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Haseoeno mamemamuunuii Memoo po36’A3aHHA CUCMEM HENIHIUHUX PIBHAHb, YIMBOPEHUX YUCENbHOI0 MOOELII0
2i0poduHamiunoi 3a0ayi. 3anponoHo8anull Memoo MiCmMums napamemp AKOCmi OUHAMIYHO20 NPOYecy NOULYKY
PO38’A3KY, WO 003608€ Kepyeamu weuoKicmio 30ixcHocmi. Buznaueno nioxoou 00 nooanvbuloco 3mMeHulenHs
PO3MIpHOCMI NPOCMOPY NOWYKY MA OpeaHizayii po38’sa3anHs 004UCTI08ANbHOI 3a0adi Ha 6a2amonpoyecopHiil

abo po3nodineHit 06UUCTIOBATLHIL CUCHEM.
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A mathematical method of solving of systems of nonlinear equations, produced by the numeral model of hydro-
dynamic problem, is offered. The offered method contains the parameter of quality of dynamic process of search
of a solution, that allows to control the speed of convergence. Approaches to the subsequent diminishing of di-
mension of search space and organization of solution of computing problem on the multi-processor or distribut-

ed computer system are offered.

Keywords: hydrodynamic problem, numerical simulation, nonlinear equations, dimensionality.

Beryn

VY mpakTuii NpoeKTHUX OpraHizauiil LIMPOKO BHU-
KOPHCTOBYIOTHCS ITAKETH MPUKIAJHUX MPOrpam, 1o
BUKOHYIOTH T1IPOJMHAMIYHUI PO3pPaxyHOK THX abo
1HIINX 1H)KEHEPHUX CHCTEM.

[IporpamMue 3a0e3mneueHHs IBOTO KJIacy HHHI aK-
THUBHO PO3BUBAETHCSA. OCKIUTBKU iHTEpeCH PO3pOOHU-
KiB y OaraThOoX BHWIIaJKax NependadaroTh HOCHTi-
JDKeHHsT TypOYJIEHTHOTO pyXy PIIMH 1 ra3iB, Taki
KOMIUIEKCH KOMIUIEKTYIOTBCSI Ha0OpaMu MoJelei
TypOYJIEHTHOCTI pi3HHX PiBHIB ckiaagHoCTi [1].

CyvacHu#l miAxiZ IO MaTeMaTH4YHOTO MOZEJIO-
BaHHs JIaMiHApHHUX 1 TYpOYJNEHTHHX TeYil IPyHTY-
€TbCS HA MPUIYHICHHI NP0 TPUHHATHICTH PiBHSIHDB
Har’e—Croxkca mist iHTeprperanii Tedii i mporao3y
ix mMuTTEBUX XapakTepucTuk. ([ys TypOyneHTHHX
TeYild PO3MIIAAAIOTHCS CTATHCTUYHI BIACTHUBOCTI aH-
caMmOIt0 Teuiil pu OJIHAKOBHX 3 MaKPOCKOIIYHOTO
MOTJISTY 30BHILIHIX YMOBaX).

3-noMik METOJIB MOJICTIOBAHHS TypOYJIEHTHUX
MOTOKIB 3a3BHYail BUIUIIOTH MpsIME YUCETbHE MO-
nemoBarns (IICM), MonentoBaHHsS KPYITHUX BHXO-
pie (MKB), po3B’szanHsi ycepeqaennx 3a PeitHomnba-
com piBasiab Has’e—Crokca (PHC).

€ Tako)x KOMOIHOBaHI IiIX0/IH, 110 MMOEIHYIOTh Y
co0i Ti abo inmi o3Haku [ICM, MKB i PHC, nanpu-
KJIaJ, METOJ MOJEIIOBAHHS BiJ €HAHUX BHUXOPiB
(MMBB)), i psijt iHIIHX, MEHIII TIOITUPSHUX METOIIB.

