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PYXOMOI MEXI ®POHTY ®IJIbTPALII

PaccmatpurBaeTcs NpoLecc ABYKEHNS XKUOKOCTU B ra30HaChILLEHHOW Cpeae NoA BHELUHVM SABMEHVEM.
MatemaTnyeckaa mogernb hopMMpyeTcs ¢ Y4ETOM NPOTUBOLENCTBUS HAMOMNHsALWMNX obpabaTeiBaemoe
NPOCTPaHCTBO ra3os, YTO obycrnaBnmuBaeT NosiBNeHne HepaBHOMEPHOIo MOABMKHOINO PpoHTa pac-
NpOCTpPaHEHUs >uaKoro areHta. [lpegnaraeTcsa anropyuTM  YWCIIEHHOTO PELLEeHUst MOCTaBIIEHHOM
KpaeBoW 3agaun.

KnioyeBble crnoBa: ypaBHeHWE, KpaeBas 3agada, MaTeMaTundeckas Moaernb, npouecc,

YMCMNEHHbIN METOM.

The process of fluid movement in a gas-saturated medium under external pressure is considered.
The mathematical model is formed taking into account the counteraction of gases filling the treated
space, which causes the appearance of an uneven moving front of the propagation of a liquid
agent. An algorithm for the numerical solution of the stated boundary value problem is proposed.
Key words: equation, edge task, mathematical model, process, numerical method.

Posrnagaetbcs npouec pyxy piauHUM B rasoHacu4eHomy cepefoBuLli Ni 30BHILUHIM TUCKOM.
MaTtemaTnyHa mogenb popMyeTbCS 3 ypaxyBaHHAM NpOTUAIT rasiB, 3anoBHIOKYMX 06pobnoBaHMn
NpocCTip, WO BUKMMKAE MOSBY HEPIBHOMIPHOrO PyXOMOro (PPOHTY MOLUMPEHHS PigKOro areHTa.
[MponoHyeTbCS anropuTM YNCENbHOrO PiLleHHSA NOCTaBnNeHo! KparoBol 3a4adi.

KnrouoBi cnoBa: piBHAHHSA, KpanoBa 3agada, MatemaTuyHa Moaenb, Npouec,

yncernbHUn MeTon.
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JlazebHaga J1. A.

AKTyanbHOCTb pabotbl. B KoMIuiekce cpeAcTB MpeNOTBpAILEHUs] IPOSBIECHUI HEraTUuB-
HBIX CBOMCTB YrOJIbHOTO IUIACTa MPH MOA3EMHON Yriieno0bue 00s3aTeIbHBIM MEPOIPHATHEM
SIBJISIETCS. TIPEABAPUTEIbHOE HAarHETaHWE XHUIKOCTU B pas3palarhiBaeMyro 30HY. Tpynamu
MHOIMX HCCJIEIOBATENe CO3/1aHbl OCHOBBI TEOPUU M TEXHOJIOTUM IIPOLIECca THPaBIMYECKON
00pabOTKN YroJbHBIX TIACTOB, OJJHAKO MHOTHE MPOOJIEMBI B 3TOM 001aCTH TpeOYyIOT pereHHsI.
B wactHOCTH, nanbHEHIMX WCCIENOBaHWN TpeOyeT SBJICHHE, CBS3aHHOC C HATUYMEM B
YrOJIbHOM IUIACTE ra30B, HAXOAALIMXCS IO JABJIEHUEM, YTO CO3JaET CONPOTUBIICHUE JBUKE-
HUIO JKUAKOCTH M OOYyCIaBIMBaeT (OPMHUPOBAHWE HEPABHOMEPHOW MOJBIKHOW TPAHHUIIBI
(UITBTPYIOIIEICST KUTKOCTH.

B 31011 cBSI3M TeMa MaTeMaTHYeCcKOro MOJETIMPOBAaHUS TpoLecca JIBHKEHUS )KUKOCTH B
YrOJILHOM IIJIACTE C YYETOM MOJBIKHON IPaHULIBI (PPOHTA PUITBTPALIMY SBIISETCS aKTyaTbHOM.

Lenb paboTtbl — pa3paboTka MaTeMaTHUecKoil Mojenu (uiIbTpaluu >XKUIKOCTH B
YIOJIbHOM IUIAcTe C MOJBM)KHOM rpaHuiie ppoHTa dunbTpaiuy 1 000CHOBaHHE arOPUTMa
YHCJIEHHOTO PEIICHUs TOCTABJIEHHOM 3a/1a4H.

