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3AJAYA O ITPOTHO3E COJEBOIO PERUMA OPOIDAEMBIX
3EME/Ib ITP1 HAJINYNN TPEHAKA

H. . I'anaronos, . ©. IMlysaveun

(Kasunun)

IIpuBoguTCA pelieHWe ypaBHEHHHA KOHBEKTHBHOHE Au@ysdm [IA [BYX INIOCKAX CIOEB
METOJOM KOHEUHHIX MHTETPAIbHHX Hpeo0pas3oBanmil. IlomydeHH TOUHEHE pelleHHA 3agadnd
B YCJIOBUAX HAJTHIASA HACXOAMETO WM BOCXONAIMET0 GMIBTPANMOHHOTO MOTOKA.

ITpoMbiBKa 3aCOJEHHBIX MOYB COCTOWT B IoJade HA IOBEPXHOCTH MaccHBa
BOJH, KOTOpas, QUIBTPYACH, PACTBOPSET COJH M BHITECHSET MX M3 MOKPOBHOTO
clIod B HIKHHE FOPH30HTHl HOPHA TIy0OKOM 3ajleTaHMH IPYHTOBHIX BOJ, MM e
B JpeHH W BOJONDHEMHUKN NP OJM3KOM B3aJ€TAHAN W CIa6OM OTTOKe IOfi-
3eMHBIX BOJl B €CTECTBEHHHX YCIOBHAX.

B macTosamee BpeMa MeJIMOPATOPH HPUIIIA K YOe:KIeHUIO 0 He00OXO0ANMOCTH
oIpecHeHNsA HE TOJIHKO KOPHEOOMTaeMoro ciIod IOYBEl, HO M T'PYHTOBHIX BOJ
Ha MOCTATOYHO GOJBINYIO INIyOHMHY, TaK KaKk PAcCoJeHMe TOIbKO BePXHEro CI0d
HOYBH OPH COXPAHEHAHW BHICOKON MUHEDATN3anuy OIM3K03aJIeTAIOMUX IPYHTO-
BHX BOJ HEYCTONYMBO, W BCIEACTBHE ITOTO HEPEIKO IIPOMHITHE IIOIBH MHTEH-
CHBHO 3aCOJSAIOTCH.

Kak moxasano B pame pa6or ([*] m ap.), 30Ha BepTHKaIbHOTO coneoOMeHa
mosrer gocrmratbh 20—30 wm, a mectamm 50—100 wm oT mOBEPXHOCTH 3eMJIH.

B ngammrO# paboTe paccMaTpmBaeTcs JHHAMAKA COJEBHX PACTBOPOB B JBYX-
CIOMHOM MeJIKO3eMHOR TOKPOBHOR ToJme. BepXHA# CI0# JIe;KUT BHIIE YPOBHSA
IPYHTOBHIX BOJ (30Ha HEIOJIHOTO HACHIIEHNA), HIDKHAHA CIOH pacHoIoKeH
MEKIY . TPYHTOBHIMA BOJAMU W KPOBJIe#l meCYaHOTO HJIACTA, HOACTHIAIOMEro
MOKPOBHEIE MEIKO3EMEL.

Ilpenmonaraercs, 9T0 Kak AJIs BEPXHETO, TAK U g HIFKHETO IOJHOCTBIO
HACHIMEHHOTO BOMO CIIOA MEITKO3eMOB CIPABEIINBO yPAaBHEHNE KOHBEKTUBHOM
mudpdysnun. [TpmEnMaercs, 9To QUMIBTPANMOHHLIE W COJEBEIe HapaMeTpPH NIA
000X IJIACTOB M3BECTHH W3 PE3YJIbTATOB ONETHO-IOJEBHIX HCCIETOBAHMUM.

Tlpenmonaraerca Tak:Ke, 9TO ApPeHAK obecmedmBaeT IOCTOAHHOE IOJIOMKe-
HEe ypPOBHA TPYHTOBHX BOJ, 8 (MIbTpAaUA W MepeHoC CoJel CIMTAIOTCA MPo-
ACXOMAMUME TOJIBKO II0 BEPTHKAJW, YTO HOATBEPIKIAETCS HA MPAKTHKE NJIA
pAfa TmoIBepsKeHHBIX 3aCOJeHHI0 paioHOB pecmyGimk Cpenmeir Asmm m Has-
Kasa, MMeIIWX HBHO BHIPa)KeHHOE [BYXCIoitHoe cTpoeHme [2].

