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BBEJAEHHUE

B HacToglllee BpeMd CyLIeCTBYeT psp MoHorpaduii, yueb-
HUKOB W y4eOHBIX ITOCOOWM, MOCBSIMIEHHBIX THAPOAWMHAMU-
Ke OypeHusa. OCOOEHHOCTh IIPEAAATaeMOro y4eOHOro Mmoco-
Ousg 00yCAOBAEHA HECKOABKUMHU OOCTOSATEABCTBAMU. TOABKO
B IIPAKTHKEe Pa3BEAOYHOI'O0 OypeHMsI UCIOAB3YeTCS IIPOBOA-
Ka CKB&KMH C IIOMOIIBIO ABOUWHBEIX OYPHUABHBIX KOAOHH
IIpA HeNpPepBIBHOM OTOOpPe KepHa. bypeHmMe TaKWX CKBa-
KMH OCYIIECTBASETCS OOpaTHOM LUPKYAIIIMeM U XapakKTe-
pHU3yeTCs BBICOKMMU MeXaHUYECKUMHU CKOPOCTIMHU IIPO-
XOAKHM (HECKOABKO COTEH METPOB B 4ac) IPU OTHOCUTEABHO
MAaABIX IIOIlepeuYHBIX rabapurax OypUABHBEIX TPyO, UTO IIPU-
BOAUT K HeOOXOAMMOCTU PpelleHus T'MAPOANHAMWYeCKUX
332Q4 MO ONIPEAEAEHHIO PACX0AA U PEOAOTMYECKUX CBOUCTB
JKUAKOCTH, OOYCAOBAMBAIOIIUX BBIHOC KepHAa WAM BEIOY-
PEeHHOU NIOPOABI B 3aBUCHUMOCTU OT MEXaHUUECKOM CKOPO-
CTH TIPOXOAKHM; IIPOMEBIBOUHBLIE J>KHAKOCTH IIPEACTABASIIOT
co00OM PAa3AMYHOTO POAA CYCIIEH3UU, COCTaBA€HHEBIE U3 BO-
ABl M BBIOYPEHHOMN MOPOABI HAU Ta30’KUAKOCTHOM CMeCH C
TBepAoM ¢aszoit. [lpu 3ToM B KauecTBe pabodero areHTa
MOT'YT HCIIOAB30BaTbCA a’3pUPOBAHHBIE TAWHUCTBEIE PACTBO-
PHI.

IMTpu paccMOTpeHUN YKa3aHHOTO KOMIIAEKCA 3aAad Bak-
HYI0O POAb UrpaeT (hOPMarU3alius YCAOBUU, IIPU KOTOPBIX
A@BAeHUe Ha 3aboe AocTHraeT MUHUMyMa. HeoOXopAUMOCTH
pellleHUsI aHAAOTMYHOM 3aAaUYM BO3HUKAET U NpU OypeHUun
CKBa)XMHEI CO CBEMHBIM KEPHOIIPUEMHUKOM.

INpakTka HedTe- W Tra3zoA00BIYM ITOKA3aAd BBICOKYIO
3 PEKTUBHOCTL HCIOAB30BAHUS TOPU3OHTAABHEIX CKBa-
KUH. B CBA3U C 3TUM BO3HUKaeT HEOOXOAUMOCThL WU3y4eHUs
BOIIPOCOB THUAPOAMHAMUKM IIPU ABWJKEHMHU THApPOCMecel
Pa3AUYHOTO POAA B TOPU3OHTAABHOU TpPyOe.

AASL pellleHUs THAPOAVMHAMUUYECKUX 33Aa4 II0 ABMDKEHUIO
TUApOCMecelr (ra3MpOBAaHHBIX M ABYXKOMIIOHEHTHBIX, a
Tak’Ke OOpa30BaHHBIX Ha OCHOBE BI3KOW U BSA3KOIAACTHY-
HOM JKHUAKOCTelM) pa3paboTaHbl NPUHIOUIINAABHEIE KOHIIEeIl-
IIUY, CIPABEAAMBOCTE KOTOPHBIX ITOATBEPIKAAETCS CpPaBHEHU-
€M paCuYeTHBIX M 3KCIIePUMEHTAABHBIX AQHHBIX.



WM3BeCTHO, 4YTO TOABKO B PAa3BEAOYHOM OYPEHHU MCIIOAB-
3yeTcsl NIPOXOAKA CO CBeMHBIM KepHoOIpHeMHUKoM. [Ipu
3TOM BO3HHMKaeT HeOOXOAMMOCTL B OIIPEAEA€HUM CKOPOCTU
ABIDKEHUSI KepHONpPUEeMHUKa KaK II0A BO3AEMCTBHEM COOCT-
BEHHOI'O Beca, TaK U C IIOMOIIbIO 3aKauMBaeMOU >KUAKOCTH.

