25.00.30
YK 551.557.59

Cmepek 0.11.,
Adpanacben U.C.,
3akuHAHP.I.,
Kpynkun A.A.

Beenetue.

HAYKM O 3EMNE

«HAYKA. MHHOBALIMM. TEXHONOI MA», Ne4, 2021

METEOPONOI A, KMMMATONON NA, ArTPOMETEOPOJOI A
(PM3NKO-MATEMATUYECKNE HAYKW)

CeBepo-KaBkasckuil hefiepanbHblil YHUBEPCHUTET,
r. CtaBpononb,
Poccus

UMNCIEHHbIN AHANN3 YCNOBUA
BO3HMKHOBEHWA CBOBEOOHOW KOHBEKLUMU
CYXOro BO3QYXA B ATMOC®EPE

DOI: 10.37493/2308-4758.2021.4.9

CoBpeMeHHOe COCTOSHME BOMPOCOB, CBSI3aHHBIX C UCCMEA0BaH1eM
MPOLIECCOB AMHAMMKN aTMOCKEPHBIX SIBNEHWA, HOCSLLMX AOCTATOMHO
CIOXHbIA MHOTOMApPaMETPUYECKUA XapaKTep, TPeGyeT BCeCTOPOHHErO
nofxoda. Takoe HarpaBreHle UCCnenoBaHuii onpeaenseTcs rpume-
HEHWEM, Hapsay ¢ aHANUTAYECKIM METOZOM, YMCTIEHHBIX METOZOB Mo~
TyYeHms! pelLieHmii paccMaTpyBaeMblx 3aaq. MpuMeHeH e yKkasaHHbIX
METOZOB MO3BONAET NOMYYNTb PelleHe NocTaBneHHoW 3aaa4n B 06-
LieM BUAe, BbIPaXKEHHOMO Yepes onpeaeneHHble KosththULMEHTbI, Ha-
XOX[EeHWe KOTopbiX, 6e3ycrnoBHO, TpebyeT HaMOXeHWs JOMONHUTEMb-
HbIX YCroBMA. OfHAKO MPUMEHEHWE YMCTEHHBIX METOAOB MO3BOMSAET
B GOnblUe# CTENeHN MPOBECTM MATEMATUYECKWIA aHANM3 MOMYyYeHHbIX
PELLEHWIA, a TakKe NoBeJeHNe STUX 3aBUCUMOCTEN MPY PasnuYHbIX 3a-
JaHHbIX NapaMeTpax, YTo B CBOKO O4epe/b MO3BONAET CthopMUpOBaTh
LienocTHOE MpeAcTaBreHe O AMHaMUKe MPOLIECCOB Mpi U3MEHEHMM
TEX UMK MHBIX NapaMeTPOB.

I\/IaTepmanbl N MeToabl

necnenoBaHuA.

[Lnpokoe MpuMeHeHWe Ha COBPEMEHHOM 3Tare WCCneAoBaHn BOM-
pOCOB, CBA3AHHLIX C aTMOCHEPHLIMI ABMEHUSAMMU MOMYYANM METOZAI
MatemaTu4eckoro MogenupoBanus. OCHOBY STUX METOAOB COCTaBIIS-
I0T YpaBHEHMS, ONMCHIBAIOLLME MHAMWKY BO3AyXa, a Takke mpoLecchl
MepeHoca JTy4MCTON 3Hepruv, Tenna v Bnaru B atmoccbepe. Mpu nocT-
POEHUM KpaeBOM 3aa4M MHAMUKA PaceMaTpUBaeMON cpefibl Heobxo-
AVMO 3afiaHune IaHWYHbIX YCIOBWIA, onpefensiolwmnx obrnacTb onpege-
TNeHWs peLliaeMon 3a4a4m, a Takke COCTOSHUE CUCTEMbI Ha rpaHuLax
3Ton obnactu. B pabote pelueHne uccneayeMon 3afaqm NpoBoaNTCS
YWCTIEHHEIMA METOAaMW C WCTOMNb30BaHMeM Habopa MHCTPYMEHTOB
KOMMbtoTepHOI Mporpammbl Maple 2021. Takke Obinu nonyyeHsbl ypas-
HEHUS TPAeKTOPUIA W NIMHWA TOKa BO3AYLUHON YacTuLbl U MOCTPOEHbI
COOTBETCTBYIOLLME MPachuKm.

Pe3yJ'IbTaTbI necnenoBaHuA

U ux obcyxaeHve.

B paboTe MpoBOAWTCA MCCriedoBaHWe, a Takke MateMaT4eckuid
YMCrIEHHbIA aHanW3 MaTeMaTMYeckoi MOAENM AMHAMMKN CYXOro BO3-
AyXxa Mpy HanM4uW ManbIx BO3MYLLEHWIA AaBneHUs B aTMocdepe, YTo
MPUBOAMUT K HAPYLLIEHWIO CTaLOHaPHOTO COCTOSHUS CPEbl 11 BO3HMK-
HOBEHMIO KOHBEKTUBHBIX JBUXeHMA. OCHOBHAA 3adaja NpoBeAeHHOro
VCCMEIOBaHNs 3aKiouanach B HaxoX/aeHnu obLUero Buaa peLueHnst
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Introduction.

KrioveBble crosa:

CUCTEMbI YPaBHEHWUA, OMMCHIBAIOLLMX OWHAMUKY Cyxoro Bosdyxa Ge3
yyeTa BAKOCTY CPefbl, MoMyyYeHre YpaBHEH!S TPaeKTOpIM JBIKEHUS
BO3/YLLHOWM YacTULbl, a TaKke MpOBeAeHWEe KAYeCTBEHHOMO aHarnsa
BA MOMyYeHHbIX BbIPAXEHUA MPK PA3MMYHBIX 3HAYEHWSX MOCTOSH-
HbIX MHTEMPUPOBaHMS. AHaNM3 MoNyYeHHbIX Pe3ynbTaToB MO3BONSET
MONYYNTb YNCTIEHHBIE 3HAYEHMST KPUTUYECKMX MOCTOSHHBIX, BXOASLLMX
KaK MapameTpbl B MOMyYeHHbIE YPABHEHWSI TPaEKTOPUN BO3AYLLHON
YacTWLbI, M OTBEYAIOLLMX 38 BO3HUKHOBEHWE KOHBEKTUBHbIX ABMXKEHNI
pacCMaTpHUBaEMOii CPefbl.

