIEPUMEHTHI

[IpescraBiienHble BhIllle METO/IBI U AJITOPUTMBI PEAJIn30Banbl B makere J1O-
I'oC |26, 27, 28|. [1aker mporpamm JIOI'OC — poccuiickuii makeT mporpamm
nmkeneproro anasusa (CAE), npenHasnadeHHbIH /I PEIIEHUST [ITTPOKOTO
KpyTa WHIYCTPHAJbHBIX 3a1ad [26, 27, 28|. Bee pacuérsl, nmpencraBieHHbIE
B JIAHHOI CcTaThe, BBIMIOJIHEHBI C UCIOJIB30BAHMEM MHOTOIIpolieccoproii 9BM
¢ pacupejeeHHOl maMsaThio B naxkere nporpavmm JIOI'OC.

4.1. 3agaua a’spoynpyroro pasuosecusi kpbiiia HIRENASD. Ilpo-
BOJUTCS PACYET adPOYIPYTIUX XaPAKTEPUCTHK MOJIEN KPbLIa KOMMEPYECKO-
ro caMoJjiéTa B YCJOBHUSX TPAHC3BYKOBOIO TOTOKA Tpu uucjie PeftHonbiaca
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23,5646 1 a’pOoIMHAMUYECKAX HAIPY3KaX, COOTBETCTBYIOIINX PEAJIbHBIM yC-
JIOBUSIM 110J1€Ta GOJILIIOrO TPAaHCIOPTHOrO camosiéra [2]. Janunas 3ajaua sis-
JISTETCST MHOTOJUCITUTLINHAPHON U TpebyeT TpUMeHeHUs JBYX PACUETHBIX Me-
TOJUK, & UMEHHO: METOJIUKHU PACIETa 3a/1a9 adPOINHAMUKI U METOIUKHU PAC-
uéTa HAMPSKEHHO-1ebOPMUPOBAHHOIO COCTOSHUS. ['eoMeTpus MoIe T 3a,1a-
UM adPOJUHAMUKY MPEJCTaBIeHa Ha PUCYHKE 7.

Pressure

Wall
(Hull)

Free Steam

Symmetry

Puc. 7. Cxema pacuérroit Momenn

JInckperHass MOJeNb 330291 a’pOAWHAMUKK comeprkasia 10,4 mMaH. ade-
ek, ~300 TbIC. TOYEK HA IOBEPXHOCTH KpbLaa. OOlee KOJUYECTBO BEPIIUH
paBuo ~12.5 ma. Ha moBepxaoCcTH KpbLia u Pro3e/dka KOJUIECTBO MPU3-
MaTuueckux cioés pasuao 18. Cpenbee 3HaueHUe Y+ y TMOBEPXHOCTH KPhLIA
cocTaBader 1.

Pacuér moroka mpoBOAMTCH B CTAIMOHAPHON MOCTAHOBKE, & JehOpMaIiu
PaCCYUTHIBAIOTCS CTATUYECKUM HPOYHOCTHBIM permnareseM. B kagecTsBe nH-
repdelica CBA3KM MEXK/Y IMPOYHOCTHBIM MOJIY/IEM U MOJYJIEM a9POIUMHAMUKI
HCTIONB3YETCS JIUITh TTOBEPXHOCTE Kpblia. ledopMuposanne aspoguHaMude-
CKOIl CEeTKU MPOUCXOJUT CPAZY MOCIe 0OMEHA JAHHBIMUA MEXKIY PACUETHBIMHI
MOJYJISIMH.

s onmcannst MaTepruasa B PacCuéTax MCIOJb30BAJIACh MOJETL VIIPYTOTO
MaTepHaJia ¢ TMapaMeTpaMu: IIOTHOCTL p = 7920 KI‘/MS, MOJYJIb YIPYTO-
cru E = 1,813e+11 Ila, koadpdunuent Ilyaccona v = 0,33. CrpykrypHas
MOJIEJIb COIEP:KUT HE3HAUUTETbHBIE MOIUDUKAIINHT, 3aMEHoITIe (DI03eIaK.
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V3abl Momenn, TPUHAIEKAIINE 3aMEeHUTEN0 (hIO3eIsdaKa, 3aPUKCHUPOBAHBI
Ha TPOTSKEHNN BCETO PACUETA.
VenoBud HAOEraOMEro MOTOKA MPU MOJASIUPOBAHUN TPAHC3BYKOBOTO 00-

TEKAHUs COOTBETCTBOBAIH YCIOBUAM a3pPOJMHAMUIECKOTO SKCIIEPUMEHTa, |2]:

— My = 0,8 — gucio Maxa;

— « = 2° — yroJ aTaxu;

— T = 204 K — reMueparypa HabOeraroIero noToka;

— P = 201000 TTa — craruveckoe aaBjeHne HaDeTaroImero moToKa;

— Voo = 229,06 M/c — ckOpoOCTh HABEraIomero MoToKa,

— Re = 23.5e+6 — uncmo Peitnosnbaca.