ITopbeM KepHONPHUEMHUKA IIPU OIPEAEAEHHBIX YCAOBHUAX
MOJKeT BBEI3BaTh CHUJKEHHE 3a00MHOIO AABACHHS HUKE AOIY-
CTUMOTO 3HAUeHWs, UYTO IPUBEAET K BO3HUKHOBEHMIO aBa-
PpUUWHOU CUTyalluu (ra3o, Hed)Te- U BOAOIPOSIBAE€HUS, BEIOPO-
Chl U Ap.). M3-3a Manoro 3a3opa MeXAY KepHOIPUEeMHUKOM
1 KOAOHHOU TPyO BO3MOJKHEI OOABIIINE IIOTEPU AABAEHHUS Ha
3TOM OTHOCUTEABHO KOPOTKOM YyYacTKe, YTO OOYCAOBUT He-
JKeNATEABHBIN 3HEepreTUYeCKu OanaHC.

BypeHune pa3BepOYHBIX CKBa’KMH Ha TBEpAble IIOAE3HBIE
HCKOIlaeMble XapaKTepusyeTcsd KaK MaAbIM AMaMeTpoM
CTBOAQ, TaK M MaABIM 3a30pPOM MeKAY KOAOHHOM TpyO u
CTeHKaMM CKBa>XMHBI. OTO OOCTOSITEABCTBO IIPUBOAUT K TO-
My, YTO IPAKTHUYEeCKHU BCe MOTEPU AABAEHUSI (DOPMUPYIOTCHA B
KOABIIEBOM IpPOCTpaHCTBe. [Ilpu BEIOOpe pacxopa IPOMEI-
BOUYHON >KMAKOCTH HEOOXOAVMO YUeCThb SIBA€HUE THApaBAWUe-
CKOTO TIOATIOPA WAM B3BEUIUBAHUS KOAOHHBI OyPUABHBIX
TPyO BOCXOASNIUM IIOTOKOM JKUAKOCTH B KOABIIEBOM IIPOCT-
paHcTBe. AAS pellleHUS 3THUX BOINPOCOB BO3HHKAA HeOOXO-
AUMOCTB OIIPEAEAEHUs 3HAUEeHMM KPUTHUYECKOTO IlapaMeTpa
PeliHOABACA TIpU TEUYEHUU BS3KOU U BI3KONAACTUYHOU JKUA-
KOCTe¥ B KOABI[EBOM IIPOCTPAHCTBE IIPU MAAOM 3a30pe.

[NepeunicaeHHBIEe U HEKOTOPHIE APYTHEe BOIPOCHEI COCTaB-
AGIOT OCHOBY IIPeAAaraeMoro yu4eOHOTO IOCOOHS.

ABTOpPEI BEIpaXXaroT OaaropapHocTh M.A. Kanepe 3a 1o-
MOIIb, OKA3aHHYIO NIPU UCCAEAOBAHUU ITPOOAEM, CBA3AHHBIX
C THAPOAVHAMUKOU THAPOCMECEH.



OBIIIUE CBEAEHUSA O T'MIPOCMECAX
BOITPOCBI ITHAPOJNMHAMUNRKHN
BA3KOIIJIACTHYHLIX CYCIIEH3HUM

W3 Bcex ruppocMecelt Hauboaee UCCAEAOBAHBI CycClleH3uu. [mp-
pocMmecsaM, COCTaBA€HHBIM M3 KUAKOCTU C BKAIOUEHUSIMU TBEPAOU
(pa3bl OTHOCUTEABHO OOABIIOTO pa3Mepa, a Takyke COAep KallliM
IIOMUMO TBEPAOM M ra3o00pasHyIo (ha3y, YAeAeHO HEeAOCTATOUHOe
BHuMaHVe. CymecTByIOIe pacyeTHLIE 3aBUCHUMOCTU AASL OIIpe-
AEAeHUS TIOTePh AABACHUS IIPU ABMDKEHUUM TMAPOCMECeN COAEpPIKaT
IIeABIN psip, KO3(UIMEHTOB, 3HaYyeHUs KOTOPBIX MOTYT OBIThb
HaWAEHBI U3 OKCIEPUMEHTAABHBIX HCCAEAOBaHUNM. OTO 0OOCTOS-
TEeABCTBO AeAdaeT HEeBO3MOJKHBIM HCIIOAB30BaHUe MOAOOHEIX (hOp-
MYA AAS TUAPA@BAWUECKHMX PACUyeTOB COOTBETCTBYIOLIMX IIPOIECCOB
Ha CTaAWU TTPOEKTUPOBAHUS.

