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PaccmarpuBaercs 3ajaya MaTeMaTHYECKOTO MOJAEIUPOBAHUSA U YMCICHHOIO aHAJINW3a TCUCHUN BS3KOU HECIKUMAEMOMU
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The problem of mathematical modeling and numerical analysis of viscous incompressible fluid flows often occurs when
analyzing real flows in science and technology. Thus, there is a necessity to study the flows in which a nonstationarity
manifests not only in depending on time of the flow characteristics but also in dependence on time of area, in which the
flow is considered. An example of such flow may serve the interfusion of the mixture in a mixer with moving blades.
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This paper considers the problem of mathematical modeling and numerical analysis of viscous incompressible fluid in a
region, whose boundary changes over time. The mathematical model is the initial boundary value problem for the
stream function in a doubly connected domain. The feature of the problem is in the fact that the boundary conditions
contain an unknown beforehand function of a time — the value of the stream function at the inner boundary. To
determine this function is proposed to use the integral relation, which provides the uniqueness of the pressure in the
doubly connected domain. This condition consists in zeroing taken along the inner boundary curvilinear integral of the
normal derivative of the velocity vorticity. To solve this problem, the principle of superposition and structural R-
functions method with approximation of uncertain structural components by the Galerkin method is proposed to use.
Using the principle of superposition the initial boundary value problem is reduced to the solution of two initial
boundary value problems, in the statement of which the unknown quantities are not included. For each of these two
initial-boundary value problems a complete solution structure — the functions bundle, which exactly satisfies all the
boundary conditions and includes the undefined functions — was constructed by the R-functions method. The undefined
components of the structure are proposed to approximate by the Galerkin method for time-dependent problems. In this
case, the approximation is sought as a linear combination of the coordinate functions. The coefficients of this linear
combination are the time-dependent functions, which are found from the condition of orthogonality to the first n
coordinate functions of the residual, obtained by substituting the approximate solution to the equation and the initial
condition. This yields the Cauchy problem for a system of ordinary differential equations. To solve the Cauchy problem
are encouraged to use the Runge-Kutta-Merson method. The computational experiment has been conducted for the case
of the unit square with disposed therein propeller, rotating with constant angular velocity. It is assumed that the
boundaries of the region are impermeable solid walls, the outer boundary is immovable and the flow in the region
develops from a state of rest and is caused by the rotation of the propeller with a constant angular velocity. For
numerical integration the Gauss formula with 32 nodes for each variable was used, and coordinate functions were
constructed using the Legendre polynomials. The flow velocity fields at different times were constructed. It is noticed
that the reverse flow zones formed in the deepenings between the blades. By using the R-functions method the geometry
of the area at any one time was able to take into account accurately. Moreover, the use of the Galerkin method for
approximating the indefinite components of structural formulas led to the fact that the approximate solution was
obtained in an analytical form, which facilitates its further use for finding the velocity field, pressure and other flow
characteristics.

Key words: nonstationary viscous fluid flow, domain with movable boundary, stream function, Galerkin’s method, the
R-function method.

BBEJEHUE

[IpobGnema MareMaTH4YeCKOro MOJECIUPOBAHMS M YHMCICHHOTO aHajdu3a TEYeHWH BS3KOU
HEC)KMMAEMOM KHUIKOCTU 4acTO BO3HMKAET IIPU AHAIU3€ PEAJIbHBIX TECUEHUN B HAYKE U TEXHUKE.
HccnenoBanuss B 3TOH 00JIACTH CTUMYJIUPYIOTCS TOTPEOHOCTSIMH aBUAILlMU, KOpaOJeCTPOEHHS,
TEIUIO3HEPreTUKH, re0(U3NKH, OMOJIOTUH U TIp. 3a MOCJIeIHNE JecATUIIETUs cepa Uccael0BaHus U
NPUMEHEHUS SIBJICHMH, CBS3aHHBIX C JBM)KEHHEM JKUIKOCTH, TIIOCTOSHHO paclliupsieTcss u
OXBAaTBIBACT BEAYIIME HAIPABICHHUS MNPOMBIIIICHHOCTH (XMMHUYECKHE TEXHOJOrHH, Hedre- U
razopa3paboTka, METALUTYPTUs U T.J.) U PsiJ €CTECTBEHHBIX HayK (Omosiorusi, pusuka atMochepsl U
okeaHa u 1ap.). Ilpm 3TOM BO3HUKAaeT HEOOXOIUMOCTb HCCIENIOBaTh TEUYEHHS, B KOTOPBIX
HECTAllMOHAPHOCTh MPOSBISETCS HE TOJIBKO B 3aBUCMMOCTU OT BPEMEHU XapaKTEPUCTUK IOTOKA, HO
U B 3aBUCHUMOCTH OT BPEMEHHU 00JIaCTH, B KOTOPOIl paccMaTpuBaeTcs TeueHue. [IpumepoM Takoro
TEUEHUSI MOXKET CIYKUTh MIEpEMEIINBAHNE CMECH B MUKCEPE C ABMXKYIIIMMHUCS JIOTIACTMHU.

