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Taszosi ciopamu ma eHympiuiHs KOpO3isi 66ANCAIOMbC OCHOBHUMU (YAKMOPAMU, WO 8i0N0GI0AI0Mb 34 GUHUK-
HeHHsl asapitinux cumyayii Ha nidgoOHUX mpyoonpoeodax. Aeapii na maxux 00 €Kmax MoxHCymb CNPULUHUINY 3d-
OpYOHeHHsT B00H020 cepedosuuya, 3pYUHysamu OION02IYHI CKIA008E eKOCUCTneMU MA 3an00isimu wKoOu 300p08 10
mooetl. I'iopamoymeopents nioCumoemsbcs nid 8RAUGOM MypOYIeHMHOCTI, KA NPU3E0OUMb 00 NOAC2UEHHS YMEO-
PeHHSI YyeHmpis 3apooKie ma npueoHanHs ness la3anol soou. Hakonuuenns eazosux 2iopamié Ha 6HYMpPIWHIX CMIH-
Kax Kauaiy mae HemMoHomonHutl xapakmep. Cnouamky 2azo2iopamuutl wap 6HOCUms 000amKo8y menioizonayiio,
wo sede 00 Oesikoi cmabinizayii inmencugHocmi 2iopamogiokiadens. Ilpu sHudicenHi memnepamypu epyHmy 2a3ozi-
OPAMHUX Wap po3mMautogyemuscs oudxicue 00 6XiOHO20 nepemury mpyoonposooy, npu yboMy NPOMSIHCHICMb 2l0pa-
MHUX BIOKAAOEHb 3HUICYEMbCA. B nodanvuiomy HeobXiono nposecmu 00CHIONCEHHs 63A€MO36| 13Ky Midc Kinemu-
KOI0 YMBOpenHsi ma pocny 2a308ux 2iopamie ma npoyecamu 8HympiunbompyoHoi KOpo3ii.

KirouoBi crioBa: miJIBOIHI Ta30IIPOBO/IN, MOJIEIIOBAHHS T APaTOYTBOPEHHS, BHYTPIIIHEOTPYOHA KOPO3ist

Tazosvle cuopamovl 1 6HYMPeHHsIs KOPPO3US CHUMAIOMCS OCHOGHBIMU (PaKmMopamu, KOMopbie Omeeuaom 3a
BO3HUKHOBEHUE ABAPUIIHBIX CUMYAyUll HA NOOBOOHLIX MPYOonpogodax. Asapuu Ha maxux 0ObeKmax Mo2ym @bi-
36amMb 3a2PAZHEHUE OOHOU CPeObl, PA3PYUIUMb OUONOSUYECKUe COCMAGIAIOWUe IKOCUCTIEMbL U NPUNUHUMYb 6DeO
300posbio ooetl. [ uopamoobpazosanue YCumueaemesi o0 GIusHuUeM mypoyIeHMHOCMU, KOMOPAs NPUoOUm K
obnecueH0 00pa306anUs YeHMpPos 3apoobiuiell U NPUCOCOUHEHUs HeC8a3anHol 600bl. Haxonnenue 2az06vix 2uo-
Pamos Ha 6HYMPEHHUX CMEHKAX KAHALA umeem HeMoHOmoHHblll xapakmep. CHauana 2azoeuopammublii ot 6HOCUM
OONOTHUMENLHYIO MENnIOU30NAYUIO, YMO 6edem K HeKOMOpOl Cmabuiu3ayuy UHMeHCUBHOCIU SUOPAmOOmIodice-
Hutl. TIpu cHudceHuu memnepamypvl HOU6bl 2A302UOPAMHbII COU PACnonazaemcs: Oauxice K 6XOOHOMY CeHeHUIo
mpyoonposooa, npu 3mom NPOMSNCEHHOCTNb SUOPAMHBIX OMIONCEHUN CHUdcaemcs. B danvhetiwem HeoOXo0umo
nposecmu UCCIeO08AHUSL B3AUMOCEAZU MENCOY KUHEMUKOU 00PA3068aAHUSL U POCMA 2A308bIX SUOPAMOE U NPOYECCamu
GHYMpUmpyOHOi KOpPO3UU.

KiroueBbie ¢i10Ba: MOABOIHBIE Ta30MPOBO/IbI, MOJACIUPOBAHIE THAPATOOOPA3OBAHUS, BHYTPUTPYOHAS KOPPO3HUS

Gas hydrates and internal corrosion are considered to be major factors responsible for emergency situations
at underwater pipeline. Accidents in such places could cause water pollution, destroy biological components of
ecosystems and harm human health. Hydrate formation increases under the influence of turbulence that facilitates
the formation of nucleation centers and connection of free water. Accumulation of gas hydrates on the inner walls of
the channel is of non-monotonic character. First, the gas hydrate layer introduces additional thermal insulation,
leading to some stabilization of hydrate formation intensity. As the temperature of the soil decreases, the gas
hydrate layer gets closer to the pipeline inlet section and length of hydrate deposits reduces. Thereafter, it is neces-
sary to study the relationship between kinetics of formation and growth of gas hydrates and processes of in-tube
corrosion.

