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B pamkax ™ogenu baknes-JleBeperra paccMOTpeHa IOCTaHOBKA IPOCTPAHCTBEHHO-
TPEXMEpPHOHU 3amaun (QUIbTPAIUK ABYX()a3sHOH HECI)KUMAEMO KUKOCTH C YUETOM CHIIBI
TSDKECTH M 0e3 ydera KalWUIIPHBIX CHJ B IEPEMEHHBIX «JIaBJICHHE-BOIOHACHIIIECHHOCTHY.
Jlyist TUCKpEeTHOW MOJeNu, annpoKCUMUPYIOLIEH I'paHuYHO-HAa4YajIbHYI0 3anady (uibTpa-
LIMH, PACCMOTPEH YCOBEPIICHCTBOBAHHBIA HMTEPALMOHHBIN MOAN(PHIMPOBAHHBIA IOMNEpe-
MEHHO-TpeyronpHeli Metoq (MIITM), y4yuTeiBaronuil HaguMyue HCTOUYHHKOB (CTOKOB) B
OTHOCHTEIIFHO MAaJIOM YHCJIC Y3JIOB, IMEIOMINX XapaKTep AeIbTa-00pa3HbIX (0000ICHHBIX)
¢yHKOMH. BRITOTHEHO YHCIIEHHOE PEeIIeHNe BRIYUCIUTEIBHO TPYIOSMKOH 33U B TUIACTE
C CYILECTBEHHON HEOJHOPOIHOCTBIO MPOHULAEMOCTH, U3MEHSIOLIEHCA Ha YEThIpE MOpsAKa
B TIpejerax IUlacTa, KOTOPEIM MMeeT 3HAYUTEIhHOE MPEBOCXOMICTBO MO TpeOyeMoMy IUis
JIOCTIDKEHUS 3aJaHHOW TOYHOCTH 4YHciIy uteparmii — B 10 u Gonee pas Ha ceTkaX, BKIIFOYa-
romux 10 3200000 y31oB. Hns pa3zpaboTaHHOTO MOCIEAOBATEIHHOIO BapuaHTa, YCOBEP-
meHcTBoBaHHOro MIITM, npeuioxkeH napajijiesIbHbIM aIrOpUTM €r0 YHUCICHHON peanusa-
IIUM Ha MHOTOTIPOLIECCOPHOM CHCTEME C paclpeleIeHHON MaMAThIO - BBIYUCIUTEIBHON CH-
creme KOxHOro (enepanbHOro ynusepcutera B . Taranpore, cogepkarineir 2048 siaep, €
MTUKOBOM MPOU3BOAUTEIBHOCTHIO 18,8 Thiorc, 6a3upyromuiics Ha METOe ACKOMIIO3HIIUU
[0 JBYM IIPOCTPAHCTBEHHBIM HampaBieHUsM. [loka3aHO CyIIecTBEHHOE IMPEUMYIIECTBO
[PEAJIO)KEHHOTO0  MAapajUIeNIbHOTO — ajiroOpUTMa, IO CPaBHEHUIO C  TPaJULUOHHO-
HCIOJIb3YEMBIMU ISl YUCIIEHHOTO PELIeHMs] JaHHBIX 3a7ady — BpeMsl MOJCJIMPOBAHUS MIPO-
I[ecca 3aBOJHEHHS TUIACTOBOI CHCTEMBI COKPATHIIOCH B IECSITKH pas.

Kniouesvie cnosa: 3amava GuibTpaluy, BOJOHACHIIEHHOCTh, MOIU(QHUIIUPOBAHHBIN TOTIe-
PEMEHHO-TPEYTOIBHBIN METO

1. BBeaenue

MareMaTrueckoe OIMCAaHUE TPOLECCOB QUILTPAIMH MPU MPOSKTHPOBAHUH pa3padoTOK HeTs-
HBIX MECTOPOKACHUI NPUBOIUT K HEOOXOAMMOCTH PELICHUS] HAa4yaJbHO- KPaeBBIX 3a7ay Uil HeJH-
HEMHBIX YPaBHEHHH C YaCTHBIMH MTPOM3BOJHBIMH, KOTOPHIE B Cllydae TPEXMEPHOI MMOCTaHOBKH 3aa4u
nByxdazHoi GmibTparuu (Boga-HedTh) 03 yueTa CKUMAaeMOCTH OTAEIBHBIX (a3, MOTYT OBITH 3aITH-
cassl B Buze [1]:

