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MHXEHEPHO-®U3MYECKUI )KYPHAJ
2016 HIOJIb-ABT'YCT TOM 89, Ne 4

VIIK 532.546

I C. I'onuapoea, M. I. Xpamuenkos

MATEMATUYECKASA MOAEJIb I'M/IPOPA3PBIBA IIJIACTA

Hccnedosana sadaua o npoyecce hopmuposanusi 301bl NOGLIUUEHHOU NPOHUYAEMOCIU C NOOBUIICHOU 2paHUY el
8 UBHAUAILHO HUSKONPOHUYAEMOU NOPUCTOU cpede (3a0aua 0 2uopopaspvlée Naacma) 6 mpexmephol nocmaHos-
Ke. OcobeHHOCmb MPexmMepHOt MOOeIU 3aKIIOUALACH 8 Yueme CYuecmeosanust 08YX 30H (30Hbl ¢ 00bIYHOU NPo-
HUYAEMOCMbIO U 30Hbl PA3PYULEHUS) 8 NOPUCMOLL cpede, 00IACTb KOHMAKMA KOMOPIX ONPeOesiidct ¢ NOMOULIO
VC08US DANAHCA MACCHL HA NOOBUIICHOU 2panuye. Bulsigniensl u npoananuzuposanvl 0cOOeHHOCMU, CYueCmEeHHbLE
07151 nPOYecca MaccoONepeHoca 8 Makux QuIbmpayuoHHO HeOOHOPOOHbIX NOPUCHIBIX CPEOAX.

Knrouesvie cnosa: nponuyaemocms, niacm, QuibmpayuoHHds HeOOHOPOOHOCMb, 2UOPOPA3PbIE.

Beenenue. YnopoxxaHue HCIOIB30BAaHHUS PECYpcOB HE(TH, 3HAUUTENBHOE YXYALICHHE Ieorpaduueckux,
MIPUPOTHO-KIMMATHYECKIX H TOPHO-TEOIOTHIECKUX YCIOBUI BHOBH BOBJICKACMBIX B pa3paOdO0TKy HE(PTIHBIX Me-
CTOPOXICHUI MPEHONPENEIIOT TSHACHIIHIO pocTa ce0eCTOMMOCTH NOOBMM He(TH. B mepcnekTuBe BiusHEE
BBIIIICYKa3aHHBIX (PAKTOPOB Ha COCTOSIHHE HE(TEra30100bIBAIOIIEH OTPACIIM TPU HAMEYAIOIIEHCS CTa0MIU3aIH
WM Ja)Ke COKPAIICHUH 00beMOB H00bIYHM HEPTH ycHauTcs. OnpenessiromnuM GakTopoM CHIKEHUS d(PPEKTHB-
HOCTH pa3pabOTKU HEPTIHBIX MECTOPOKICHUI B HACTOAIIEE BPEMs HapsITy C H3BECTHOU JUCIIPOIIOPIIUCH MEXKITY
MOJITOTOBKOH 3aI1acOB M BOBJICYEHUEM UX B pa3pabOTKy SIBHJIOCH CYLIECTBEHHOE YXY/IICHUE CTPYKTYPbI 3a11acos,
YBEJIMYCHUE B HUX JIOTH Manod(h(HeKTUBHOU TpyaHOU3BIeKaeMoil Hedtu. [Tocnennee 00CTOSITETHCTBO O0YCIIOB-
JICHO KaK BCTYIUICHUEM OOJIBIIIOTO YHCIIAa BRICOKOIPOAYKTHBHBIX 3AJI€KEH U MECTOPOKICHUHN B IMTO3IHIOIO CTATHIO
pa3paboTKy, Tak U HEOTATONPHUSITHBIMU KAaYECTBEHHBIMHU XapaKTEPUCTUKAMH 3aracoB HE()TH BBOTUMBIX B pas-
paboOTKy MECTOPOKICHHH.