B naHHomM paboTe ¢ nomoLLbto MaTeMatudeckoro naketa Maple 2021 no-
nyyeHo oblLuee pellieHre 3aha4m onpeaesieHist oyHKLMM Toka, ornmebiBa-
IOLLLEN ABVIKEHME BO3AYLLHOW YacTULbl NPV BOSHUKHOBEHWMN BO3MYLLIEHUS
JaBrieHus B aTmocdepe, a Takke COCTaBMSAOLLMX CKOPOCTU ABKEHWS B
BEpPTUKamNbHOIA MIockocTy. [poBefeH YMCNEHHBIN aHanmM3 MosTy4eHHsIX
PeLLEHMIA, XapaKTEPU3YIOLLMX MPOLIeCChl NepeHoca B Cpeae.

MonyyeHbl B 0BLueM BUAe BbIpaxeHWs Ans YpaBHEHWS TpaeKTopui 1
FIVHWIA TOKa BO3AYLUHBLIX YacTuL, Moy 3agaHHbIX 3Ha4EHUS MOCTOAHHBIX
WHTErPUPOBaHuS, Bblni rpatniecki MpeAcTaBneHs! BUAbI MOMyYeHHbIX
3aBMCMMOCTEN. AHamm3 rpachuKoB MoKasbiBaeT, YTO MpW onpefeneH-
HbIX YCIOBUSIX, CBA3AHHbIX C HEKOTOPLIMU KPUTUHECKAMM 3HAYSHWAMN
MOCTOSHHBIX MHTEMPUPOBaHNA, HabriofaloTca 3aMKHyTble  KPUBOIW-
HelHble TpaekTopun ABMkeHUs. OTKMOHEHUS OT YKasaHHbIX 3HaYeHWi
JaHHbIX NOCTOSHHBIX B CTOPOHY BOMbLUMX UMW MEHLLUMX 3HAYEHUIA MU~
BOAAT JMOO0 K He 3aMKHYTOCTM TpaeKTopnK, MO0 K M3MEHEHUI0 (hopMbl
W pasmMepa 3aMKHYTON SUEKM.

KoHBeKUMsI Cyxoro BO3dyxa, BO3MYLLEHWE MapaMeTpoB [AaBMneHus,
MAOTHOCTY, TeMMEPaTYpbl, ypaBHeHue Jiinepa, ypaBHeHWe Tennorpo-
BOAHOCTM.

North Caucasus Federal University,
Stavropol,
Russia

Numerical Analysis of the Conditions
for the Occurrence of Free Convection
of Dry air in the Atmosphere

The current state of issues related to the study of the processes of dy-
namics of atmospheric phenomena, which are quite complex multipa-
rameter in nature, requires a comprehensive approach. This direction
of research is determined by the application, along with the analytical
method, of numerical methods for obtaining solutions to the problems
under consideration. The use of these methods allows you to get a
solution to the problem in a general form, expressed through certain
coefficients, the finding of which, of course, requires the imposition of
additional conditions. However, the use of numerical methods allows
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to a greater extent to conduct a mathematical analysis of the solutions
obtained, as well as the behavior of these dependencies under various
specified parameters, which in turn allows you to form a holistic view of
the dynamics of processes when changing certain parameters.

Materials and methods

of the research. Methods of mathematical modeling of the processes of air particle
movement. The basis of these methods are equations describing the
dynamics of air, as well as the processes of transfer of radiant energy,
heat and moisture in the atmosphere. When constructing the bound-
ary problem of the dynamics of the environment under consideration,
it is necessary to set boundary conditions that determine the scope of
determining the problem to be solved, as well as the state of the system
at the boundaries of this region. In the work, the solution of the problem
under study is carried out by numerical methods using a set of tools of
the computer program Maple 2021, which allows solving a system of
partial differential equations of the second order. Also, using the numeri-
cal methods of the program, equations of trajectories and current lines
of the air particle were obtained, as well as corresponding graphs were

constructed.
The results of the study and
their discussion. The paper conducts a study, as well as a mathematical and numerical

analysis of the mathematical model of dry air dynamics in the presence
of small pressure perturbations in the atmosphere, which leads to a vio-
lation of the stationary state of the environment and the emergence of
convection movements. The main task of the study was to find a general
solution to the system of equations describing the dynamics of dry air
without taking into account the viscosity of the medium, to obtain an
equation of the trajectory of the air particle, as well as to conduct a
qualitative analysis of the type of expressions obtained at different val-
ues of constant integration. The analysis of the obtained results allows
to obtain numerical values of critical constants, included as parameters
in the obtained equations of the trajectory of the air particle, and respon-
sible for the occurrence of convective movements of the medium under
consideration.
Conclusions. In this paper, using the mathematical package Maple
2021, a general solution of the problem of determining the current func-
tion describing the motion of an air particle when a pressure disturbance
occurs in the atmosphere, as well as the components of the speed of
movement in the vertical plane, is obtained. A numerical analysis of the
obtained solutions characterizing the migration processes in the environ-
ment is carried out. The expressions for the equation of trajectories and
current lines of air particles are obtained in general form. At the given
values of constant integration, the types of the obtained dependencies
were graphically presented. Analysis of graphs shows that under certain
conditions associated with some critical values of constant integration,
closed curvilinear trajectories of motion are observed. Deviations from
the specified values of these constant data in the direction of greater
or smaller values lead either to the non-closure of the trajectory, or to a
change in the shape and size of the closed cell.