Key words: underwater gas pipelines, hydrate formation modeling, in-tube corrosion

Bcemyn. 30inbleHHS CBITOBUX 00CATIB TpaHC-
MOPTYBaHHSA TPHPOJHOTO Ta3y 3 BUKOPHCTAHHIM
MOPCBKHX TPaHCKOPJIOHHUX Ta30MpPOBOJIB CIpH-
YHMHSE TIIBUIICHAS PU3UKY BUHUKHEHHS aBapiil Ha
TpyOOMpoBOIi, 1O, B CBOIO YEPTy, MPU3BOJUTH JI0
HEMHMHYYMX HEraTWBHUX HACIIKIB JUIi HABKOJH-
LIHBOrO CEPENIOBHIIA B YChOMY CBiTi. ['a30Bi riz-
paTd Ta BHYTPIlUIHS KOPO3is BBAXKAKOTHCS OCHOB-
HUMH (aKkTopamu, IO BiAMOBIAIOTH 332 BUHHK-
HEHHs aBapiiiHUX CHTYyallill Ha MiJBOIXHUX TPYOO-
mpoBojax. Amapii Ha TakuxX 00’€KTaX MOXYTh
CIIPUYMHHUTH 3a0pyJHEHHS BOJHOTO CEPEIOBHUINA,
3pyHHYBaTH OIOJIOTIYHI CKIIQJOBI €KOCHCTEMHU Ta
3aBIATH IIKOAM 37I0POB O JIFOIEH.

Bararo cripo6 BupimmTH 1 mpobiiemu Oyu
HeyCHiH_[HI/IMI/I yepe3 HerependauyBaHIiCTh B3a€EMO-
383Ky HH3KH BIUIMBOBHX (hakTOpiB. IcHye BHCO-
Ka HMOBIPHICTb, 110 HasBHI ra30Bi TiApaTH BCTH-
raloTh CIPUYNHATH PO3BUTOK KOPO3ii y TpyGompo-
BOZAxX IIE 0 MOMEHTY iX BuiydeHHs. SIKmo ue
TaK, KOpO3isl 3 4aCOM PO3BUBAETHCS 1 MOPYIIYE ITi-

76 )
26 )

JIICHICTB TPYOH, pyHHYIOUH MaTepiall, 3 SKOro BoHa
3po0IieHa, IO MPH3BOAUTH 10 BHHHKHCHHS aBa-
piiinoi cutyauii. Takox, mpu akTuBizauii rigpary
gyepe3 crnpoly 1HF16yBaTI/I PO3BHUTOK KOpO3ii, He-
MUHYYe BHHUKae mpobiema 3abe3rneueHHs Oesrie-
pebiiiHocTi poboTH pr60np013011y Buxomsun 3
HOTO, PO3YMIHHS B3a€MO3B’SI3Ky MIX TipaTtoyT-
BOPEHHSM Ta KOpPO3i€l0 MOXe B MailOyTHBOMY JI0-
MOMOITH y PO3B’S3aHHI ICHYIOUHX MpOoOJieM B
MIPOMUCIIOBOCTI, PIllICHHS SKMX Ha JaHUM 4Jac Bij-
cytHe. Excrutyaraliis TpyOOIpPOBOJIB, IO TpPaHC-
MOPTYIOTh BOJIOTHI MPHPOAHUI ra3, yacto OyBae
yIpyIHEHa Yepe3 Hu3Ky npuuuH. OQHIEI0 3 TaKUX
MPUYYH € BiIKJIaJCHHS ra30BUX TiJPaTIB - HEraTH-
BHE SIBHIIIC, 1110 MPOSIBISIETHCS B HAPOCTaHHI Ta30-
ripaTHOI KIipKM Ha BHYTPIMIHIX CTiHKax Tpyoo-
IIPOBO/LY, IO NPU3BOAMTS JI0 YaCTKOBOrO 400 1OB-
HOTO 3aKyIOPIOBAHHs MPOXIJAHOTO MEpepisy i, SIK
HACIIJO0K, 10 3HIKCHHS 1ebiTy abo HaBiTh aBapiii-
Hoi cutyanii [1-2]. He3Baxkaroun Ha Te, 110 mMoio0-
HE SIBUIIE JOCHTh YacTO CIIOCTEPIracThCs Ha MpakK-
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THIl, BOHO 1 JOHMHI € HE 0 KIHI[T BUBYEHHMM, a Ha
JesKl TUTaHHS 70ci HeMae Bigmosizeit. Tak, 30k-
peMa, 3a JIOIOMOrOl0 IH)KEHEPHHX pO3paxyHKiB
MOXKHa 3 BEITUKOIO0 TOYHICTIO MependavnTH, B SIKO-
My TpyOONpoBOAi 1 Ha siKiii Horo mainsHI OyayTh
YTBOPIOBATHUCS TipaTd, aje BU3HAYUTH, 3 SIKOIO
MBUAKICTIO OyJae NpOTIKaTH JaHWUW IpoIec, J0-
CHUTh CKIagHO. He mocTaTHhO BHBUYEHE TaKOX ITH-
TaHHsI [IPO CTYIiHb BIUIMBY Ha JTUHAMIKY TiapaTo-
YTBOPEHHS Pi3HUX (DAKTOPIB, TAaKUX SK BOJIOTICTh
razy, TeMIIepaTypa OTOuyIUOoro IpyHTY TOIIO.