OcHoBHOEe cogepkaHune paboTbl

Kak noxasano B paborax psnua aBTopoB [1-3], apdexTuBHBIM MeTOIOM HCCIEN0-
BaHWS JAMHAMHKH PACIPOCTPAHEHUS XKUJKOCTH B aHW30TPOITHOM YrOJBHOM IUTACTE JUIS
YCTAHOBJICHHA BaKOHOMepHOCTeﬁ JABUXXCEHUSA U BSaI/IMOJIeI\/'ICTBI/ISI IMOTOKOB MpPpHU HArHECTaHUUN
KHJKOCTH SIBJIICTCSI MaTeMaTH4decKoe MojenupoBanue. K HactosiieMy BpeMeHH COpMHpPO-
BaHBI CUCTEMBI YpaBHEHUH, TO3BOJIsIIONTHE YPPEKTHBHO periaTh 3aa4u MOJ00HOTO poja,
OJTHAKO HEpENIEHHBIE BOMPOCHI MOKa OCTAIOTCS. B cOOTBETCTBUM ¢ (PU3MUECKOW CYIIHO-
CThIO M cHenu(UKO Tporiecca ABWKEHHS JKUAKOCTA B YTOJIBHOM MAacCHBE ypaBHEHHS
(GWIBTpaLNU TOJKHBI YIOBJICTBOPATH CICIYIONIUM YCIOBHUSIM:

— HEsIBHOE BBIYHCIICHHE KOOPIUHAT (DPOHTA ABIKYIIETOCS MOTOKA KUAKOCTH;

— BO3MOJYKHOCTBH WCCIJICIOBAHHS JKECTKOTO, YIIPYTOTO U HEITMHEHHO-YIPYroro peKu-
MOB (DWIIBTPALINY;

— Hanmuue 3(pPEeKTUBHOTO YUCIIEHHOTO METO/1a PEIICHUSI.

Cxopoctb nBWKeHHs1 (PpoHTa (PUIIBTPYIOIIEHCS JKUIKOCTH MOXET ONPEACISATHCS U3
CHCTEMbI YpaBHCHHUI:

ke _aw o
M OX ot
2L P, -w), @)
P(O,t)=F;, 3)
P(x=1,t) =0:W (x 2 1,t) =0, | =I(t):1(0) = 0, ()
dl k oP
az—%&k:u ' (5)

rae |(t) —monoxxenue GpoHTa;
W — npupocT BiaroHachIIeHus;
W, — MakcuMasnbHBIi TPUPOCT BIArOHACHIIICHHUSI.
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MaTemaTunyeckoe mMogennpoBaHmne npouecca ABMXeHUA XXKNOKOCTH...

n

W3 Teopun HEMMHEHHBIX apabOIMYECKUX YPaBHEHU U3BECTHO, YTO PEIICHHE YpaB-
HEHHUs BUAA

%: div[A(P)gradP], (6)
A(P)=aP"; n>0 (7

MMEeT TIPH HYJIEBOM HAyaJbHOM YCIOBHHM KOHEYHYIO CKOPOCTH DPACIpPOCTPAaHEHHs BO3MY-
menus [ 1-3]. OueBnaHoO, 4TO ypaBHEHHE (6) C TOYHOCTBIO /10 Kod(hduuuenta A(P) sBisiercs

YpaBHEHHEM YIPYTo# (GUIBTpalMy )KUIKOCTH B IOpUCTON cpene. [Ipennonaras, 4to 3aBu-
cuMocTh (7) uMeeT MeCTo, CHEIHAIbHBIM MOAOOPOM KOXPUIIMEHTa a W TOKa3aTest
CTENEeHU N J00beMcs, YTOObl BEIMUYMHA 3TOM CKOPOCTH COOTBETCTBOBAJIA BBIYMCIISIEMON
1o ypaBHeHHUIO (5). be3 orpannuenust oOIIHOCTH Ul YIPOIIEHUs BBIKIAJI0K OyaeM pacc-
MaTpHBaTh 33/1a4y B OJJHOMEPHOI MOCTaHOBKE.

XapakTepHOE 3HAYEHNE BPEMEHHU HAXOUTCSA U3 YPABHECHUS

X2

X

)

’ (8)

k
rae & =—;
N,

1, —3pPEeKTUBHAS TOPUCTOCTb;

P,— XapakTepHOoe 3Ha4YeHHE MABJICHUS (JaBICHHE B HEKOTOPOW TOUYKE BOJIM3H
dbponTa dDUIBTpaLIUN);

X, — pacCTOSHHE OT 3TOH TOYKH JI0 TOBEPXHOCTH (PPOHTA.

Cuauras, 4yro ypaBHeHHE (6) CIpaBeUIMBO BOJIM3U KOHTYypa OOJACTH, 3aHATON KHUI-
KOCTBIO, TIOJTy9aeM BBIPAKCHUE LTS XapaKTePHOTO 3HAYCHHUSI BPEMEHHU:
2
X

X

be = apr ©

Jlis paBeHCTBa XapaKTEpPHBIX 3HAUECHUN BPEMEHHU JOCTATOYHO BBIIIOJIHEHUE JIBYX
YCJIOBHIA:

a=¢& n=1.
Toraa ypaBaeHue (6) BOIU3M KOHTYpa MPHHUMAET BHT (B OJJHOMEPHOM TIOCTAHOBKE):
oP 0(,0P
gl P 10
ot d OX ( OX j (10)

npu yciaoBuu & = const.