((fu(s)ky 1ty + T,(S)K, 1 12,) P )'X +((Fu(S)ky /1ty + T, (S)ky [ p2,) p;)'y + (1)
+( £k, (P +9p) 11+ £, (P +9p,) 11,), +6, =0,

ms; = (£, (K, PL L aty) (TSP 1ty)  +(F (), (PL+9p,) 11;) |+ ¥
rae S=S(X,Y) — BOJOHACBILICHHOCTh; P = P(X,Y,t) — naBuenue; f,(s), f,(S) — oTHOCHTENBHBIE (a30-

BBIC ITPOHHUIAEMOCTH IJIA HC(I)TI/I 1 BOJABI COOTBETCTBECHHO; M — IIOPUCTOCTb IUIACTA; Ly, i, — BA3-

Pabora BemmomHeHa mTpW dYacTHUHOW Tomnepxkke 3amanus Ne2014/174 B pamkax 0a30Boi dacTh
rOCYAapCTBEHHOTO 3a/1aHnsi MunoOpHayku Poccun
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KOCTb HE()TH U BOJIbI COOTBETCTBEHHO; K(X,Yy) — NPOHMIAEMOCTb M1acTa; QyHKIUU (, U ¢, — QYyHK-
IIM, MOJENUpYIOIHe paboTy CKBaXWH; p, U p, — IUIOTHOCTH HE(TH W BOJIBI COOTBETCTBEHHO,
g — YCKOpEHUE CBOOOIHOrO MaJIeHHUs.

I'panudnbie ycmoBus OyeM paccMaTpuBaTh B CBS3H C TeM, siBisgeTcs u rpanuna ' obmactu G
MPOHUIIAeMOH Wi HeT. Ha HempoHHIaeMoii TpaHMIie TIOTOK IT0 HOPMAJIK TOJDKEH OBITh PaBeH HYJIIO,
4TO MPUBOMT K ycioBuio P, =0. Ha mpoHumaemoii rpanHuie, KOTOpPOW Takxke SIBISETCS KOHTYD,

OTPaHUYMBAIOIINI CKBRXHHY, OyJIeM paccMaTpuBaTh TpaHu4HbIe ycious 1 u 2 poxna. [Ipu coBmecT-
HOM JBHKEHMH (ha3, KOTOPbIE MbI OylIeM MPEATONaraTh PABHBIMA W, =W, +W,, e W, W, — TIOTOKH
He(TH M BOJBI COOTBETCTBEHHO, yJOBJIeTBOpsAtomue yciaoBmwsiM: W, = —kf, (s)grad p/ g, . I'pannanbie
YCIIOBHSI 2 poJia peaTu3yIoTcs, KOTraa 3a/IaH IMOTOK, 3aKaunBaeMbIi (OTOMpaeMBbIil) HAa YacTH ITUJIHH-
JPUYECKOH IPaHHIb X,

W, (X,y,z,t) =W(X,y,z,1),s(X,y,z,t) =S(X, y,z,t), (X, y,2)eZ,, 0t <t,.
a TaroKe JUIs 3aJaHHOTO 0TOOPA, 3a]aHHOTO Ha YaCTH IMJIMHIPUIECKON TPpaHUIBl 2, :

w, (X, y,)=W(x,y,t), (Xy.2)eZ,, 0<t<t,,
WM J1aBIICHUS.

W, (X, Y, 1) =W (X, y.t), p(x,y.t) =P(X,y,1), (X, y,2) € Z,, 0t <t,.

Pazymeercs, Ha yacTH LMIMHIPUUYECKOM MOBEPXHOCTH X, TAaKKe MOTYT OBITh 3a[JaHbl yCIOBHS

HEIMPOHUIAeMOCTH. byeM ucToap30BaTh MpH MOCTPOSHUH TUCKPETHBIX aHAIOTOB ypaBHeHnH (1) u Ha
CKBa)KMHAX 3aJaBaTh JIMOO JcOUTHI, JINOO 3a00iHbIC NaBicHHs. B KauecTBe (YHKIIMOHAILHBIX 3aBU-
cumoctei i 3ananus f,(s),i =12 Oyznem ucnoab30BaTh MOJIUHOMBI BTOPOTO-TPETHETO MOPSAKOB.