© I'mazok O. M., 2014

IMocranoBka npodiaemu

Ipsive uncensue MomemoBanus (ITYM) Bkirouae
po3B’s13aHHS NOBHUX piBHSHE Hap’e—CToKkca, 10 nae
3MOT'y OTPUMAaTH MHUTTEBI XapaKTEPHCTUKH TypOyJieH-
THOTO MOTOKY. KpiM TOro, craThcThka, oTpuMaHa 3a
pesynbratamu [1UM, moxxe OyTH BHKOpHCTaHA IS
PO3pOOKK Ta JOCIIHKEHHSI MOJIeTIel TIpOIieciB TypOy-
JIGHTHOTO TIEPEHECEHHS, PO3BUTKY METO/IIiB KEpYBaHH:I
TypOYJICHTHUMH TIOTOKaMu Totio [2; 3].

3Bakaroud Ha OOMEKEHI MOKIMBOCTI BUMIpIO-
BaJIbHOI TexHiku, [TYM MoXKHa BUKOPHCTATH K J10-
JATKOBE JDKEPENo eKCIEePUMEHTAIbHUX NaHuX (Ha-
MIPUKIIAJ, TPU JOCIIIKEHHI TaKUX XapaKTEPUCTUK
Tedil, SIK MyJibcallil, TUCK, 3aBUXPEHICTb, IIBHJIKICTh
JUcHIanii TypOyIIeHTHOI eHeprii, a TakoX A Bi3y-
amizanii MuTTeBOi KaptuHM Tedii). Ilepemkomm 10
LIIMPOKOTO BUKOPUCTAHHS METOJIIB YUCEIBHOTO MO-
JeJIIOBaHHs Ha MPaKTHILI OB ’s3aHi 3 CylepedHoc-
TSAMH MK BUCOKHMH BUMOTaMH JIO PO3PaXyHKOBUX
CXEM, PI3HHUIEBUX CXEM Ta OIHCIB MOYaTKOBHX 1
IPaHUYHUX YMOB, II0 BUKOPHUCTOBYIOTHCSI B pO3pa-
XYHKaX, 3 OTHOr'0 OOKY, Ta OOMEXEHUMH pecypcamMmu
00YHCITIOBAIbHOI TEXHIKM — 3 iHIIOro. Tumosi iH-
JKEHEPHI 3a7a4i 00YKCIIFOBANIBHOI aepo- Ta Tipoau-
HaMiKH{ MOTPe0yI0Th MicsLiB poOOTH KOMIT IOTEPHHUX
KJIacTepiB. 3acTOCYBaHHS Takux MeTofiB, sik PHC,
MKB ta iHmHX, 103BOJSE JIEIHI0 CKOPOTHTH OOCST
o0uncnens, nopiBHsHO 3 [TYM, ane mpuHUKMIIOBOTO
pO3B’s3aHHS IPOOJIEMH HE Ja€.
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TakuMm YHHOM, aKTyallbHOIO HAYKOBOIO TpoOie-
MOI0O € pOo3po0Ka TakMX METOMIB Ta MiAXOAIB 10
pO3B’s3aHHS BKAa3aHMX 3adad, sKi O JO3BOJIMIN
3MEHIIUTH KUTbKICTh HEOOXiTHUX PO3PaxXyHKIiB.

Mera cTaTTi — 3ampoONOHYBaTH MaTEeMaTUUIHUHA
METOA PO3B’si3aHHS 3a4ad OOYHMCIIOBAJIBHOI TiIpo-
JMHAMIKH, 3aCTOCYBAHHS SIKOTO JIO3BOJHUTH 3MEHIIIU-
TH KUTBKICTh HEOOXiTHUX PO3PaxXyHKIB, TOPIBHSIHO 3
ICHYIOUHMH METOJaMH.

AHaui3 gocaimkedb i nyoaikaunii

VY crarTi BHKOPHCTOBYEThCS MaTeMaTHYHA MO-
JeITb TiApOIMHAMIYHOTO TPOLECY Y BUTIISAL PiBHSIHD
Hap’e—Crokca.

Bynu BuKOHaHI YHCICHHI HOCTIIHKEHHS, K1 OIH-
caHi B pkepenax [4-6], Ha gymMKy X aBTOpIB, MiAT-
BEP/DKYIOTh TPHITYIIEHHS IPO aJCeKBaTHICTh i€l
MOJEJI.