[Tokaxem, 4TO CKOPOCTH JIBHXKEHHUS CBOOOJHON MOBEPXHOCTH JABIKYILIEHCS KUI-
KOCTH, nofny4yaemasi u3 ypaBHenus (10), cooTBeTCTBYeT ypaBHeHHIO (5). 3anuiiemM ypaBHe-
uue (10) B Buze

oP ¢ 0*P?
a2

VYpasuenue (11) mo ¢hopMe aHATOTUYHO YPaBHEHHIO MOJIUTPONUYECKON (PHIIBTpALIUU
rasa:

(11)

DP_a22P (12)
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n

npu N=1, mia xoroporo I'. WM. bapen6narrom [1] mosydeHbl TOYHBIE PELICHUS THUIA

«OeryImiei BOJHBI»:

1/n
c n n
—|(ct=x)—+B——1|F , 0<x<ct+B;
P=1la n+1 n+1
0, X>Cct+B,
rJie C — CKOPOCTh PacIpoCTpaHeH s IEPEAHEro (PpoHTa Tas3a;
B — MMOCTOAHHAA, onpeacjaeMasd U3 paBCHCTBA

n C
——p"(0,0)=—-B.
net” ©0) a’
s ypasuenust (1), (2), npurnmas ycnosue P(0,t) = P,, mosy4nm:
B= Feo —ct,
c
E(PX§ x], 0<x< PXé,
p_Jslc c
0, X2 Feo
c

(13)

(14)

(15)

(16)

Huddepentmpys (16) mo X, moxydaeM BbIpaXKeHHUE U1l CKOPOCTHU JIBHKEHUS (PpoHTa:

oP
c=-¢6—,
6tax

COBITAJIAIoNIEe C ypaBHEHUEM (5).

(17)

VYpaBHenue, anamornunoe ypaBHenuro (10), panee Oputo mosryaeno B. B. JluBenrie-
BbIM [1], [3] I HM30TPOIMHOrO Ijacra, OJHAKO HE OBUIO PEHICHO M MCCIEI0BAHO BBHIY
OTCYTCTBHSI TOYHBIX METOJIOB. YpaBHeHHe (10) Helb3sl MCIOIb30BaTh MPH HUCCIICIOBAHHH
B3aMMO/JICHCTBUS BCTPEYHBIX MIOTOKOB YHUAKOCTH, a TAK)KE NPH HATWYHH BOJIOYIIOPOB, TaK
KaK CKOPOCTh IIepeiauu JaBjicHHs, onpenensemas ypapHeruem (10), paBHa CKOPOCTH JIBH-
XKeHus PPOHTA KUIKOCTH. [Ipy BOSHUKHOBEHHH MPErpajbl IBUKCHUIO MOTOKA 3TO MPUBE-
JeT K CIUIIKOM MEIJICHHOMY POCTY JIaBJICHUS B TOYKE BCTPEYH, YTO CIPABEITHBO TOJBKO
I Oe3HanmopHo QuuibTpanuu. I[losToMy I HPaBHIILHOTO pacyeTa pacHpeaesieHus
JIaBJICHUS B 3alIOJHEHHOM obnactu ypaBHeHue (10) m0mkHO ObITh 00bEAUHEHO C YpaBHEHUEM
be30MnpoBOTHOCTH [ 1]. TToCKOJIBKY ypaBHEHHE MTbE30IPOBOAHOCTH OTIIMYACTCS OT YPAaBHEHUS
(10) Tonbko BuIOM KO3 dHIIMEHTa, 3TO HE TIOBIIHMSET CYIIIECTBEHHO HA CJIOKHOCTh AJITOPUTMA.

Takum oOpa3om, mepexoas K N-MEpHOW MOCTAaHOBKE, YPaBHEHUE YNPYroil (HIIbT-

paivi ) XUJIKOCTH B AHU30TPOITHOM IIACTC 3aIlIMIICM B BUC!

%zdiV[ﬁ(P)gradP],
&P, x =2l -Ax;
2 X% <l —AXx

MP):{

rjie | — HoMep KOOPJAWHATHI;
AX; — HeKoTOpas Manas BEIU4YHMHA;

¥ — K03 OUIHMEHT Mbe30MPOBOTHOCTH, OTIpeiesIseMblii coryacHo [1].

(18)

(19)
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MaTemaTunyeckoe mMogennpoBaHmne npouecca ABMXeHUA XXKNOKOCTH...

n

[Ipu HEOOXOTUMOCTH HCCIICAOBATh HEIWHEHHO-YIPYTUH peXuM, KOAIPPHUIHUEHT ¥
3amensiercs, coraacHo [1] na npoussenenne y(1+ aP).

VYpaBuenue (18) pemaercsi YUCICHHO C MCMOJIB30BAaHHUEM METOJa KOHEYHBIX pa3-
HocTel. [IpuMeHeHne pasHOCTHBIX CXEM K PEIICHUIO KPaeBbIX 33J1a4 JUlsl YpABHEHUN TUIA
(6), (7) mpu n>2 noapobuo onwmcano B paborax [1], [3], [4]. [Ipu ucnonab3oBaHUU 3TOTO
Mmerona, Juisi pemenus ypasHeHuit (18), (19), Benmmumna AX; HpHHUMAETCs PaBHOW MIary

CETOYHOH 001aCTH.

[Ipucoeaunss k ypaBHeHuto (18) HavanbHble M TPaHUYHbBIE YCIIOBHUS, COOTBETCTBYIOIINE
Pa3IMYHBIM TEXHOJIOTMYECKUM CXEMaM M peXUMaM BO3JEHCTBHUSA, MOJyYUM MaTeMaTHye-
CKYIO MOJIEJ b TUAPABINYECKOIO BO3ACHCTBUS HAa YTONBHBIN IUIACT B peXKUME (PUIbTPALIH.