2. SIBHO-HesiBHAS AUCKPETHasA MOA€EJ/Ib

Bynem cuurats, uro G(X,Y,z)—00macTb, B KOTOPOl HaXOIUTCA pelIeHHE HayalbHO-TPAaHUYHON
3amaun ans ypaBuenuit (1),(2) — mapamrenenumnen. B obmactu G HCmoiap3yeM paBHOMEPHYIO IMPO-
CTPAaHCTBEHHYIO CETKY @,

@, ={ x =ih,y, = jh,z =kh,0<i<N,,0<j<N,0<k<N,} (3)

U HEPAaBHOMEPHYIO BPEMEHHYIO CETKy @, . Pa3HocTHble anmpoxcumanuu ypasHeHuil (1) u (2) Bo

BHYTPCHHHUX Y3JIaX CETKU @, UMEIOT BHI:

B’(—liIZ jik Piil'j'k 2_ Pi'j'k - B'(lilz ik Pi'j'k _ZPMYLK B'(Z')—llz k Pi’H’k — Pi'j'k - (4)
I W) h>< 1+ . ) hx (] B hj
—B-(z-) Pi,j+1,k - Pi,j,k n B_(g_) Pi,j,k—l - Pi,j,k _ B-(3-) Pi,j,k - Pi,j,k+1 "
i,j+1/2,k hyz i,j.k=1/2 hzz i,j,k+1/2 hz
+(gp1/y1)( fl,i,j,k—l + fl,i,j,k)kv,i,j,k—llz _( fl,i,j,k+1 + fl,i,j,k)kv,i,j,k+lI2 4
2h,
<f2,i,j,k—l + f2,i,j,k)kv,i,j,k—1/2 _( f2,i,j,k+1 + fz,i,j,k)kv,i,j,k+1/2
+(9p, 1 11,) on = Foiimo

z

rne f, =0 Bue ckpaxun; f =-B, (P, —P) Ha HaruetarensHbix ckaxunax; f, =-B (P, —P) na

SKCIUTyaTal[MOHHBIX CKBa)XHHaX; P,,P, — 3a00iiHbIe JaBICHNS Ha HATHETATEIbHON M SKCILTyaTal[uOH-
HOil CKBaXkMHaxX cootBeTcTBeHHO; B = Ak h, (. (S)/ 1 + f,(S)/ ), A =27 (In h/ (Z\Erc ) - C) .

HBHaH cxema i aHHpOKCI/IMaHI/II/I ypaBHeHI/Iﬂ, OITHMCBHIBAKOIICTIO U3BMCHCHNEC BOOOHACBHIIIICHHOCTH,
HNMECT BU!:
st o8 P, .-P.
i,k ijk — + i-1,j.,k ijk
mH _(51 fz,i—l,j,kkh,i—l,j,k +51 fz,i,j,kkh,i,j,k) h2 + (5)
Tn+1 Iu2 X
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- P k R 1,j,k
+(52 fzi,j,kkhi,j,k 4'52+ f2i+1,j,kkhi+1,j,k)%_
luzhx
- + P -1k P k
_(53 f2,i,j—1,kkh,i,j—l,k +53 fz,i,j,kkh,i,j,k) = h2 S
luz y
- ¥ P.k B Pi,‘+l,k
+(54 fz,i,j,kkh,i,j,k +9, f2,i,j+1,kkh,i,j+l,k)#_
;u2 y
P...—P.
- 55_f2i 'k—lkvi 'k—1+55+f2i 'kkvi j.k M"'
( A, AR AR SAANN ) :u2hzz
- + R k R jk+1
+(5e f2i,j,kkvi,j,k +8 fzi,j,k+1kvi,j,k+l) = le —-
Hoh;
90; ( - + 90, ( o+ -
- z (55 f2i,j,k—1kvi,j,k—l +55 f2i,j,kkvi,j,k)+_2(56 f2i,j,k+1kvi,j,k+1 +§6 f2i,j,kkvi,j,k)= fs '
ﬂzhz /u2hz
rie f,=0 BHe ckBaxun; f =B, (PW“'k - Pi,j,k) Ha HAarHeTaTelbHBIX  CKBa)XKHHAX;
fo=Bgiix (Po,i, ix — Pk )sif jk Ha& OKCIUIyaTAllMOHHBIX  CKB&XKHMHAX; CHMBOJBI &, O,

6 =0-6),0=12,3,4,56 onpenensrorcs U3 yCIOBHS OPUCHTALUH CXEMBI IIPOTUB ITOTOKA.