Ananiz cmany npooaemu. Sk Bimomo, mMoje-
KyJId BOJH, Y MOPIBHSHHI 3 iHIIUMH MOJIEKYJIaMH
13 CXO)KMMHU XapaKTePUCTUKAMH, MOXKYTh BHSBIISI-
TH HE3BMYAWHI BJIACTHBOCTI 3a TEMIIEPaTypH KH-
MiHHS, SHTAIbII] BUIAPOBYBAaHHS Ta PO3IIHPEHHS
micinst 3amep3aHHst. Lle TOsSICHIOETBCSI TPUCYTHICTIO
JBOX HE3B's3aHUX (BUIBHUX) Tap CIEKTPOHIB (3
KHCHIO), §KI TONSPH3YIOTh MOJEKYIH MUISIXOM
SNEKTPOCTATHYHOI B3a€EMOJIii, MO MPU3BOIUTH JIO
YTBOPEHHSI BOJHEBOIO 3B’S3Ky. XoO4a BOJHEBUU
3B'SI30K TaKOX MPUCYTHIA B CIUPTAX Ta CIOITYKaX
eNIEMEHTIB Tpynu 6A 3 BOJAHEM, BiH OCOOJIHBO Mi-
IHUH B BOJI. 3aB/ASKHM I[iil BIACTUBOCTI BOJa YTBO-
proe rigpati. Monekynau BOIH, SIK OCHOBHOI pedo-
BUHHU (xa3siHa), BHUIIMKOBYIOTHCS B PETYISAPHIN
OpieHTaIlil, a MOJIEKYIH JIPYyropsIHOI PEYOBHHH
(ricts) (CH,, C,H,, C,H,, Cl,, H,S, CO, Tompo)
CTa0lIi3yI0Th OpPIEHTOBAaHI MOJEKYJIH 33 JIOTIOMO-
roto cui Ban-nmep-Baanbca (ski MarTh OyTH 10-
CTaTHbO CHJILHHUMH) JUIs OCajay TBEPAOI CyMIlli,
sIKa HA3WBAETHCS TiAPATOM, OJHAK MK MOJIEKyJia-
MU KOMIUIEKCY «TiCTh-Xa3siH» 3B'3KY HE ICHYE.

Po3unHHICTE MONEKYIHM-TOCTS TaKOX € Hal-
3BHYAIHO BKJINBUM (PaKTOPOM, OCKIIBKH BOHA HE
MMOBHUHHA J00pe PO3YHHATHCE Y BOJII. COz, H,S Ta
SO, nocsAraoTe BEPXHIX MEXK PO3YMHHOCTI y BOAL,
npore amiak Ta HCI i3 3HaYHOIO PO3YMHHICTIO Y
BOJIi TiZIpaTiB YTBOPIOBATH HE MOXYTh.

lNapaToyTBOpeHHS MiICHITIOETHCS i BIUIU-
BOM TYpOYJIGHTHOCTI, sIKa TIOJIETTIYE YTBOPEHHS
HEHTPIB 3apOJDKEHHS] KPUCTATIB Ta30riipaTiB Ta
MpUEIHAHHS HE3B’S3aHOI BOAW. 3a3BHuUail Ta3
TPAHCIOPTYEThCS HA BHCOKIH IIBHJIKOCTI, IO
CIIPUYMHSIE TIEPEMIIIyBaHHS 110 BCIi JOBXUHI TPY-
Gonposoay. Hampukiani uuisixy ras mpoxoauTh
Kpi3b 3BY)KCHHS Ha IPOCENSX, /1€ BUHHUKAE Iepena
Temmneparypu min - aieo  epekry  Jhxoymns-
Tommcona, y pe3ynbTari 40ro Blz[6yBaeTLc;1 yTBO-
penHs rigparis. HasBHICTE 3BapHUX 3’€/IHaHB (I1a-
TpyOKiB, TPIHHMKIB TOWO), Opyay, JyCKH, LIUIMH
Ta MICKIB TAKOX MOXKYTb CTaBaTH LIEHTPAMHU rigpa-
TOYTBOPEHHSI, a HE3B s3aHa BOJa BUCTYIAE B PO
MiICHITIOI0YOTO areHTY, OCKUTBKH 00JIaCTh KOHTaK-
Ty Ta3y Ta BOJAH € CHPHUATIUBOIO TOYKOI JUIS
YTBOpEHHSI 3apoJKiB rifpariB. B miTeparypi 3Ha-
XOJMMO JIOCTATHHO PI3HOMAHITHI MiAXOMH 0 MO-
JICIIIOBAHHS BHYTPIIHBOTPYOHOI KOpO3ii, sKi, ox-
HaK, HE BPAXOBYIOTh POJIi ra30ripaTiB.

Jist 3BefIeHHA 10 MIHIMYyMY PH3HKIB KOpO3ii
ra3onpoBoAiB, BACHUMHU OyII0 3alPONIOHOBAHO Pi3-
Hi MeToau. B mmpoxkomy po3yMiHHI, Li MeTOaH
TMOUISIOTECS Ha NPEBEHTHBHI Ta BUNpaBHI (Kope-
rylodi), 6araTo 3 HUX BHKOPHUCTOBYIOTHCS B JIAHUH
yac, a JIesdKi BJOCKOHAMOIThCA. OHIE 3 Kope-

ISSN 1993—9973. Po3Biaka Ta po3pobka HadpToBuUX i rasoBux pogosuiy. 2014, Ne 4(53) @