Bozuyx paccmarpuBaeTcs Kak ujieasbHbIN ras3, JAjs onucanus TypoOyieHT-
HBIX XapaKTEepUCTUK UCIOIH30BaIach Mosenh Cramapra — AMapaca.

Ha pucynke 8 mpuBesnieHO pacrpejesieHue JaBjeHUs Ha MOBEPXHOCTH Jie-
bOpMUPOBAHHOTO KPBLIa U (DIO3EIIKA.

Pressure (Pa)
! 3.05e+005
2.70e+005
2.35e+005

/' 2.00e+005

1.65e+005

0\ 1.30e+005
o I 0.546+004
6.056+004

Puc. 8. Pacopemenenne mosst JaBiaeHns

Ha pucynke 9 mpusegero mosie mHanpsokeruii mo Muzecy B mpo9HOCTHOM
YACTH PacyeTa Jjisl KPbLIa B COCTOSHUHU a3POyIPyTOTo PABHOBECHS.

[Tpusenérmbie pUCYHKH TEMOHCTPUPYIOT KOPPEKTHOE PACIPEIe/IEHNE PAC-
9@THBIX TTOJIEH, XapaKTepHBIe JJIsl COCTOSTHUS a3POYIPYroT0 PABHOBECHS KPhI-
Jla, [IPU yCJIOBUSIX, COOTBETCTBYOIIUX [IOCTAHOBKE 3aja4u [2].

B unciiennom sKCIEpUMEHTE OEHUBAINCH De3pa3MepHbie KOIPDUImenTo
noabémuoii cunbl (C), 1060Boro conporusnenus (Cy) u pacupesenenue Ko-
sddunmenta gasnenus (Cp) B cedeHnn Kpblia, a Takxke gedopMals BI0JIb
pasmaxa kpbuia (dS) B COCTOSTHUI a9POyIPYTroro PABHOBECHS.

B rabnune 1 npencrasieHo cpaBHEHUE ¢ 9KCTIEPUMEHTATbHBIMU TAHHBIMT
WHTErpajbHbIX XapaKTEPUCTUK, a TAKKE MAKCHMAJTLHOTO CMEITEeHNsT KPhLia,
[OJIYIE€HHBIX B YHCJIEHHOM KCIEPUMEHTE.

Ha pucynke 10 mpezcraB/ieHO CpaBHEHHE ITOJIYUYEHHOTO KO3hduinenTa
JIABJIEHUSI C SKCIIEPUMEHTAJIbHBIMY JTAHHBIMHU.

Kak Bupno u3 npejcraBieHHoro rpaduka, pe3yabTaThl MOIEJTUPOBAHUS
XOPOIIIO COTJIACYIOTCs C SKCIIEPUMEHTAJTbHBIMU JTAHHBIMHE.
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Stress Solid VM (Pa)
1.20e+008

1.03e+008

8.57e+007

6.86e+007

5.15e+007

3.43e+007

1.72e+007

6.60e+004

Puc. 9. Tlone nampsaxenuit mo Musecy

TabsunA 1. CpaBHeHHe HWHTErPATHHBIX XapaKTEPUCTUK
kpbuta HIRENASD

Dxcnepument | JIOI'OC
C 0,358 0,361
Cq 0,0115 0,0113
dsS, m 0,0306 0,0319

Ha pucymke 11 mpezacrapieno mepemMerienie KOHTPOJIbHON TOYKU HA TIO-
BEPXHOCTHU 3aKOHIIOBKM KPblJIa OTHOCUTE/ILHO ITEPBOHAYAJIBHOTO TIOJIOXKEHU A
B 3ABUCUMOCTH OT Irara obMeHa pacd€THBIX MOJYJIei.