[IpoOeMa OCBOCHHUS TaKHMX 3allacoB SIBIIETCS KpailHEe aKTyallbHOH IS CTapbIX He(TeHOOBIBAIOLINX pe-
THOHOB (B 4acTHOCTH, Bonro-Ypanbckoil HedTera3oHOCHON MPOBUHIMH). [IpOMBIINITIEHHBIN MOTEHIHAT 3THUX
PETHOHOB SIBISIETCS, KaK MPAaBHUII0, BBICOKUM, C Pa3BUTON MHPPACTPYKTYPOH, BKIIOUAIONICH SHEPTOCETH, TPAHC-
MOPTHBIC MAaruCTPad, B TOM YHUCIEC HE(PTEIPOBOABL, C HAIMYAEM HAYYHOTO W BBICOKOKBAIH(DUIIPOBAHHOTO
MIPOM3BOCTBEHHOTO MEPCOHANA, a TaKXkKe MepepadaThIBaroIeii MPOMBIIUIEHHOCTH. TakuM 00pa3oM, BO3HUKAET
3a7a4a COXPaHCHUS M PAa3BUTHS YKOHOMHYCCKOTO ITOTEHIIMANA TAKUX PETHOHOB, CBA3AaHHAS C HMCIIOJIE30BAHUCM
AIBTePHATHBHBIX pecypcoB. OIHUM W3 HANPABICHUH PELICHUs TaHHOW IPOOJIEMBI SBISCTCS WHTEHCH(DUKAIIHS
BOBJICUCHUS B XO35IMCTBEHHBII O60pOT JONOJHUTEIIbHBIX aJIbTEPHATUBHBIX UCTOYHUKOB YITICBOAOPOIHOTO ChIPbA,
MIPUYPOYCHHBIX K KapOOHATHBIM OTIIOKCHUSIM KAMEHHOYTOJIBHOM M IEBOHCKOM CHCTEM, B KOTOPBIX IO Pa3IUIHBIM
oleHKaM comepskutcs ot 38 mo 60% 3amacoB yrieBogoponoB. B mpenenax Bonro-Ypanbckoit HedTerazonocHon
NPpOBUHOUU UMEHHO C JAaHHBIMU KOJUICKTOpPAMU CBA3aHbl OCHOBHBIC NEPCIICKTHUBLI YBEINYCHUS YPOBHA HOG])I‘II/I
He(TH, a TAKKE MPUPOCTA €€ 3aIacoB.

B MupoBoii mpaktuke 3amacel He()TH, COAEpIKANIHECS B CIAOOIPOHUIIAEMBIX KOIDIEKTOpax, pa3padarbiBa-
IOTCSI C TIOMOIIBIO TEXHOIOTUH THApopa3phiBa miacta [1]. DTa TeXHOJIOTHS OCHOBaHA HA MPUHYAUTENBHON 3a-
Kadke (uonaa (0OBIYHO BOJIBI) M CO3JIAHWU HACTOJBKO BBICOKOTO JIABJICHUSI B HEKOTOPOH 001acTH, KOTOPOE ObI
00eCIIeunIIo pa3BUTHE TPEIIUH U 3HAYUTEIBHOE YBEIMICHUE IPOHUIIAEMOCTH ITOH o6mactu. OOBIYHO MOJOOHBIE
30HBI TTOBBLIIICHHOU MPOHUIIAEMOCTH CO3JAar0TCA B 06HaCT$IX, MPUMBIKAOMINUX K IL06]>IBaIOLHI/IM CKBaXHMHaM, 4TO
TTO3BOJISIET PE3KO YBEIMUYMBATH UX MPOMYKTUBHOCTH. [IpocTelmmii moaxo K perieHrIo Takoi 3ajadu Ha Halll
B3[VISLI TIPEAIIOIaraeT MOACIUPOBAHUE (DIIIBTPALIUH B HEOJHOPOIHOM IUIACTE, COCTOSIIEM H3 IBYX 30H — 30HBI

