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

H. . I'anaronos, . ©. Ilysaveun
(Kaaunun)

IIpuBonuTCA pelieHWe ypaBHEHHHA KOHBEKTHBHOHE Au@ysdm [IA ABYX INIOCKAX CIOEB
MeTOOM KOHEYHHIX MHTeIpajbHHX mpeo6pasoBanuil. IloaydeHH ToYHHE pemieHHUs 3amadn
B YCJIOBUAX HAJIWIASA HACXOAMETO WM BOCXONAIMEr0 GMIBTPANMOHHOTO MOTOKA.

ITpoMbiBKaA 3aCOJEHHBIX MOYB COCTOWT B Iofade HA IOBEPXHOCTH MaccmBa
BOJH, KOTOpasA, QUIBTPYACH, PACTBOPSET COJH M BHITECHSET MX M3 MOKPOBHOTO
clIod B HIKHHIE FOPH30HTHE HPHA TJy0OKOM 3ajleTaHUH IPYHTOBHIX BOJ, HJIH e
B JpeHH W BOJONDHEMHUKN NDH OJU3KOM 3aJ€TAaHAN W CIa6oM OTTOKe IOfi-
3eMHHIX BOJ B €CTECTBEHHBIX YCIOBHAX.

B mHacToAmee BpeMsa MeIMOPATOPH MPHUININ K YOEKISHAI0 0 HEO0X0AMOCTH
OIpecHeHAsA HE TOJIHKO KOPHEOGHTaeMOro CJIOsA HOYBH, HO W I'PYHTOBHX BOJ
Ha MOCTATOYHO GOJBINYIO INIyOHHY, TaK KaK PAccoJeHne TOIbKO BePXHEro CI0A
HDOYBH OPH COXPAHEHAHW BHICOKON MUHEDATN3auy OIM3K03aJIeTaAI0MUX IPYHTO-
BHX BOJ HEYCTONYMBO, W BCIEACTBHE HTOTO HEPEIKO IPOMHITHE IIOIBH WHTEH-
CHBHO 3aCOJIAIOTCH.

Kak moxasano B pame pabor ([*] m ap.), 30oHAa BepTHKaIbHOTO coleoOMeHa
mosrer gocrmrath 20—30 m, a mectamm 50—100 wm oT mOBEpXHOCTH 3eMJH.

B nammsO# paboTe paccMaTpumBaeTcsa JAHAMAKA COJEBHX PACTBOPOB B JBYX-
CIOMHOM MeJIKO3eMHON TOKPOBHOX ToJme. BepXHA# CI0# JIe;KUT BHIIEe YPOBHSA
IPYHTOBHX BOJ| (30HA HENOJHOTO HACHINEHHHA), HIJKHUHA CJIOH pacmolosKeH
MEKIY . [PYHTOBHIMA BOJAMU W KPOBJIe#l IeCYaHOTO HJIACTa, HOACTHIAIOMEro
MOKPOBHEIE MEIKO3EMEL.

Ilpegnonaraercs, 9T0 Kak /[JIs BePXHEro, TaK W MJIA HIKHEIO IOJHOCTHIO
HACHIMEHHOTO0 BOJOM CJI0A MEIK03eMOB CIpPaBeIJNBO YPABHOHNE KOHBEKTUBHOR
mndpdysnu. ITpmEnMaercs, 9To QUIBTPANMOHHLIE W COJEBEIe HapaMeTpPH NI
000X TJIACTOB M3BECTHH W3 PE3YJIbTATOB ONHTHO-IOJEBHIX HCCIETOBAHMMA.

IIpengmomaraerca TakKe, 9TO ApPeHA)K obecmedmBaeT HOCTOSHHOE IIOJOKe-
HEe ypPOBHS TPYHTOBHX BOJ, 8 (MIbTpAIUA U MepeHoC CoJel CIMTATCA Mpo-
ACXOMAMUME TOJIBKO IO BEPTHKAJW, 9TO HOATBEPIKNAETCS HA MPAKTUKE NJIA
pAna TmoIBep;KeHHBIX 3acOJeHHI0 paitoHoB pecmyGamk Cpenmeir Asmm m Hab-
Kasa, MMeIIWX HBHO BHIPa)KeHHOE [BYXCIoitHOe cTpoeHme [2].