Aspoymnpyroe paBHOBecme Kpblia JOCTUTHYTO 33 10 wmreparmii obwmena.
OrMmernM, 9T0 HA KaXKJIOM Iare oOMeHa, a9pPOIUHAMUYECKUH MOIY/Ib Pelia-
er 3amady cranuoHapHoro obrekamus medopmupoBanuoro kpouia. @opma
MMOBEPXHOCTH KPBIIa OMPENEsIseTCsl ITyTEM pelteHnus 3aJa9W HalPsKEHHO-
1epOPMUPOBAHHOTO COCTOSTHUS KPBIJIa IPU BO3IEHCTBAN a3POINHAMUIECKNX
varpy3ok. [Ipm maHHOl MOCTAHOBKE CXOIMMOCTH A3POJAMHAMUICCKON YaCTH
331891 HA KarKI0M 1mare obMena gocruraercs 3a 500 ureparmuit. [Tpu ucnosis-
30BaHUU 96 BbIYUCJIUTEJ/IBHBIX AJ€D CpeAHee BPeEMd BBIINOJTHCHNYA UTCPalNn
cocrasjisier 1,1 ¢. CieioBaTe/IbHO, MOXKHO CUUTATH, YTO HA PEIIEHUE TOJIbKO
3aadn obTeKaHus 6e3 HAKIAIHBIX PACXOMOB HA aJrOPUTM AeDOPMUPOBAHUST
PaCYETHOI CEeTKN U PACUET HAMPSIKEHHO-Te(DOPMUPOBAHHOTO COCTOSIHUAS TI0-
tpeboBasiock 5000 urepanuit nau ~1,5 gaca.

JloTIOTHUTETHHO B THCIEHHOM SKCIIEPUMEHTE OTIEHUBAJIACH TTPON3BOTUTE b
HOCTb HECKOJBbKUX Moaudukanmii Mmeroga IDW misa paszjmuaHOro KoJIndaecTBa,
BBIYUC/IUTETBHBIX dyiep. Cpeju paccMOTPEHHBIX MOJMMDUKAIINN JIJisi pertre-
HUA 33Ja90 TPUMEHSITHCD:
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M=0.8, q/E=0.48e-6, Re=23.5e6, a=2", Station 7, n=0.95
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-0.25 /.,-=l\\

& 0 B Experiment
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0.25
~—— Airfoil
0.5
0.75
1 1 l L l 1 1 L l L 1
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Puc. 10. I'paduk koaddunuenra JaBjaeHus M0 CEYEHUIO

0.04

0.03
=
~— 0.02
7]
=

0.01

D T T T
1 6 11 16
LLlar o6meHa

Puc. 11. Tlepememenne kpaiineii TO9KU KpbLia (a3pOJIuHAMAKA )

— monudukarusa N 1 mpesnoJaraer npuMeHeHWe OJHOr0 OGUHAPHOTrO
JIEpEeBa, JIJIsi BCeX TOJABUKHBIX MTOBEPXHOCTEN 0Oe3 pacupeeeHs Bbl-
YUCJUTEBHON HAMPY3KU JIJIS PErPECCUOHHOTO aHAII3a,;
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— mogudukarus N2 2 mpejmosaraeT IpuMeHeHne 0THOTO OMHAPHOTO JIe-
peBa JJist BCeX HOJBU2KHBIX IIOBEPXHOCTEN € UCIIOJIb30BAHUEM PacClIpe-
JIeJIEHUST BRITUCAUTETLHON HATPY3KU JJIsI PETPECCUOHHOTO AHAIN3A;

— monudukarusa N 3 mpenmnosaraeT mMoCTpOeHne OWHAPHBIX J1ePEeBhEB
JUUTsT KaXKJI0i TTOJIBUYKHOM TTOBEPXHOCTH C UCIIOJIB30BAHUEM PACIpe/ie-
JIEHUST BEIYUCTUTETBHON HAMPY3KH JIJIsT PETPECCUOHHOTO aHAJM3A..

TTonyuennnie pe3yabTATHI TPEICTABICHRI B Tabauax 2, 3.

TabanA 2. Cpennee BpeMs BbIIOJHEHUS J1eOPMUPOBa-
HUs PACYETHON CETKH [IJIsdd 33/1a9l a3pPOYIPYyroro paBHOBECHH

kpbuta HIRENASD

Yucso spep | Momudukamus Nel, ¢ | Monudukarmusa Ne2, ¢ | Momudukarmus Ne3, ¢
24 53,4 50,1 43,6
48 28,5 24,8 229
96 17,2 14,3 11,6
192 10,1 7,5 6,4
384 7,6 4.8 4,3

TabaunA 3. Cpejuee BpeMsi BBIIIOJTHEHUSA PACYETa (-TOUEK
TS 3aa49u aspoynpyroro pasHoeecust Kpbijia HIRENASD

Yucuio sanep | [lapasnenpnsiit pexxum, ¢ | CKaagpHBIH peuM, ©
24 0,083 1,97
48 0,041 1,97
96 0,021 1,97
192 0,012 1,97
384 0,0057 1,97

B cBoro odepenn BpeMsd BLITIOMHEHUT HEONTUMU3NPOBAHHOTO MeToma IDW
[8] mpu wmcnosp3oBaruM 96 BRIYUCIUTETBHBIX sijiep MOTpeboBato Gosee 25
MunyT. [Ipencrasiensbie pe3y/bTaThl MOKA3bIBAIOT, UTO MoAudukams Ned
aJIropuT™Ma J1ehOpMUPOBAHUS PACUETHON CETKU MTO3BOJIAET MOJIYYaTh Pelle-
HIEe 3aJa9H, XOPOIIO COTJIACYIONIeecs C SKCIEPHUMEHTAJBHLIME JTAHHBIMH, a
HAKJIaJIHbIE PACXOJIbl HECYIIIECTBEHHBI.