B paHHOM y4eOHOM IIOCOOMHU BEIBEAEHBI (DOPMYABL AAS OIIpe-
AEAeHUS TIOTeph AABAEHUS IIPU ABI)KEHHU THAPOCMeceM II0 Bep-
TUKAABHBIM U TOPU30HTAABHEIM TpyOaM. [Ipu 3TOM HCXOAMAM U3
YCAOBH4, UTO TBEPAAS U JKUAKasA (pas3bl ABUTAIOTCS C OAMHAKOBEI-
MU CKOPOCTSIMU, @ BBIBOA PACUYeTHOM 3aBUCUMOCTH OCHOBBLIBAETCS
Ha dpopmyarax Aapcu — Belicbaxa, baasmyca m Tomaca, 3anmucas-
HBIX AAI CMECH JKUAKOCTB — TBeppasd dpasa. ColmocTaBaeHHE pe-
3yABTATOB PACUeTOB, MOAYYEHHBIX IO BBIBEAEHHBEIM (DOpMyAaM, C
MHOTOYHUCAEHHBIMU JKCIIEPUMEHTAaABHBIMU MCCAEAOBAaHUAMHY, IIPO-
BeAeHHBIMM Ha TpybOax Tpex auamerpoB (150, 200 u 300 mM) u
AuHOM 15, 6 1 40 M, TOKa3an0, YTO OHUM HE3HAUYUTEALHO OTAM-
YaroTCs APYT OT Apyra. AHaAW3 IIPEAAOKEHHBIX PAcYeTHHIX 3aBU-
CHMOCTEM IIO3BOAUA BLIBECTH (POPMYAY AASI OIIPEAEAEHUST Pacxopa
SKUAKOCTH, OOeCIIeudBalollero MUHUMYM IIOTEPh AABACHUS IIPU
ABVJKEHUU TMAPOCMECH B BePTHKAABHOM U TOPU3OHTAABHOW TPY-
0ax.

OCHOBBIBa4Ch Ha UCCAeAOBaHUAX A.A. ApMaHAQ, YAQAOCH IIO-
AYYUTBb PACUYETHYIO 3aBUCHUMOCTBH AAG OIPEAEAEHUS IIOTEPh AAaBAe-
HUS TIPU ABWJKEHUM Ta30’KUAKOCTHOM CMeCU B BepPTUKAABHOU
TpyOe. AAS TOro, YTOOBI HCIIOAB30BATh IIOAyUYeHHBIE COOTHOIIIe-
HUS B CAydae ABIDKEHUSI CMeCU ra3 — JKUAKOCTbh — TBeppasd (a-
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3@, Pacxop, BSI3KOCTH U YAEABHBIN BeC JKUAKOCTH, (DOpPMUpPYIOIINe
IIOTEPU OAHOPOAHOM JKUAKOCTH, 3aMeHSIOTCS COOTBETCTBYIOIIUMU
3HAUEHUSIMU AASL CMECH JKUAKOCTb — TBeppas (paza. LIuka sTux
33Aau pellaeTcs AT BA3KOM U BA3KOMNAACTHUYHOMN >KMAKOCTEMN IIpU
M30TEPMUYECKOM PAaCIIMPEHUM ra3a, a Takke C y4eTOM pPacTBO-
PUMOCTH Ta3a B KHUAKOCTU. BRIBepeHHBIE KOAMYECTBEHHBIE COOT-
HOIIIEHUS AASI pacueTa T'MAPOCMecH OBIAU MCIOAB30BAHBI C IJEABIO
OIIpeAEA€HUsT AABA€HUS HarHeTaHMs IIpU OypeHUU CKBa’KMHEBI
ABOMHON OYpPHUABHOM KOAOHHON B CAydYae, KOTAQ IIPOMBIBKA
CKB&)KMHBI OCYIIECTBASIETCSI BOAONM W TAMHHCTHEIM PacTBOPOM, a
BOCXOAAIIUN MOTOK B IIEHTPAABHON KOAOHHEe TPYO IPEACTaBAdeT
CcO0OM ITOAMAVICIIEPCHYIO THAPOCMECH.

Ocoboe MecTO 3aHMMAalOT 3aAadyd, CBS3aHHbIE C ABUJKEHUEM
"KyckoBoM" rmapocMecu. B obmjeM cAydae BBEIBOA PacyeTHBIX
TEOpPeTUUYEeCKUX 3aBUCHUMOCTENM AAS TaKOM THAPOCMECU BpSp AU
BO3MOJKEH M3-3a HeOIlIPeAeAeHHOCTH (popMbI TBepAOM (dasbl. 3a-
Aada oOAerdaeTcd, KOrpAa TBepapad (pasa, obpasyroiiasa “KyCcKoBylo"
TUAPOCMECH, UMEET IIPAaBUABHYIO reoMeTpHuuecKyto gopmy. Mmen-
HO 3TOT CAy4Yall M paccMaTpUBaeTCs Aaree, T.e. pellaeTcs 3apada
II0 OIPEAEAEHHUIO0 PacXxopa >KMAKOCTU U CKOPOCTH TOABeMa IOo-
POABI LIIMAMHAPUYECKOM (DOPMBI B TpyOe B 3aBUCHUMOCTU OT Me-
XaHUYECKOU CKOPOCTHU IIPOXOAKU NpU OypeHUU CKBa>KMHBI ABOM-
HON OYypHUABHON KOAOHHOM. O4YeBHAHO, 4TO PAcXOp IPOMEBIBOY-
HOU >KUAKOCTU AOAKEH OOeCIIeYUTH MOAHOE YAAAeHWe BCeU BEI-
OypeHHOU HMOPOABL C 320051 CKBa’KMHHI.