CooTHomeHus, onpeAenstonre KodQPUIMeHThl Pa3HOCTHRIX cxeM (4), (5), ToIydYeHbl HHTErPo-
HWHTCPHOJAIUOHHBIM METOJAOM U IJIA KPATKOCTH OITYIICHBI.

3. YcoBepuieHcTBOBaHHBI nTepauuonubiii MITTM

[Nepenumem cucteMy pa3HOCTHBIX ypaBHeHUH (4), (5) B BUAE C OJHOPOAHBIMH TPAHUYHBIMU
YCIIOBUSIMHU, H3MEHUB COOTBETCTBYIOIIMM 00pa30M IMpaByro 4acTth [2]:

Ay =u, Ay=—i(a;1yxa )K, +qy, Xe o, (6)
y(X)=0,X€}/, (7)
u(x)=p(x)+@ (x)/h +0,(X)/ bl +9,(X)/ b, xeo,

rae
ai(h1X2'X3)'ﬂ(0'Xz'X3)’X1:h1'

@ (x)=40, 2h <x <I,—2h, X, €E®,, X,;€w,;
al(ll,Xz,XS)-y(ll,Xz,X3),X1=|1—h1,
az(xl’h21X3)',u(X110'X3)’Xzzhz’
?,(x)=40, 2h,<x,<l,-2h,, X, €@, X;€w,;
az(X1,|2,X2)',u(X1,|2,X3),Xz=|2—h2,
a3(X1,X2,h3)-y(X1,X2,O),X3=h3,
@,(x)=40, 2h;<x,<I,-2h,, X, €, X,€m,.
as(X1'X2'|3)‘/‘(X1'X2’I3)’stls_hs!
QDYHKINA UCTOYHUKOB (, BXOJAIIast B ypaBHeHHE (6), HOCUT & — 0Opa3HBIiA XapakTep U B MOJaB-

nsroreM OOJNBIIMHCTBE y3/M0B ceTKu paBHa 0. IIpencraBuM cxemy UTEparMOHHOTO IBYXCIOWHOTO MO-
TUGUITIPOBAHHOTO TIOTIEPEMEHHO-TPEYTOIFHOTO METO/Ia B BHUIE:

n+l n
(D+a)R1)D‘1(D+a)R2)yT—_y+Ay”:f, ®)

n+l

rre
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(a a,, 1
Ry=)|-2y +—=y+=qy| 9
\Y ;_Iha Ys, 2h, y quJ 9)

2h

a a

3 +1 aax l
Rzy=—2[ Y, +—"y—gqy} (10)

Omneparopsl, BBEICHHBIE B COOTBETCTBHH C paBeHcTBaMU (9) u (10), ABISIOTCS CONpSHKEHHBIMU Ha
MHOYECTBE CETOYHBIX (PYHKIHUH, 00paIIaloINXCcs B HOJIb Ha IPaHULIE CETKU:
R,=-R;, A=R +R,.

ITomy4eHs! OTIEHKH JUTSI TIOCTOSIHHBIX A H 0.
SD<R +R,, RlDlRZS%(R1+R2),. (11)

a Taroke cetouHast pyHkims d(X), onmpeaensionas 3JIeMEeHThl THaroHaabHOW MaTpuiibl D.