ITpumem B pnanbheimem P =P —P,.

Torma B kauecTBE Ha4YaJIbHOTO YCJIOBUS MOYKHO ITPUHATD:
P(x,y,z,0)=0. (20)

Haubonee pacnpocTpaHeHHBIMU TUIIAMHU T'PAHUYHBIX YCJIOBHUH SIBISIOTCS YCIIOBHUS
yka3zaHHbie B [1-4].
3anaHo naBieHue HarHeTanusd (ycnosue | ponaa):

P(Z,,t) =P, (1), (21)

rae I'. — KoOOpAMHAThI CKBaKHMHBI B paCCMaTpPUBAeMOM 001acTu.
OOBIYHO HA CKBAYKMHE 33/a€TCS PEKUM MOCTOSHHOTO JaBJICHUS

P, =const

uiau TeMn HarHeTanus (yciosue I pona):

k . oP(I, 1)

—S§ ——< 2 —q(t),

2> on q(t) (22)
rac SC — IJIomaab IIOBEPXHOCTU (I)I/IJII)prIOHlef/'I YaCTHUu CKBAKHNHBI.

Ha ckBaxkxuHe MOXET OBITh 3alaHO COOTHOIICHHE MEXIy IABICHHEM W TEMIIOM
Haruetanus (yciosue III pona):

P(I",.t) = fla(t)], (23)
Irac f— Q)YHKHI/ISI, onpceaciromad KOHKPpETHOC COOTHOICHUC.
Ha oTTOYHBIX CKBaXKMHAX WU OKOHTYPHUBAIOIIUX BLIpa6OTKaX JAABJICHHUEC PAaBHO HYIIHO:

P(I,,t) =0, (24)

rae I’ 1 — KOOpAHNHAThI OTTOYHOM CKBa)KWHbBI UITH BBIpa6OTKI/I.

Ha xonTakTe ¢ G0KOBBIMH MOpoaaMu (TIPU JOMYIICHHH 00 MX HEMPOHHUIIAEMOCTH)
O0OBIYHO MPUHUMAETCS YCIOBUE OTCYTCTBUS MOTOKA:

OP(I,,1) _

~ 1 =0 (25)

rac FZ — COOTBETCTBYIOLIAsA I'paHUIIa o0JacTH.

Bornee croXHbBIM SBIISETCS 3a7aHMe TPAHUYHBIX YCIOBUN MpH (QUIBTPALMU B CTOPOHY
HETPOHYTOI0 MaccuBa. B MOJOOHBIX ciydasx i HapaboJIMuecKuX ypaBHEHHH 3a/1aeTcst
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n

b0 yClIoOBUE, MPEAIOoIararoniee HaIMdiue OTTOYHON CKBKUHBI Ha OOJBIIOM yAaJICHUH
OT HarHeTaTeJILHOW CKBAXKUHBI 1 haxc:

P(I, s 1) =0, (26)

rae [ ae — KOHTYp, 00O3HAueHHBIH CKBa)XWHOH, JIMOO OTCYTCTBHE MOTOKAa Ha
MIPOU3BOJILHOM, IOCTATOYHO YAAJICHHOM OT CKBOXKUHBI rpaHuIle oonactu [ :

OP(T",t)

=0 (27)

Opnnako ycnmoBue (26), B MPUHIHUIIE, JACT BO3MOXKHOCTH TOJIYy4aTh aHATUTUYECKUE
pemenus [1], [3], [4], HO He MO3BOJSIET MUCMOJIB30BATh YUCICHHBIA anroput™. [loatomy
MIPUMEHEHHE 3TOr0 YCIOBMSI IMPHUBOIUT JINOO K HEONPaBIAHHO 3aBBILIEHHBIM pa3zMepam
o0nacTu pelieHus, MO0 K CyIECTBEHHOH MOTPEIIHOCTH, TaK KaK MPU 3TOM HETPOHYTHIN
MaccuB Ha TpaHulle 00JacTH (PaKTUYECKH 3aMEHSeTCs OOHAKEHHOM MOBEPXHOCTHIO.
Ycnosue (27) COOTBETCTBYET HAJIMYHMIO BOAOYIIOPA HA TPAHULIE, YTO BEAET K 3aBbIIIEHHBIM
3HAUEHUSIM JaBlieHUs: KUIKOCTH. Hambosnee mpaBuiibHbIM OyneT 3aJaHue Ha TpaHUIIe
TaKoro MOTOKa, KOTOPBIN COOTBETCTBOBAI Obl peallbHOMY CTOKY >KMJIKOCTH B MAacCUB 3a
npenenaMu 06iactu. MOXKHO ¢ HE3HaYUTENbHOM OMIMOKON MPUHSTH, YTO 3HAYEHHUE MTOTOKA
Ha TpaHulle HUcCaeayeMOon 00JacTH SIBIISIETCS TOCTOSTHHBIM:

OP(I',t)

= const. 28
on (28)

VYpasuenue (18) ¢ COOTBETCTBYIOIMMH KOHKPETHOM 00JIACTH KPAaeBBIMH YCIOBHUSIMU
n3 Habopa (20) — (25), (28) mpencraBnsier co0O MaTreMaTHYECKYIO MOJETb HAIOPHOM
(buIbTpaUy JKUIKOCTH B YTOJIBHOM ILTACTE.