BaskHOCTL 3TOro0 O0OCTOSTEABCTBA CTAHOBUTCSI OUYEBUAHOM, €CAU
y4ecTb, UYTO MeXaHW4YeCKas CKOPOCTb IIPOXOAKM AOCTUTAET
800 M/4. 3HAYNUTEALHBIM Pacxop TBEPAOH (ha3bl BO BHYTPEHHEMH
IIOAOCTH I[€HTPAABHOU KOAOHHBI OOYyCAOBAMBAET BEICOKOE AABAE-
HHUe HarHeTaHud. [To3TOMy BOIPOC HCIOAB30OBAHUSA a3PUPOBAH-
HBIX JKMAKOCTEMN IIPU IIPOBOAKE CKBA’KUHBEI ABOMHOMN OYpPUABHOU
KOAOHHOM SBASIETCSI aKTyaAbHBIM.

3apauy, CBSI3aHHBIE C ABIDKEHUEM IIOPOABI ITUAUMHAPUYECKOMU
dopMEl (KepHa), pellaloTcd IIpU AAMUHApHOM, TyYpOyYA€HTHOM U
CTPYKTYPHOM PpeXHMaxX TeYeHUs IIPOMBIBOYHOM J>KHAKOCTH B
KOABIIEBOM IIPOCTPAHCTBE, T.€. B IPOCTPAHCTBE MEXAY KEPHOM M
BHYTPEHHEU IIOAOCTBIO II€HTPAABHOU KOAOHHHBL.

I[Mpu AaMmHaApHOM peXHMe 3aAdvya peIllaeTcss [0 CUCTeEMe

AU depeHIaAbHBIX YpaBHeHNN HaBbe — CTOKCa U ypaBHEHHUIO
Hepa3pbIBHOCTU C COOAIOA€HHEM COOTBETCTBYIOIIUX T'PAHUYHBIX
YCAOBUM.

ITpu TypOyAe€HTHOM pe>XMMe TedeHHs JKUAKOCTH B KOABIIEBOM
IIPOCTPAHCTBE 33Aa4a pellaeTcss C MOMOIBI0 CTENEeHHOro 3aKOHa
pacupepereHus CKOPOCTEU U MeTOoAd 'cIIvBaHusd".

6



Tak kak HOpOBeAEHHE DPACYEeTOB HNPU TYPOYAECHTHOM pesKuMe
TeueHUsI B KOABI[EBOM IIPOCTPAHCTBE CBSI3@HO C OIIPEAEAEHHBIMU
CAOKHOCTSAMHU, OBIAM BBITIOAHEHBI COOTBETCTBYIOILIME AaNIIpPOKCHU-
MalluU U IPEAAOKeHBl NPUOAMIKeHHBIE (DOPMYABI, MO3BOASIOIINE
C BBICOKOM TOYHOCTBHIO ITPOBOAUTHL HEOOXOAMMEBIE BBEIYMCAEHUS.

Ilpu CTPYKTypHOM pe’XKUMe TeUeHUS >XUAKOCTU B KOABIIEBOM
IIPOCTPAHCTBE 3ajpada pellaeTcsi coraacHO MopeAu IlIBepoBa —
Bunrama aeaeHHeM IIOTOKAQ, ABMIKYIIETOCS B KOABIIEBOM IIPOCT-
PaHCTBe, Ha SAPO U OOAACTH C IIOAOKUTEABHBIM U OTPHUIATEAB-
HBIM I'PaAMEeHTaMU CKOPOCTH.

B pesyabraTe OBIAQ NOAYyYEHA CHUCTEMa yPABHEHUM, HMCIOAB30-
BaHHE KOTOPOU AAS ONIPEACNEHMsI CKOPOCTH ABWJKEHUSI KepHa U
pacxopa JKUAKOCTH CBSI3aHO C OOABIINM OOBHEMOM BBEIUYHCAUTEAD-
HBIX oOIlepalui, 0OyCAOBAEHHBIX HEOOXOAUMOCTBIO HaXOXKAEHUS
PapnycoB gApa.

OTO OOCTOSATEABCTBO IIOOYAUAO BBIBECTH YIIPOIEeHHBIE pac-
YeTHBIe COOTHOIIEHUS, MO3BOASIONINE OIPEAEAITh HeOOXOAUMEIE
BEAWYMHBI C HE3HAUMTEABHON IIOTPEIIHOCTBHIO II0 CPABHEHUIO C
TOYHOMN CUCTEMOU YPaBHEHUU.

CMecCh JKHAKOCTHU C TPAHCIOPTHUPYEMBIM MaTepUaAOM IIPUHSTO
Ha3BIBaTh I'IgPOCMEChIO.

B 3aBHUCHMMOCTH OT pa3MepoOB TPAHCIOPTUPYEMBIX MaTepPHUAaAOB
THAPOCMECH AEAATCS Ha:

1) cycnensum ¢ puamerpom vactull Ao 0,074 mM;

2) TOHKOAUCIIEPCHEBIE, AMAMETP YaCTHUL] KOTOPBIX KOAEOAETCS B
npeaenax 0,074 — 0,150 mu;

3) rpybopucnepcHble, ¢ puamerpom dactur 0,150 — 3 mym;

4) HEOAHOPOAHO AHMCIIEPCHEBIE, C PAa3MepoM dYacTul], Ooaee
3 MM;

5) moAmpucIIepCHEBIE, ¢ yacTuiaMu 0oaee 0 MM.