MareMaTHUeCKH 3ajada CBOJNHWTCHA K PEIIEeHUI0 CIeAyIOmel cucTeMH Rud-
depernmaNbHKIX ypaBHeHHit - [% 3]:

aafi:Dii;g%—%%JrTi(C*—Ci) G(=1,2 (1)
opm HadYaJdbHOM H TPAaHUYHOM YCJIOBUAX
Ci(z,0) = @i () (2)
B,C: (0, 1) — 0 222D _p e, 3)
Clmat) = Calmyy )y, 220D 5y S, 1) )
B2C; (my, B) + ay &g;zz_t) = B,C00 (5)
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3mech W B JalbHeAmeM HWHIEKCH i = 1 W 2 OTHeCeHH COOTBETCTBEHHO
K BepXHeMy W HIDKHEMY CJIOSM IOKPOBHOW TOJINH, MOACTHIAeMOH KaunTupye-
MBIM Tlec4aHHIM maactoM; C; (z, t) ¢; (¥) — KOHIEHTpanuyW HOYBEHHOTO pac-
TBOpA coJieil B M060i ¥ HauadbHEIE MOMEHTH BpeMeHd, &/4; Cy, C, — KOHIEHT-
panuy IpefelJbHOTO HACHIMEHWS COJAME JaHHOTO COCTaBa W IOJaBaeMOM IJIs
OPOMBIBKH BOABl, 2/4; D; — KoadpdunmeHTH GuibTpanmoHHOE muddysun
(mmcumepemm), w?/cyT.; o, f; — HOCTOSHHBIE KOB(QUIUEHTH, 3HAYCHHA KO-
TOPBIX HPUBOAATCA HIZKe DU PACCMOTPEHHHU JACTHHIX CJIydYaeB 3amadd, Ipef-
CTAaBIAKNMUX HHTEPeC NJA MeIMOPATHBHOR IDAKTUKH; Y; — K03(YPUIueHTH
PaCTBOPEHHUA coJei, cyT.”l; m;, my, — COOTBETCTBEHHO TAyOWHA B3aleraHus
TPYHTOBHIX BOJ WM 00mas MOITHOCTh 000MX CJI0EB HOKPOBHOM TOJINH, M; € —
CKOpOCTh (uIbTpamum, Mm/CyT.; n; — mopuctoctu ciaoes; C,, () — MuHepa-
Iu3anud IOA3eMHEIX BOJ B XOPONIO IPOHUIAeMOM HOACTUIAIONEM IJIacTe,
u3BecTHasA (QYHKOUA BpeMeHH, 2/4; & — KOOPAWHATA, #; OCh z HAampaBiIeHa
BePTUKAJbHO BHH3, HAYaJ0 KOOPAMHAT BHODAHO HA NOBEPXHOCTH 3e€MIH; [—
Bpems (cytku); D, = n,D,/n,D;.

Ilo amamormm ¢ OGBIYHEIM METONOM HMHTErpajbHEIX mpeoOpasoBaHumit Homi-
asxoBa — ['punGepra [* 5] ypaBuenms (1), (2) yMHOKHEM COOTBETCTBEHHO Ha
anpa K; (z, p) W [BasKOH HPOMHTEIPHPYEM IO YaCTAM B COOTBETCTBYMOIIUX
mpefenax. B peayixbrare BMeCTO MCXOMHOW CHCTEMBI IOJYIMM OOBIKHOBEHHYIO
CHCTeMY YypaBHEHH

6Ui/0t—|—p2Ui=Hi—|—Fi i=1,2) (6)
rae
Uit.o)= § C@tKi@p)dz, Fi(p)=1Cyl\ Ki(z.0)dz, Fy(p)=0
miy 0
[ .. 0C, o N\t . 4K, |y
H’L(t,P)=[\U13—x g e Loy (mo = 0)
1 7'11"_1