CyiecTByeT MHOXKECTBO YHCIICHHBIX METOJIOB, IPUMEHSEMBIX TPU pacyeTe BA3KUX TeueHuil [1-3 u
Hp] B ocHOBHOM 3TH YHCIIEHHBIE METOABI UCIOJB3YIOT METOJ KOHCYHBIX paSHOCTeI;’I n METOA
KOHEUHBIX JJIEMEHTOB. DTH METOABI MPOCTHl B pealu3allii, HO HEe O00]agaroT HEoOXOIUMBIM
CBOMCTBOM YHUBEPCAJIbHOCTH — IpHU MEepexojie K HOBOW 00sacTH (0COOEHHO HEKJIacCHUYeCKOM
reoMeTprH) HeOOXOJMMO T'eHEpHpPOBAaTh HOBYIO CETKY, @ YaCTO M 3aMEHSTh CIIOXKHBIE YYacTKU
rpaHuibl IPOCTBIMU, COCTABIICHHBIMHA, HAITPUMEP, U3 OTPE3KOB MPAMBIX.

TouHo yuecTh TeOMETPHYECKYIO HMH(MOPMAIMIO, BXOAAIIYI0 B IIOCTAHOBKY 33/1aud, MOXHO,
BOCIIOJIb30BABIINCh KOHCTPYKTUBHBIM ammapatoM Teopud R-¢ynkimii, npemnoxennsiM akaa. HAH
Vkpaunsl B.JI. PBaueBbiM [4] U pa3pabarbiBacMbIM B HACTOSIIEE BpPEMS €r0 YUCHUKAMHU. 3ajayud
THIPOAMHAMUKKA — paccMaTpuBamck B paborax C.B. Komocosoit, K.B. Makcumenko-Illeiiko,
W.I". Cysopogoii, T.W. eiiko, M.B. Cunoposa, A.B. Aptroxa u np. [5-12]. Umu ObutH paccMOTPEHBI
TEYEHUs UACaIbHON XKMJIKOCTHU, BA3KOM Ui CIy4aeB, KOrJa MOXHO MOCTPOUTh PELICHHE 3a CYET
yIa4YHOTO BbIOOpa KOOpAMHAT (OCECUMMETPUYECKHE TEUEHHUs, TEUeHHs, 00JIaaarole BUHTOBON
CUMMETpHUEH, U T.I1.), BA3KOH B 001aCTAX, TPaHULIA KOTOPOH HE U3MEHSETCS C TEUEHHEM BPEMEHHU.
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OnHako BS3KME TE€UYEHUS B OOJIACTSIX C MOJABMXKHOM (MEHsIOLIEH co BpeMeHeM (opMy) IpaHUIIei C
nomouipio Metona R-dbynkuuit He uzywyanuch. Takum oOpa3om, pa3paOoTKa HOBBIX METOJIOB
MaTEMaTHYECKOI0 MOJEIMPOBAHUS M YHUCIEHHOIO aHajiu3a TEUEHUN BSA3KOW MKHUJIKOCTU 3TOTO
KJIacca Ha OCHOBE MeToJ1a R-hyHKIMIA SIBISETCS aKTyalbHOM HAYYHOU MTPOOIEeMOiA.