V3 mepedyucAeHHBIX HATH BHUAOB THApPOCMecCeN CYCIeH3UHU IO
CBOUM CBOWCTBAM, CTeN€HU H3yUYeHHOCTH U THAPOAMHAMUYECKUM
OCOOEHHOCTIM PEe3KO OTAMYAIOTCSI OT OCTaAbHBIX. OTAnWuMe 3a-
KAIOUAeTCd B CIOCOOHOCTH OOpPA30BBIBATE CTPYKTypy IIPH CIIO-
KOMHOM COCTOSIHHUU JKHUAKOCTH.

BeamumHa KacaTeAbHOTO HAIPSJKEHMs, MPU KOTOPOM JKUA-
KOCTb BBIBOAUTCS M3 COCTOSIHHSI pPaBHOBeCHSs, Ha3bIBAETCS Cmd-
muyuecKuM HanpsokeHueM cgsura 0.

K cycneH3usaM U KOAAOUAHBIM pAcTBOPaM MOJKHO OTHECTHU
TAMHUCTHIE M [IeMEeHTHBIE PAacTBOPHI, TOpd ¥ TopdoMacchl, Ia-
paduHuCTEe He(pTH, He(PTU IPU HU3KUX TeMIepaTypax U Ap.

OpHOI U3 OCOOEHHOCTEM TAMHUCTBIX PACTBOPOB (CYCIEH3UN)
SIBASIETCSI MUKCOMPONUSs, T.e. CIOCOOHOCTh IIPUHUMATHL pPa3ku-
>KeHHOe COCTOSIHUE IIOCAe IlepeMelINBaHUusA. THKCOTPOIHOe Co-
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CTOsIHVE IIOKOSI U Pas3XKWKeHHs NPU pPas3pylIeHUuU CTPYKTYPHI
uMeeT OOpaTUMBIY XapaKkTep.

BeamumHa CTaTUYeCKOrOo HAIpS’KeHMsI CABUTa MOJXKeT 3Ha-
YUTEABHO U3MEHSThCSI B 3aBUCUMOCTH OT BpeMeHU NpeObIBaHUSA
pacTBOopa B MOKOe. AAA TPUOAMIKEHHOTO OIpPEASAeHHsa  Xa-
pakTepa THUKCOTPOIHBIX WM3MEHEHUUN NPUHATO ONPEAEAdTh CTa-
TUYEeCKOe HalpsUoKeHUe cABura depe3 1 muH (0,) m depes 10 mun
(810).

V3BeCcTHO, UTO KacaTeAbHOe HaIpsoKeHHe T BI3KUX J>KUAKOC-
TeN OIpeAeAsieTcs IO 3aKOHY HbBIOTOHAQ, COrAACHO KOTOPOMY Be-
AWYMHA T IPSAMO IIPONOPIHMOHAABHO 3aBUCHUT OT I'DPapWeHTa CKO-
poctu du/dr, T.e.

du
r=pndY, (1.1)
dr
rAe W — KO3(PPUITMEHT AMHaMHUUeCKOMN BSI3KOCTH; U — CKOPOCTbH
JKUAKOCTH B paCCManHBaeMOfI TO4YKe;, I' — PpPacCCTodgdHue OT OCHu

AO AAHHOU TOYKHU.

W3 BeipakeHua (1.1) caepyeT, 4YTO €CAM TPAAMEHT CKOPOCTHU
paBeH HYAIO (COCTOSIHHUIO ITIOKOS JKHUAKOCTH), TO KaCaTeAbHOE Ha-
IIpsUKeHHe TaKKe PaBHO HYAIO, T.e. 3aBUCHUMOCTb T = f(du/dr)
BBIP@)KaeTCsl NPSIMOM, IIPOXOALIeN Yepe3 HAdaAO KOOPAUHAT C
YTAOBBIM KOo3duimeHToM U. TakuM oOpa3oM, HBIOTOHOBCKAas
SKMAKOCTb BBIBOAUTCS K3 COCTO4HUS PAaBHOBECHd MNPU AOOOM
du/dr.

Haavune cTaTU4eCKOro HANPSJKEHUS CABUTA AEAAeT HEeBO3-
MOJKHBIM MCIIOAB30BaHue 3akoHa (1.1). AAd MpaKTUYeCcKUX pacue-
TOB BS3KOMNAACTUYHBIX >KUAKOCTEM PEKOMEHAYETCS IIOAB30BAThCS
3akoHoM llIBepoBa — BuHrama:

r=n%+to, (1.2)

TA€ | — CTPYKTypHasl BSI3KOCTH, SBASIOIIAACS aHAAOTOM W; T, —
AMHAMMYeCKoe HalpshKeHUe CABUTA.