Key words: Dry air convection, pressure disturbance, density disturbance, tempera-
ture disturbance, Euler's equation, heat equation.
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BBepeHune

JlmHamuKa 3eMHOH atMOc(ephl B IIEJIOM HOCHT BECbMa
CJIO’KHBIH XapakTep, 3HAUUTENbHYIO POJIb B aTMOC(EpPHBIX MpoLeccax
BBITIOJIHAIOT KOHBEKTUBHBIE IBU)KCHUS], BOSHUKAIOIIUE MO BO3EHCTBU-
€M IIHPOKOTO CIEKTpa MeTeoposiornueckux yciaosuil. [Ipobnema rua-
POAMHAMMYECKON YCTOMYUBOCTH U yCIOBUI BO3SHUKHOBEHUs KOHBEKIINH
pelaeTcst Ha NPOTSKEHUH IByX CTOJIETHH.

B runpoaunamMuke B OCHOBHOM H3y4YarOTCsl 1BA TUINA KOHBEKLIUH.
IlepBelii BOZHUKAET NPU HATPEBE BA3KOM CPenbl CHU3Y, KAK TOJBKO aM-
MJINTya HAarpeBa MPEBBIIAECT ONPEACICHHOEC KPUTHUYECKOE 3HAYCHHUE,
cpena cCaMOOpPraHU3yeTCs B CUCTEMY OTAENIBHO BPALIAKINUXCS BUXpEN
(KOHBEKTHMBHBIX 5TU€EK). ITO €CTECTBEHHAs KOHBEKLUS MJIM KOHBEKIIUS
Panes — benapa.

BTopoil T kOHBEKLIMY, KOHBEKLIMs X3JIH, BO3SHUKAET W3-3a Ha-
rpeBa B TOPU30HTAIBHOM HampasjieHnu. B maGopaTtopHOM sKcriepuMeH-
T€, B KOTOPOM OJIHA CTEHKA BPALLAIOINErOCs: KONbLEBOrO KaHayla Harpe-
BAETCs, a APyTras OXJaXAaeTCsl, IByMEPHasl s;uelKa Pa3BUBACTCS B PAIU-
AJIbHO-BEPTUKAJBbHOMN MJIOCKOCTH.

OueBUIHO, YTO B PEANbHBIX aTMOC(EPHBIX MPOLIECCaX B YUCTOM
BUE He HAOIIOMAeTCsl TOrO WM MHOTO THIA KOHBEKIUH, a UCCIIENOBa-
HU€ NTOCTABJIEHHON 3a7ja41 YCJIOXKHIETCS MHOTONIapaAMETPUYHOCTBIO yC-
JIOBUH BOSHUKHOBEHHS aTMOC(HEPHON KOHBEKIIHH.

B cBsi3u ¢ 3THM, pHOOpETAST AKTYaJbHOCTh MaTEMAaTHUECKOE HC-
CJIeJOBaHNE BOIIPOCOB, CBA3AHHBIX C MPOLieCCaMU KOHBEKIIMH. A UMeH-
HO, MOCTAaHOBKA KPAEeBbIX 3a7a4 U HUCIOIb30BAHUE METONOB MaTeMaTH-
YECKOr0 MOJENMPOBAHUS MPU PA3INYHBIX KPACBBIX YCIOBUAX, ONpeae-
JSIIOIMHUX METEOPOJIOTMUECKUE XaPAKTEPUCTUKH BO3ZHUKAKOIUX KOHBEK-
THUBHBIX mpoueccoB. OCHOBY 3THUX METOAOB COCTAaBISIOT ypaBHEHUS,
OIUCHIBAIOLITNE BH)KEHUE (IMHAMHUKY ) BO3/IyXa, & TAKXKe IPOLECCHI Te-
peHoca TyYyuCcTOr SHepIHH, TEIUa U Bjiaru B armocdepe [2].

Martepuanbl M MeToabl UCCNEeAOBaAHMA

IITupokoe npuMeHeHNe HAa COBPEMEHHOM 3Tarle UCCle-
IOBAaHUI BOMPOCOB, CBSI3AHHBIX C aTMOC(EPHBIMHU SIBICHUSIMH, TOJY-
YUJIM METOAbl MATEMAaTUYECKOIO MOMEIUPOBAHUS ABUKEHUS BO3IyLI-
HOM YacTULIbL, B TOM YHCJI€ U KOHBEKTUBHBIX ABMXEeHUNH. OCHOBY 3THX
METOJIOB COCTABJISIIOT YPABHEHMs], ONMUCHIBAKOIINE TUHAMHUKY BO31yXa,
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a Takke IpoLecchl MepeHoca JyUUCTON 3HEpruy, TeIula U Bjaru B ar-
mocepe. [Ipu mocTpoeHnn KpaeBoil 3a1aun TUHAMUKHA paccMarprBae-
MOH cpeibl He0OXOIUMO 3aJaHNE TPAHUYHBIX YCIOBUH, OMPEAENIOLTNX
o0nacTh onpeneneHus pemaeMon 3a1a4H, a TAK)KE COCTOSIHUE CHCTEMBI
Ha TpaHUIaxX 3Toi obmactu. B pabore pemeHue uccienyemon 3amadu
NPOBOANTCSl YUCIECHHBIMI METONAMH C HCIOJb30BaHHEM Hadopa WHC-
TPYMEHTOB KOMITBIOTEPHOH nporpammel Maple 2021, koropasi mo3Bos-
eT pemuTh cucteMy auddepeHInanpbHbIX YPAaBHEHHH B YaCTHBIX IPO-
M3BOJIHBIX BTOPOTO nopsiaka [4]. Takke MOMOILIBIO YMCIEHHBIX METOIOB
NPOTpaMMbl OBUTH MOy YeHBl YPABHEHHS TPACKTOPUIN U IMHHUH TOKA BO3-
IYLIHOM YaCTULIBL, & TAK)KE MOCTPOSHBI COOTBETCTBYIOIIHE IPadUKH.