MareMaTHUecKH 3ajada CBOJHWTCHA K PEIIEeHUIO CIefyIOme# cucTeMH Rud-
depernmanbHEIX ypaBHeHuit [% 3]

OpyM HAYaJbHOM H TI'PDAHAYHOM YCJIOBHAX

B:iC1 (0, t) — o, =52 =B, (3)

Cl (ml’ t) = C2 (ml’ t)y wl—g:hi)' = DO w (4)
9Cs (ms, 1)

B2Ca (g, £) + @y ———=— = B2Coo )
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3meck W B [ajbHeHmEM WHAEGKCH i — 1 W 2 OTHECEHH COOTBETCTBEHHO
K BepXHeMy W HIDKHEMY CJOSM IOKPOBHOW TOJINW, MOACTHJIAeMOH KaunTupye-
MBIM Tlec4aHHIM maactoM; C; (z, t) ¢; (¥) — KOHIEHTpanuyW HOYBEHHOTO pac-
TBODa CoJlell B M1060% M HaTaIbHBIA MOMEHTH BpeMeHH, ¢/4; C C, — KOHIEHT-
panuy IpefelJbHOTO HACHMEHWS COJSAME JaHHOTO COCTaBa W IOfaBaeMOM IJs
OPOMBIBKH BOABI, 2/4; D; — KoadpdunmeHTH QuibTpanmoHHON muddysun
(mmcmepcum), wm2/cyT.; aj, f; — mocTogHHBE KO3(QPUIUMEHTH, 3HAYEHHA KO-
TOPHIX OPUBOAATCA HIZKe DU PACCMOTPEHHHU JACTHHIX CJIYJaeB 3amadd, Impef-
CTaBIAKNMUX HHTEPeC NJA MeIMOPAaTHUBHOH IDAKTHKH; Y; — K03(PPUIueHTH
PacTBOPEHHUA coxei, cyT.”l; m;, my, — COOTBETCTBEHHO TAyOWHA B3alleraHuA
TPYHTOBHIX BOJ W 00mas MOITHOCTH 000OMX CJI0EB HOKPOBHOM TOJINH, M; € —
CKOpPOCTh (uIbTpamuu, Mm/CyT.; n; — mopuctoctu cioes; C,, () — MuHepa-
Iu3anusd IOA3eMHEIX BOJ B XOPONIO IPOHUIAeMOM HOACTUJIAIONEM IJIacTe,
u3BecTHasA (YHKOUA BpeMeHH, ¢/4; & — KOOPAWHATA, M; OCh z HAaIpaBiIeHa
BePTUKAJbHO BHH3, HAYaJ0 KOOPAMHAT BHODAHO HA MOBEPXHOCTH 3e€MIH; [—
Bpemsa (cytku); D, = n,D,/n,D,.

Ilo amamormm ¢ OGBIYHEIM METONOM HMHTErpajbHEIX mpeoOpasoBaHumit Homi-
asxoBa — ['punGepra [* 5] ypasuenus (1), (2) yMHOKHEM COOTBETCTBEHHO Ha
anpa K; (z, p) W [BasKAH OPOMHTEIPUPYEM N0 YaCTAM B COOTBETCTBYMOIIUX
mpefenax. B pesyiabrare BMeCTO MCXOMHOW CHCTEMBI MOJYIHM OOBIKHOBEHHYIO
CHCTeMY YypaBHEHUI

oU;/ot4pUs=H;+F; (i=1,2 (6)
e

m,z my

Uit.o)= § Cl)Ki(w.p)dz, Fi()=1Cy |\ Ki(z.0)dz, Fy(p)=0

v

[ .. 0C, \ .. .. dK; 1
Ha(t,9)=( y —_—

(mo =0)

i-1

ITpenmonaraem, 9To B HIGKHEM cJoe (HUKe YDPOBHS I'PYHTOBBHIX BOJ) COJNH B
TBepHo# (ase orcyTcTBYOT (y, = 0).