IIpegnonaraeM, 9T0 B HE3KHEM clioe (HU;Ke YPOBHA IPYHTOBHIX BOJ) COJHU B
TBepro# (ase orcyrcTBYIOT (y, = 0).
Ins HaxokpmeHHWs: spgep mpeo0pasoBaHUA MOJydaeM CHCTEMY YPaBHEHHI
@K, . dK, 5
i e (PP —0) Ky =0 s 1=1,9) (7)
1

Gi1=711, SB=12=0)

D

QOysxknun K (z, p) momaraem pasuemu M! (p) N; (z, p) 0; (2), rme
M™(p) — HOpMUpyomuit genutenb, a N; (z, p) 1 0;(r) — HemsBecTHHE PYHK-
oUu, OIpefejsieMble COOTBETCTBEHHO W3 ypPaBHEHHI

ds; e
Di— + Eakc 0 8)

d (. 8N\
DiE \Gi'—ﬂ) +(E*—8)N; =0

YpasHeEus (8) moayuanTCs mocie IOACTAaHOBKU 3HaueHmit K; (z, p) B
(7). W3 mocnmemHumx ABYX ypaBHEHHH C yYeToM paBeHCTBa 0, (m,) = o0, (m,)
Haxo#aTcAa (QyHKIUH

61 (7) = exp <— nff)l >, 6 (z) = exp [_ (z -n—zg:) B r::Lg:] 9)

Onpenenenne N, (z, p) u N, (z, p) cBopuTcA K pemenumo 3agaun Hltypma —
JInyBUINA OpH OQHOPONHBIX T'PAHUYHBIX YCJIOBHAX.
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HopcraBasaa (9) B (8), moaydum ypaBHEHHSA

&N, o dN, p
g e (0 = B Ns=10 | @19 (10)

1

D

KOTODHIE DeImaloTcs MPM TPAHUIHBIX YCIOBHAX (3) — (D) ¢ HyJeBHIMH mpa-
BHIMH JaCTAMH.
Obmee pemenune cucrems (10) mmeer Buf

N;(x, p) = exp (1;2) [4; sina;v + B;cos a;t] (11)

W3 oguopomubix rpanmaanX ycaoBuit (3) — (9) (upu Cy = Cyp = 0) moay-
gaeM CUCTeMY 9YeTHIpeX ypaBHeHHWi JJs onpefeleHus KospdunumenTor 4;, B;.
Yro6s 5Ta OFHOPOAHAS CHCTEMA YPABHEHWI MMEJA HETPUBUAJIHHOE penieHue,
HeoOXOIUMO M JIOCTATOYHO, 9TOOBI OIPENENINTEeNh DTOH CHCTEMHI OB PaBeH
mymo A (p) = 0.

3anumeM BRIPayKeHWE [JIS DTOTO ONpeeTUTelNs

64 — 63 tg ayjmg T
03 -+ 01 tg aymy g e O (12)

A (p) = tglay (my — my)] —
¥ gaa xospduumentos A;, B;

Ay = — agy (borbrp — bogbys)y By = — Aiagi/ac (13)
Ay = — boz (@01812 — A2811), By = — Aybor/bog

3mech BBeleHH cjemylomue O003HAYEHUS:

Aoy = 0@y, Doy = 04 (Ty SiN asMmy + ay €0S asmy) -+ By sin aym,
Qg2 = Ty — By, boy = g (T COS agMy — Gy SN AyM,) + B, COS Ao,
ay, = exXp (tymy) sinayny, by, = exp (tym4) Sin a,m,

ay5 = eXP (Timy)cosamy by = X (TyMmy) COS agMmy
1 Q & g
0 =5 (=8 =18 T=gp (=12
Do 20,0,

0: = P (Br— oyT1) + Pa(Be — @aTa), By = ay (0upy — BiBz — B1taTy)
03 = az (aepy + B1BeDo — 04B2T1D0), 04 = a1as (44B5 Do + 05B4)
P1 = Do (T2 4 @5%) + BaTeDy,  Pa = 1181 — 0y (74® + a1%)
Tarkum ob6pasom, ¢ymrmum N; (z, p) (11) sBagoTCA pelmeHmeM 3aJadd
MIrypma — JImyBuuis, coGCTBeHHbIe 3HAUOHNS KOTOPOH HAXOHATCA KaK KOp-
HM TpaHCUEHAeHTHOTo ypaBHeHus (12).