4.2. Pacuér daarrepa kpbisia AGARD 445.6. PaccumarpuBaercs 3a-
Jada onpejeseHus rpaduibl daarrepa kpbia AGARD 445.6 B oroke Bsi3-
koro rasa [1]. Jlokanuszauus rpanunsl duarrepa Kpblia HPOBOAUIACH LIS
ancen Maxa 0,499 — 1,141 npu myaeBoM yryie araku. 3aata ONpeIeTeHus
rpaHuI] paaTTepa TaK ¥Ke ABIAETCI MHOTOJUCIHILIHHAPHON 3ajadeil, 1mo-
9TOMY MPUMEHSIETCST TEXHOJIOTHST CBI3aHHOTO pacuéra. 'eomMeTpust Momean
pejcTaBaeHa Ha pucyHke 12.

B cedennu, mapaJstelbHOM HATTPABICHAIO TOTOKA, MOJIETh NMEET CHMMET-
puambiii mpoduas NACA65A004. OcHOBHBIE pa3sMepbl MOIETH KPBLIa TIOKA-
3aHBbI HA PUCYHKe 13.
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Free Stream

Symmetry

Puc. 12. Cxema pacuérHoii Mojieu

NACAB5A004

0.559

0.10

0.051

-0.054

0.368

-0.10 T T T T 0.762
0.0 0.2 0.4 0.6 0.8 1.0 <

Y

Puc. 13. Ilpodwnrs u npoexnns kpbiia AGARD 445.6

JnckpeTHasd MOJIETD 3891 adPOIUHAMUKH CojepKasa 5,7 MIH. HECTPYK-
TYPUPOBAaHHBIX siueeK, 230 ThIC. TOUeK Ha MOBEPXHOCTU KpbLia. ObIee Ko-
JUIECTBO BEPIUH COCTABUIO ~6 MaH. KomndecTBo mpu3aMaTnydecKuX CIIOEB
pasuo 18. Cpennee 3HaveHne y+ y MOBEPXHOCTU KPbLIa paBHO 1.
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ITapamerpnl Haberaromero mOTOKa PacCInThIBAIUCH HA OCHOBE unces Ma-
xa u PeliHosibica ¢ BapbUPOBAHMEM ONOPHOIO JaBjeHnud. MeTos Bapbupo-
BaHUs OMOPHOTO JABJEHUS TMO/IPA3YMEBAeT W3MEHEHUE MaBeHus Haberato-
IIIETO MOTOKA TIPY TTOCTOAHHON CKOPOCTH 3BYKa, JJIsI TOJYUIEHUS PABTUIHBIX
BHAYEHUN TJIOTHOCTH U JMHAMUYECKOTO JIABJIEHUsI B OKPECTHOCTH TPAHUIIBI
dbnarrepa kpbuia. Bo3nyx paccMaTpuBaeTcs KakK WIeaJbHBIN ra3, JJis Ou-
canus TYpOYJEHTHBIX XapaKTepUCTHK UCIIOJIb30Baaach Moje b Crasmapra —
AsuMapaca.

st onrcanus MOBeIEHNsT MATEPHAJIa B pacuérax UCIOJIb30BaAIACH MOJIETh
OPTOTPOINTHOTO MaTepuasa. Ocu OPTOTPONUY 3a/IaHbl BJOJb pa3Maxa KpbLia
W BIOIb XOpaAwl. 1lnmoTHoCTh MaTepmama p = 381,98 xr/M3, Momyms ympy-
TOCTH B TIpOAoabHOM Hampasienunu Ey = 3, 15e+9 Ila, Mogynn yopyrocTtu B
nonepevyHoM HanpasieHun Fy = 4, 2e+8 1la, koaddunuent [lyaccona B mpo-
JIOJIbHOM HAIIPABJIEHUM U B HOMEPEYHOM HAIPABIEHUU C ILJIOCKOCTH KPhLIa,
B IIOTIEPETHOM HAIPaBJAEHUN MePHEHINKYISIPHO IJIOCKOCTH Kpblia v = 0, 31,
MOJIY/Ib CABHTIa B KaxKaoil miockoctu G = 4,12e+8 Ila.