Jnsa HaxokpeHHs sfep mpeoOpasoBaHMs HOJyJIaeM CUCTeMY ypaBHeHHi
#K;, . dK, \

+——=+E@®=8)Ki=0 (=12 (7

Gi1=711, S=12=0)

i

QOynrnun  K; (z, p) wmonaraem paseMu M (p) N; (z, p) o; (z), rme
M™(p) — BHOpMupylomuii aenurens, a N; (z, p) 1 0;(x) — HemsBecTHHIe PYHK-
OUu, OIpefessieMble COOTBETCTBEHHO W3 ypPaBHEHHI

do. c
4+ 25 =0 (8)

d [ dN.\
YpasHeHus (8) moayualTCs mocie IOACTAaHOBKU 3HaueHmit K; (z, p) B

(7). W3 mociemHumx ABYX ypaBHEHHH C ydYeToM paBeHCTBa o, (m,) = o, (m,)
HaxomaTca (QyHKIUH

Onpenenenne N, (z, p) u N, (z, p) cBopuTCA K pemenuio 3agaun Htypma —
JIuyBuUnNA OpM OTHOPOJAHHIX TI'PAHHYHBIX YCIOBUAX.
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HomcraBasaa (9) B (8), moaydum ypaBHEHHSA

d2N. - dN.
— —}—(pz—-ﬁl) N,L:O (t:1,2) (10)

KOTODHIE DeImaloTcs MPM TPAHHIHBIX YCIOBHAX (3) — (D) ¢ HyJeBHIMH mpa-
BHIMH YaCTAMH.
Obmee pemenue cucrems (10) mmeer Buf

N;(z, 0) = exp (1;2) [4;sina;T 4 B;cos a;t] (11)

W3 oguopomubix rpanmaanX ycaoBuit (3) — (9) (upu Cy = Cyy = 0) moay-
9aeM CHCTeMY 9eTHpeX ypaBHeHWil [Js ompefelnenusa Kodddurmentos A;,
Yro6el 9Ta OFHOPOAHAH CHCTEMA YPABHEHWI WMeja HEeTPUBHAJBLHOE pelleHHe,
HEOOXOMUMO ¥ JIOCTRTOHO, 9TOOBI OIPEIeNUTeNh HTOM CHCTEMHl OB DaBeH
mymo A (p) = 0.

3anumeM BHIPAMKEHWE [JISI DTOTO ONMPEIeTUTeN s

64 —_ 63 tg ayjmg .
03 -+ 01 tg aymy - O (12)

A (p) = tg [ay (my — my)] —

¥ gaa xospdurmentos A4,, B;

Ay = — oy (bo1b1z — bosbyy), By = — Ajap/ae (13)
Ay = — boz (@01812 — Ap2811), By = — A3b1/bgs
3mech BBefleHH ciefylomue 0603HAUEHUSA:
Ggp = O bo1 = 04 (Ty SiN asmy + a, €0S asm,) -+ By sin
@gp = Ty — By, bop = G (T5 COS @My — @, SiN ayM,) +- B, COS
ay, = exp (tymy) sinayng, by, = exp (Tym4) sin axm,

ayy = exXp (Tymy)cosamy by = X (ToyMmy) COS agy
— 2 .2 s = j —
—'5;(9 — =TS T = 5o (=

= P1(Br — qT1) + P2 (Be — 0aTa), 02 = @y (01py — BiBa — B1taTa)
03 = az (aepy + B1BeDo — 01Be71D0), 04 = a1as (44B5 Do + 0584)
P1 = 0Dy (T2 4 a3 ) + BaTeDy,  Pp = 1181 — 0y (7)® + a1?)
Tarkum ob6pasom, ¢ymrmum N; (z, p) (11) sBagoTCA pemmeHmeM 3agadu
Mrypma — JlmyBumis, coGCTBeHHbIe 3HAYOHNS KOTOPOH HAXOJATCHA KaK KOp-
HY TpaHCUeHAeHTHOTo ypaBHeHus (12).