[MTocae BEIBOAA JKUAKOCTH W3 PABHOBECHUS CTATUYeCKOe HAIpd-
JKeHHe cpura 0 TpaHcdhopMuUpyeTcs B AMHAMHYECKOE HaIpsKe-
HUEe T, OYEBUAHO, 4TO T, # 0. TakuM 00Opa3oM, 3aBUCUMOCTb T =
= f(du/dr) prst BSI3KONIAQCTUYHBIX J>KUAKOCTEM MOJKHO IIPEACTa-
BUTH B BUAE NIPSAMOM, oTceKarouley npu du/dr = 0 Ha ocu T He-
KOTOPBIM OTPe30K, PAaBHBIM BeAHWUYMHE CTATHYeCKOTI'O HaNpsKeHU
CABUTA.

Hanmune cTaTUueCKOro M AMHAMHYECKOTO HANIPSIKEHUS CABUTA
NIPOSBASETCA B TOM, YTO IIPU ABUJKEHMU JKUAKOCTH 4acCTh IIOTOKQ,
HasblBaeMas SAPOM, IepeMellaeTcsa KaK TBepAOe TeAO; OCTaBIIa-
SCd 4acTh JKUAKOCTH, 3aKAIOUEHHAss MeKAY CTeHKaMM KaHara u
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IpaHULIAMU dAPQ, HA3BIBACTCA I'DAGUEHIMHbIM CAOEM. O‘-IeBI/IAHO,
4yTO B obOAacTu sgApPpa IIOTOKA CKOPOCTU YaACTHUI He OTAMYAIOTCA
Me>XXAY CO60fI, T.e. TPaAEHT CKOPOCTH PAaBE€H HYARO.

PexxuMm TeueHwus, IIp1 KOTOPOM ABIDKEHUE XdPAaKTepu3yeTCid
Haarm4dueM sIAPQ, HAa3bIBACTCHA CINPYKINMYPDHBIM.

1.1. YCTAHOBUBIIEECA IBUKEHUE
BA3KOIIJIACTUYHOU CYCIIEH3UU B TPYBE
KPYTJIOTO ITIOITEPEYHOI'O CEYEHU

PaccMoTpuM M3BEeCTHYIO 3apa4y O TE€UEHUM BSA3KOM U BA3KOIIAAC-
TUYHOU KUAKOCTH B TpyOe pPapuycoM R U AAMHOM | Ipu AaMU-
HApHOM M CTPYKTYPHOM pe’KHUMaX.

CHayana pacCMOTPUM TedYeHHe BSIZKOU >KUAKOCTH IIPU AAMU-
HAapHOM pe’KUMe.

Aymsa ceuenusvu [—1 m II—II, mpoBepeHHBIMH IO KOHIIAM
TPYOBI, BBIAEAUM OTCEK, BKAIOYAIONIHWM B cebsi BCIO JKUAKOCTD,
ABYUKYIIIYIOCS B TpyOe.

BHyTpHU BEIAEA€HHOTO OTCeKa MBICA€HHO IIPOBEAEM IIOBEPX-
HOCTb papuycoM r (r < R) m cocTaBUM ypaBHEHHe pPaBHOBECHSA
CHA, ACUCTBYIOIIUX HA JKUAKOCTE.

Ecau paBrenue B cewenuax [—1 u II—1II cocraBaser p; u p,
(p1 > p,), TO COOTBETCTBYIOU[ME CUABI AABACHUSI OYAYT WI’p, W
nr’p,.

Cuna TpeHUs o OOKOBOM IOBEPXHOCTH LIUAMHAPA PAAUYyCOM
I COCTaBASeT

T = —2nrh. (1.3)
3Aech 3HAK "MHHYyC' CBUAETEABCTBYeT OO0 YMEHBIIEHUU BAe-

Kylllel CHUABL ['DaAMeHT CKOPOCTU B AQHHOM CAydYae SIBASIETCS OT-
pHULaTeABHBIM U IIO3TOMY coraacHo (1.1)

=—_pdu 1.4

T=-p (1.4)
3HAYUT,

T = 2nrln 2. (1.5)
dr

Coraacuo npuHiuny A'Aram6epa, arreOpandeckasi CymMMa CHUA,
IPOEKTHUPYEMBIX Ha OChb IIOTOKA, AOAKHA PABHATHCS HYAIO; IIO-
3TOMY

nr?Ap +2mrlp e =,
dar
rAe Ap = p; — Ds.



CAepOBaTEABHO,

du="2Pdr
2wl
1%9N%1

ApI2
=- . 1.6
sul +<G (1.6)

I[Mpu r = R u = 0, u TOTAQ TPOU3BOABHAS MOCTOSHHAS C; Ha-
XOAUTCS KakK

Ap pa
= R?, 1.7
€y il (1.7)

3HauuT, coraacHo (1.6) u (1.7) ckopocTb B AIOOOM TOUKe IIO-
IIePevYHOr0 CeYeHUs] TPYObl MOKHO OIPEAEAUTH TaK:

= AP (g2_p2 1.8
u 4”1( r?). (1.8)

Takum o6pa3oM, IOAydYeH IapaboANYecKHUM 3aKOH pacIlpeae-
AEHUSI CKOPOCTEMN.
Pacxop, )KUAKOCTH HaAMAEM II0 BBIPA’KEHUIO

R
q=2n|rudr. (1.9)
I
Toraa mo (1.8) u (1.9)
= TAD pa
q= Bl R (1.10)