Ilenpto Hacrosimedd pabOThI  sBISETCS pa3paboTKa HOBBIX METOJOB MAaTEeMAaTHYECKOTO
MOJICTIMPOBAaHUSl W YHCIEHHOTO aHajn3a HEeCTAllMOHAPHBIX TEYEHHH BSI3KOW HEC)KHUMaeMOn
KHUJKOCTH B MHOTOCBSI3HBIX 00JIACTSIX C MOJBMKHON (MEHSIOIICH cO BpeMeHeM (opMy) rpaHHIIeH
Meronamu R-pynkuii u ["anépkuna.

Hacrosimass pabora mpogoipkaeT HCCleAoBaHUs, Hadatble B [13] ans cranmoHapHBIX 3ajad.
IIpenBaputenbHble pe3yiabTaTbl pabOThl ObUIM JOJIOXKEHBl HAa TPEX MEXKAYHAPOIHBIX HAayUHBIX
koH(pepenmsx [ 14-16].

1. IOCTAHOBKA 3AJJAYH

PaccMOTpHUM IJIOCKOE HECTAIMOHAPHOE TeUeHHe BA3KOH HecknMaeMoii sxuakoctu B oomacta Q(t),
dopma KoTopoii MeHsieTcs ¢ TeueHneM BpeMenH t. ITycts o6macts (t) sBnsercs mBycsa3HOI U ee
rparmmna OCQt) cocTouT M3 BHemHEro KoHTypa 0Q), , KOTOpbIi OyzneM cuMTaTb HEM3MEHHBIM BO
BpPEMEHH, U BHyTpeHHero koHTypa OC,(t), dopma KOTOpPOro ¢ TEYEeHHEM BpPEMEHH MOXET
MeHThCA. 1 mpuMepa pacCMOTPUM HPSIMOYTOIBHYIO 00JIaCTh C «IIPOIIEIIEPOM», BUI KOTOPOH B
MoMmeHT Bpemenu t=0 mpuBenen Ha puc. 1. Bymem cuurtaTh, 4TO TPaHUIBI 00JACTH SBISIFOTCS
HENPOHMIIAEMBIMH TBEPABIMM CTEHKAMHM, BHEIIHSA TpaHWIA HemojsikHa, a Tedenme B CU(f)
pa3BUBACTCS M3 COCTOSHUS MOKOS M BBI3BAHO BPAIICHUEM «IIPOIEIUIEpay C MOCTOSHHON yrIIOBOH
CKOpOCTBIO W . TpeOyeTcst OnpenenuTh noie CKopoctei (V,,V,) TeueHus B 0bnactu Qt).

IIycTh paccMaTpuBaeMO€ TEUEHUE OTHOCHUTCS K MOJ3YIIHMM, TaK YTO HEJIMHEWHBIMH CIaraéMbIMH B
ypaBHeHUssX HaBpe-CTokca TMAPOAMHAMUKM BSI3KOM JKMIKOCTH MOXKHO HpeHeOpedb (3TO T.H.
npubmmxenne Ctokca) [17]. Maremaruueckoe MOAETMPOBAHUE IUIOCKMX TEYEHHUH YHAOOHO

IPOBONUTE ¢ oMosio Gyrkmmy Toka (X, Y,t), BBoammoii cooTHOmeHNAMY

P AV

oyl Y X

oy

oy

Puc. 1. Bug obmactu Q(t)L:O

DizuKko-mamemamuuni HAyKu



131

Jlns dyaxmmm Toka Y(X, Y,t) MokKHO mOCTaBUTE cleyoNIyIo HAYaIbHO-KPAEBYIO 3a1ady:

_aA_‘VJriAZW:o V(x,y)eQ(t), t>0, 1)
ot Re
\V|t:0 =0, (2)
Wi, =00 Wl =€), ®)
L] L — @)
on a0y, on a0y (1)

rne Re — umcno Peitnonsaca, C() — Hexoropas memssectHas GyHKIHMA oT t, N — BHemIH:ASA
2 o o o
HopMmans k rparune obmactu Q(t), A® — Gurapmormueckuii oneparop, A* = —t2——+—-
OX oxoy® oy
O yYHKIHIO C(t) HY)KHO HAaWTH M3 YCIIOBUS OJHO3HAYHOCTH JABJICHHS B MHOTOCBSI3HOW 00J1acTH,
KoTopoe umeet Bu/ [13]

A
§ B¥as-o, (5)
sy ON
o* 0
rae A —omeparop Jlamnaca, A= —+— .
ox~ oy

O6o3naunm OQ(t) =0Q, UoQ, (t) .
2. METOJ YUCJEHHOI'O AHAJIM3A

Jnsa pemenust 3agauu (1)-(5) Bocnonb3yemcs metonom R-dynkimit [2].