3 a 9
d(x)=3|at+hiy, |22 3% e, (12)
() z;( 2h, 6])h2

Bynewm cumrats, 4o V* (X) — perieHne KpaeBoii 3a1a4u

a
(aav;’) S EVC R | X X, ew,, (13)
)3 2h, 6
ve=0, x,=0 x, 6 =I,.
TTonoxnm
ca(xﬂ,xg)zmaxv"‘(x), X = (X, X, X; ) € @, (14)
Cl(xz,x3), (XZ,X3)ew2><a)3, ecrna =1;
e Ca(xﬂ,xb.)z C,(X,%), (X, X)em xw, ecnmma=2;
C(X,%), (XX )emxw, ecma=3.
PaccMOTpUM Teneph APYTYE0 COBOKYHHOCTh TPEXTOUEUHBIX PA3HOCTHBIX 3a/1a4:
+1
(2w, —%w“ =—%, W =0,x, =0,x =I., a=123, (15)
X, €@, X=(X,%,X)€E®
Ilycts
ba(xﬁ,xg)zmaxwa(x), X=(%X,%,%)ew, a=123, (16)
bl(xz,x3), (Xz,xa)ea)zxa)3, ecin o =1 (2,3),60)‘[1/[ a=1,
r;[eba(xﬂ,x(,): b,(%:%), (X.X)emxaw;, ecmma=2;(f,6)=1(13),ecmn a=2;
by(X,% ), (X,%X)emxw, ema=3; (L2),ecm =3
02 0o o
Torna [dy ,1]£(Ay,yj, o =1.
TTonmoxnm
o, mx_{als00) @
4 A (% X Xg) + 8 (X + Ny, X, %)
;/1=Emax{ai(o,xz,x3),ai(ll,xz,x3),osrxrjgl)§m[ 2173 . 2 %) | [
4 a, (X, Xy, X3 )+ 8, (X, %, + 0y, %)
]/2:Emax{az(X“O’Xz)’al(xl’lz’XS)’OSTiX_hz[ 2 2073 22 1% Ty %) L
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72 = M 2 (.0, (3%, %), max (""S(X“XZ'X”*""*X“XZ’XS*“3)]

5 0<X3<l;—hy 2

BBeneM MocTOsHHBIC BETHMYUHBI (KO3 GUIMEHTHI) B COOTBETCTBUH C PABEHCTBAMHU:

ky =7,1(7,+T/3), a=123. (18)
Beipaxkenue st onpesesaeHust GyHkimn d(X) 3amuiercst CIeayonM 00pa3om:

1 1\t
3| at (b, \?|a b, \?
d(x)=3 | 5+ 2| 2= b, +e, | 2= | (19)
a=1 ha kla 2ha 6 kla

OreHka 171 napaMerpa A UMeeT BUJI!
1
A=max| max (ba(xﬂ,xg)km(xﬂ,x&))g+ca(xﬁ,x5) ,a=123, X €, X e,

a=1,23| Xyewy Xsc0s
(2,3), ecn a =1,
(8,6)=4(13), ecnu  a=2,
(1,2), ecmm o =3.
C yueToM paBeHcTBa 0=1, IPUXOAMUM K PaBEHCTBY, ONPEEIAIOLIEMY IApAMETP @,

@, =21A. (20)

B ciiyuae npumeHeHuUs! 4eOBIIIEBCKOTO YCKOPEHHsI UTEPallMOHHOTO Mpoliecca sl Yucia uTepa-
it no(€), TpeOyeMoro JUIst AOCTHKECHHUS 3alaHHON TOYHOCTH € CIIPaBEAINBa OLICHKA!

no(g)z%ln(gj, no(g):O[\/N_oln(SD, No = max {N;,N,, N, } . (1)

4. Peurenue MoaeJIbHOH 3a1a4u

[IpuBenem noctaHoBKy MoJesIbHON 3axa4un. CpeqHsisi IPOHULAEMOCTh HE(PTEHOCHBIX MJIACTOB CO-
crasnsieT 10-12 M2, DTo 3HaYEHHME B3ATO B KayecTBe 6a30BOi MpoHuIaeMocTu. Jlanee 6a3oBas IPOHH-
[IAEMOCTh YMHOXKA€TCsS Ha HEOMHOPOIHBIH KOd(Q(HIMEHT MPOHUIIAEMOCTH, TMOKa3aHHbBIM Ha puc. 1
(crenepupoBan ciydaiiHo u3 nuanasona 0.01...100 va mone 150x150 merpoB). Takum oOpazom, pasz-
Opoc 3HAYEHMIA TIOJISI MPOHUIIAEMOCTH COCTABIISIET 4 MOPSIIIKA.