Kasauckuii penepanbubiii yausepcutet. Poccus, 420008, 1. Kazausb, yiu. Kpemuiesckasi, 18; 3-rioura: mkhramch@
gmail.com. [Toctynuna 14.04.2015.
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MATEMATHYECKAA MOJEJIb I'MJ[POPA3PBIBA IIJIACTA

C HU3KHUMH 3HAYCHUSIMHU KOB(I)(l)I/IHI/ICHTOB MMPOHUIIACMOCTHU M 30HBI C TIOBBIIICHHBIMU 3HAYCHUAMU, a TAKKE IO/~

BIDKHOM T'paHHuLbI MCXKIAY 30HAMHU, ITOJIOKCHHC KOTOpOf/'I HaxXo4uTCs U3 YCJIIOBUSA OajlaHca Macchl Ha MOJIBMXKHOM

rpanutie [2].

IMocTranoBka 3agaun. PaccMorpum Quisrpanmio B TpexMepHoit oomactu Q: Q = {(x, y, z), 0 < x < L,
0<y<H,0<z<W}. Hapuc. 1 nmpeacraBieHbl MpoIecchl GHIBTPAIN PU 3aKaYKe BOIBI B IUIACT U (Op-
MHUPOBAHUSI IBYX 30H C OTIMYHBIMU JPYT OT JApPYyra 3HAUYCHUSAMH K03((HUINEHTA IPOHUIIAEMOCTH. TedueHue Ku-
KOCTH B TIOPHCTOM HEOIHOPOTHOW Cpeie MOXKHO OIUcarh ¢ momolbio 3anaun H. H. Bepurnna o ¢usrparum
B HEOJIHOPOJIHOM cpezie, COCTOAIEN U3 JIByX 30H C IMOCTOSHHBIMH, HO OTIMYHBIMH JPYT OT Ipyra 3Ha4YCHUsIMU

K03 GHULINEHTA TbE30IPOBOJHOCTH, U ABWXKYIIEIiCcS rpaHuIeil Mexxay 30HaMu & [3]:

Y1, ecmm z <&,

V(XVW):@, WIS XZ{
ot X2, ecm z>E.

VYcnoBue & Ha rpaHUIle HEOJHOPOJAHOCTH TIIMHBI BBIIJISTUT CIIEAYOIAM oOpa3om [2]:

(M

dg
Nn+—=="r. 2
1t = (2)
Hcnons3ys 3axkoH ¢punsrpanuu lapcu, ypaBHeHNE (2) MOXKHO TEepenucarh Kak
ki ow d& ky, ow
_— + — = —— . 3
wonle_o drp ool ®)
VYuuteiBas k03QOUIUCHT CKUMAEMOCTH B*, MONTYYUM CJIeyIOlee YCIOBUE Ha TPAHULIE IBYX 30H:
dé& * ow ow
—= =B |2 = , “)
dt onlz o onlz_g
W|g = const .
Bynem cunTarh, 4TO HaMpaBICHHE BEKTOpa HOPMAJIHM COBIAIACT C HampaBiieHHeM ocH 0z, TOT/Ia UMeeM
TPaHUYHBIC YCIOBHSL:
wA<x<B,0,z)=p, p>>po, (%)
W(0<x<4,0,2) = WB<x<L,0,z) = Wx,H,z) = W(0,y,2) = WL, y,z) = Wx, 7,00 = Wx,y,W) = PO > (6)
HAYaJIbHBIC YCIIOBHS:
wit=0)=py, &x,»,0,t=0)=0. 7
B
L
!
; X2 Po
| S = =
H i - X1 ]
Puc. 1. ®uibTpanus B HEOTHOPOTHOM cpene P! , == \I
’ : - -——
I ‘ X 1
[T N R
/\/\' g 1 2z~ W
0 S S .
z N p! B x
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I C. TOHYAPOBA, M. I' XPAMYEHKOB