B zaBucumocTu 0T 331aHHBIX YCAOBUN KOI€0AHWA KOHTPOJIBHON TOYKHU Ha,
MOBEPXHOCTH KPBLIA MOTYT b0 3aTyXaTh, 00 yCuamBaThCA. Llocemsist
CUTYyalldsl PaCIeHNBALTCS KakK Haaudme Quiarrepa. OnpeeseHne TpaHUIILI
daaTTepa OCHOBAHO HA METOIE BAPHLUPOBAHWS OMOPHOTO AABJIEHUIA ITPHU II0-
CTOSTHHO# CKOpOCTH 3ByKa. JloKamuzarus rpanuilbl QIaTTepa [jid KazkIo-
ro uuciaa Maxa Tpebyer amanusza cepum pacuéron. Ilo 3Toit mpuunne ObLT
MPOBEMEH P CBA3AHHBIX PACUYETOB C IEIBI0 MOJTYYEHNUS, KAK 3aTYXAIOMNX
kosebannit, Tak u KojaebaHuil ¢ yBeIuIUBAIOIISHca aMInTynoi. B Kax oM
pacuére HAYATLHOE BO3MYIEHHE HA, KPBLIO JOCTUTATOCH KPATKOBPEMEHHBIM
BO3IEMCTBUEM BHENTHENA CUJIBI.

Jlist KOJTMYeCTBEHHON XapakTepuCcTuku (rarrepa MCIOoab3YIOTCH TaKue
BEJIMYMHBI, KaK CKOpocTHO! unaekc duarrepa (Flutter Speed Index, FSI) u
ornomrenue yacror (Frequency Ration, FR). Ha pucynkax 14, 15 npegcras-
saenbl rpadukn KoaOUIMEHTOB B 3aBUCUMOCTH OT ducaa Maxa B cpaBHeHUN
C 9KCIIEPUMEHTATBHBIME U pacuéTHbIME ganubiMu [29, 30, 31].

Kaxk BugHO U3 mpencTaBIeHHBIX TPAGDUKOB, PE3YIBTATHI MOIETUPOBAHUST
XOPOIIIO COTJIACYIOTCS € AKCIEPUMEHTAJIBHBIMU JAHHBIMUA U JAHHBIMHU, MO~
YEHHBIME B JIPYIUX KOMILIEKcax mporpamum [29, 30, 31].

st 6ojiee KaueCTBEHHOrO OMUCAHUS TPOIIECCa U3MeHeHusi (DOPMBI KPhLIa
[oJT JIefiCTBHEM a3POIMHAMUYECKUX HATIPY30K PEKOMEHIYyEMBI IIar 1mo Bpe-
MEHU JJIst KazKJIOro pacd€THOTO ciydasi nogbupascs pasubim 0, 0057, raoe T’
— 1epuos, KosiebaHus B dKcrepuMenTe. KaxKaplii mar 1o BpeMeHn BbIUHCJIs-
eTcs Ha ocHOBe 20 mMTepanuil Mo HeIWHEWHOCTH, TJe CpeJHee BpeMsl OTHOMN
UTepanyuu cocTaBmio 1,3 ¢ mpu mcmonab3oBannn 96 BEIUUCIUTEILHBIX SIED.
Taxke nj1s 60Jiee TOYHOIO BBIYUCJIEHUS] KOJUIECTBEHHBIX XapPAKTEPUCTUK B
YUCJIEHHOM SKCIIEPUMEHTE YKeJIATEIbHO MOJYyYUTh D, 6 MOJIHBIX KojebaHuit
kpbLia. Tak, HaIIpuMep, JJid pekuMa, COOTBeTCTByoMero ducty Maxa pas-
voro 0,678 uacrora kosebaHusg Kpblia Ha IpaHuiie (JarTepa COCTaBISET
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17,9 T'u. CremoBaTebHO, A OTMpEIEIeHs MapaMeTpoB TPAHUILl (JiaTTe-
pa Heobxonumo moneauposanue 1o 0,28 — 0,34 ¢. Takum obpazom, oxugae-
MO€ BpeMsI MOJIETUPOBAHUS a9POINHAMUIECKON YacTh CBA3aHHOM 3a1aun 6e3
yuéTa HAKJIAJIHBIX PACXOJI0B AJrOPUTMa, 1ebOPMUPOBAHUS KPbLIA COCTABJISA-
eT ~§8 JacoB PN UCIOIL30BaHNN 96 BEMUCAUTENBHBIX g1ep U 20 urepamnuit
1o HesmHeitHoCTH. [J0TIoJTHUTETEHO B YUCJIEHHOM 9KCIIEPUMEHTE OIEHUBAJIACD
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IPOU3BOANTENBHOCTE HECKOMbKNX Moandukanuit meroma IDW mra pazama-
HOI'O KOJIMYIECTBA BBIYUCIUTENbHBIX sijiep. Moandukaimm paccMOTPEHBI Pa-
Hee.