JInst oTpuMaHHS aeKBaTHUX PE3yJbTaTiB po3pa-
XYHKOBa 00JIacTb Ma€ OyTH JOCTaTHBO MPOTSIKHOIO,
00 BMIMIaTy HAHOLTBII MacITabl TypOyJIEHTHOTO
pyxy. 3 iHIIOro OOKY, KpPOK CITKH Ma€ OyTH AOCTaT-
HbO ManuM. HeoOxijHy KUIBKICTh BY3JIB OJHOPI-
HO1 pO3paxyHKOBOI CITKH 3a i-M MPOCTOPOBHM BHUMi-
poM N; Ta KIIBKICTh KPOKIB iHTErpyBaHHS B 4aci Ny
MOYKHA OIIHUTH 32 TakuMu popmynamu [7]:

N; = L/A; ; Np = T/A,,

ne L; — po3Mip po3paxyHKOBOiI 00J1acTi 3a i-M BHMi-
pom; T — 3aranpHa TPUBAIICTh iHTETpyBaHHS (iHTe-
pBa iHTErpyBaHHA B 4aci); A; — IPOCTOPOBUN KPOK
CITKM 3a i-M BHMIpOM; A;{— KpOK IHTETrpyBaHHS 3a
YacoM.

Heo0xigHoro yMOBOIO AJisi OTPUMaHHs a/1e€KBaT-
HUX pe3yibTaTiB PO3PaXyHKy € BUKOPUCTAHHS TaKOl
pI3HUIIEBOT CITKHM, sKa J03BOJIUTH BpaxyBaTH B
OTPUMaHIf YHCENbHIH MOJeNl HaWMEHI BUXOpPHU
TypOyJIEHTHOr0 TIOTOKY, 110 MAarOTh PO3MIpH MOPSIA-
Ky KOJI-MOTOPOBCBKOTO MacIiiTaly JOBXHHHU, & KPOK
IHTErpyBaHHS B 4yaci NMOBMHEH MaTH IOPSAOK KOJ-
MOTOPOBCBKOr0 MacmTady uacy. 3BiJICM BHIUIMBA-
I0Th OOMEKEHHS 3rOpH Ha BeM4YMHU A; Ta Ay, a Bij-
Tak i oOMexeHHs 3Hu3y Ha BenuunHu N; ta N7 .

VY ny6nikanisx [8; 9] Oyno 3ampornoHoBaHO Me-
TOA PO3B’S3aHHS CHCTEM JIIHIHHUX aJiIreOpUUHUX
PIBHSHB 3a JIpyruMm MmetonoM JlsmyHoBa, mo 3a0e3-
nedye OTPUMAaHHS AMHAMIYHUX MpoLeciB HaOmu-
KEHHS 70 TOYHOTO PO3B’A3KY 13 3alaHMMU NOKa3HU-
KaMH SKOCTi 1 MPHUITyCKa€ MOXJIHMBICTh KEepPYyBaHHS
MIBUJIKICTEO 301KHOCTI iTEpaIliifHOTO MPOIIECY.

Inero mporo meromy MOXHa 3acTOCyBaTd IO 3a-
Jad, 0 PO3TIIAIAIOTHCS Y TaHIi CTATTI.

OcHOBHA YacTHHA

Jis mpuknamy po3risiHEMO TBOBHUMIPHY TiJIpo-
IUHAMIYHY 3ajady, omucaHy piBHAHHsIMH Hap’e—
Croxkca takoi hopmu:
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e Uy = Ux (X, y) Ta Uy = Uy (X, Y) — KOMIIOHEHTH
BEKTOpa MIBUIKOCTI 32 KOOpAMHATAMHU X Ta Y BiJIo-
BisHO; P = P(X, Y) — THCK; V — B’s3KICTb (TyCTHHA)
PiOVHM; p — IIIIBHICTE PiAWHU.