100.00
51.79
26.83
13.89

7.20
3.73
1.93
1.00
0.52
0.27
0.14
0.07
0.04
0.02
0.01

Puc.1. Pacnipenenenue npoHUiaeMoCTei miacra

Tonmmuaa mnacra: 10 M., ropusoHTalmbHBIE pa3Mepbl oOmactu: 150%150 MeTpoB, rpaHUYHBIC
YCIIOBUSL — HENPOHMLIAEMbIE CTEHKU. 3aaBINCh CYTOUYHbIE NEOMTHI CKBAXHH, B OIHY M3 KOTOPBIX
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(HarHeTaTeNbHYI0) BOAA 3aKauMBaiach ¢ nebutom 300 M%/cyTkn, a U3 Apyroi (SKCILTyaTalMOHHOMN)
BBIKAYMBAIach HE()TEBOJOHOCHAs CMECh ¢ OTpULATENbHBIM aebuToM 300 M%/cyTku. IIponunaeMocTsh
ITacTa B 3aBHCHMOCTH OT BEpPTHKAIbHON KOOpPAMHATHI HE MeHsIach. lcmomp3oBanach MpocTpaH-
CTBEHHO-TPEXMEpHasl ceTKa ¢ o0ImM KoaudecTBoM maros: 300x300%20, mar mo BpeMeHH COCTABIISLIT
0.003 — 0,005 cytok, cerouHoe ypaBHEeHHE Ui (YHKIMH JaBICHHS PELIaoCh YCOBEPIICHCTBOBAH-
HeIM MITTM. Ha puc. 2 npuBeneHsl pe3yiabTaThl YUCICHHBIX AKCIIEPUMEHTOB 110 pacyeTy (QYHKITHH
BOJIOHACBIIIEHHOCTH.

150

125

100

75

25

125

100

75

0.75
0.70
0.65
0.60

0.55 50
0.50
0.45
0.40

0.36
25 om0 2 030
0.25 0.25
0-20 ﬁ 0-20
0.15 0.15
1] fi] N ! L 1 1 J
150 Q 25 50 75 100 125 150

Puc. 2. Pacnpenenenne Gpynkimn BogoHackieHHocTr yepes 10 (a), 20 (6), 50 (8), 200 (1) mueit

Pesynbrar pacuera pacnpenenenns GyHKINH qaBieHns yepe3 S0 mHel mpuBeaeH Ha puc. 3.
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150

125

100

75

125 150
Puc. 3. Pacnipenencuue ¢pyHkuu nasieHus uyepes S0 aueit
B 1abn. 1. npuBeneHo KOIMYECTBO UTEpauni, TpedyemMoe s Iepexoa ¢ MPeabIAyILero cios Ha
HOBBI{ CJIOH 1O BPEMEHHU.

Ta6mma 1. KonnuecTBo utepanuii, TpedbyeMoe [Jis mepexoia Ha HOBBIH CJIO# 10 BpeMEHU

Howmep BpemeHHOT0 ciiost MeTton penieHns CeTOYHBIX YpaBHEHUH UIsl QYHKINU TaBISHUS
MeTox 3enaens METOJ BEPXHEN penak- MIITM
Caluy ¢ MIaxMaTHON
YHOPSII0YEHHOCTHIO
Y370B
1 37535 7232 752
2 23347 3243 314
3 14138 2172 196
4 13190 1918 188
5 12932 1863 184

Pe3ynbraThl YMCIEHHBIX 3KCIIEPUMEHTOB JAEMOHCTPUPYIOT 3HAUYMUTENBHOE MPEUMYIIIECTBO TTOCTPO-
enHoro Bapuanta MIITM 1o cpaBHEHHIO ¢ YIIOTPEOUTEIHLHBIMU METOJaMH METOAOM 3EHIes U METO-
JIOM BEpXHEH pelakcaluy C IMIaXMaTHOM yHOPSJOYEHHOCTBIO Y3JI0B — BBIMTPBIII B YHUCIE WUTEPALMi
cocrapmsieT Oonee yem 10 pas.