T'YIOUMX TEXHOJOTiH € BUKOPHCTaHH JaBadyiB ele-
KTPUYHOIO OMOpPY JUIS PEECTPALLii IAHUX MUTTEBOL
WIBHAKOCTI KOpO3ii [3]. OTpI/IMaHi JlaHi CIyT'YIOTh
BUXIIHAMA JUIsl  KOMII'FOTEPHOTO  BCTAHOBJICHHSI
TOYHOI MBHUAKOCTI Kopo3ii. Llei meron 3abesre-
yye Oe3nepepBHUN KOHTpPOJIb 0€3 OaraTopa3oBHX
npod piIuHHM, IO TPAHCIOPTYEThCs. [Iporuo3yroua
MOJIeTIb HAJCKHUTh JIO KaTeropii NpeBEeHTHBHUX
3axofiB. BoHa Mo)ke CIIPOrHO3yBaTH BIpOTiMHUI
TEPMIH CIyKOM TPyOH AJi1 MPOMHUCIIOBOIO BHKO-
pHUCTaHHS NP TUIaHYBaHHI Yacy 3aMiHu. Sk xopo-
3i1 CO, (BYIJIEKMCIIOTHA KOpO3is), TaKk 1 KOpo3is
H,S (cipkoBogHeBa KOpO3is) € TOJIOBHUMHU IIPO-
OneMaMu TIpU 3aCTOCYBaHHI BYTJICIICBOT Ta HHU3b-
KOJICTOBAHOI CTalll, SIKi BCE II¢ 3a/IMIIAIOTHCI OC-
HOBHUMHM MaTtepianamu 1pu OyIiBHHUTBI TpyGo-
TIIPOBOJIIB, OCKUILKU MOEIHYIOTh B €001 Taki AKOCTI,
SIK €KOHOMIYHICTh, HASABHICTh Ta MILHICTh [4]. Ha
MPaKTUI JIOKajJi30BaHa KOpO3is € HaliHeOe3med-
HIIIOKO 3 YCIiX Ta MOYKE€ TPU3BOJUTH JI0 CEPHO3HUX
aBapiif, Tomy camy ii Oys0 6 Jyxe BasIHBO CIPO-
THO3YBaTH. 3 CBOIM XapakTepOM JIOKEUIBOBaHa KO-
pO3is METalB € CTOXaCTHYHOIO [5, 6] Ta OB’ s13aHa
3 JIBOMa CTOXaCTUYHHUMH TpollecaMu: pyHHYBaH-
HSIM TTACHBHOI IUTIBKK Ta PENacHUBaIli€l0 BiKPUTOT
308 [7]. OmHak, ’kOHA 13 3alPOIIOHOBAHUX MO-
JeNield He Ja€ 3MOTH OIIIHUTH KiHETHKY Harpoma-
JDKEHHS Ta30TipaTy Ta Xapakrep HOro po3moainy
0 JIOBKHMHI TPyOONPOBOAY, IO JTO3BOJUIO O BH-
3HAYUTU Micls 3 HaHOUIBIIUM PHU3UKOM BHUHHK-
HEHHS T1paTHOI KOpo3ii.

[MocranoBka 3amayi. Bomoruit npupoanuii ra3
i3 32/JaHMM KOMIIOHEHTHMM CKJIa[0M TPaHCIIOPTY-
€TbCsl B TOPH3OHTAIIHOMY KaHall, Ha BHYTPILIHIX
CTIHKaxX SIKOTO YTBOPIOIOTBbCS ra3oBi rigpatu. Bo-
1ia, 1110 MICTHTBCS B Ta30BOMY IOTOILIi, MOXE nepe-
OyBaTu B IBOX arperaTHUX CTaHax: y BUTJISJI Iapy
1y BUIIAZL Kpanenbok pinuan. ®as3oBi nepexonn
BOJIOTH BiIOYBAIOThCA B PIBHOBAXHOMY peman
OcHOBHI NiHIHHI XapaKTePUCTUKU TPyOu: L - 10B-
’KHHA POSIIITHYTOr0 TPYOOIPOBOLY, 3o 1 @) - BHYT-
pilHiii i 30BHIHIA paxiyc, a; - papiyc TpyGonpo-
BOJly 3a HasBHOCTI Terutoizomsnii. ['igpatu yTBO-
PIOIOTh Ha BHYTPIIIHIX CTiHKaX TPyOW pajialbHO-
CHUMETPUYHUH Map BiJKIaJiB TOBIIMHOIO O (pHc. 1);
a=ag- 0.

BBenemo psin mpumymieHb: BTpaTH Ta3y Ha
YTBOPEHHSI TipaTiB HEXTYEMO, TOMY HOro Kilb-
KIiCTb I10 JIOBXKHHI TPYOH 3aJTMIIAETHCS TIOCTIHHOIO;
MIBUAKICTh Teuii ra3y Habarato MeHIIe HIBI/II[KOCTi
3BYKY; PyX rasy B TpyOi pO3IJISa€ThCs B TifpaB-
JMYHIA MOCTAHOBI; 3HAYEHHS THCKY 1 TemIepary-
pH MOTOKY MPHHMAIOTHCS CEPEHIMHU T10 MEPETHHY
TpyOu; TemmepaTypa Uil KOKHOTO TEepeTHHY Ka-
HaJIy oJHaKoBa JuIs 000X (a3 (rasy Ta pimuHH); ras
BB@XAEThCS inealibHUM. Bick Z ckepyeMo y Ha-
NpsSIMKY Tedii rasy, mpu IpOMY ii modaTok 30ira-
€THCS 3 BXIJTHUM TIepepizoM TpyOOIpoBOIY.

Hapeneni BuIe NpUIYHIEHHS JJO3BOJSIOTH
JUISL ONIUCY PYXy Ta3y BUKOPUCTOBYBATH CTAlliOHA-
PHi PIBHAHHS HEI30TEPMIYHOTO TUIMHY Tasy B Ka-
Ha y KBa310JHOMIpHOMY HaOIkeHHl [8]:

e dz - dz
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Pucynoxk 1 — Cxema Tpy0onpoBoay 3 ra3oriipaTHUMi YTBOPEHHSIMM Ha BHYTPILIHIX cTiHKaX

dTg Mg dp
¢ dz dz
ne f=2rnar,
r=0,1251p,w;,

2 ={1,8lg(Re)—1,5} 7",
Re=2ap,w, / u,,

ng' = 277an0— s

Wg b pg b Cg 2 #g

KiCTh, TYCTHHA, TUTOMa TEIUIOEMHICTh Ta Koeilli-
€HT JUHAMIYHOI B’I3KOCTI1 BIAIIOBIIHO,

p — THCK Ta3y,

f 1 A—cuna Ta KoeillieHT TiApaBIIYHOTO
omnopy,

S — moma monepeyHoro nepepizy KaHay,

T, — TemMneparypa rasy,

l,, — IpUXOBaHa TEIJIOTa MAapPOYTBOPEHHS BO-

Qg — IHTEHCHBHICTb BiJIBEJICHHS TeIlla, Bij-
HECEeHa JI0 OJIMHUIII JTOBKHHU TPYOOIIPOBOY.