PesynbTatbhl MCCNEeaoOBaHUM M X ob6cyxpeHue

IIpu onucaHuy TEMIOBOW KOHBEKLIUH BO3/lyXa B aTMOC-
(depe BA3KOCTBIO BO3MyXa npeHedpexem. J[pyrumu cjioBaMu, BO3AyX Oy-
JIEM pacCMaTpUBaTh KaK UIE€AJIbHYIO KUIKOCTh. [[BUKeHUEe HaeaibHON
JKUAKOCTH OTHUCBHIBAETCS yPaBHEHHEM Jiliepa, 3alMCAHHOTO B HHEP-

LIMAJIbHON crucTeMe oTcuera (0e3 MCTOYHHMKA MACChl M YYeTa BPaIIeHUs
3emumn) [5]:

ov 1
—+(V,V)v=—-Vp+g. 1
py (v.V) o VPre (1)
Hcnonp3yeM Takke ypaBHEHHE Hepa3pbIBHOCTH (Oe3
HCTOYHUKA MACCHI)

op; .
%+dlv(piv)=0. (2)

B pabore mpoBoauTCs paccMOTpeHHe OONacTH orpe-
TENIeHNs], CBA3aHHOH ¢ (OpMUpPOBaHHEM KOHBEKIIMOHHOIO JBIIKEHHS
BOJIM3M OBEPXHOCTH 3€MJIH, TP YCIOBUH, YTO MOXKHO NMPeHeOpeyb ee
OTKJIOHEHHEM OT TUIOCKOU (opmbl. To eCcTh, MpH PacCMOTPEHUN Mac-
mTa0OB KOHBEKIMOHHBIX MPOLIECCOB BOJIM3M MOBEPXHOCTH 3€MIIH MBI
npeHeOperaeM ee reonaanbHOl GOPMOH.
bynem y4uThIBaTh TaKk)ke, 4TO B COCTOSIHUM CTATHKH aTMocdepsl
TEMIIEPaTypa MEHSETCS C BBICOTOM 1O JMHEHHOMY 3aKOHY, U B LIFJIMH-
OPUYECKON CHCTEME KOOPAMHAT MOXKET OBITh MPEACTABJICHA BBIpAXKe-
HUEM:
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T (r.9)=Ter —¥r-cos o,
Ter =Teo — YRy
rne 1,— TEMIIEpaTypa BO3AyXa BOJIH3U MOBEPXHOCTH 3EMIJIU B

HeKOTOpOfI TOYKE OTCUETA B COCTOAHHUHN CTATHUKHU aTMOC-

dbephr.

Takum 00pa3oM, B COCTOSIHUU CTAaTHKH aTMOC(ephI ro-

PU30HTAJBHBIA TPAAUEHT TEMIEPaTyprl paBeH HyJo. [pyrumu ciosa-
MU, HAJIWYHE TOPU3OHTAIBHOTO IPaleHTa TeMIlepaTyphl Bceraa Oyner

BBI3bIBATHE KOHBEKTHUBHOC ABMKCHUE.

B nmexaproBoii nByxmepHol cucteme koopnuHat OXZ cuctema

ypaBHeHHfI, OMUCHIBAKOIAA AMHAMUKY KOHBCKIIMH, 3aIUIIETCA B BUAC!

raoc

unpw—

T.C.

—+ua—+w—=——— 3)

ow ow  Ow 19
—tu—+w—=-g—-———, 4)
0 Ox 0z p Oz

a—p+a—u+@=0. (5)
ot ox oz

COCTaBJISIIOIHE BEKTOPa CKOPOCTH vV 110 ocsim OX u OZ
COOTBETCTBEHHO.

B BO3MYUICHHOM COCTOsIHHUU B O6H.IeM cliy4dac AJisd naB-
JICHHUA MOXKHO 3aIllMCaTb

p(x,2)=p,(x,2)+ p'(x,2), (6)

B BHJ€ CYMMbI IaBJICHUH B COCTOSIHUU CTaTHKH U BO3-
MyLIEHHUST OTHOCUTENBHO Hero (Oymem cuuTarbh, 4TO
BO3HHKILIHE BO3MYIIEHHUS CPABHUTEILHO MAJIbI).
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Paccmorpum ycranoBuBIIeecss (CTaLMOHAPHOE) JIBH-
JKEHUE CPEJIbl, B KOTOPOM B KaskA0M Touke npocTpancTea OXZ pusudec-
KH€ BEJIMYUHBI HE 3aBHUCAT OT BPEMEHH:

u_y ow_
ot ot

Taxoke p He siBISETCS] PyHKIUEH OT BpEMEHH 7, TO €CTh
B Ka)XXIOH TOYKe mpocTpancTBa JXZ 3HaY€HUE TUIOTHOCTH p SIBISIETCS
ycTaHOBUBIIUMCS. Toraa MOKHO BBECTH (DYHKIIHIO TOKA i/, KOTOpasi CBS-
3aHa ¢ COCTABIISIOIIUMHI CKOPOCTEH %, W, UCXOAs U3 ypaBHeHus (5), clie-
OYIOIUM 00pa3oM:

_ oy
u=—- (7)
oy
=_“Y 8
w=—— (8)

3nech Mbl yWIH, YTO aa—/t) =0.

Torma cramuoHapHOe ABIKEHUE SKHIKOCTH (BO3MyXa)
3agaérces cuenyrouen cucteMoit [7]:

1
VY, VY =P )
P
1 ]
WYY, VYW, =——D,, (10)
yo)
e y=y(x,z), p=pxz2), p'=p'x2).

B nporpamme st MaTreMarnyecKux BbraucaeHnit Maple
2021 6N pacCMOTPEHBI HEKOTOPBIE YACTHBIE CIIyYal yCTaHOBUBILETO-
Csl IBOKEHMSI HIEAJIbHOM JKUAKOCTH. JIOMyCTHM, MBI pacCMaTpUBAEM OT-
PaHUYEHHYIO TIOBEPXHOCTD HEANbHON JKUIKOCTH (BO3AyXa), B KOTOPOM
MBI MOXKE€M CUHTATh IUIOTHOCTB p B IMIPOU3BOJILHON TOYKE PABHOH Cpea-
HEMy 3HAUEHHIO < p > (HampuMep, BOTOEM I PU3EMHBIN CIIOH, B KO-
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TOPOM (PIIYKTyaIi MaJibl), T.€. MPUMEM, YTO p = const. B Hell BO3HUKa-
0T MaJibl€ BO3MYIICHUA U CITYCTS MPOAOCJIKUTEIIBHOC BPEMA U3YyUAOTCA
XaPaKTCPUCTUKHU HBH)KYLHefICﬂ KUOKOCTH.
PaccmoTrpuM ciyyali, korga BO3MYIICHHE aBJICHHS
CBSI3aHO C MEePUOANUECKON (pyHKIIMEeH:

p'(x,2) = Asin(x)sin(z). (1)
I[J'Iﬂ cnyqas[ BOSMYH.IGHI/ISI JaBJICHUA, onpenenﬂeMoro

BeIpakeHreM (11) Bun QyHKUMU MpencTaBiieH Ha pu-
CyHke 1.