CooTtHomenue (1.10) u3BecTHO IOA HazBaHueM (opMyasl [ly-
azenad.
Temeps paccCMOTPUM TeUeHUE BS3KOMAACTUYHOM JKUAKOCTH B

TpyOe.
Chepys 3axkony llIBepoBa — bunrama (1.2), mo ananroruum c
(1.5) Mmo>keM 3amUCaThb:
T = -2m~1(-nﬂ+ro). (1.11)
dr

3HAYUT, B COOTBETCTBUM C mpuHIUIoM A'Arambepa ypaBHe-
HIe AMHAMHUUYEeCKOTO PaBHOBECUS CHUA IPUMET BUA

nr’Ap - Zml(—nﬂ + ro) =0.
dr
OTciopa
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du= —ﬂrdr+r—°dr.

nl n
3HAYUT,
u=-2Pp2 %0 e (1.12)
anl n
IMpur = Ru = 0.
Torpa
C= AP_RZ_T_OR
4nl n

CAepOBaTEABHO, CKOPOCTH B AIOOOM TOYKEe MOKHO HAUTU 110
dopMyAre
_ApR*-1%) 1 (

4nl n

u R-1). (1.13)

IMpu t, = 0 BrIpakeHus (1.8) u (1.13) coBmapaloT MeKAy CO-
OoM.

OueBUAHO, UYTO Ha IIOBEPXHOCTU SAPA PAAUYCOM P CKOPOCTh
KUAKOCTA B AQHHOM TOYKEe IIEPEXOAUT B CKOPOCTH SApa U, T.€.
Ipu r = p u = U, W, 3HAYUT,

A T
ty = -2 (R? = p?) =~ (R p). (1.14)
nl n

Papuyc siApa MOJKHO HAWTHM W3 YpaBHEHUS AWHAMHYECKOTO

paBHOBecHs sIApa

np?Ap = 2mnph,.

OTcropa

2

= 2% 1.1
p=" (1.15)

Pacxop KMAKOCTH B 00AACTH TPAAMEHTHOIO CAOS U sSApa Io-
TOKa
R

q.p = [rudr, (1.16)

P
qo = Jszuo‘ (1.17)
O4eBUAHO, UTO PACXOA JKUAKOCTH Uepe3 BCe IIOIIepevyHoe ce-
YyeHHe COCTaBASIET
qg = q, T qo (1.18)
Torpa no BelpakeHuaM (1.13) — (1.18) moayuum:
11



. (1.19)

®opmyaa (1.19) BuepBble OGblra NOAyYeHa BykmHramom u mpu
1, = 0, T.e. p = 0, mepexopuT B u3BecTHyIO (popmyay I[lyazeting
(1.10).

W3 AMHaMUYEeCKOTo PaBHOBECHUS KUAKOCTH, COCTaBAEHHOTO AAS
CAyYasi, KOTAQ SIAPO 3@HHMMaeT IIPaKTU4YeCKU BCIO IIAOIIaAbL IIOTO-
Ka, UMeeM:

Ap, = 220 (1.20)
Toraa mo BeipaykerHusaMm (1.15) u (1.20) MOXHO 3amuUCaTh:
Abo _ P (1.21)
D R
AU
2k
= ' 1.22
Y = 2op (1.22)
)
TAE Y A
3HauuT, BelpakeHue (1.19) MOXKHO nepenucars Tak:
g = "R8p L Ahpy  1(ap) (1.23)
8nl 3 Ap 3L Ap '

ITpeacraBuM BelpakeHue (1.23) B caepyromieM “Oe3pasmMepHOM”
BUAE:

4
g =1-28P0 , 1(Ap) (1.24)
3 Ap 3k Ap
A
g =1-2y+lye (1.25)
3 3
TAe q' = SBnlg
nR4Ap
Ecam

4 A 1A \4
1-28P0 , 112P0
3 Ap SL Ap

TO popMyAy (1.24) MOKHO 3amuCaTh TakK:
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’ 4
q=1-1y. (1.26)

Bripakenue (1.26) m3BeCTHO IIOA Ha3BaHUEM VIIPOIIEHHOMN
dopmyasl bykuarama.
B TaGa. 1.1 mpuBepeHBl 3HaueHHs q', HavpeHHBIe o (1.25) m

(1.26) mpu pa3AUYHBIX y(y=%}; 3AeChb JXe AAHO 3HaueHue I0-
p

TPENTHOCTUA A, ollpeAeAsseMOr Kak

A= q'(1.25 - q'(1.26) 100
q'(1.29)

rae q'(1.25) u q'(1.26) — 3HAueHwus q', HaiAeHHBIE COOTBETCTBEH-
"o 1o (1.25) u (1.26).

W3 Taba. 1.1 BupHO, uTto 1pu y = 0,54 HCHOAB30OBaHHWE IIpU-
OAMKeHHOM (POpMyABI ByKMHramMa MOJKeT INPUBECTH K CYILEeCT-
BEHHOM NOTrPEIIHOCTH. HacTO B NPAaKTHYECKUX pacuyeTax BO3HU-
KaeT HeOOXOAWMOCTDL OIIpeAeAeHUss Ap O 3aA@HHOMY pPacXOAy
SKUAKOCTH.