PaccmoTpuM Temeph pemenue cucTeMbl (6) mius msobpaskeHmit. YMHOMKEM
3TH ypaBHEHHS COOTBETCTBEHHO HA 1; U CIOKHUM, OyZeM HMeTh ypaBHOHHE
&

oW [0t + p*W = H (¢, p) + n.F1 (0) (14)
roe BBedeHbl 0003HAYCHUA

W (t, p) = nU, (¢, p) + nUy (¢, 0), H (4, p) = mHy + nyH,

Ucnonbaysi rpaHugHbie YCJIOBUSA sl MCKOMBIX ¢yHKNmi C; 1 N; u paBen-
¢TBO O, (m;) = 0, (m;), MOKHO B BHpaskeHmm gia H (¢, p) ocBOGOAUTHCA OT
FPAHMYHBIX YCJHOBHWI HA KOHTaKTe cJoeB. B pesynbraTe moaydmm

1
H (t,0) = 375 |5 mDB:CoN1(0,0) + 5= mDasss (ma) CooNa (s, )| (15)

8%
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Hauanabusie yciaoBusa (3) mpumyTt Bup
W (0, p) = n,U, (0, p) + nyU, (0, p) (16)

rre U; (0, p) — 3navenns m3obpaskeHmit QyHKIuA @; ().
Pemenne ypasuenns (14) npu yciosun (16) merko maitmercs, B wactHOCTH,
npu moctosHHEX Cy, m Cy, OHO WMeeT BHJ

W (t,0) = =5 LH (0) + mPr ()] + [W (0, 0) — TEEDNO oy (g2 (17)

@opmyas obpamenna auaa ¢ysknuit C; (z, ) umem B Bume pALOB 0o coO-
cTBeHHBIM (yHKnuAM 3amadnm lrypma — JlmyBuaaa [4 5]

oo
Ci@, )= 2 Su(t,0) Nz, 0)  (=1,2) (18)
v=1
rge py — coOCTBeHHbIe 3HAYEHWS 3aJaUd.
YumuoxuM BhIpakenusa (18) coorsercrBenHo Ha n;K; (z, p;), mpomHTerpu-
pyeM B COOTBETCTBYIOIIWX IpefelNaX M CIOKHM. B pesyiabrare mOdydmM

my

{ 61@) N (2,0 N (2, p) d +

.
0

o Se(tp)
W (t,0;) = MGy [n1

1§ 03,@) N, (2,09 N, (2, p7) do

Jlerko mokasaTb, 9TO BHIpasKeHHe B KBA[PATHHX CKOOKAaX B CHJIYy OPTOHOP-
mupoBaHHOCTH QyHKIUE N, m N, Gymer paBHO HyJI0 HpH Oy == p; (Vv 5= 1), a
mpu p, = pj (v = j) — 3HaueHm0o M, eciu ero MOJOKHUTH PaBHBIM

V=1

mye ma

M) =n § o1(@) N2 (z,p)dz + 1, § 0, (2) N2 (@, 0)dz (19)
0 my

Orcropa caxemyer, aro S, (t,0.) = W (t,0.,) 1 GopMysaBl OGpAINEHHS HMEIOT
Bupt (18), B kotopeix S, fo/nKHO GBHITH 3aMeHeHO HA W (i, p,).

Taknm obpasom, papst (18) Bmecte ¢ (11) — (13), (17) u (19) maroor pemre-
HWe paccMaTpWMBaeMo# 3amadm.

WrTepec mpeAcTaBiasoT ciaemyomue YacTHHIE Cioydam obmell 3samaum.

1. Caygait ay, = 0 (mam C, (m,, t) = Coo) u a; = 1Dy, B, = e. Uz (12)
nMeeM

T102 _ mtgaim —
o o8 [ax (my —my)] = T T (20)

Has ¢yexumm H (¢, py) HOTy9IuM BHIpasKeHHe

ON; 3
1 2 (m2, p,) ] 21

H(t,p)= m [SCoNl (0, pv) — 19 D5Co055 (Mmy) — %

2. Cayaait 3, =0 (wam 9C, (my, t)/ 0z = 0), oy = nyD;.

Torma xapaxrepucTmaeckoe ypaBHeHme n ¢yeximuum H (t, 0,) upumyT BuJ
2T2a1a3 + (T1T2a2 — ai2a:Dy™Y) tg aym,

tg [a2 (m2 o ml)] = a1a22 — @172 - (azz‘lf] - alzfzuo.l) tg aymy (AA)