AnnpokcuManus 3aaaum. s 9uCIeHHOTO pEeIIeHHs TOCTABICHHON 3aJayy ONpeIeTuM PaBHOMEPHYIO
cetky (puc. 1):
x=0+ih,, i=1,N,-1, N =1L,
o=30,y2|y=0+jh,, j=1,N,-1, Nyh,=H,

z=0+kh,, k=LN,-1, Nh =W.
Ornpenenum y3iibl 1715t Touek A 1 B 110 ocu x (C OKpYIJIEHUEM JI0 1IEJI0TO):

iAzhi, @(id #1); iBzhE, (iB#N,-1).

X X

VYpaBHenue (1) mocie anmpoKCUMAIIH U1l BHYTPEHHUX Y3JI0B MOJKHO TIPEICTABUTH CIEAYIOMINM 00pa3oM:

@, jkWisl, jok  bi jkWio1 gk T G jkWi ek i kW ok

3)
+ kWi okl T i kWi k-1 e kWi ik = Jijk s
rae
d d d d d 1
i+—, j k i——, j.k i, j¥—,k i, j——,k i, j k+—
. 2 b, = 2 - 2 di . = 2 o=
i, j,k B > Y gk T > > Cijk B ’ i, j.k = P > T jk = ) >
hy h h;, hy, h;
d d d d
i+—, j.k i——, j.k i, j+—,k i, j——,k
a. . 2 . . 2 C. . 2 d. . = 2
i,j,k D) > i, J, k P 5 i, ],k ) P i,j,k P )
hy hs h;, h;,
d 1 d 1
i, j k+— i, j,k——
i jk = >, ik =
L], H i, ], )
h: h?
1 1
e jk =~ a+b+c+d+r+q+h— s € ik =~ a+b+c+d+r+q+h— ,
t t
0
f Wik
k= - —=
l,] ht
KoadduiineHTs! 7151 pa3HOCTHOTO OMEpaTopa yIOBICTBOPSIOT CIICAYIONIUM YCIOBHUSIM:
X1, ecmn k<&
d =d =d =y, TOE Y= ’ ’ )
1 o1 L. 1
S LJES .k ik X2, ecima k> & .

OnpenerneHne TpaHuIlbl &
1) B HauaNbHBIM MOMEHT BpeMeHH (TipH ¢ = () TOBEPXHOCTh pa3jieia HEOMHOPOAHOCTH & B TIIMHE UMEET KO-

opaunarel i, j, L s i =1, Ny =1, j=1 N, -1
2) B OCJIEAYIOIINI MOMEHT BPEMEHH KOOPIMHATHI IT0 BHICOTE A MEHSIOTCS B COOTBETCTBHH C ypaBHEHHEM (4):

W.o 0,0, W0 0,0 W.o 0,0 —W.o0 .00
_ *h zg,J;’,kéJrl zg,J;’,ké lé,jé,ké ig, je ke —1
ze =z0 + Bl %2 P - %1 P
z z

(10)

3nech iO, jO, j— KOOPAMHATBI POCTPAHCTBA, TAE W], = O. Cucrema ypaBuennii (8)—(10) pemanacs ¢ mo-
Moo 6ubnuorexkn C++ amgcel ans perieHus: cucTeM JIMHEHHBIX anreOpanyecKux ypaBHEHUH OOJbIIoi pas-
MepHocTH [4].
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MATEMATHYECKAA MOJEJIb I'MJ[POPA3PBIBA I1JIACTA

AHa/In3 NoJy4YeHHBIX Pe3yabTaToB. [ MccienoBanus pacipeaeIeHus TaBICHUS B MOJICNN HaOyXaHuUs
paccMOTpUM Ky0 ¢ pa3MepHOI CeTKoM nx X ny X nz — 60 x 70 x 50. Bynem nomnarars, 4To B Ha9aIbHBI MOMEHT
BpPEMEHM BHYTpH Ky0a aaBienue P cocranisiio 40 atM, a Ha rpaHuLe Ha 1/3 miomanu co CTOPOHBI MIOCKOCTH
Xy Ha Ky0 crano nocrynath nasienne 300 atm. Ha puc. 2 mpeacraBieHo pacnpe/eleHue JaBieHus B KyOe B Ha-

YaJIbHBI MOMEHT BPEMCHHU.