Puc. 1. BoamyweHune gaBneHune, onpegensemoe dyHkuuein (11) B npe-
aenax x = -1..m, z = -1..11.
Fig. 1. The pressure perturbation determined by the function (11)
withinx =-m. 1, z=-17.. 1.
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B mporpamme Maple 2021 nHaxoguM pelneHue CucTe-
Mbl auddepeHInaTbHbpIX yPaBHEHHH B YaCTHBIX MPOM3BOOHBIX (9) —
(10) u monyuaem BBIpaKEHUs Ayt (QYHKIUH TOKA M COCTABJISIOLINX
BEKTOpPA CKOPOCTH ABIKEHUS UISATbHON KUIKOCTH, IPUCBANBAasT BO3-
MYLIEHUIO TABJICHUs, MPUBEIEHHBIC BbIIe (PyHKINOHAIBHbBIE 3aBUCH-
moctu Buga (11):

. Asi
y=C +C, sm(x)—%/gz), (12)
5= _ALs(Z)j (13)
Cop
w=-C, cos(x). (14)

PaccmoTpum nosne TpaekTOpuit 4acTHULl ISl paccMaTpu-
BAEMOro CTanmoHapHoro ciydas. s npocrpanctsa OXZ ypaBHeHHe
TPAEKTOPHUH «BO3MYyIIIHONW YaCTULIbD UMeeT BUL [3]:

dx  dz
u(x,z)_w(x,z)'

(15)

Takum oOpa3om, ompenenrM ypaBHEHHE BEKTOPHBIX
JUHUN noJig ckopocTeil. IloacTasnss BeIpakeHUsi COCTABISAIOLINX BEK-
topa ckopoctu (13), (14) B (15), mony4yaem nuddepeHunanbHOE ypas-
HEHUE:

_ C2pcos(x)

* " Acos(z(x)) {16}

Pemrass nuddepennmanbHoe ypaBHeHHE, TTOIYYUM BBI-
pa’keHHe, OIHMCHIBAIOIIEE JTMHUN TOKA (MITH TPAEKTOPHIO) ISl 3aJaHHOTO
CTaLIMOHAPHOIO MOJIS:

_ C; psin(x) + 4sin(z)

C. =
’ Cip

(17)
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MOXHO TNPEaNnoOJIOKUTh, YTO TPACKTOPHUS BUKECHUS
YaCTHUI] B JAHHOM I10JIE 3aaETCs1 HAJIOKEHUEM JIByX BOJH, (pa30BbIE Xa-
PAKTEPUCTUKU KOTOPBIX ONPENESISIOTCS TONIOKEHHEM B TNIOCKOCTH OXZ.
AMIITHTYIa OHOI 13 HUX paBHa A /(C% p)> Y APYTO¥i MbI IPUMEM €€ 3Ha-
YEHUE PABHOMU -1, TO €CTh pacCMarpuBaeTCs ABE BOJIHBIL

y, =—sin(x); (18)
_ Asin(z) 19

2 C22p > ( )

»t1,=GC (20)

Jlns MOCTpOEHUs TPAEKTOPUH YaCTHULL 3aJaHHOTO TOJIs,
3a1aJUMCsl ONPEeeIEHHbIMU 3HaU€HUAMM NOCTOSIHHBIX
UHTErpUpOBaHUS.
B nannoit mopenu Oynem Bce BpeMst cuuTaTh p = —1 U
A = 1. Paccmorpum ciy4aii, korna C, Takke paBHa 1, To ects Oynem me-
HATh UCKITIOYUTENbHO (5, KoTopas OyAeT onpenessiTh XapaKTepHoe TMo-
BEJICHUE TPAeKTOpHUHU yacTul. MHoxecTBO 3HaueHui (; 3a71aéT BCE BO3-
MOYKHBIE KOHBEKTHUBHBIE STYEHKH NPU 3a1aHHBIX apamerpax C,u p. Tak-
K€ CTOMT OTMETHUTD, YTO AMILTUTYIbl TAKUX BOJH OyayT paBHbIMH. Pac-
CMOTPHUM 3TO Ha KOHKPETHBIX ITpUMepax.
IlpencraBuM BUA TPAEKTOPHUI YACTHUL, NOCTPOCHHBIX MPHU 3aaH-
HBIX TIPOU3BOJIbHBIX MOJIOKUTENBHBIX 3HaYeHMsIX Kodpduumenta Cj,
pasHoro coorBeTcTBeHHO 0,1; 0,5; 0,9; 1,4 (puc. 2, a). B pesynbrare Mbl
MOJTy4aeM 3alONHEHHbBIE SYEUKH, Yepeayomuecs ¢ MyCcTeIMA. MOXHO
MIOKa3aTh, YTO MyCThIE STUEHKH OyayT «OTpULATeNbHBIMIY, a ipu (3= 0
MOSIBJISIFOTCSL TIPSIMBIE JIMHHUH, Pa3feISIoINe O€CKOHEUHOE MHOXKECTBO
KOHBEKTUBHBIX siueek. /[ 3Toro mbl Takke 3amaeM psn KoHCTaHT Cj:
-1; -0,2; 0; 0,3; 1,4. ITu 5TOM, LIBETHBIE STYEHKU COOTBETCTBYIOT OOJIac-
TU TIOJIOKUTENIbHBIX 3HAUEHUH, Y€pHble — OTPULIATENbHBIM, 8 KOpHUUYHe-
BbIe JINHUH NosABIsIIOTCA Tpu (3= 0. B pesynsrare Ml monmy4yaem rpadu-
YeCKHU T0JIe TPACKTOPU A pacCMaTpUBaeMbIX KOHBEKTUBHBIX SUeeK, B
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LIEHTPE KOTOPBIX OHHU MPENCTABISAIOT COOOM 3JUIUIICHI, BBITSHYTHIE BIOJb
OX.(puc. 2, 0).