V piBHsAHHI 30epexenHs iMmynbciB (1) Bpaxo-
BAHO TiJPaBIiYHAN ONIp CTIHOK TPyOONpOBOAY, B
piBHsIHHI 30epeKeHHs eHeprii (2) — Temiosi eek-
TH KOHJIEHCALII IIapH 1 BIBEACHHS TEIUIA 10 BHYT-
PIIIHBOT CTIHKK KaHaIy.

Bopaa, mo mictutees B noroui, Oyae Butpaya-
THCS HA YTBOPEHHS Ta30TiIpaTiB, TOMY 3aKOH 30e-
PEXKEHHS MacH U BOIM MOXKEMO 3allHCcaTH y Ta-
KOMY BUTJISII:

] dk;

" &N dz

~Quos (@)

— MacoBa BUTpaTa, WIBUI-

,

dk, .
mg—z— -J,,J,, =2naj,,, 3)
ne J,, — IHTGHCUBHICTh BUTPATH BOAM Ha TiApaTo-
YTBOPCHHSI.

[IpuitmeMo, 110 BOJIOTa, sIKa MICTHTBCS B ra-
30BOMY IIOTOLII 3 MAaCOBOK KOHIIEHTPALII€IO k,, MO-
Ke 1epedyBaTh B IBOX arperaTHuX CTaHax — y BU-
TSI PIIKMX KPaneabok 3 KOHICHTpaLieo & 1a 'y
BUIJIS/IL IAPH B Ta30Bii (asi 3 MacoBOKO [KOHIICHT-
parii€ro k,. MacoBuii BMICT BoaH k,, IOB’SI3aHUH 3
k; Ta k, HACTYITHMM CITIBBITHOIIICHHSIM

ky =k + (1 =k)k,. 4

PiBusinns (1) - (4) cnipaBenBi 32 YMOBH CTa-

JIOCT1 MAacOBOT BUTpPATH rasy:

Mg = Ng, = CONSt, %)

_ 2
ze n?g =pgw,S, S=rma ] '

PIBHSHHS JUIS PO3MOALTY PIBHOBaKHOI KOH-
LIEHTpaIlii BOJISHOI MapH B3JA0BXK TPYOOIIPOBOIY

72 )
28 )

D =R, T .
k, =———exp| ——— |, (6)
" PR, T

YMOBOIO TEPMOJMHAMIYHOI PiBHOBATH VIS TiApaTy

[1, 8]
T,(p) =T+ In(p/ pyg) + Ty, )
Ta PIBHSHHSM CTaHy rasy p, = poR,T,

Tyt Ty(p) — piBHOBaXXHa TemIiepatypa Tijapa-
TOYTBOPEHHS, P\, T+ Ta T)+ — eMIIpUYHI TapaMeT-
pu, R, Ta R, — IpuBe/ieHi Ta30Bi CTali 11 IPHPO-
JTHOTO Ta3y Ta BOJSHOI IMapH.

Kpim Toro, st 0JHO3HAYHOTO BUPIIIICHHS 3a-
3HAa4YCHOI CHCTEMH pPIiBHSHb HEOOXIJHO 3alHcaTH
CIIBBINHOIICHHS, II0 BH3HA4Ya€ IOTOYHE II0JIO-
JKEHHsI TPAHUIIl «ra30BHH MOTIK-Ta30TiApaT»

66/6t:jh/ph, (8)
Ne j, — IHTEHCUBHICTb TiJJpaTOyTBOPEHHS,

Op — TYCTHHA Timpary,

t—yJac.

[puiiMemo, 10 BiIKIAJEeHHsS ra30BUX Tifpa-
TiB MOYMHAETHCS B MEPETUHI KaHally z = z;, ¢ Ha
CTiHKaX KOHJICHCYETHCS BOJA 1 BHKOHYETBCS YMOBA
T <Ty(p) (T — TemuepaTypa BHYTPILIHBOI MOBEP-
XHI KaHany). [Ipy bOMy BiIKITageHHS MOXE Bil-
OyBatucsl B IBOX PeKHMax, a caMe: TEeIIOBOro 0a-
NaHcy i gepinuTy BOJIH.

[epumii pesxum pearisyeTbest B TUX JIUISHKaX
TpyOH, Ha SKUX BOJA B TA30BOMY IOTOIII MiCTUTBCS
B JIOCTAaTHIA KITBKOCTI. Y 11bOMY BHIIQJIKy iHTEH-
CHBHICTh YTBOPEHHS Ta3oripaTiB JIMITYEThCS
BIIBEJACHHSM TeIJIa Bill BHYTPIIIHBOI IOBEPXHI
TpyOM i BU3HAYAETHCS 3 YMOBH TEIIOBOTO OanaHcy
Ha MEXI po3noniny a3 «raz-riapar»

lhjh =456 ~4g0 9)
3 ypaxyBaHHSM CIIBBIAHOIICHHS, IO BH3HA4Yae

IHTEHCHUBHICTh TEIUIOBIZIaYl BiJl MOTOKY 0 BHYT-
PIIIHBOT CTIHKK KaHAITY:

ng' :ago'(Tg _To-)a
Uyo = Ay Nu(2a) ™,

Nu =0,021Re*®* Pr®* Pr=p.c, / 2,,

[, - IUTOMa TEMJOoTa TiAPaTOyTBOPEHHS, -
HaMiuHa B'S3KICTb i3, TEIIOEMHICTb Cg 1 Koedilli-
€HT TEIUIONPOBIAHOCTI Ta3y A, BU3HAUEHI MpHU ce-
penHiil TemMIiepaTtypi MoToKy.