[Tonyuennsie pe3yabTaThl TPEICTABICHB! B Tabuax 4, 5.

TabJinMIA 4. CpejHee BpeMsi BbIIOJHEHAsT 1e(DOPMUPOBAHUS
PACUETHON CeTKHU /TSI 3aaU1 JIOKATU3AINN (hJiaTTepa KPbLia

AGARD 445.6
Yucno simep | Momguduranus Nel, ¢ | Moagndukarus Ne2, ¢ | Momudukarms Ne3, ¢
24 20,1 18,9 16,2
48 10,8 9,5 9,3
96 7,2 5,9 5,1
192 4,6 3,3 2,9
384 3,5 2,4 2,2

TabauuA 5. Cpejinee BpeMsi BBIIIOJHEHUS PACUETA ¢-TOUEK
JUTS 3a1a9n Jokanusarmn dgurarrepa Kpblia AGARD 445.6

Yucso anep | [lapamnenpusiit pexxuM, ¢ | CKaaIpHBIL PEXKUM, C
24 0,035 1,05
48 0,017 1,05
96 0,0092 1,05
192 0,0046 1,05
384 0,0026 1,05

Hnst onpenenenust rpanuiisl duarrepa kpbinia AGARD 445.6 Tectupo-
BaHWE HEOTTUMU3UpPOBaHHOTO MeToma IDW He mpoBogmiocs BBUAY Gecrep-
CIEKTUBHOCTH HCXOTHOTO AaATOpUTMAa JJis MOJo0HOTO Kjaacca 3amad. [Ipen-
CTaBJEHHBIE PE3Y/IbTATHI MOKA3BIBAIOT, 4TO Moaucukaius Ne3d agropurMa
neopMUpOBaHUS PACYETHON CETKY [TO3BOJISIET [TOJIYYATh PENIEHUE UCXOTHON
3aJIa9M, COIVIACYIOIIEECH C IKCIEPUMEHTAJbHBIMU U PeEPEHCHBIMU JTAHHBI-

mu [29, 30, 31].

5 AHa/in3 NOJIy4eHHBIX PE3YyJIbTATOB

PezynbraThl unc/IeHHOTO0 MOJIETUPOBAHNAS XaPAKTEPHBIX 33189 adPOIWHA-
MUKU [IO3BOJSIOT CYJIUTH O IIPUMEHUMOCTH PEATN30BAHHBIX YNCJIEHHBIX CXEM
pacuéra u 3ddexTuBHOCTH AAropuTMa JAedopmupoBanus cerku. [losyaen-
HBle PEe3yAbTATH! JjId 33734 adpPOYIPYyroTo PAaBHOBECUS KPbLIA U ONpenese-
HUsI TPAHUITEI (PJIATTEPA XOPOIIO COTIACYIOTCS C SKCIIEPUMEHTATbHBIMY JaH-
HBIMI U PE3YJIbTATaMU, MOJYIEeHHBIMIA B APYTUX Makerax mporpamm. B pa-
foTe paccMOTpeH psif MOAMUKAINI aJTOPUTMA, TTO3BOJISIIOININE COKPATUTD
Bpems pabotel IDW mMerosna 6e3 morepu kauectsa perenns. Ha npumepe pe-
IIEHUs YKA3aHHBIX BBINIE 33729 MOKA3AHO CYIIECTBEHHOE YCKOpPEHHe paboTh
aJITOPUTMA.
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AHaJ'[I/I3 IOJIYYECHHBIX PE3YJ/IbTATOB IOKa3dJI, 9YTO ITOCTPOEHUE OTAC/IbHBIX
HEPApPXUYeCKUX CTPYKTYD JAHHBIX I KaxKJ0# rpaHunbl B OTAEAbHOCTH
MO3BOJISET COKPATUTH BpeMs paboTwl ajaroputMa 10 40%. Takxke BecoMbrit
BKJIAJT B OBICTPOJEHCTBYUE AJTOPUTMa BHOCUT TOIXOM PACIPEIETICHUS BbI-
YUCIUTEIHHON HATPY3KHM Ha dTale PErpecCHOHHOr0 aHau3a s ¢-ToueK. B
pabore MpeIcTaBIeHbl PE3YIbTATHl YCKOPEHUs TOJBKO PAcIéTa ¢-Touek (rab-
gutbl 3, 5). [logobubIi MoaX01 K pacmapa/lIeUBAaHII0 TAKXKE TPUMEHEH U
JIJIsT OTIEHKM CMeINeHnit, MaTpUIl TOBOPOTA, BECOB ANNPOKCUMUPYIOIIETO Ha-
6opa, 94TO BKYIIE C MOJIXO0M MOCTPOEHUS TpebyeMOT0 KOJIMYeCTBA CTPYKTYP
JIAHHBIX TIO3BOJISIET JIOCTUTHYTH JOMOJHUTEIBHOIO YCKOPEHUS aJTOPUTMa, OT
20% mo 80%.