5. [MapanjeabHas peanu3anus

Jlnis mapasuieNibHOrO pelleHusT MOACTHHON MPOCTPAHCTBEHHO-TPEXMEPHOW 3a/1aud (HIIbTpAIN
HCIIONB30BANICS ycTaHOBIIEHHBINH B Taranpore u sxcruryarupyemsrii ¢ 2010 r. HPC-kmactep FOxHOrO
denepanbHOrO YHUBEPCUTETA, KOTOPHIA MPEACTABIIeT COOOH MHOTONPOLECCOPHYIO BBIYHUCIUTENb-
HYIO CHCTEMY C PacIpeleleHHON MaMAThIO, COCTOSIIYIO W3 128 BBIUMCIHUTENBHBIX Y3JIOB W OOIINM
yrcnoM siiep 2048. OnbIT penieHns MOA00HBIX CETOYHBIX 3a/1a4 Ha JIaHHOW cucteme [3-8] mokaszan,
YTO JIEKOMIIO3UIMS IO OJHOMY KOOPIMHATHOMY HalpaBIICHUIO JaeT ImpuemiieMble 3HadeHus 3dpdek-
TUBHOCTH NIPH OTHOCHTENIBEHO HEOONbLIOM umcie, nopsiaka 10-15, ucnonb3yeMbIX BBIYMCIUTEIBHBIX
saep. [lostomy Obuta PUMEHEHa IEKOMIIO3UIMS 10 JBYM KOOPAWHATHBIM HampaBieHHsM (puc. 4),
IIPH 3TOM CMEXKHbIE 00JIaCTH MEPEKPHIBAINCH ABYMsI CTPOKAMHU WIJIM CTOJIOLAMH Y3JI0B IO HampasJie-
HUIO, MEPIICHIUKYISIPHOMY TUIOCKOCTH pa3OueHus. JIeKOMIO3UIMs 0 TPeM KOOPAMHATHBIM HaIlpaB-
JICHUSIM TIPH CYIIECTBEHHOH aCHMMETPHH B KOJMYECTBE Y3JIOB I10 TOPU30OHTATHHOMY M BEPTHKAIBHO-
My HaIpaBJICHHUSAM HE ITO3BOJISIET OCTPOUTH 3 (HEKTUBHBIA aJITOPUTM.
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Puc 4. 2 D nexommo3unus o0sacTu

PaccMoTpuM nmapasuieNbHbIH alropuT™ pacdeTa BEKTopa MOMPaBKH:

(D +@,R)D (D + @, R )Wy, =,
rae R, — HWKHe-TpeyronbHas MaTpuua, R, — BepxHe-TpeyronbHas MaTpuua. [jid BEIYMCICHUS BEK-
TOpa MOMPABKH HY>KHO TTOCIIEIOBATEIFHO PEIIUTH JIBA YPaBHEHHUS:

(D+®R)Y,., =", (D+@,R)W,,, =Dy, .

Bnauase Bpraucnsercs BCKTOp ym , P 3TOM pACUCT HAUYMHACTCA B JICBOM HMIXHEM YIIY. 3ateM
U3 MPABOTO BEPXHETO YIJIa HAYMHACTCSI BBIYMCIICHHE BeKTOpa monpaBku W™ . Cxema pacdera BEeKTopa
y" u300paxeHa Ha puc. 5. Ha mepBoM Iare BHIYHCICHHU# TIEPBBIi mpoiieccop 00pabaThiBaeT BEPXHUI

clIoM. 3aTeM OCyIIeCTBIseTCs Nepeaada IepeKpbIBAIOLINXCS JIEMEHTOB CMEKHBIM IporieccopaM. Ha
CJIeIYFOIIEM IlIare MepBhId Ipolieccop oOpadaThiBaeT BTOPOU CIIOH, a ero coceau — nepssiid. [lepegayua
3JIEMEHTOB TIOCJIE pacyeTa ABYX CIOEB MEPBBIM MPOIIECCOPOM IMOKa3aHa Ha PUC.D.

Puc. 5. Cxema 00xo/1a 00JaCTH JJIs pacyera BeKTopa y"

PesynbTathl pacdera yckopeHUs ¥ 3QQEKTUBHOCTH B 3aBUCUMOCTH OT KOJIHMYECTBA MPOIIECCOPOB
JUIsl TapaJyIeIbHOTO BapHaHTa aJalTHBHOTO IONEPEMEHHO-TPEYTOJIBHOIO METO/a IPHUBEACHBI B

Tabx. 2.