[IpoBeneHHbI aHATH3 TO3BOJISIET MPEATIONOKHUTH, uTo (3 > 0, KOT-
7la aMILTUTYAa BOJHBI ); OOJbIIe V, IO MOAY0, U Haodopot. Tak kak
3HAUYEHUS STUX BOJIH ONPEACISIIOTCS TOJIOKEHHNEM YaCTHI B TUIOCKOCTH
OXZ, TO B OHUX TOYKAX MPOCTPAHCTBA OOPa3yIOTCs sIMEHKH, ISl KOTO-
peix C; > 0, BBIIIE HA3BAHHBIEC (IIOJOKUTEIBHBIMIY, B JPYTHUX JK€ TOY-
Kax mpocTpaHcTsa y; +y, <0 (3to cnenyer u3 [20]), To ecTh 0OpasyroTcs
«OTPULIATEIIBHBIE) STUEHKH.

IIpu paBHBIX aMILTUTYOax, KOTOPbIE PACCMATPHUBAIOTCS B JTAHHOM
cilyuae, BCe STMeHKH ONMHAKOBBIE U CHMMeTpU4Hble Kak npu C; > 0, Tak
u npu C; < 0. OTIMYHUTENBHBIM SIBIISIETCS JIMIIB yeinoBue, korna C; = 0.
IIpu 3TOM, BCe siueliku OrpaHUYeHbl JIUHENHHOH 3aBUCUMOCTbI0. OIHAKO
npu ;= 0 KOHBEKTUBHBIX ABM)KCHUN He HaOmomaercs:, To ectb (3 # 0 —
HEeoOXOIMMOE YCIIOBHUE BOSHUKHOBEHHSI KOHBEKTUBHBIX STUEEK.

Crnenyer OTMETUTH, YTO AMANA30H BCEX BO3MOXKHBIX 3HaYeHMA (5
OrpaHUYEH, TaK KaK IO OMPENeICHUI0 3HAYeHNE TPUTOHOMETPUUECKON
¢$yHKUMH He MOXeT ObITh Oonbiie 1 mo Moxynmo. COOTBETCTBEHHO, TaK
KaK y HaC pacCMaTpPUBAIOTCS BOJHBI €AUHUYHON aMILTUTYIbI, TO AHAIa-
30H Bcex 3HaueHnit C; — ot -2 110 2. [1pu sHavennsx C;, Onuskux k 0, Tpa-
€KTOpHS YaCTHULl MEPEXONUT OT SJUTMINTUUECKON K KPpUBOIUHEUHO, MAK-
CHUMaJIbHO BBITSITUBASICh;, €CiH ke (3 CTPEMHTCS K TPeneIbHO BO3MOXK-
HBIM 3HaYEHUSIM, TO TPAEKTOPHS CYKA€TCs M B KOHLIE KOHLIOB IIPEBpara-
€TCSI B TOUKY.

CoO0TBETCTBEHHO, MOYKHO TIPEINOIOKUTH, 4yTO ecii C; = 0, TO MBI
HabmonaeM cBOOOHOE ABIKEHHE, B PE3YJIbTaTe KOTOPOTO YACTHIIbI BbI-
XOISAT M3 KOHBEKTHBHOTO NOTOKA. TpaekTopueil ABIKeHHs OyaeT HuueM
HE OrpaHWYeHHas 3UrsarooOpasHas Mpou3BOibHas JNuHUS. Ilpu pac-
CMOTpeHHuH ciy4asi, korga Cs; JoCTUraeT npenenbHbIX 3HAUeHHH, YaCTH-
16l KOJIEONIOTCST BOKPYT OHOM TouKH. COOTBETCTBEHHO, KOHBEKTHBHBIC
nBIKeHNs HabmonaroTes npu 3HadeHusx C; = € (=2; 0) U (0; 2), mpu
;= 0 — cBoOOAHOE BMKEHUE YACTHII.

[Tonyunm aHANOTUYHO rpadpuKy T TAKOTO ke psina unces Cs mpu
kosppuumentax C,< 1 u C,> 1. OCHOBHBIM OpUEHTHUPOM OyAET «HYIIe-
BOI» KO3 PumeHT, 0003HaUEeHHBIH Ha TpaduKax KOPHUHEBOH JIMHUEH.
Tak, npu npoussonbHOM Ko3ddunuente C, < 1, Hanpumep, 0,85, npo-
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(a)

(6)

Puc. 2 (a, 6).

MNMone TpaekTtopuit yactuy npu C,= 1: a) C; npUHUMaET TONbKO
nonoxurtenbHble 3HavyeHnua (0,1, 0,5, 0,9, 1,4); 6) C; npuHumaet
KaK NonoXutenbHble, TaK M oTpuLlaTenbHble U HYyNeBble 3Have-
HuA (-1, 0,2, 0, 0,3, 1,4).

Fig. 2 (a, b). The field of particle trajectories at C2 = 1: a) C3 takes
only positive values (0.1, 0.5, 0.9, 1.4); b) C3 takes both positive
and negative and zero values (-1, -0.2, 0, 0.3, 1.4).
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UCXOIWT BBITSITUBAHUE siueek BAoJb ocu OX (puc. 3). B pesynsrare mpo-
UCXOIHUT CMa3bIBAHHE TPAHHL] MEKAY SUSHKAMHU, U KOpUYHEBas JHHUS
CTAaHOBHUTCS JIoMaHOW kpuBoH. OOpa3yercs MHOKECTBO TOPU3OHTAIIb-
HBIX YPOBHEH, pa3feNéHHbIX dTUMU JTHHUAMU. TPaeKTOPUH IBUIKEHUS
YaCTHUI] B IEHTPE KOHBEKTHBHOM sUelke MPeACTaBISIFOT coOoH emé 6o-
Jiee BBITSHYThIH 3JUTUIIC, TO €CTh MPOUCXOIUT BO3PACTAHUE SKCLIEHTPH-
CHUTETA €.