JI71sl KOMIIAKTHOCTI 3aIiCy BBEIEMO MMO3HAYCHHS

Uy, y)=f(xy); Uy(x,y)=g(xy). (4

3 ypaxyBaHHSM MO3HAYEHb (4) 3aluIeMo pi3HH-
1eBy cxemy s cucremu (1)—(3) Ha mpsIMOKYTHi#
PO3paxyHKOBIH CITII:
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ne f,,0;;,R; — swavenna dynkuiii f(x,y),

g(x,y), P(x,y) y Toulli po3paxyHKOBOI CITKH 3 HO-
mepom (i, j); A, Ta A, — KPOKH PO3paxyHKOBOI CiT-
KM 32 KOOpJWHATaMH X Ta Y BIiANOBiIHO. Y piBHSH-
Hsx cucremu (5)—(7) BUKOPHCTAHO TOPSIOK 1HICK-
CiB, IO BiAMOBiAae ayihaBiTHOMY pO3TaIlyBaHHIO
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3MIHHUX (TIEPIIUH iHAEKC BIAMOBITAE KOOPAUHATI X,
JPYTH# — KOOPAKHATI V).

[IpomoHy€eThCS BUKOPUCTATH iTepaIiiiiHiii MeTOT
po3B’szanus cucremu piBHAHB (5)—(7), ocHOBaHMi
Ha moOynoBi IomoMiXHOI (uiaboBoi) ¢ynkuii. Ilo-
namo cuctemy (5)—(7) B y3aranbHeHi# hopmi:

M(H)=e;
Ay(H) =6, ®)
A (H)=¢,,

ne A. — y3arajbHEHI ONepaTopH, IO BIAMOBIIAIOTH
(GYHKLISM JTIBUX YacTWUH PI3HUIIEBUX PiBHSIHb CHUC-
temu; H={a,a,,...,a,} — MHOXMHA y3arajabHe-
HUX apryMEHTIB, €IEMEHTAMHU SKOi € HEBiOMi 3Ha-
geHHS QYHKUIN fu, Que, P« ¥ TOUKax po3paxyHKoO-
BOI CITKHU; €. — IpaBi YaCTUHM PiBHSHB, IO HE 3a-

JIekKATh BiJl y3araJbHEHHX apryMEHTIB a.; K — 3a-

rajbHa KiJbKICTh piBHSIHB cucTeMH; | — 3arambHa
KITBKICTP y3arajJbHEHUX apTyMEHTIB.
[MoOynyemo nomomikHY (QYHKIIIO, 3HA4YEeHHS

SKOI XapakTepuzye HOpMY HeB’si3ku cucteMu (8)
IPU TIPOMIKHHX 3HAYEHHSAX y3araJbHEHUX apryMeH-
TiB, 3HAWJICHUX Ha MOTOYHOMY KPOIIi ITepaliiHOro
mporecy:

v =§1 A(.)—e 2. 9)

BeeneMo nonomickHe qudepeHItiaibHe PiBHIHHS,

SIKE 33J]a€ YMOBY Ha MIBHJIKICTH 301KHOCTI iTeparliii-
HOTO TIPOIIECY:

V+cV =0, (10)

Jie ¢ — MOCTiliHA BEJIMYMHA — [apaMeTp SKOCTI JIi-
. Y.

HAMIYHOIO TIPOILIECY MOINYKY pO3B’s3Ky; V = e :

t — BigHOCHUI (PO3paxyHKOBHI) Yac, OB’ I3aHUH 3
KUIBKICTIO ITEpalliif pO3paxyHKOBOI'O MPOIIECY.

[lix yac po3paxyHKy y3arajJbHEHi apryMeHTH 4;
3MIHIOIOTBCS, 1 Y pasi 301KHOCTI mporecy HabIxKa-
IOTBCSL 10 TOYHHMX PO3B’SI3KIB CHUCTEMH PiBHSIHb
()-(7).

Tomy ¢dynkuis V (9) 3anexuts Bij yacy t He Ha-
IpsIMy, @ BHACIIIZIOK HAsBHOCTI 3aiexknoctert &, (t) .

BpaxoByrouu 1ie, MOKHA 3aIIMCATH:
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i nonomixkue piBHsHHS (10) HaOyBae BUTIIAAY:
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Takoxx MOXyTh OyTH BHUKOPHCTaHI TOTIOMiXHI
YMOBH y BUIJISIJII CACTEMH PiBHSIHb

i=1.k.