Cirenyer oTMETHUTD, YTO PACIpeeeHne 110 BEIYUCIUTE]bHBIM SpaM IIPo-
BOJUTCS JIJist s9YeeK, a HE [0 BepIIMHAM JUCKpeTHOU Mmojenu. Taxxke obe
[peJICTaBIEHHbIE B paboTe 3a/1a49u PEIIAJIUCh C UCIOJIb30BAHUEM HECTPYKTY-
PUPOBAHHBIX PACUYETHBIX CETOK CO CryIeHUeM BOJINU3U ITOIBUMKHBIX dJIEMEH-
TOB, IIOSTOMY pAa3/IeJIEHUE BEPIIUH 110 [IPOIIECCOPHOMY IIOJI0 HE SBJISIETCS
PaBHOMEPHBIM, YTO MPUBOANT K HEJIWHENHON 3aBUCUMOCTHA BPEMEHU BBITIOJI-
HEHUsT AITOPUTMA, T1ePOPMAIINY OT KOJIMIECTBA TPONECCOPOB (Tabmist 2, 4).
Tem uwe menee, Bpemsa paboror merona IDW cormacyerca ¢ aumefinbiM 3aK0-
HOM.

BaxxaoCTb TIPEITOKEHHBIX TTOAXOI0B K YCKOPEHWIO AJTOPUTMA WHTEPIIO-
agamun IDW merogoMm mpogeMoHCTpUpPOBaHa HA ABYX XaPAKTEPHBIX 33 a4UaX.
Bribpannbie 3amadu pa3ubie, MOCKOABKY MEPBAdA 331498 ABISETCT KBA3UCTA~
MMOHAPHOM, B TO BpeMsl Kak BTopas — HectarmonapHoii. [To 91oit mpuunme
MOXOABI K MOJEUPOBAHUIO JIJIST PEITeHMs 9TUX 334 OBLIN pasHbie. Tak
IS 331391 OTIPEJIC/IEHUS a9POYIPYyTroro PABHOBECHA KPBLIA BBITIOIHEH OIUH
pacYér, B mPOIecce KOTOPOro aaropuT™ aeddopMUpPOBAHNS PACIETHON CeTKU
ncnosib3zoBasica 10 pa3. Haknanaeie pacxoapl Ha 0OHOBICHUE KOOPIUHAT BEP-
IIWH JIId JIAHHOM 3a/1a9W COCTABUJIM IMPUMEPHO 2 MWHYTBI, 9YTO COCTABJLAET
2% or oblero BpeMeHy MOIEIMPOBAHU a9POIMHAMUYECKOR YACTU CBABAH-
HOY 3ajaun, 9To mpueMmjaeMo. B cBow ouepenp /ist JIOKAIU3AINNA TPAHHUIIEI
dbnarTepa TPUMEHSIICS TOAXO0/I BAPbUPOBAHUS OMOPHOTO MABJIEHUS TIPHU TIO-
CTOSTHHOM CKOPOCTH 3BYKAa. DTO MO/IPA3yMeEBAeT BHITOJHEHNE Psjia PACIETOB
I Kaxkaoro 4ducia Maxa ¢ 1eabio [MoaydeHns, KaK He3aTyXaloIuX, Tak
M 3aTyXalomux Kojaebanuil Kpblia. AHaIN3 TOJIYIEHHBIX PE3YIbTATOB TIO-
KazaJl, YTO OJIUH pacdér Jyisi onpeieienns (iarrepa Kpblia Tpebyer npu-
ommsuresbHo 1100 naMeHeHuii pacu€THO# ceTKm, 4TO cocrapisier ~1,5 da-
ca win 15% or obuiero BpeMeHH MOJIEJUPOBAHUS B YaCTH a3pPOJUHAMHKH.
Ilo sTo#t npuunHe BBIGOD MOIXOJ0B K MOAMMUKAINN UCXOIHOTO AJTOPUTMA,
OUeHb BakeH. 1akK NpUMeHEHUEe OT/EJbHBIX OMHAPHBIX JIEPEBBEB s KaK-
JIOHl TIOJIBU2KHON I'DAHMUIIBl U PACIpPe/IeJIeHNe BhIYUC/UTETbHON HAIPY3KU HA
STare PerpecCUOHHOr0 aHaJjn3a I03BOJIUIO CHU3UTL 00Ilee BpeMs pacuéra
or 3% mo 13%, aro noguépruBaer 3(PpGEKTUBHOCTH MOTUMDUKAITHIIA.