B cootBercTBuM ¢ npuHIunoM cynepnoszuuuu [13] pemenue 3amaun (1)-(5) npeacraBum B BHzE
CYMMBI

(XY, 1) =y, (X y, D) +c(t) - wy (X, ¥, 1), (6)

rae y,(X,y,t) — pemenune 3agaun

oAy, 1 .,
oy = ARy =0 V(X Y)eQ(t), t>0, 7
oA (X, y) € €(t) (7)
\VOL:O:O, (8)
oy oy
=0, Mol _o. 0 =—w, 9
‘Vo|aQ(t) N |, N |s0,0) ©
a v, (X, y,t) — pemrenue 3aaun
oAy, 1 .,
ML~ Ay =0 V(X V) eQ(t), t>0, 10
A (x,y) eQ(t) (10)
\411|t=0 =0, (11)
0
\Iflagozo’ \Vlaﬂl(t):l’ % =0. (12)
()
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Tornma, nonacrasus (6) B (5), MOIy4nM, 4TO

OAv, ds
N on
C(t) - _ ()Q.l(t) .
oAy, ds
o ON
N3BectHO [18], uTo 11 3amaun CTokca
Az\u =F B Q,
= oy <
v, =f6), —| =04(s), seaQ, (13)
on |

CTPYKTypa pemieHus (my4ok (GyHKIUN, TOUHO yIOBIETBOPSIONINI KpaeBbiM ycioBusaM (13)) umeer
BH/T

y=f-o(D,f+9)+o’D, (14)

e f=ECf, §=EC§ — nponomxenus ¢pynxmmiit f, § B Q, omeparop D, ompenensercs

PaBEHCTBOM
v 0 Ow 0
ey
® — HeompesieNeHHAs KOMIIOHEHTA CTPYKTYPHI, a hyHkius M(X, Y) obnanaer ceoiicTBamu
a) ®=0 na 0Q;
0) o>08 Q;

B) Z_O) =-1 Ha 0Q), N — BHemH:A K OC) HOPMaJb.
n

®dynxmms ©(X, Y) ¢ ykazaHHBIME CBOHCTBAMH MOKET OBITh OCTPOEHA C MOMOIIBI0 R-(yHKIMiA s
JIOCTaTOYHO IIMPOKOTO Kiacca odacteit [4].

Hycts dynkmum ©=o(X, Y,t), o, =w,(X,y), o =o/(X,Y,t), TocCTpoeHHbIE ¢ TOMOMIBI0 METOIA
R-dbynkuuii [4], TaKOBBI, YTO yIOBIETBOPSIOT YCIOBUIM

pu mobom t >0 ®=0 ma 0Qt); ©>03 Qt); Z—wz—lﬂaﬁﬂ(t),
n

®,=0mHa 0Q,; o, >0 B Qt)Uo(1); a@%:—l Ha 0Q),,

npu moboM 120 ©, =0 na 0Q(t); o >0 B Q(t)UQ,; %:—1 Ha OQ) (1) .
n

Jlnst pacematpusaemoii o6mactu Q(t) (puc. 1) pynximn o, ®,, ®, IMEIOT BU:

(D(X’ y’t) = [(OO(X! y)] No [_0)1()(! y!t)] )
1 1
@y (X, Y) = [K X(A- X)} Ao {E y(B- Y)} :

(X, Y, 1) = [0, (X', y)] v, [0, (X, Y],
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rac

5,(X, y') {ﬁ(c—x')(x'—b)}o [d—fa (d —y')(y'—a)},

o, (X, y) = [d—fa (d—x)(x - a)} A [ﬁ (c—y)(y - b)},

x'=(x—choswt—(y—ﬁjsinwt+w,
2 2 2

y’:(x—ﬂ)sin\/\n+(y—chosm+bi,
2 2 2

Ao — 3HaK R-koHBIOHKIUH, UA,V=U+V— »\/uz +V2 )