Puc. 3. MNMone TpaekTopuit yactuy npu C,<1
(B maHHoM cnyuae C,=0,85).
Fig. 3. The field of particle trajectories at C,< 1
(in this case C, = 0,85).
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Puc. 4 (a, 6). Mone TpaekTopuit Yactuy npun C,> 1:
a) C,=1,25; 6) C,=1,5.
Fig. 4 (a, b). The field of particle trajectories at C,> 1:
a)C,=1,25,b)C,=1,5.
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Paccmorpum teneps C, >1, Hanpumep, Bo3bMeM 1,25
(puc. 4, a) u 1,5 (puc. 4, 6). Teneps ke MPOUCXOAUT BHITATUBAHKE STUE-
ek BoJb ocu OZ. Takke MPOUCXOANT CMA3bIBAHHUE MPAHUL] MEXKAY sTueii-
KaMH, ¥ KOPUYHEBas JIMHHUS CTAHOBHUTCS JIoMaHOH kpusoi. Obpasyer-
Csl MHOXKECTBO BEPTHKAJbHBIX YPOBHEH, pa3aea€HHbIX STUMHU JIUHUAMU.
TpaexkTopun IBUKEHUS YACTHL] B LIEHTPE KOHBEKTUBHON SYEHKE TaKKe
NpeTepreBaroT U3MEHEHHs . CHauajia IPOUCXOAUT Y MEHbLIEHHE 3KCLIEHT-
pucurera ¢, To ectb ipu ', = 1,25 TpaekTopuu OJU3KU K KPYTOBBIM, ITPH
nanpHeimeM Bo3pactannu C, (Hanpumep, C, = 1,5) momayvaroTcs 37umumn-
CBl, BBITSIHyThIE YK€ BIOJb ocu OZ.

Takke CTOUT 3aMETUTh, YTO NMPHU HEKOTOPBIX 3HaueHusx C; < C'*
(ae TospKo mpu (3= 0) TPAaEKTOPHH YACTHII MEPECTAIOT ObITh 3AMKHY ThI-
MH, YTO HAOJIFOAETCsI TP HAJIOKEHUH JIBYX BOJIH C PA3HBIMU aMILIUTY-
JaMH.

TeMm He MeHee, ObLTH MONYUYEHBI YCIOBHS, HAKJIAbIBAIOIINE OTPa-
HUYEHUE Ha MOJie TPaeKTOPUM YaCTHUL], BKIIIOYAIOIIHNE KaK KOHBEKTHB-
HbIE, TaK U CBOOOHBIEC IBUKEHUS.

JIis IpOCTOTHL, NOJyUYEHHOE YpaBHEHUE TPACKTOPHI MOKHO 3aIlu-
carb B BUJIE:

C, = —sin(x) + Asin(z).

Kornma 4 = 1 (nepssiii ciyyaii) u C;= 0

2

TO NOJIYyYa€M BBIPAKCHUE!

sin(z) = sin(x)
Xx=z+nx

Jns npyrux 3Haderni Cs:

sin(x) =sin(z) - C,

B cny4ae, xorna A He paBHa 1, MOXKHO 3aIUCaTh:
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Mone TpaekTopuii yactuy npu C,> 1

(B maHHoM cnyuae C,= 0,85).

Fig. 5. The field of particle trajectories at C,>1
(in this case C, = 0,85).
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C, =—sin(x) + 4sin(z)
To ectb, umerorcst orpanmdenusi —1 — 4 no 1 + 4.

ITpu C;, OnMM3KKMX K HYJIO, MOJNydaeM BOJHOOOpasHOe
HE3aMKHYTO€ ABIDKEHHE dacTul. OIHAKO NP HEKOTOPOM 3HAYSHHU
(C; = C* TpaeKTOpUN HAYMHAIOT CMBIKAThCA. [Ipu OonbineM OTKJIOHEHUN
(’; OT HyJIEBOTO 3HAYEHHsT 00PA3YIOTCs] KOHBEKTUBHBIE STUSHKHL.

U3 pucynka 5 Buano, uto npu C; = + 0,3 (KpacHast JIUHUS) IO-
Jy4aeMblii BHJ TPAEKTOPHH COOTBETCTBYET HE3aMKHYTOH JINHUHY, a MIPH
(3=+0,4 nabmomaercst y)ke 3aMKHyTasi KPHBOJIHMHEHHAs TPAaEeKTOPHS,
OIMCBIBAIOLIASA, TIO-BUAUMOMY, KOHBEKTUBHOE JIBIKEHHE.

IIpu >TOM, TpU BO3pPACTAHUU PA3HHULBI AMIUIUTYIHBIX 3HAUEHHI
(mpu m3menenun napamerpa A niam C,) MEXIy AByMsI BOJIHAMH BO3pac-
TAeT YHMCJIOBOE 3HAYCHHE IMapaMeTpa, ONPENessIIOIero yCiaoBue nepe-
X0Ia K 3aMKHYTBIM TpaekTopusiM C* 1 yMEeHbIIAeTCs TOJIST 3aMKHY ThIX
sueek (rmapaMeTpol u3 pucynka 4 — 0,35 u 0,65 nms C*).

OcobeHHOCTH KOHBEKTHBHBIX stueek npu C,# 1 (pu 3TOM coxpa-
HSIST HEM3MEHHBIMU 3HAYEHUs TUIOTHOCTH p W Kod(ddunuenrta A, pas-
HBIX 1) OOBSCHSIIOTCS TEM, YTO KBaAPAT 3TOro KO3 PULIMEHTa BXOIUT B
3HaAMEHAaTEeNb aMIUIUTYABI BTOPOH BOJHEI ; (19), TOo ecth C, BusieT Ha
aMITTUTYy BOJIHBI 10 ocu OZ. U3 Beipaxkenus (20), XapaKTepU3yoie-
r0 HAJIOKEHHUE JIBYX BOJH, cienyert, 4To npu C, < 1 mpOMCXOANT BBITS-
ruBanue 1o ocu OX, u Haoboport, npu C, > 1 NPOUCXONUT BBHITATHBA-
Hue 1o ocu OZ.