P= —sa—v , €=CV,
oR

CxopoyeHHsI pO3MIPHOCTI MPOCTOPY MOIIYKY

[Ipu po3B’s3aHHI cUCTEM JNiHIHHUX anreOpUUHUX
PIBHSHB 13 TPUAIarOHAJIBHOIO MATPHUIICI0 CHUCTEMH
IIMPOKO BUKOPHCTOBYETHCS METOJ] MPOTOHKH Ta HO-
ro moxudikarii [10]. Imess MeToay MmoOJsTaE y MOCTi-
JIOBHOMY 3HaxXOJ/DKCHHI BHpa3iB i1 HACTYIHHUX
KOMITOHEHTIB BEKTOpa HEBIIOMHX BEIMYHH Yepe3
roTnepeani. 3aCTOCyeMO TOMIOHHA TPUHOM 10 CHC-
temu (5-7). JAns mporo mepeTBOpUMO i1 piBHSHHS
TaKUM YUHOM:

A§ 2A, =V fi +A; AyGij =V fijat
A, A2
+AiAy fi’jgilj+1+ - |:)i+1,j =
p

2

=2A Ayfljflj+2A A f ngj
A A?
—+ X yPi,j_ZV Ai‘f‘Ayz fi,j+
p
+vA§,f,1J+vAif,Jl; (11)
AXAi fi+l,j gi,j +A§ Ax fi,j -V gi+l,j +

1
+Ai 2A,0; -V gi,j+l+EA§A P =

=20 AZf 0 +2A%A,0,,9;; +
1
+EA§AVP”—2V AZ+AL g+

+ VALY VALY s (12)

A, T

y li+l,j +Axgi,j+l:Ay 1:i,ijgi,j ' (13)

PiBustanst (11)—(13) ckimazeHi TakuM YHUHOM, IO
B iX JIIBMX YacTWHAX HasBHI BEIUYMHH 3 iHAEKCAMHU
(i +1)ta(j+ 1), a B npaBux YaCTUHAX — TUIBKU
Benmunnu 3 iHgexkcamu (i), (j), (i— 1) a (j — 1). Te-
1ep MOYKHA TTIOCTAaBUTH (QHAJIOTIYHO IO METOY MpO-
TOHKH) 3a/1a4y OTPUMAaHHS Ul KOXKHOI TOYKH 3 1H-
nexcamu (i, j) BUpa3iB HACTYITHMX HEBIIOMHX BEIIH-
yuH uepe3 nonepenHi. PiBusuusa (11)—(13) mosso-
JSIOTH PO3B’S3aTH 10 3a]a4y YaCTKOBO, OCKUTBKH Y
TPBOX PIBHSHHSX MPHUCYTHI MIICTh BEJIMYHH, SIKI Tpe-
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0a BHUpa3uUTH Yepe3 MOMEepe/IHi: fi+1,j v Givnj o P i

fi i Oijas P ju- Takum 4MHOM, MOXHA OTpHMa-

TH BUpa3d IJIs IBOX i3 WX BEIMYWH — HANPHUKIIA,

P.1j 1 P ji, | TAKAM YMHOM CKOPOTUTH Ha TPETUHY

PO3MIPHICT TPOCTOPY TOMIYKY, OCKITBKH 3aMiCTh
TPbOX HEBIIOMHUX (YHKLIM 3anuIIaeTbcs 3HAWTH
mume aBi — f(X,y) Ta g(X,y). Tpetio BenmuuuHy He-
Ma€ CEHCY BHPAXXaTH MPH I[bOMY IiIXO[i, OCKUTBKA
JUI. TIOJAJBILIOTO CKOPOYEHHS! TPOCTOPY MOUIYKY
HeoOXiHO O OyJI0 BUpa3HUTH IE 1 YETBEPTY BETUYU-

HY — Hampukiag, g, ; 1 §;;,; — @ 41 UbOro Ha-
SIBHUX PIBHAHB HEJJOCTATHBO.
Opranizanis napajeJb,HAX 00YHCIeHb

VY crarri [9] Oymo 3ampomoHOBaHO OIOKOBHIT
MiAXi 70 PO3B’SI3aHHS CHUCTEMHU JIHIHHHMX anreo-
puunux piBHsHb. Cucremu piBasHb (1)—(3) Ta
(5)~(7) € HenmiHIHHAMHK IIOMO HEBITOMMX BEIMYHH.
OpHak 10 iX po3B’si3aHHS MOXKHA 3aCTOCYBaTH aHa-
noriyauii O1okoBuil migxig. Tak, cucremy (5)—(7)
MOKHa PO3OMTH Ha KiJIbKa TPYII PiBHSIHB, BiIMOBIA-
HO JI0 KIJNIBKOCTI MpOIeCOpiB OaraTonporecopHoi
a00 pO3MOIIJICHOT 00YHCITIOBAIBHOT CHCTEMHU.