P, atm
300 Puc. 2. Pacnpenenenue nasie-
Hus (atM) B KyOe Ha paBHOMEp-
200 Holi ceTtke 60 x 70 x 50 B Ha-
YaJIbHBIA MOMCHT BPEMEHU

1100
40

P, atm
300

200

Bricora z, M

£100
40

— N0 WA Ly 0 O

P, atm
300

200

Bricora z, M

:100
40

P, atm

Puc. 3. Cpe3 (110 ocH x) IaBlIeHUH HCCIIeyeMOro o0beMa 1 rpaHuiia paszesa AByX
30H Ha TIEPBOM (@), BTOPOM (0) U IIeCTOM (8) BPEMEHHBIX IIarax
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I C. TOHYAPOBA, M. I' XPAMYEHKOB

zZ,M B mporiecce 3akauku BOJBI 32 CYET MOBBIIICHHUS J1aB-
JICHHS B 30HE IMOBBIIICHHON MPOHUIIAEMOCTH MPOUCXOIHUT

301 T T T T T T nepepacnpe/eneHue 1aBieHus 1 oopasyercs "3oHa HaOyxa-
25} y s — o=102 arm HuUs'" ¢ IPyrUM 3Ha9eHHEeM Kod((HUIMEHTa TPOHUIIAEMOCTH.
| —— a=52armm Bynem mosararh, 4To B Hepa3pyIICHHOH 30HE KO3(hGUIIH-

C€HT IbE30IPOBOAHOCTU COCTABIIACT Yo = 104 M2 /C; B

30He HaOyXaHusI KO3()(PUIHEHT MHe30MpOoBOAHOCTH B 10 pa3

OoubIie — Y = 107 M? /c; MaBlieHUE, TIPH KOTOPOM TIPO-

HCXOJMT TpoIiecc 3akadku, cocrapisier 104 atm (o = 104).
PaccmoTpuMm miporiecc B pa3Hbie MOMEHTBI BPEMCHHU.