PaccmoTrpuM Temeph pemenme cucrteMbl (6) mias msobpaskeHHmit. Y MHOMKUM
3TH ypaBHEHHS COOTBETCTBEHHO HA 1; U CIOKHUM, OyZeM HMeTb yDaBHeHHE
&

OW /9t ++ 0*W = H (t, 0) -+ mF (p) (14)
rIe BBEIEHBI O6OBHa‘IeHI/IH

W (t, p) = nU, (¢, p) + nU, (¢, 0), H (2, p) = nyHy + noH,

Ucnonbaysi rpaHugHbie YCJIOBUA [IJIsi MCKOMBIX QyHKNmit C; 1 N; U paBen-
¢TBO 0, (m;) = 0, (M), MoKHO B BHpaskenum gia H (¢, p) ocBoGoauTHCA OT
FPAHMYHBIX YCJHOBHWI HA KOHTaKTe cjaoeB. B pesynbrare moaydmm

mDIBICoN (0, 6) + == 1Dy (ms) CaoNa (man )| (15)
8%
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Hawanpesie ycaoBusa (3) mpumyT Bupj
(0, p) = nU, (0, p) + n,U, (0, p) (16)

rre U; (0, p) — 3nHavenns maobpaskeHmit QyHKRumil ; (z).
Pemenne ypaBrerns (14) mpu ycaosuum (16) serko maitmercs, B wactHoCTH,
npu noctosHEHX Cy, u Cy, OHO WMeeT BHJ

W (t,0) = <5 LH () + mFy (o)1 + [W (0, 0) — TOERT @ oy (g2 47)

Qopmynn obpamenus aaa ¢ysknuit C; (r, {) nmeM B Bume pAmOB IO cob-
cTBeHHEIM (yHKOuAM 3agagn I[llrypma — Jlmysmama [% 5]

oo
Co@, t)= 2 S,(t o) Ni@,0) (=1, (18)
v=1
rae oy — coOCTBeHHBle 3HAYeHUsS 3a/adu.
YuuoxnM Bepaskenus (18) coorsercremno Ha n;K; (z, p;,), npomHTerpu-
pyeM B COOTBeTCTBYIOIIWX IpefelaXx W CIOKUM. B pesyiabrare moayamm

- Su(t.p)
Wto) = 3o [m {a@  0) Niepidz +

71

me

ms { 5 (@) Ns (@00 Vs (2, 0;) da |
my
Jlerko mokasaTh, 9TO BHIpaskeHHE B KBAJPATHHIX CKOOKAaX B CHJIY OPTOHOD-
MupoBanHocTH QymKIUE N, m N, Oymer paBHO HyJIO Opu O, == p; (v 5= 1), a
opu O, = 0 (v = 7) — 3HaUeHHmI0 M, ecaMm €T0 IOJOKUTH PABHBIM

M) =1y § 61 (@) N2 (z,p)dz 4+ § 0 (2) N2 (2, 0)de (19)
0 ™my

Orcroma caenyer, aro S, (£, 0,) = W (¢, 0.,) 1 GopMyaBl OOpaINEHHsA WMEIOT
Bup (18), B Koropeix S, HOWKHO GHITH 3aMEHEHO HA W (I, 0,).

Taknm obpasom, pagsr (18) Bmecte ¢ (11) — (13), (17) u (19) maror pemre-
HUe pPaccMaTpmBaeMoil 3amadm.

Wnrepec mpeAcTaBisioT caemyomue YacTHHE ciaydam obmell 3amaqm.

1. Crywasi a, = 0 (mam C, (my, t) — Cyo) u a; = n; Dy, B; = e. Uz (12)
umMeeM

clg [as (my — my)] = Z3 s (20)

T2 T1 tg ajmy + ai

Has ¢yaxnun H (t, 0y) HOJYINM BHpaKkeHUe

ON; (m2,p,) |

H(tv Pv) = 9z

eCyN1 (0, 0,) — 15D5C05y (M) — (21)

M( )
2. Cayuait B, =0 (mau 9C, (my, t) / 0z = 0), oy = nyD;.