V, — 3HaK R-mu3bronkouu, U VoV=U+V+ xluz +V2 .
Hcnone3ys dopmyny «ckneiikmy» [4], mis 3anad (7)-(9) u (10)-(12) nmonyuum

®, _ —Waoy,

f,=0, f =

- 1 0~ ’ glzo-
(,00+(D1 0)0+(D1

3naunt, o Gopmyne (14) moaydnm cleAyromme CTPYKTYpPhl PEUICHUs HAdallbHO-KPAeBBIX 3a1ad

(7)-(9) u (10)-(12):

Wi
Y, = 0y 2D, (15)
(DO + (x)l
v, = Do —a)Dl( @ j+coZCD1, (16)
(DO + (,01 0)0 + (,01

rae @,, @, — HeonpeaeICHHbIE KOMIIOHEHTHI CTPYKTYP.

Wrak, ¢pynknus y, Bupa (15) npum aro00oM BeIOOpe HeONpeneaeHHONW KOMIOHEHTHI @) TO4YHO
yIOBJETBOpsieT KpaeBbIM ycioBusM (9), a ¢ynxuus , Buga (16) mpu mroboMm BbeiOOpe

HEONpeIeIeHHON KOMIIOHEHTb! D, TOYHO YyIOBIETBOPSET KPaeBbIM yCIOBHIM (12).

JUis  anmpoKCHMAIMM HEOINpPEeNIeHHBIX KOMIIOHEHT B CTPYKTYpHBIX Qopmynax (15), (16)
BOCIOJIb3yeMcst MeToioM ["anépkuHa nj1st HecTalmoHapHbBIX 3a1a4 [19].

B 3agaugax (7)-(9) u (10)-(12) caenaem cOOTBETCTBEHHO 3aMEHBI

Yo =@y +Uy, Y, =0¢,+Up,

W, o, ON
rae ¢, = , O = -obD, , Uy, U, —HOBBIE HEU3BECTHBIE (DYHKIIMN.
0, + 0, 0, + 0, 0, +,
Torma mns dyskmmit U (X, Y,t), 1=0,1 momyunm HawanpHO-kpaeBble 3aauu ¢ OTHOPOTHBIMH

KpPaeBBbIMH YCIIOBUAMU

B L pny -, V() €, 50, )
ot Re

Ui |t:0 =~ |t:0 (18)
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_o, M) o (19)
on a0(t)

59(

rze 06o3HaueHo F = %—LAZQ ,1=0,1.
ot Re

B cootBercTBHe ¢ Meromom [anmepkuHa Ui HeCTalMOHApPHBIX 3amad pemienue 3amad (17)-(19)
WIIEM B BUJIE

u (X, y,t) = anci,k(t)cpk(x, y,t), (20)

rae  C,(t) — Hemssectnnie Qynkumn, K=12,..0, @/(x ¥, t)=o’(X Y, )1, (X y) -
xoopauHatHble dynkmun, T, (X, Y), K=1 2, ..., — mo6as nomnas B L,(Q(0)) cucrema dyHKmii,
1=0,1.

@ynkuun ¢, (t), .., ¢, ,(t), 1 =0,1 naiinem n3 ycnosus oproroHanbHOCTH HEBS30K

1

OAU n n
Ly — AU —F=-Y>¢ ()Ae, — > ¢ (t
6t Re i,n i kZ:; |,k() (Pk kzﬂl |,k()

R..(Xy,t)=- 0AG,

13 2
+—§ c . (DA, —F,
Rek:1 |,k() (Pk i

HOJIy4EeHHBIX NoAcTaHoBKOM (20) B (17), mepBBIM N KOOPAMHATHBIM QPYHKIUAM @, ..., @, .