[HTEHCHBHICTD Terulonepenadi MiXK CTIHKOO
TpyOONpoOBOMYy Ta IPYHTOM MPHUMEMO Yy BHIJISII

[2, 8]

(10)
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945G :ao'G(To' _TG)’ (11)
IR
a h a

=1 a4

Uepe3 yTBOpEHHS TBEPAUX BIIKIaICHb B1IOY-
Ba€ThCA 301IHCHHS MOTOKY Ha BOJIOTY, BHACIIIOK
4oro, MOYMHAIOYM 3 JEIKOro Mepepizy Tpyoorpo-
BOJLy, HOTO MOKPUBaHHS TiJJpaTHOIO KipKOIO BiI0Y-
Ba€THCSA B IHIIOMY pexumi. s po3paxyHKy iHTe-
HCHBHOCTI J),, Oepydd 0 yBarm cTexioMeTpU4HYy

ymoBy j,, =(1—kg;,)j;, 3anuuiemMo HacTynHi Bupa-
3u:
= p,v” Shk,,

Sh =0,021Re®¥ (PrP)043 pr(D) =y, /(D)

Tyt ke, — MacoBuii BMicT rasy B rijpari, -
Koe(biuieHT ;[Hq)y3i'1' MOJIEKYJ BOJAW IO TIOBEPXHI
po3iiLy «ras-rifpar», v — KoepiLieHT KIHeMaTI/I‘I-
Hoi B[ s13K0CTi Ta3y, Sh — umcno Ilepryna, Pr'”
mudysiitae yncno [Tparmris.

OOroBopeHHs pe3ynbTaTiB. BuzHaunMo 3MiHy
TIPOIYCKHOI 3JaTHOCTI MiA3€MHOr0 TOPH30HTaIb-
HOro TPYOONPOBOAY MPH 3POCTAHHI TiAPaTHOrO
Iapy Ha HOro BHYTPIIIHIX CTiHKax, a TAKOX pO3-
TIITHEMO BIUIMB BOJIOTOBMICTY Ta3y 1 TeMIlepaTypH
HABKOIIMIIIHBOTO TPYHTY Ha MPOIEC TiJpaToyTBO-
pennsi. 1lpu 4MCeNnbHUX PO3PAXyHKAX BHKOPHCTO-
BYBAJIMCS TaKi NPOMMCIIOBI JaHi i 3HAYCHHS Tel-
noq)131/1qH1/1x napameTpiB:

=10xm, ay=0,11M, d=a; —ay=0,011 m,

TEIUIOI30JIA1lIs BIACYTHS (a2 = ay),
Tc=279K, A¢=2 x/(mcK), Ty=323,15K,
ce = 2911 JIx/(xr-K), R, = 450 JLx/(xrK),

g = 0,03 Jlx/(m-cK), g = 1,1-107 kr/(m-c),

An =22 Ix/(mc'K), A; = 58,24 Ix/(m-¢cK),
DPur=3,9410°, T,,» = 4228, R, = 461 JIx/(xr-K),
1w = 1,7-10° Jlx/xr, m, = 0,683 xr/c, kyo= 310",

32MHa ng 28265K Th*—828

p,, = 917 KO/M, kg = 0,1, [, =2,3-10° I/kr.

Jnst 3amaHoro ckimagy rasy B TpyOOIpOBOI
3HAa4YCHHS PIBHOBAXKHOI TEMIIEpaTypu TipaToyT-
BopeHHs ctaHoBUTh 7.(p) = 282 K. Temnepatypa
CTIHKH 0 JIOCATA€ JAaHOTO 3HAYCHHS B NEPETHHI 3
KOOpIMHATOH z, = 1,8 kM (puc. 2, b, ).

[lpoBenieni 4ncenbHi poO3paxyHKH IOKas3aiu,
110 PO3MOJILUT TOBLIMHM TiIPAaTHOTO Wwapy d B yaci i
MO JIOBXHHI TPyOOIPOBOY Ma€ CKIAIHHUN Xapak-
Tep (puc. 2, ¢, g). Jlo neskoro MoMeHTy Hacy (B
po3paxyHkax npuOiau3Ho 60 mi0) posmoaia o 1Mo
JIOBXXKHHI TpyOOIPOBOJy HACTYIHE: Ha IOYaTKO-
BOMY IUISHII CKJICPOTHMYHHX BIJKIAICHb Tiapat-
HUH Iap IBUAKO 3pOCTaE, MOTIM Ha CepeHii Ji-
JISHII TOBIIMHA Ta30TiAPaTHOrO Iapy MPaKTUYHO
HE 3MIHIOETHCS, a 1033 MEePeTHHOM z = z* (3MiHa
PEKUMIB) BiIOYBAETBCS IIOCTYIIOBE 3MEHUIEHHS /10
Hy:s rigpatHoro wapy. Taka noseninka npodino
TiIpaTHOTO Mapy Ha CepeiHid NMUIAHIN, Ha HaMI
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IIOTJISIZT, TTOSICHIOETLCSL THM, III0 IHTEHCHBHICTE TiJI-
paTOyTBOPEHHS BU3HAYAETHCS BUKIIOYHO BiITO-
KOM TeIlia B IPYHT, BEJTMYMNHA SKOTO MOCTIHA.