Jliis mpoBepKH aeKBaTHOCTU MOJEIH, MPAaBUILHOCTH BHIOPAHHOTO METOJA PEUICHUS
U aHain3a HEKOTOPHIX PEXHMOB MPOU3BOJMIOCH MCCIEIOBAaHHE MOJIYYEHHONH MOJENH B
CJIEYIOIIMUX HAMPaBICHUSIX:

cpaBHeHue pereHuit ypaBHeHus (18) m ypaBHeHus (5) /Ui yCTaHOBJIEHUS I10-
IPEUIHOCTH MO/JIEIH;

— HCCIIeIOBaHKE MTOBEJICHUS PeIlICHHS TIPU HATMYUU (PUIBTPAMOHHON aHU30TPOIIHH;

— HCCIEeI0BaHUE PEUICHUS MPU PA3TUYHBIX PEKUMAX JIBUXKEHUS KUIKOCTH;

— mpoBepka paboTsl ycnoBus (28).

s pemenust ypaBHeHus (18) BbIOpaH KOHEUHO-Pa3HOCTHBIN METOM, OCHOBBI KOTO-
poro Juis HENMHEWHBIX MapaboIMYecKUX YpaBHEHHH C pa3pbhIBHBIMU Kod(dduineHTamu
paspaboTtansl akag. A. A. Camapckum.

HccnenoBanue norpeurHoCcTd MO MPOU3BOAUIOCH ISl OJTHOMEPHOM MOCTAaHOBKHU
npu P, =const. CpaBHeHHE pe3ylIbTaTOB MOKA3bIBAET, YTO NOIPEIIHOCTD PELICHUS ypaB-

HeHust (18) cocraBisier B cpeaHeM 15% u oOycioBiieHa B OCHOBHOM MOTPEIIHOCTBIO
IIEPBOr0 BPEMEHHOIO 11ara.

HccnenoBanue moBeneHUs PELIEHUS NPU HAJIMYUMU aHU3O0TPONMH, BOJOYIOPOB M
BCTPEYHBIX IIOTOKOB )KMJIKOCTH B OJHOMEPHON M INIOCKOCTHOM IOCTAaHOBKE MOKA3aJI0, YTO
C JOCTaTOYHOW Ui MPAKTHUKH TOYHOCTHIO B OOJIBIIMHCTBE CIIy4aeB IbE30NPOBOJIHOCTH
MOJKHO YYHUTHIBATh TOJBKO NMPHU OTCYTCTBUHM CBOOOIHON MOBEPXHOCTH (HPOHTA JBIKYILECH-
Csl KHMJKOCTH, T.€. IPY BCTpeYe MOTOKA C BOAOYIOPOM WJIM APYTMM NMOTOKOM. Bopoynopamu
OOBIYHO SABJISIOTCS MOYBA U KPOBJIS IJIacTa MPH MPEIIOJI0KEHUN 00 UX HETPOHUIIAEMOCTH.
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Torpaa Beipaxkenue (19) MmoxxHO nepenucarb B BUJE:

P, L<L;
AHP) = X =L, (29)

rac Li — PACCTOAHUC OT CKBAKMHBI 10 BOAOYIIOpA WJIM I'PpaHHUIbI BCTPCYHOI'O IMOTOKA

10 IEPBOM KOOpAUHATE.

Jlig uccienoBaHUs MOBEACHUSI MOJEIU IPU JKECTKOM, YIIPYroM M HEIMHEWHO-
YIOPYroM pexuMax (uIbTpalud BapbHUPOBAINUCH 3HaU€HUS KOA(p(UIMEHTa Ibe30IPOBO/I-
HOCTH y U Kod(dduuuenTta ¢ . s pa3nuuHbIX peKMMOB 3HaYEHUS 3THUX K03 PUIIMeHTOB

ObUIM MPUHSATHI CIEYIOIIMMHU: kecTKui pexuM — o =0; y =1000 cm?/c (3aBblIEHHOE TTO

CPaBHEHMIO C pealibHbIM 3HaueHue); ynpyrui pexxum — ¢ =0; y =200 cm?/c; HenTuHEIHO-
ynpyruit pesxnm — o = 01 MIIa™; y =200 cm?/c.

PesynmpTaThl pacueToB MOKA3bIBAIOT, YTO pa3HHUIA B CKOPOCTH JBWKEHHUS (DpOHTA
KHUJIKOCTH TIPU JKECTKOM, YIIPYIOM H HEIMHEHHO-YIIPYroM pexXuMax (UIbTPAlUU HaXo-
mutest B mpenenax 10-15%, mpuuem ¢opMa KpUBBIX pacnpeesieHusl IaBJieHUsS TpU
VIIPYroM W HETMHEHHO-YIIPYTOM peKuMax OJi3Ka K mpsiMoit muHun. OTcroa clieayer, 9To
C IOCTaTOYHOM LIS MIPAKTHKH TOYHOCTHIO MOYKET OBITh TIPUHST )KECTKUN PEKUM QHITBTpPa-
. OJJHAKO HECTAI[MOHAPHOCTH Tporiecca (GUIbTPAIMH KHUIKOCTH B TUIACTE, BBI3BAaHHAS
KOHEYHOCTBIO CKOPOCTH [IBIKCHHUSI (PpOHTA, MPUBOIAUT K TOMY, YTO HCIIOIB30BaHHE ypaB-
HEHUS JKECTKOTO PEXXHMMa HE PallMOHAIIBHO, TI03TOMY B JABHEHIIIEM TSl OTIMCAHUSI JIBYKCHUS
KUJKOCTH B YrOJIbHOM IIIACT€ PEKOMEHIYETCs MpUMEHATh ypaBHeHue (18) ¢ koaddu-
IUEeHTOM B BHjIE (29).