Takum 0Opa3om, ObLUT MPOBENEH YMCIECHHBIN aHAIU3 YCIOBHHA W
BUOB ABM)KCHHUS BO3Y IIIHOHM YaCTHILBI B TIOJIE€ BO3MYIEHUHN ABICHHMS,
TPAEKTOPUHU KOTOPBIX BBIPAJKAKOTCS YepPe3 Pa3HOCTh JBYX TPUTOHOMET-
puueckux ¢GyHKImA. bbula mpoBeneHa Gpu3nyeckas aHAJIOTHS C HAJO-
JKEHHEM JIBYX BOJIH, (Da3bl KOTOPBIX 3aBHUCST OT MOJIOKEHUS B pacCMaT-
puBaemMoii mockoctu OXZ. Paccmorpensl GopMblL, pasMepsl U 0COOEH-
HOCTH TPAEKTOPUH YaCTHULl, HAXOASAIINECS B KOHBEKTUBHBIX SYEHKAX U
3a/1aBaeMble OrpaHUYCHHBIM MHOXKECTBOM LEJIbIX YHCel KO3 puiueH-
ta C; Takxke Moka3aHO BIMSHUE 3HAYCHUH aMILTUTYAbl HAKJIAbIBae-
MBIX APYT HA Ipyra BOJH, Y IEPBOH BOJHBI 3HAYEHNE aMILIUTYIbI ObI-
70 (UKCUPOBAHHOE, Y BTOPOI OblTa 00paTHast 3aBUCUMOCTD C KO3 Hu-
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ueHToM (. Bpiio 3aMedeHo, 4to yeM Oouble pa3HULA MEXKAY aMII-
JUTYJAMH BOJIH Y; M )5, TEM 00Jiee pa3sMBITBIMH MOy YArOTCSl TPAHHULIBI
KOHBEKTHUBHBIX SUEeK.

BbiBOoAabI

B nanHOI paboTe ¢ MOMOIIBI0 MATEMAaTHYECKOTO TTaKe-
Ta Maple 2021 nonyueHo obuiee perieHne 3aaa4u onpeneneHus QyHk-
IIUH TOKA, OTHUCBIBAOLIECH ABM)KEHUE BO3YIIHOM YaCTUIBI TPU BO3HHK-
HOBEHHUU BO3MYLICHHS TABJICHHUS B aTMOC(epe, a TAKXKe COCTABIISIFOIINX
CKOPOCTH ABMJKEHHMS B BEPTHKAJbHOW IIOCKOCTH. IIpoBeneH uucien-
HBIH aHAJIHM3 MOJYYEHHBIX PEIIEHHUH, XapaKTepU3YIOIUX MPOLECChl Te-
peHoca B cpene. PyHKUMSA BO3MYIICHUS OAaBJICHHUS 3a[aBajachb B BHUIE
NPOM3BENEHUS TAPMOHNUYECKUX (PYHKLNH, Kakaasi 13 KOTOPBIX 3aBUCHUT
OT OIIHOW MPOCTPAHCTBEHHON NEPEMEHHOM.

[Tonyuens! B 0011eM BHIE BbIPAKEHU JIs1 YPaBHEHUS TPACKTO-
pwii BO3AYIIHBIX YacTHL. [1py 3a1aHHBIX 3HAYEHHSI TIOCTOSTHHBIX WHTET-
pupoBaHus ObUTH rpadUUECKH MPEICTABICHBI BUABI IOy YEHHBIX 3aBH-
cuMocTeil. AHann3 rpauKoB MOKA3bIBAET, YTO MPH OMPEAEICHHBIX yC-
JIOBUSIX, CBS3aHHBIX C HEKOTOPHIMH KPUTHYECKUMH 3HAUEHUSIMH ITOCTO-
SIHHbIX HMHTEIPUPOBAHMS, HAONIONAIOTCS 3aMKHYTbI€ KPUBOJIHHEHHBIE
TpaeKkTopuu IBIKEHUs. OTKIOHEHHs OT YKa3aHHBIX 3HAUEHUH JaHHBIX
MOCTOSIHHBIX B CTOPOHY OONBIINX WJIM MEHBLIMX 3HAUYE€HUH MPUBOIUT
1100 K HE 3aMKHYTOCTH TPAEKTOPUH, THOO K U3MEHEHHIO (JOPMBI U pas-
Mepa 3aMKHYTON STYEHKH.

Taxoke mokazaHo, YTO MPH PA3TMYHBIX 3HAYSHHSIX TOCTOSIHHOMN, OT-
BEUAIOIIEH 32 BO3MYIIEHHUE 1aBJICHUS 110 BEPTHKAJIbHOMY HAIMPaBIEHHIO,
MPOMCXOIUT BBITATUBAHUE 3aMKHYTOH STYEHKH JTMOO MO BEPTUKAIBHOMY,
7100 IO TOPU3OHTATBHOMY HAIPaBJICHUIO.

[Mony4yennoe, Takum oOpa3omM, B OOIIEM BHIE PEIICHUE 3aAa4d
KOHBEKLIMU CYXOTr0O BO3AyXa MO3BOJISIET, MO-BHIUMOMY, Ha KaueCTBEH-
HOM yPOBHE ITPOBECTH ONUCAHUE MPOIIeCCa KOHBEKIIMH BO3y ITHON Yac-
TULBI B aTMOC(epe MpH pa3IMyHbIX 3HAYCHUSAX MOCTOSIHHBIX, a TaKKe
NPOBECTH MCCIENOBAHNE U MPOTHO3UPOBAHNE AMHAMUKHU HUCCIIEAYEMBIX
MIPOLIECCOB.
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