VY nopanbIIoMy XapakTep TiIpaToBIAKIaICHb
3MIHIOETHCA: MPO(DLIL ra30riApaTHOrO Mmapy 3 ya-
COM BHUPOIXKYEThCS B MIKOMOAIOHY popmy (01m3b-
ko 85 ni0). Jlany ¢opMy MoXHa HOSCHUTH THM,
IO MiCLIE, B SIKOMY JOCATAETbCS MAKCHMAJIbHA TO-
BIIMHA (I MIHIMAJBHUH TIEpeTWH KaHaly), 30ira-
€TBCS 3 TIEpepi3oM TPyOOIPOBOLY, Jie BiAOyBa€eTh-
csl 3MiHa TIEPIIOr0 PEXXUMY HAKOIMHYCHHS BilKiIa-
JICHb TBEpI01 (ha3u APyroro.

BesnepepBHO 301IBIIYETHCS AP Ta30TipaTiB
Ha BHYTPIIIHIX CTIHKaX 3BY)XXYE MPOXiJIHWUH Iepe-
THH Tpybonposoay. Ilpu aniabatnynomy mpoxo-
JDKEHHI ra3zy Kpi3b Take 3BY)KEHHS BiOyBaeThCs
poswmpenHs rasy (puc. 2, a, ¢). Ilpu upomy cro-
crepiraeTbes eexT )Imoyn;[ -Tomcona, mo mposis-
JSIETHCS Y 3MEHIIIGHHI TEMITepaTypH Trasy 3 MiHiMa-
JILHUM TIEpETHHOM Ta3omnpoBoay (puc. 2, b, f). Ta-
KUM YMHOM, 3MIiHIOETBCSI TEMITEPATYPHHI PEXHM B
[IOMY, 110 MTO3HAYAETHCS, B MEPIIy Yepry, Ha ca-
MOMY TpPOLEC] TiApaTOYTBOPEHHA. 30Kpema, e
CTa€ NPUYMHOKO 30UTHIIEHHS 3 Y4COM IHTEHCHBHO-
cTi rimparoyrBopenHs (puc. 3). Buano, mo 3a me-
pion yacy Bix 35 mo 85 nib6 gaHuit mapamerp 3poc-
Ta€e MPUOIM3HO Ha TOPSAAOK BeNHYnHH. [HTeHCH(i-
Kallisl TIPOIIeCY TaKOX BHUKIIMKAE 30UTBIICHHS CIO-
JKUBAHHS BOJIOTH Ha TiIpaTOyTBOPEHHS, 1110 BiAOH-
Ba€ThCSA Ha 3MiHI ii KOHI[EHTpAIlll B ra30BOMY I10-
tomi (puc. 2, d, h). Bmict Boau, HeOOXiqHOI Ajist
TipaToOyTBOPEHHS, B3JIOBXK TPYyOOIPOBOMY 3MEH-
HIYETHCS MIBHIIE, TIPU 1LOMY 30HA TiIpaToOyTBO-
pEHHS 3BYXKYEThCs. Bce 1ie MpHU3BOAMUTE IO TOTO,
o npod Ul TOBIIMHH ra30ripaTHOro Mmapy 3 4a-
COM BHPOJDKYETHCSI B MIKOMOIOHY KpUBY [8].

Ha puc. 4 moka3aHo BIUIMB 3MiHH MacOBOTO
BMICTy BOJIOTM Tasy Ha BXOAl B TPyOOmpoBin Ha
riIpofvHaMiuHi  Ta  TeroQizuuHi mapamerpy,
KOJIN BOJ’IOFOBM]CT Ha BXOJl CTAHOBUTH K,y = 107
3-10°i107°

VY BCIX TpbOX BHUNAJKaX dYac EKCILTyaTallii
TpYOONpPOBOLY CTAHOBUTH TPUALATH Ai6. Bumo,
10 Ti/IBULIEHHS BMIiCTY BOJIOTH Ha BXOJi B TPy0O-
MPOBII MPU3BOAUTH JI0 PO3IIUPEHHS 30HU Tiapa-
TOyTBOpEHH: (puc. 4, b), IpH IbOMY MpaBa KPOMKa
ra3oripaTHOro mapy 3MIIIYEThCS HIDKYE IO T10-
ToKy (puc. 4, c¢). LlikaBuii, Ha Ha moryisax, i TOH
(axT, 10 PU MAIOMY BMICTi BOJIOTH MPOQiIb TO-
BIIMHKM Ta30TiIPaTHOrO Iapy Ma€ IMIKOMOIIOHY
¢opmy (muB. Puc. 4, ¢). Bixsnaunmo taxkox, wmo,
He3Ba)Kalouu Ha 361nbmeHHsI BMICTY BOJIOTH ka Ha
BXOI B ACCSITh pasiB (Big 10~ = 0 10° ) B JIEIKOMY
MEpeTrHi z = 4 KM HACTa€e PeKuUM JepiUTy BOAH B
MpoIieCi BIAKIaISHHS Ta30riapary, a MaKCUMaJbHe
3HA4YCeHHS IHTEHCUBHOCTI TipaTOyTBOPEHHS 3aJU-
IIAE€THCS HE3MIHHHM.