, ! . Ha puc. 3 npencraBnensl cpesbl 1aBICHUN UCCIETyeMOro

0 2 4 6 8 10 00beMa M rpaHuUllbl pasjienia IBYX 30H JJIsl BPEMEHHBIX I1a-
Homep BpeMeHHOTO 11ara
roB 1, 2 u 6. [locie mecTtoro BpeMEeHHOTO 1Iara mporecc
Puc. 4. 3aBHCHMOCTH MAaKCHMAaIbHOTO CTaHOBHTCS CTAIIHOHAPHBIM W TPAaHUIIA pa3ieia JABYX 30H
SHA49CHHA IIOJIOKEHUA T'PaHMIBI pasfciia 0O0JIbIIIE HE MOJHUMACTCS. BbUIM IPOBEICHBI PacyeThl, KOT-
JIBYX 30H OT HOMCpA BPEMCHHOTO Iiara Jla AaBIICHHE, TIPU KOTOPOM IMPOUCXOAUT TMPOIECC THAPO-
paspsiBa, coctaBiset 52 atm (o = 52). Ha puc. 4 npeacras-
JIeHa 3aBHCUMOCTh MAaKCUMAalbHOTO 3HAYeHMs MOJIOKEHUS TPAHUIBI pa3ziena AByX 30H OT HOMEpa BPEMEHHOTO
mara. M3 pucyHka BHJHO, YTO €CJIM OTCIICKHUBATH TPAHUILY paszielia IBYX 30H B KaXKJbIii MOMEHT BPEMEHH IPH
52 artm (20% ot pa3HMLIBI MEX1y JaBleHueM BHYTpH KyOa (40 atm) u noctynatomuM aasiaerueM (300 atm)),
TpaHUIla PacTeT 10 OCH z OOIbIIIe (BBILIE), HEXKEIN KOT/Ia OTCIIKUBACTCS IPpaHuIla pasaena IByX 30H npu 104 atm
(40% oT pa3HUIIBI MKy JaBICHUEM BHYTpH Kyba (40 atM) u noctynaromem aasienuu (300 atm)).
3axmouenue. Pa3paboranHas MOIENs THIPOPA3PHIBA TIACTA TIO3BOJLIET OTCICKUBATH BPEMEHHYIO THHA-
MUKY (pOpMHPOBaHHMS 30HBI MOBBINICHHOW MPOHUIIAEMOCTH U YIPABISATH Pa3BUTHEM MpOIIecca THAPOPa3phiBa B
HY)KHOM TIpaKTHKaM HarpapieHUU. [[poBe/ieHHbIC pacueThl TTOKa3bIBAIOT BHICOKYIO UYBCTBUTEIBHOCTH CKOPOCTH
Pa3BHUTHA MpoIlecca K MPIIIOKEHHOMY ITepenay JaBIeHHUs B X0/ IpoIiecca THAPOpa3phIBa.

Pabora BrinonHeHa npu noazepxkke Poccuiickoro Hayunoro ¢onaa (rpant Ne 15-11-10015).

Oo6o3HaueHNs

@ ie> by j ks Cijokes @i ks T ks @i, jk — KOD(QUIMEHTBI U1 Pa3sHOCTHOTO omepartopa; /iy, h,, h, — Imaru ceTku 1o
0CSIM X, ¥, Z COOTBETCTBEHHO; I, , kK — Y3JIbI 10 OCSIM X, , Z (C OKPYIVIEHHEM 0 LeJ0ro); k; — K03 UIIMEHT MPOHUIIAEMOCTH
IUIACTa B HU3KONPOHHUIIAEMOM 30HE, M ky — KO3 PHUIUEHT TPOHUIIAEMOCTH B 30HE C TIOBBIIICHHON POHUIIAEMOCTBIO, M%;
L, H,W — pa3Mepsl pacueTHO} 0ONACTH TIO X, Y, Z COOTBETCTBEHHO; Ny, N, N — umucna y3nos Mo ocsiM X, y, Z COOTBET-
CTBEHHO; 71 — HOpPMAaJIb K FPpaHHMIIe pa3felia HH3KOIPOHHUIIAEMO! U BBICOKOIIPOHHIIAEMOH 30H; { — BpeMst; V| i V) — CKOpOCTH
(GUIBTpalK B HU3KOMIPOHUIIAEMOI 30HE M B 30HE C MOBBIIICHHOHW MPOHUIIAEMOCTBIO COOTBETCTBEHHO; W — JIaBJieHHe, [1a;
X, ¥, Z — KOOPAMHATEL; B — K03 (PHUIHEHT CKUMAEMOCTH, Ma'; & — rpaHuUIa MEXITY 30HAMH, M; ¥y, X2 — KO3 UIMEHTHI
MBE30IPOBOIHOCTH B 30HE MOBHIIICHHON MPOHUIIAEMOCTH (30He HaOyXaHus) U 30He ¢ OOBIYHOW MPOHUIIAEMOCTBIO COOTBET-
CTBEHHO (Y >> Y2); I — K03hPHUIUESHT TMHAMHYeCKOl Bs3kocTH, [1a - cyT. UHAEKCHL: i, j, k — 11 0003HaYeHHs y3II0B MO
OCSIM X, ), Z COOTBETCTBEHHO.
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