Pemenue 3amaun B 0JHOMEPHON MOCTAHOBKE MOKET CIYXKUTH JUISl MOJTyYEHUS MH-
(dbopMalu O MOTPENIHOCTH pPEUIeHHM, 00 M3MEHEHUAX AaBJIEHUS MO MPOCTPAHCTBY IS
(UKCHPOBaHHBIX 3HAYEHUI BPEMEHU WM BO BPEMEHHU B (PUKCHUPOBAHHBIX TOYKAX MPOCT-
paHCTBa, OJHAKO JUIsI UCCIENOBaHMs (DU3UKH Ipolecca HeoOXOIUMO MEPEXOIUTh K ABY-
MEpHOH IOCTaHOBKE, 4YTOOBI HCCIEAOBAaTh HM3MEHEHHME JaBlEeHUS KaK (YHKIHH Tpex
koopauHat: P(X,y,t).

HccnenoBanue mnorpemHocTy ycioBus (28) MpoBOAWIOCH Ui OJHOMEPHOTO H
IJI0CKOpanaibHOro ciydaeB. B oJHOMepHON MOCTaHOBKE MPUMEHEHHUE 3TOTO YCJIOBUS
MIPAaKTHYECKHU HE MPUBOJIUT K IMOTEPE TOUHOCTH, IOCKOJIBKY KPHBasl paclpeieieHus JaBlIeHUs
Mo ocu X Majo OTIAMYAETCA OT MPAMOH JIMHMHU. B miockopaauanbHOM ciiydae pacipe-
JieNIeHUe JaBJICHUS B JJI0OOM HAIPaBJICHUU OTIWYAETCS OT MPSIMOM, OJTHAKO, 3TO MIPUBOIUT
K 3aMETHOM MOTPENIHOCTH TOJbKO BOJM3U T'PAHUIIbI, U CYIIECTBEHHO HE CKa3bIBAETCS Ha
pacnpe/ieieHuu JAaBlIeHus BO BCEil 00acTu.

Takum 06pa3oM, HaropHast GUIBTPALIUS KHUIKOCTH B aHU30TPOITHOM YTOJILHOM IIJIacTe
[IPY HAJIMYMHU BOJIOYIIOPOB U BCTPEUHBIX MOTOKOB OT €IMHOBPEMEHHO PA0OTAIOLINX CKBAKUH
yIIOBJIETBOPUTENILHO OIMKCHIBACTCA YpaBHEHUEM ynpyroro pexxuma (18) ¢ kosddunuenTom
B Buje (29) u kpaeBeiMu ycioBusimu (20) — (25) u (28). JInst pemieHus: MOCTaBICHHOM
3aJ]aud MOXeET ObITh UCIOJIb30BaH METO] KOHEUHBIX Pa3HOCTEH.

BbiBOA,

B pe3yibTaTeC NPOBCIACHHBIX HCCIeI0BaHUM C(l)OpMI/IpOBaHLI ACTCPMUHUPOBAHHBIC
MaTEeMaTUYICCKHUEC MOJCIIN ITpoHecCa TuApaBINICCKOTO BO3ACHUCTBHUS Ha yTOJ'IBHBIﬁ miacT, B
OCHOBY KOTOPBIX ITOJIOKCHBI KPACBBIC 3aia4U IJId YPABHCHUA HEJIUHEHHO -prerﬁ (I)I/I.TIBT-
paluu ) KUAKOCTU B CILIOIIHOM cpeac.
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O6ocHOBaHBI AITOPUTMBI YHCICHHOTO PEIICHUS MOCTABJICHHBIX KPAaeBbIX 3ajad U
BBIUMCIIUTEIIbHBIE METOJBI OLEHKH 3(P(PEKTUBHOCTH MHpoIlecca W KauecTBa THIpaBIMYC-
CKOI'0 BO3JCUCTBUS Ha aHU30TPOIIHBIN YrOJIbHBIN IIJIACT.
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RESUME

L. A. Lazebnaya
Mathematical Modeling of Fluid Motion in the Coal Seams Taking into Account
the Moving Boundary of the Filtration Front

In the complex of means for preventing the manifestations of negative properties of
the coal seam during underground coal mining, a mandatory measure is the preliminary
injection of liquid into the developed zone. The works of many researchers have created
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the foundations of the theory and technology of the process of hydraulic processing of coal
seams, but many problems in this area need to be solved. In particular, further research is
required by the phenomenon associated with the presence of gases under pressure in the
coal seam, which creates resistance to the movement of the liquid and causes the formation
of an uneven moving boundary of the filtering fluid.