IIpenmoxennslil B HACTOAIIEH cTaThe aJalTHPOBAHHLIN AJITOPUTM H3Me-
HeHWs pacyéTHoi ceTkn BHeApéH B maker mporpamm JIOTOC [26, 27, 28]
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U IIPUMEHSIETCS B KAYECTBE MITATHOIO MOJAXOAA JUIst 3349 C MOJIBUZKHBIMU
rpaanaabivu yesioBusimu. [Taker nporpavm JIOI'OC npennasuaden jijisi pe-
IIIEHUsT 337184 BBIUUCTUTETHFHON THAPO-, a9POTUHAMUKY U TEIJIOMEPEHoca N
B HACTOSIIIIEE BPEMs yIKEe MIHPOKO WCTIONB3YETCST ST PENIEHUST PA3THIHBIX
KJIACCOB 3a71a4 WHIYCTPUATIBHOTO HasHaueHus |26, 27, 28|.

6 3akJjrroueHne

B nanmoit pabore paccMOTPEHBI BOIPOCHI, CBA3AHHBIE C TPOOIEMaMU TP
perieHnn 33189 ODTEKAHUS TOABUYKHBIX TEJI, & WMEHHO: BOMPOCHI YHUCJICH-
HOM IMCKPETHU3AINN 3339 MOJEIUPOBAHNS OOTEKAHWHA TOABHUYXKHBIX TEI U
aropuTMbl 1ehOpMUPOBAHUS PACIETHBIX ceTOK. Kparko obcyxkmaercs Bbl-
OpaHHbIl T0X0/T KOHETHBIX 00bEMOB. BojibIlioe BHUMaHIE Y/I€/IEHO yCOBEP-
[IEHCTBOBAHUIO AJITOPUTMA WHTEPIIOJSIIAA METOIOM OOPATHBIX B3BEIITEHHBIX
paccrodanunit, KOTOPBIA IPUMEHACTCA 14 M3MEHEHUH JAUCKPETHON MOJE/IN B
[IpOIeCcCe ABUKEHUS OTHENbHLIX IPAHNIl. AHAIN3 MOCIeI0BATEILHOCTH Jeki-
CTBUI TO3BOJHI CHOPMHUPOBATH MPEITOKEHNS KACATEILHO YCTPAHEHHS y3-
KX MECT aJCOPUTMA ¢ BBEIUYUCJANTEILHON TOUYKH 3PEHH.

OcCHOBOIl YCKOpEHUsT AJTOPUTMa SBJIAETCA MPHUMEHEHNE HEePAPXHIECKUX
CTPYKTYpP JAHHBIX, TAKAX KaK OMHApHBIE JepeBbd. Ilo mpuynne merepMuHm-
POBAHHOCTH (IO TOCTPOEHHIO) CTPYKTYPhI JTAHHBIX JaJIbHEHIIAsT aaTalnst
AJITOPUTMa IMPOU3BOAMNIACH ¢ IPUMEHEHHEM OBLICTPBIX aJrOPHUTMOB JTOCTYIIA,
K IMaMATH 0 PacIpeIeéHHbIX BRIYUCIeHN. TakxKe, MOMIMO TEXHUIECKHX
CPeIICTB YCKOPEHHUsI PACCMATPUBAJICI IIOAXO, IPEeIIaralollnii MOCTPOeHne
OMHAPHOTO AepeBa JJIs KaXKI0# IMOABMKHON IPAHUIBI B OTIEJILHOCTH.

IIpakTrdeckas MEHHOCTD MOy YEHHBIX PE3YILTATOB COCTOUT B BO3MOZKHO-
CTH IIPHMEHEHHS PACCMOTPEHHON METOMUKH Pacdéra B HMHKEHEPHOH IIpak-
THKE BBUIY CYIIECTBEHHOIO YCKOPEHHS AJTOPUTMa W3MEHEHHUs JTHCKPETHOM
MOJEIN C COXPAaHEHHEM KadecTBa Iocieaneii. Paccmorpernnble Moanduka-
nuu IDW mMeToj1a mokasasm cBoio paborocrnocobHocThb U 3 GOEKTUBHOCTE HA,
XaPAKTEPHBIX 33[a9aX ABUAIMOHHON TTPOMBITIIEHHOCTH.
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