3TO MPUBOAUT K CHCTeMaM OOBIKHOBEHHBIX TU(PepeHIINaTbHBIX YPaBHCHUN

ch (DA, 9; )LZ(Q(t)) ZC. k(t)(aA(pk j + (21)
Ly (Q(t)

13 - |
+ Rezci,k(t)(Az(pk; (Pj)Lz(Q(t)) = (|:I’ (Pj)l_z(Q(t))y J :1, 2’ ey n1 I :O’ 1l
k=1

[Tpumenss nepByto u Bropyto popmyny I'puna [20] u yunTsiBas KpaeBble ycioBus (19), ckanspHble
npou3BeeHus B (21) MOXKHO MPUBECTH K BULY:

(Ag,, (Pj)LZ(Q(t)) = ” Ao, '(deXdy =- ” V(PkV(deXdy = _(V(Pk7V(Pj)LZ(Q(t)) ,

Q(t) Q(t)

OAQ, j a(Pk
, Q. = @;dxdy =—|| V—= KV, dxdy_—( , Vo. :
[ ot J LQW) Q) at J('[) ot J ot J Lo(Q(1)

(A%, (pj)LZ(Q(t)) = _U AZ(Pk(deXdy = _”. Ap A ;dxdy = (Ag,, A(Pj)LZ(Q(t))’

Q(t) Q(t)

(R 0@ = || Foydxdy = [ %@jdxdy—R— [[ A%p0;dxdy =

Q(t) Q(t) Q(t)

3o} 1 i=0.1

:_”v LV dxdy——” AgAp;didy =—| V=1L, Vg, ~ (A9, A®,) oy 1=0, 1.
Q(t) Q(t) L, (Q(1))

Torna cucremsr (21) mpumyT BUA

n . n a 1
Zci,k(t)(V(Pw V(Pj)LZ(Q(t)) +Zci,k(t) ( S ) V(ij +— (A, A(Pj)LZ(Q(t)) =
k=1 k=1 ot L, (Q(t) Re
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6(p. j 1 . ]
=—| V= Ve, -— (A9, A®)) @y 1=12,..,n,1=0,1. (22)
( ot i LW Re 7L Q)
Beenem B paccmotpenne marpunbl - A(t) =[o, (t)] i BM)=[By (t)] «in W BCKTOPEI

f.(0) =[f ;O c®=[c, O 1=0,1 e

o 1
a; () =(Vo,, Vo, )LZ @)’ Bjk (t)= [ 5tk V(ij + R_e (Ao, Ag, )Lz Q) ?

L (Q()

oo, 1 . .
f t)=—| V2L Ve, ——(AQ., Ap.  k,j=12,...,n,1=0,1.
I'J() ( ot (PJJL (Q(t) Re( ? (PJ)LZ(Q(O) J :L

Torma cucteMbl OOBIKHOBEHHBIX Au(depeHlnanbHbIX ypaBHEHUN (22) B MaTpUYHOM BUJE
3aIUIIYTCS TaK:

A(t)¢, (t) +B(t)e, (t) =f (t), 1=0,1. (23)

Hauanbnete yenosus ¢ (0)=c¢’,, K=12,..,N, mia cucrem (23) momyuum u3 ycnosus

OpPTOTOHAJIbBHOCTH HCBA30K
n
r'v“(x’ y) = Zci,k(o)(pkL:O +(Pi|t:0 ! I= 0’ 1’
k=1

noiaydyeHHoil noacraHoBkoi (20) B (18), mepBbIM N KOOPAMHATHBIM (DYHKLUAM @, ..., @,

BbIuuCIIeHHBIM 1ipH t =0.

DTO NPUBOAUT K CHCTEMaM JIMHEHHBIX alreOpandecKuX ypaBHCHHM
n
Zci,k(o)((Pk |t:0’ (Pj‘t:O)LZ(Q(O)) =—(¢; |t:0! (Pj‘tzo)Lz(Q(O))! 1=12,..,n,1=0,1. (24)
k=1

Beezem B pacemorpenne matpuny I'=[y,, ] 1 BekTophl h; =[h; J]J ey c; =[c’, 1, . . 1=0,1,

j, k=1, n

TAC Yy = (‘PkL 0’ (PJL o)Lz(Q(O))’ i j (‘PIL 0" (PJL O)L2(9<0»
Torga cuctembl TMHEMHBIX aareOpanyecKux ypaBHEHUH (24) B MATPUYHOM BHJIE 3aMUIITYTCS TaK
e’ =h,, i=0,1. (25)

Urak, uis vaxoxaenus Gynkuuit ¢ (1), ..., ¢ (1), 1=0,1, u3 (20) HyxHO pemmTs 3amauy Koum
(23), (25).