In this regard, the topic of mathematical modeling of the process of fluid movement
in a coal seam, taking into account the moving boundary of the filtration front, is relevant.

The purpose of the work — development of a mathematical model of fluid filtration in
a coal seam with a moving boundary of the filtration front and substantiation of an
algorithm for the numerical solution of the problem.

Mathematical modeling is an effective method for studying the dynamics of fluid propa-
gation in an anisotropic coal seam to establish the patterns of movement and interaction of
flows during fluid injection. By now, systems of equations have been formed that make it
possible to effectively solve problems of this kind, however, unsolved questions still remain.
In accordance with the physical nature and specifics of the process of fluid movement in the
coal massif, the filtration equations must satisfy the following conditions:

— implicit calculation of the coordinates of the front of a moving fluid flow;

— the ability to study rigid, elastic and nonlinear elastic filtration modes;

— availability of an effective numerical solution method.

By joining the basic equation of the initial and boundary conditions corresponding to
various technological schemes and modes of action, a mathematical model of hydraulic action
on a coal seam in a filtration mode is obtained.

The calculation results show that the difference in the velocity of the fluid front under
rigid, elastic and nonlinear elastic filtration modes is within 10-15%, and the shape of the
pressure distribution curves under elastic and nonlinear elastic modes is close to a straight line.
Hence it follows that a strict filtering mode can be adopted with an accuracy sufficient for
practice. However, the non-stationarity of the fluid filtration process in the seam caused by the
finiteness of the front velocity leads to the fact that the use of the rigid mode equation is not
rational, therefore, in the future, it is recommended to apply the basic equation to describe the
fluid movement in the coal seam.

The solution of the problem in a one-dimensional formulation can serve to obtain in-
formation about the error of solutions, about changes in pressure in space for fixed values
of time or in time at fixed points in space, however, to study the physics of the process, it is
necessary to go to a two-dimensional formulation in order to study the change in pressure
as a function of three coordinates P(x,y,t).

As a result of the research conducted, deterministic mathematical models of the process
of hydraulic action on a coal seam have been formed, which are based on boundary value
problems for the equation of nonlinear elastic filtration of a liquid in a continuous medium.

Algorithms for the numerical solution of the set boundary value problems and computa-
tional methods for assessing the efficiency of the process and the quality of hydraulic action on
an anisotropic coal seam are substantiated.

PE3IOME

J1. A. JlazebHas
Mamemamuyeckoe modernuposaHue rpouyecca 08UXEHUS XUOKocmu
8 y20/IbHOM riacme ¢ y4emom rno08UXXHoU epaHuUUbl hpoHmMa hunbmpauyuu

B xommekce CpEACTB NPCAOTBPAILICHUA HpOSIBIIeHI/Iﬁ HEraTUBHBIX CBOMCTB YTOJIbHOTO
IJracTa 1npu HO,H3CMHOI>'I YTJICI[O6BI‘IC 00s13aTENILHBIM MCPOIIPUATHEM ABJIACTCA MpEABapu-
TCJIBHOC HArH€TaHUC KUIAKOCTHU B pa3p36aTLIBaeMy}0 30HY. prI[aMI/I MHOTHUX HCCICOO0-
BaTenei CO3daHbl OCHOBBI TCOPUHU U TCXHOJIOTHMHU IIPpOLCCCa FHﬂpaBHquCKOﬁ O6p360TKI/I
YIroJIbHBIX I1IJIACTOB, OJHAKO MHOTIHUC HpO6J’IeMLI B DTOHl o0OxacTu Tpe6y10T pCUICHUA.
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B yactHOCTH, JanpbHEHIIMX HCCIEAOBAaHHMA TpeOyeT sBIICHHE, CBSA3aHHOE C HATUYHEM B
YrOJIbHOM IIJIaCTE ra30B, HAXOSIIMXCS MO/ IaBJIEHUEM, UTO CO3JAaET CONPOTUBJIEHUE JIBU-
KEHUIO JKUJIKOCTH U 00yclaBiuBaeT (popMHUpPOBAHNE HEPAaBHOMEPHOU IOJBIKHOW TPAHUIIBI
GWIBTPYIOIIEHCS KUAKOCTH.

Llenv pabomwvr — pa3paboTKa MaTeMaTHYECKOH MOACTU (PUIBTpAIMU >KUIKOCTH B
YrOJILHOM IIIacTe C IMOJBMKHOHM TpaHuued ¢poHTa (QuiabTpanmu U 0O0OCHOBAHHE ajro-
pUTMa YHCJIEHHOTO PELICHUS IOCTaBICHHOM 3a1a4u.