Tabéuuua 2. 3aBHCUMOCTH YCKOPEHHS U 3()(HEKTHUBHOCTH OT KOJIWYECTBA IIPOLIECCOPOB

Komraecrso YckopeHue DddextnBHOCTH
IIpoLCCCOPOB
1 1 L
2 1,90 0,95
Z 3,12 0,78
8 5,96 0,74
16 9,76 0,63
32 17,92 0,56
64 31,36 0,49
128 47,1 0,37
256 46,6 0,18

JlaHHBIN aITOpUTM MO3BOJIMI JOOUTHCS yCKOpeHwus Oojee yeM B 46 pa3 Ha 128 sapax (mo cpas-
HEHHIO C TIOCIIEA0BATEIbHBIM allTOPUTMOM), 4To B uTore mo3posseT B 300 — 2000 pa3 yMeHbLIUTH
BpeMsi pellieHHs 3a/1a4H 110 CPaBHEHHIO C TPAJAWIIMOHHBIMH TTOCIIEI0BATEIbHBIMU aITOPUTMAMH — Me-
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TOIOM 3eU eIl K METOZIOM BepXHEH pellakcaluy ¢ MaxXMaTHOH yIopsAA0YeHHOCTHIO Y3JI0B TIPH peliie-
HUHU MOZEJBHBIX 3a1a4 ¢ yrcioM y3ioB a0 3 200 000.

6. 3akiarouenue

Pa3paboTanHbIi alTOPUTM MTO3BOIIIT TOOUTHCS yCKOpeHus Ooyiee ueM B 46 pa3 Ha 128 BEYHCITH-

TEJIBHBIX siApax (M0 CPAaBHEHUIO C MOCIEA0BATEIbHBIM aJTOPUTMOM), YTO B UTOTE Mo3BoJjsieT B 300 —
2000 pa3 yMEHBIIUTE BpeMs pelIeHus 3a1a4l GUIbTPALMU IO CPABHEHHIO C TPAIUIIMOHHBIMHU MOCTIE-
JIOBaTEJIbHBIMM JITOPUTMAaMU — METOJOM 3eiiienss ¥ METOAOM BEpPXHEW pelakcaliy C HIaxMaTHON
YIOPSA0OYEHHOCTBIO Y3JI0B MPH PELIEHUH MOJENIBHBIX 3a7a4 ¢ uucyioM y3ioB a0 3 200 000, u B 10 —
60 pa3 1o cpaBHEHMIO C UX MapaJUIETbHBIMU aHAJIOTAMH.
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Parallel numerical implementation of spatially three-dimensional
model of two-phase fluid filtration based on advanced alternating
triangular method

A.l. Sukhinov!, A.E. Chistyakov?, A.A. Sukhinov®, L.A. Grigoryan*

Don state technical University!, Kalyaev Scientific Research Institute of Multiprocessor
Computer Systems at Southern Federal University?, Skolkovo Institute of Science and Tech-
nology®, North-Caucasus Federal University*

The spatial-three-dimensional problem of two-phase filtration of incompressible fluid was
being considered within the Buckley-Leveret model in view of the gravity and without ca-
pillary forces in variables "pressure-water saturation". The advanced modified alternating
triangular iterative method (MATM) that takes into account the availability of sources
(sinks) in a relatively small number of nodes with delta-shaped (generalized) functions was
considered for the discrete model that approximates the boundary-initial filtration problem.
The numerical solution of computationally laborious task in the layer with significant het-
erogeneity of permeabilitywas performed, which are changed to four magnitude orders
within the layer with a significant advantage in required iterations to achieve a given accu-
racy — in 10 and more times on grids with up to 3.2 million nodes. The parallel algorithm of
numerical implementation of the developed sequential variant of advanced MATM was
proposed in this paper which are based on the decomposition method in two spatial direc-
tions. It is performed on a multiprocessor system with shared memory — the computer sys-
tem of the Southern Federal University in Taganrog that are contained 2048 cores with the
peak performance 18.8 teraflops. The significant advantage of the proposed parallel algo-
rithm was shown, compared to traditionally-used methods for numerical solution of these
problems — the time simulation of the flooding process of layer system was reduced in tens
of times.

Keywords: filtration problem, water saturation, modified alternating triangular method.
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