Cxomumocts  mpuOnmxkeHHbIXx 1o [anépkuHy pemeHuii K  00OOIIEHHBIM — pEIICHUSM
COOTBETCTBYIOILINX HaualbHO-KPAEBBIX 33/1a4 CIEIyeT U3 pe3yabTaToB padboThsl [21].

3. PE3YJIBTATBI YUCJIEHHOI'O AHAJIM3A

BBIYHCIUTENBHBINH SKCIIEPUMENT ObL TIpoBenieH ans obmactu (), mpencrasnennoii na puc. 1 npu
4

A=1, B=1, a= % , b= - c= - d= g CkansipHble IPOU3BENCHMS, BXOAAIINE B CUCTEMBI (22),

(24), cuurtanuce o kybatypHoi (opmyne ['aycca ¢ 32 y3mamMu MO KaXIOH W3 TEPEMEHHBIX, B
kauectBe cucrembl Qyukumit {t, (X, y), k=1 2,3, ...} Obuia ucnone3oBaHa cucTeMa QYHKIHI
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(s

Ko (23), (25) pewamuch uncaento ¢ Toasoctso 10™° Meronom Pyrre-Kyrrs-Mepcona [22].

2
jPr (Ky_ j, g,r=0,1, 2,..}, rae P.(z) — mommuom Jlexxannmpa crenenu K. 3amaum

Ha puc. 2-7 npuBeneHsl 1ojsi CKOPOCTEH TEYEHUS B pa3IMuHbie MOMEHTHI BpeMeHu. Kak BUIHO, B
YIIyOIeHUsSIX MEXKTy JIOMacTAMU 00pa3yroTcsl 30HbI BO3BPATHOI'O TEUEHUSI.

BbIBO/IbI

B pabote BrepBbIe MpeIokKeH METOJ MAaTEMaTHUYECKOTO0 MOJICTUPOBAHMS U YHCICHHOTO aHalu3a
TEUEHUW BI3KOW HEC)KMMAEMOW JKHUIKOCTH B 00JACTSIX C MOJBMKHOW (MEHSIOIIECH CO BpEeMEHEM
dbopmy) rpanunei. Ilpu sToM, Onaromaps ucmoiib30BaHHIO MeToaa R-dyHkiumit (3a cuer
nocrpoenns gynkmun O(X, Y,t)), yranocs TOUHO ydecTb reoMETpHIO 06IACTH B KaK/Iblii MOMEHT
BPEMEHH, a UCIOJIb30BaHUE MeToa ["anepkuHa /uisi anmpoKCUMAaIUA HEOTIPEICIICHHBIX KOMIIOHEHT
CTPYKTYpPHBIX (OopMysd HpHUBENO K TOMY, UYTO NPUOIMKEHHOE pEelIeHHE 3aJadyd IOJIy4aeTcs B
aHATUTHYCCKOW (hopMe, 9TO OOJerdaeT ero JajbHEHInee MCIOIh30BAaHUE MPH HAXOXJICHUU TIOJIS
CKOpPOCTEM, NaBIEeHUS U APYTUX XapaKTEPUCTHK TEUCHHs. ITUM U ONpEAEIeTCs HaydyHas HOBH3HA
Y TIPAKTHYECKAast 3HAYUMOCTh PabOTHI.

10f - = 10f
lrﬁff/f‘?z(ﬁ\\\\'
0 C /= O
| \/; J P
06| — ~X 0.6+
}( f )]
ol (I 1 N =/ 0|
| \((T)\\\\_ (/(:)\} )
02} \\\i\¥~{)\</\/$_‘;>/ /“] 0.2+
= —)
| | . | ' | | PI/IC..3. Ilone c;<0pOCTeI7I 1.'1p1/1 t=0, 65 |
| / /;—i;:f“_:{\\\\\\‘
iy =SS\
W 7S
; !
0.4+ 0.4 ‘ |
\ |
00} 00} —/

0.0

0.2 0.4 0.6

Puc. 4. Tlome ckopocteii npu t =0,1
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Puc. 6. ITone cxopocreii pu t =0, 2 Puc. 7. Ilone ckopocreii npu t =0,25
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