VY KOXHIl 13 TPy PiBHSIHP BHIUINTU B JIiBI Yac-
TUHU JOJAHKH, 1[0 MICTSTh BEJIUYHUHH, MMOUIYK SKHUX
Oyzne TMpOBOAWTHCH Yy TMOTOYHOMY payHni. Pemry
JOJTAaHKIB TIEPEHECTH B TPaBi YacTWHH, a 3HAYCHHS
3MIHHHX Y HUX 3a)iKCyBaTH, MiCIs BOTO MPOBOIH-
TH pO3B’si3aHHS OJIOKOBHMX IMMiJ[3371a4 32 METOAOM
(8)—(10) abo intmmm. OOMIH TaHUMH MiX OKPEMHMH
mi/13a1a4aMy MOKHA OpTaHi3yBaTH 3a paXyHOK Has-
BHOCTI MEPEKPHUTTS TPy, a00 BHOCHTH HOBI 3Ha4YeH-
HSl 3MIHHHUX, OTPHMaHi KOXXHHM i3 MpOIIECOpiB, B
00YHCITIOBAJIBHI MPOIIECH IHIINX MPOIIECOPIB, 3a pe-
JIAKCAI[IHHUM MTPUHIIMIIOM.

BucnoBku

Byno 3anpomoHoBaHO MaTeMaTHYHWHA METO/I
PO3B’SI3aHHS CHUCTEM HEIiHIWHUX PiBHSAHB, YTBOpPE-
HUX YUCEJIbHOK MOJICIUIIO TiIpOAMHAMIYHOI 3a/aui.
3anponoHOBaHUIl METOJ| TPYHTYEThCS HA BHKOPHC-
TaHHI JOMOMDKHOI (YHKLOII 1 MICTHTH mHapamerp
SKOCTI JIMHAMIYHOTO TPOIECYy TOMIYKY PO3B’s3KY,
0 JTO3BOJIIE KEPYBAaTH HIBHAKICTIO 301KHOCTI CHUC-
TEMH.

3anponoHOBaHO MiIXOAW IO MOAAIBLIOTO 3MEH-
HIEHHS] PO3MIPHOCTI MPOCTOPY MOIIYKY Ta OopraHiza-
1ii po3B’si3aHHS OOYHCITIOBAIBHOI 3a/1a4i Ha Oararo-
MPOIIECOPHIM a00 pO3MOJiNIeHIH OO0YNCITIOBAIBHIN
CHCTEMI.

MOXIIMBUMH HampsIMaMd TOAANBIINX JTOCHIJI-
JKEHb € BHMBUCHHS OOYMCIIOBAIBHOI SPEKTUBHOCTI
pearizamii 3ampoIIOHOBAHOTO METONY Y BHUMIAJKY
JMBOBUMIPHUX Ta TPUBHUMIPHHX 3aJad; ONTHMI3arlis
BHpa3iB, IO 3aCTOCOBYIOTHCS JISi CKOPOYECHHS PO3-
MIpHOCTI MPOCTOPY MOUIYKY, 3 MOTJISITY IIBUAKOCTI
HaOJIMKEHHS /10 TOYHOTO PO3B’S3KY; JOCIHIHKEHHS
MO>XKITUBOCTI CKOPOTHTH TPOCTIp MOMIYKY 3a TOpPSi-
KOM 32 paxyHOK paliOHAIbHOTO BHUKOPUCTAHHS
craiBBignomens (11)—(13); onrumizamis indopma-
HiHHUX TIporeciB OOMiHY AaHUMH MiX OJOKamMH y
OaraTornpolecopHiii (pO3MOJIiICHIl) CUCTEMi; BUB-
YEeHHSI MOKJIMBOCTI 3aCTOCYBAHHSI 3aIlPOIIOHOBAHOTO
METOJY JI0 33724 Ha HeperyIspHUX CiTKax.
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