Torma xapawxrepucrmueckoe ypapHerme m ¢yekumu H (¢, p,) npumyt Bug
2Tsa1as -+ (f]Tzaz — a;zagD()_l) tg aimg
@1a2> — a1T2? - (a2?T1 + a1?12D07Y) tg arm,

H (¢, p.) = eCoN1 (0, p)) M7 (p,)
3. Cayuaii 3acoleHWs 30HB adpanWy MOKPOBHOTO CJOA IPH HCIapPeHUN

TIOA3eMHHX BOf. B aTOM cirydae B pemeHusx Qs 9aCTHHIX caydaes 1 m 2 HymHO
monoxnuth Cy = 0 W 3HAK y CKOPOCTH € W3MEHHTh HAa HPOTHBOIOJIOKHEII.

tg [ay (my — m A1 = (22)
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IIpm paccmoTpeHnu 0gHOCTOWHON MOKPOBHOM TOJNINY MEJTKO3EMOB BO BCEX
OPeJBAYIMUX BHPAYKEHHAX HY;KHO IOJOMKUTH

mi=my=m, 0 =0,=0(), T,=Ty,=1T, & =0ay — a, Dy =1

Ilpm srom pemeHHmM ympocTATCS W 3ajada CBeleTcA K HPHUMEHEHHI0 Ko-
HEYHOro WHTerpaibHoro npeobGpasoBanua Homuiakosa — I'punGepra [4].

Brraucnerns mo moaydgeHHEIM GopMyJaM MOTYT OHTH BBHIIOJHEHH € HO-
MOILBI0 MAaJIBIX 3JIEKTPOHHO-BHYHCIHTENbHEIX MamuH (3BM).

Jas mimocTpanuu mpoBejieH pacueT mepepacmpesiesleHus coJedl B IIOYBO-
T'PyHTe IPU OPOMEIBKE 4 caydas nepeoro (o, = 0) opu caenyomux JaHHBIX:

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

Pacuer mpoBopmica ma 9BM «Haumpm» B pesxume aBTOMATHIECKOTO IIPO-
rpammupoBanusi. B cymmax gopmyn (18) 6panock pasHoe YHMCIO WICHOB psAma
v=1,3,95,7,10, 15, n raxopuauck uckomsie pyuruuu. Kopum p, oupene-
nsaauch us ypasueHus (20).

B rabaune npuBeneHs 3HaueHHs KoHIEHTpanmit coxeit C; (x, {) B BepXHeM
cioe B cegenusnx £ — 0 um 1 u pus momentos Bpemenu ¢ = 60 cyr. (B aucauremne
apobu) m ¢t = 200 cyr. (B 3HameHaTexe).

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 pemieHHsA PACCMOTPEHHOrO0 HpHUMepPa MOKA3HIBAET, TTO AJS HOIY-
YeHWA JOCTATOTHOW MJIA MPAKTHKH TOYHOCTH B cymmax (18) mocrarouno co-

xparnTh 10 wnenos. C yBennuernem uncea Oypoe F, (Fy = D,t / m}) mosxno
B CyMMaX OTPAHUYHUTHCH yIepsKAaHHEM MEHBIIero 4HCia wieHoB. Takr, mpu
F, > 0.1 MoHO YyYHTHIBATH TEPBEE 3—O WIEHOB CYMM.

Ilpenmaraempiii Mero; HHTEerpUPOBaHUA NHQPEpPEHIHANBHEX YPaBHEHUR
m03B0JIgeT PacIMpPHUTh PelleHHe KPyra 3aJad MacCOIePeHOCa B MOPHUCTHIX Cpe-
[aX, B YaCTHOCTH PaCCMOTPETh MUHAMHUKY COJieil B MHOIOCJOMHEIX MOYBOIPYH-

Tax. B mociegHeM ciydae moJe3HO MOJB30BAThCH MAaTPHYHOR 3aIHCBI0 OIle-
panuii.

ITocrymunma 17 VI 1971
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