D¢ HeKTUBHBIM METOIOM HMCCIICOBAHUS JUHAMUKH PACIIPOCTPAHEHHSI KUIKOCTH B
AHU30TPOITHOM YrOJIBHOM IUIacTe€ JUIsl YCTAHOBJIEHHS 3aKOHOMEPHOCTEW IBMKEHHS U
B3aUMO/ICHCTBUS IOTOKOB IPU HarHETAHUU KUAKOCTH SBJISETCS MATEMATUYECKOE MOJIEIIN-
poBanue. K HacTosmemy BpeMeHH cPOpMHpPOBaHbI CUCTEMbI YpPaBHEHUM, MO3BOJIAIOLINE
3¢ deKTUBHO pelmaTh 3aa4u MMOJ0OHOr0 poja, OJHAKO HEepelI€HHbIE BOIMPOCHI MOKa OC-
TarTca. B cooTBEeTCTBUU ¢ (PU3MUECKON CYIIHOCTBIO U CHELM(PHUKON Mporecca IBUKEHUS
KUJKOCTH B YrOJBHOM MAacCHBE ypaBHEHMs (PUIbTPALMU JOJDKHBI YJIOBJIETBOPSTH Clle-
JYIOLIUM YCIOBHSIM:

— HESBHOE BbIUHCIICHHE KOOPIUHAT (PPOHTA JBMXKYIIETOCS MOTOKA KUIKOCTH;

— BO3MOKHOCTb MCCIIEIOBAHUS KECTKOTO, YIPYroro U HETMHEHHO-YIPYroro peKuMoB

¢bunbTpanuu;

— Hanuuue 3¢ (HEeKTUBHOTO YHCIEHHOTO METO/1a PEeIICHUSI.

[IyréM mpucoeanHEHHsS K OCHOBHOMY YpaBHEHUIO HAYalbHBIX M IPAHUYHBIX YCIIO-
BHIi, COOTBETCTBYIOIIMX PA3JIMYHBIM TEXHOJOTMUYECKUM CXE€MaM U pexuMaM BO3JIEHCTBUS,
MOJIy4aeTcsl MaTeMaTH4ecKasi MOJEIb THAPABINYECKOTO BO3ICHCTBHS HA YrOJIbHBIN IUIACT
B pexuMe (pUIbTpaIum.

Pe3ynbTaThl pacueToB MOKa3bIBAaIOT, YTO pa3HHUIA B CKOPOCTHU JABIKEHUS (PpOHTa
KUAKOCTU TPU JKECTKOM, YIPYroM M HEIMHEHHO-YIPYroM pexkumax (uibTpaluu Haxo-
mutest B mpenenax 10 — 15%, mpuueM ¢dopma KpUBBIX paclpenesieHUsl JaBlIeHUS MpU
YOPYroM W HETMHEHHO-YIIPYroM pekuMax Oim3ka K mpsmoit simann. OTCroaa CleyeT, 4To
C JOCTATOYHOM /711 MPAKTHUKU TOYHOCTHIO MOKET OBITh MPHUHAT KECTKUM pexuM UIbTpa-
nuu. OHaKO HECTAllMOHAPHOCTH Mpoliecca (GUIbTPALUU KUJIKOCTH B TUIACTE, BbI3BAHHAS
KOHEYHOCTBIO CKOpPOCTU JBMXKEHHS (POHTA, MPUBOAUT K TOMY, YTO HCIOJIb30BaHUE
YPaBHEHUs )KECTKOI'O PEKHUMa HE PALMOHAIBHO, IO3TOMY B JAJIbHEMIIEM JUIsl ONMCAHUSA
JBU>KEHUS J)KUJKOCTH B YTOJIBHOM ILJIACTE PEKOMEHYETCS IPUMEHATh OCHOBHOE YPaBHEHHE.

Pewrenne 3amaunm B OJHOMEPHOM MOCTAHOBKE MOXKET CIYKUTh JUISl MOJTYYEHUS WH-
(dbopManuu 0 MOTPENIHOCTH pPEUIeHHH, 00 M3MEHEHUAX AABIIEHUS IO MPOCTPAHCTBY IS
(UKCHPOBaHHBIX 3HAYCHUN BPEMEHU WM BO BPEMEHU B (PUKCHUPOBAHHBIX TOYKAX MPOCT-
paHCTBa, OJHAKO IJs HWCCIeNOBaHHS (PU3MKHU IMpoliecca HEOOXOAUMO MEepPeXOoJuTh K
JIBYMEPHOU TMOCTAaHOBKE, YTOOBI MCCIIEIOBATh U3MEHEHUE HaBJICHUS Kak (DYHKIMH Tpex
koopauHat: P(X,y,t).

B pesynbTate mpoBeneHHBIX HCCIENOBaHHM CHOPMUPOBAHBI JETEPMUHUPOBAHHBIC
MaTeMaTHYECKUE MOJEININ Mpolecca TMAPABINYECKOrO BO3ACHCTBUS Ha YIOJbHBIN IJ1ACT, B
OCHOBY KOTOpBIX IIOJIOKEHBI KpaeBble 3a7aud JUIl YPaBHEHUS HEIMHEHHO-YNPYyrou
GUIBTpAIMK KHUJIKOCTH B CIUIOMIHON cpesie. OOOCHOBaHbI aITOPUTMBI YMCICHHOTO PELIeHUs
MOCTABJIEHHBIX KpPAeBbIX 3aJad M BBIYUCIUTENIBHBIE METOJbl OLEHKU S(PPEKTUBHOCTH
IIpoLIecCca ¥ Ka4ecTBa MMIPaBINYECKOTO BO3ACHCTBUSA Ha AHU30TPOITHBIN YrOJIbHBIN IUIACT.

CraTbs noctynuna B pegakuuio 29.04.2021.
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