Ha puc. 5 nopmarotees pesynbratd J0Cii-
JUKCHb JUISl BUIIQ/IKIB, KOJIM TEMIIEPATypa IPyHTY
T cranoBmia 3 i 6 °C. Yac eKcrmyaTaun TpybO-
npoBony — 30 IHIB MpH MOYATKOBIM KOHIIGHTpAIIil
BOJIOTH Ky = 3 - 10-3. 3 rpaqua BHHO, IO 34
OUTBII HU3BKOI TeMIepaTypi IPYHTY Ta3 B3JIOBXK
TpyOONpPOBOLY OXOJIOKYETHCS MIBUIIE. Y IOMY
BHUIIQ/IKy 30HA T1PaTOyTBOPEHHS, a OTXeE i ra3ori-
IpaTHi map (puc. 5, C) PO3TaIIOBYIOThCS ONMIKYE

—
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AKTyaneHi NuTaHHS Haprorasomoi ranysi

TOBIIMHU rigpaTHoro mapy (c, g) Ta Bmicty BoJsioru (d, h) mo noB:kuni Tpyéonposony (a, d)

p, Mlla
7 a
3.2 -
3,0
2,8 1
2~6 ZIS T T T 1
0 2 4 6 82z, kM
T, °C
7 b
40 A
30
20 - Tg
T{p)
10 97, . d
é Lll é 8z, kM
cM
] C
6 .
5 .
4 .
3 .
2 -
l -
0 6 8z, kM
k,x10?
7 d
3 4
35
21 6o
\‘85
1 1 \
1
H
Z\)
0 2 4 6 8z, kM

p- Mlla

I 1
2.8 z, km

Pucynox 2 — 3mina B yaci npoginis Tucky (a, e), remneparypu (b, f),

Ta HOﬁJ’II/l3y [liJ'IHHKI/I 3 MAKCMMAJIBHOI0O TOBIIMHOIO Fi}lpaTHOFO mapy

J
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Jnx 10°, kr/m?

85
4 -
3
7 1
14 60\ ..
EIAGY
0 T I —= I 1
1,6 20 24 28z kM
Pucynok 3 — 3miHa iHTeHCHBHOCTI riAPaTOyTBOPEHHS 3 4ACOM
P M{]a a 0, CM ¢
™ Lag i
3.16 4 Fo
1,0 - i
3.12 4 : :|
3,08 o I |
3-,04 T T T T T L:" |‘ T
0 4 6 8 z, xM 0 “s 4 z KM
T,°C b kyox10°  d
3
40 ] \\
30 - 81
20 -
T, 44 v
0 2 3 Tip) A4
\]L_ ol I ‘\‘
0 Zs 4 6 8 z, xm 0 Zs 4 z kM

Pucynoxk 4 — Bnoius 3minu BmicTy Bosioru £,y Ha mpouec rigpaTtoyTBopeHHs

JI0 BXi[HOTO NEPETHHY, ale MPOTKHICTH Tiapat-
HUX BIIKIQJeHb 3HIXKYEThCA. MOXHA TIOMITHTH,
WO CyMapHUi 0OCSI TBEPAMX BiAKIAJACHb I
000X BHUNAJKIB MPUOJU3HO OJHAKOBHUH, o, Ha
HAlll MO/, BUKIMKAaHO OOMEKCHOK KUIBKICTIO
HasBHOI B TpyOompoBoi Bonoru. HeoOximHo Ta-
KOXK BIZI3HAYWTH, IO TPHU 3HIKEHHI TeMITepaTypH
rpyaTy Ha 3 °C iHTEHCHBHICTH TiJpaTOyTBOpCHHS
3pocrae mpuOJIM3HO yaBidi (puc. 5, d) [8].

3a pe3yabTaTaMH MPOBEACHOrO JTOCTIIKEHHS
MOXHa c()OPMYITIOBATH TaKi BUCHOBKH.
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1) HakonuueHHs ra3oBUX TipaTiB Ha BHYT-
pIIIHIX CTiHKax KaHaly Mae HEMOHOTOHHUH Xapa-
krep. CroYaTKy rasoriipaTHUX IIap BHOCHTB JIO-
JIATKOBY TEIUIOI30JIALIIO, 1O BEAE 0 NEAKOi CTa-
Oinizaii INTEHCUBHOCTI MiPaTOBIAKIA/ICHb.

2) Iopanpie 3pocTaHHs BiIKIaJeHb MPHU3BO-
JITH JI0 OUTBIIOrO BIUIMBY KOHKYPYIOUOTO SIBHIIA,
MOB’SI3aHOTO 31 3HMWKECHHSM TEMIIEpaTypH Tasy 3a
paxyHOK aJiadaTUYHOrO PO3MIMPEHHS Ta3y, IIo
cripusie iHTeHCH(IKaIlii ,,CKIePOTUIHHUX * TPOIIECiB.

—
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AKTyaneHi NuTaHHS Haprorasomoi ranysi

p. Mlla a
3,16 4
3,12
3,08 —
0 2 ) 6 8 z, kM
T,°C b
8 z, km

9. CM c

2.5z, km

Pucynok 5 — Bnuius Temneparypu IpyHTY Ha TenjiogizuuHi nmpouecu B TpydonpoBoai

3) Ilpu 3HMKEHHI TeMIlepaTypH IPYHTY Ta3o-
TiIpaTHHUX IIap PO3TALIOBYETHCSA OJIMKYUE IO BXIJI-
HOT'O TEPEeTHHY TPyOOIpoOBOMIYy, MPH IBOMY IPO-
TSOKHICTP TiAPATHUX BIKIAJICHh 3HIKYETHCS.

4) B mopanpioMy HEOOXiIHO MPOBECTU JO-
CIII/DKEHHST B3a€MO3B’SI3Ky MK KIHETHKOKO YTBO-
PEHHsI Ta POCTY T'a30BHX TiApaTiB Ta MPOIECaMU
BHYTPIIIHBOTPYOHOT KOPO3ii.
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