H (¢, 0,) = eCoN1 (0, p)) M7 (p,)
3. Crywait 3acoleHHs 30HBI aspaldd MOKPOBHOIO CJIOA TPH HCIApPeHHH

TIOI3eMHBIX BOZI. B 8TOM cirydae B pemeHWsX JJis 9aCTHHIX caydaes 1 u 2 HymHO
mososkuth C, = 0 W 3HAK y CKOPOCTM € M3MEHUTh HA IIPOTHBOIOJOKHEII.
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IIpm paccmoTpeHNE 0JHOCTOWHON MOKPOBHOM TOJNINY MEJTKO3EMOB BO BCEX
OPeJBIAYIMUX BHPaYKeHHAX HY;KHO IOJOMKUTH

mi=myg=m, 0 =0,=0(x), T1=T,=17T, ¢ =@, =2a, Dy =1

Ilpm srom pemeHHmM ympoCTATCS W 3afada CBeleTcA K HPUMEHEHHI0 Ko-
HEYHOro WHTerpaibHoro npeobGpasoBanua Homuiakosa — I'punGepra [4].

Brraucnerns mo moaydgeHHEIM GOopMyJaM MOTYT OHTH BBHIIOJHEHH € HO-
MOILBI0 MAaJBIX 3JEKTPOHHO-BHYHCIUTENbHEIX MamuH (3BM).

Jas mimocTpanuu mpoBefieH pacueT mepepacmpesiesleHUs coJedl B IIOYBO-
TPyHTe IPH OPOMEIBKE 4 caydas nepeoro (o, = 0) opu clenyomuXx JaHHBIX:

D, = 0.002 wm?/cyr., D, = 0.02 wm?/cyr., n, = 0.2, n, = 0.5
e = 0.002 wm/cyr., my =2 m, my =10 u,
Ci(x,0) = Cy(x,0) = 20 2/, y=20

Pacuer mpoBommica ma 9BM «Hampm» B pesxume aBTOMATHIECKOTO IIPO-
rpammupoBanusi. B cymmax gopmyn (18) Gpanock pasHoe YHMCIO WICHOB psAma
v=1,3,95,7,10, 15, n raxopuaucy unckomsie pyuruuu. KHopum p, oupene-
asanuch us ypaseeHus (20).

B rabaune npuBeneHs 3HaueHHns KoHIeHTpanmii coaeit C; (x, {) B BepXHeM
cioe B cegenunx £ = 0 u 1 u gusa momentoB Bpemenn ¢ = 60 cyr. (B wucauremne
apobu) m ¢t = 200 cyr. (B sHameHaTexe).

x, M
1 3 5 7 10
0 0.950 2.929 3.611 3.818 3.932
0.508 0.556 0.777 0.908 1.014
1 24,516 31.614 22.199 21.053 20,213
4.565 5.569 5.714 5.635 5.782

AHanns pemeHWsA PacCMOTPEHHOrO0 OpHMepa MOKA3HIBAET, TTO AJS HOIY-
YeHWA JOCTATOTHOW IJId MPAKTHKH TOYHOCTH B cymmax (18) mocrarouno co-

xparnTh 10 wnenos. C yBennuernem uncea Oypoe F, (Fy = Dyt / mi) mosxno
B CyMMaX OTPAHUYHUTHCH yIepsKAaHHEM MEHBIIero YHCJa wWieHoB. Takr, mpu
F, > 0.1 Mo®HO y9YHTHIBATH TEPBEE 3—O WIEHOB CYMM.

Ilpennaraempiii MeTo; HMHTErpUPOBaHUA NHQPEpPEHIMANBHEX yPaBHEHUR
m03B0JIgEeT PacIMpPHUTh PelleHHe KPyra 3ajad MacCOIePeHOCa B MOPHUCTHIX Cpe-
aX, B JaCTHOCTH PaCCMOTPETh MTUHAMHUKY COJieil B MHOIOCJOWHEIX MOYBOIPYH-

Tax. B mociegHeM ciydae moJe3HO MOJB30BAThCH MAaTPHYHOR 3aIHCHI0 OIle-
pamuii.
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