Ecau 3Ty 3apady pemaTh IO yipolleHHOUW dopMmyae Bykunra-
Ma (1.26), To moAyuuMm:

_8(mg , )
Ap RLnR3+ 3 ) (1.27)

'paHUIB IPUMEHUMOCTU (POPMYABL (1.27) OIIpepeAsroTcs AaH-
HBIMU Taba. 1.1. Omnpeperenutro Ap mo TouHouM dopmyre Bykus-
rama mocssiieHa paborta [.A. Pozenbepra u B.UM. MureabmaHa.

Tab6 auma 1.1

y q'(1.25) q'(1.26) A % q'(1.28) Ay %

0 1,00000 1,00000 0,00 1,00000 0,00
0,10 0,86670 0,86667 0,00 0,86230 0,51
0,20 0,73386 0,73333 0,07 0,72987 0,55
0,30 0,60270 0,60000 0,45 0,60270 0,00
0,40 0,47520 0,46667 1,80 0,48081 1,18
0,50 0,35417 0,33333 6,04 0,36416 2,82
0,51 0,34255 0,32000 6,58 0,35278 2,99
0,52 0,33104 0,30667 7,36 0,34146 3,15
0,53 0,31964 0,29333 823 0,33019 3,30
0,54 0,30834 0,28000 9,19 0,31898 3,45
0,55 0,29717 0,26667 10,26 0,30781 3,58
0,56 0,28611 0,25333 11,46 0,29670 3,70
0,57 0,27519 0,24000 12,79 0,28564 3,80
0,58 0,26439 0,22667 14,27 0,27464 3,88
0,59 0,25372 0,21333 15,92 0,26368 393
0,60 0,24320 0,20000 17,76 0,25278 3,90
0,70 0,14670 0,06667 54,55 0,14667 0,00
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[Tpu sTOM HOAyYaeTCs AOCTATOYHO CAOXKHOe BEIpa’kKeHUe, 3a-
TPYAHUTEABHOE AASI IPAKTUUYECKOTO MCIIOAB30BAHUS.

AAd TIOAydeHHs OOAee IIPOCTOTO COOTHOIIEHHS, HMEIOIero
OTHOCHUTEABHO BBICOKHUM AMANAa30H IPUMEHUMOCTH, HeoOXOAWMa
annpokcumanuga GopmMyAsl (1.25) BeIpa’keHHeM, KOTOpoe II03BO-
AUT HAWTH Ap B SBHOM BUAE U IIPM 3TOM He IIPUBEAET K II0-
rpemHocTu 6oree 3—4 %.

®opmyaa (1.25) 6pira anIIPOKCUMUPOBaHA TaK:

g =1 — 1,403297y + 0,263225y" (1.28)

B Taba. 1.1 mpuBoasaTca 3Hauvenuss q¢' 1mo (1.28). M3 TaGAuMILI
BUAHO, uTo 11pu 0 < y < 0,70 morpemHocTs o gopmyae (1.28) A,
He TpeBbIIIaeT 4 %, 9To 3HAYUTEABHO HUJKE IIOTPEITHOCTH, ITOAY-
YyaeMOU IO NPUOAMIKEHHOU popMyae BykuHrama.

IMoacTraBuB B cooTHOomeHUe (1.28) BEIpakeHUS AT ' Uy, 3a-
IHUIeM:

Blg _ 128066 “AO

2
+1,0520] o}
J'I:R4Ap RAp L PJ

k
RA

TakuM 0o6pa3oM, OTHOCUTEABHO Ap HMeeM KBapApaTHOe ypas-
HeHune, pelnB KOTOPpOoe IIOAYUYNM:

2 2
Ap=L|B 9806670 + (819 12806670} — 42116/} | (1.29)
2| nR* R erR4 R) kRJ

ITpyu ompepereHHBIX YCAOBUSAX CTPYKTYPHBIM DPEXUM TEUYeHUsI
IIePeXOAUT B TypOYAEHTHEIN. B cAydae B3KOM JKUAKOCTH YCAOBUS
IIepexoAd AAMUHAPHOTO PeKWMa B TypPOYAEHTHBIN OIIPEAEASIOTCS
1o napametpy PeltHoAbACa

Re = 2R (1.30)

v
IAe V — KUHeMaTHuYeCKas BS3KOCTb JKHAKOCTH, V = Ug/y.

HccrepoBanusmu O. PeliHOAbACA OBIAO YCTAHOBAEHO, UTO KpU-
THYeCKoe 3HaueHHe napameTpa PeliHoAabpca cocTaBasgeT Re,
= 2320.

Ecanm Re < Reg, TO NMPOUCXOAUT ABUWJKEHHE JKMAKOCTA B Ad-
MHMHApPHOM pe>XHMe; B IIPOTUBHOM CAy4Yae OCYIIECTBASIETCS TYp-
OyAeHTHOe TedeHUe.

YCTaHOBHM YCAOBUS CYIIECTBOBAHUS CTPYKTYpPHOro U TypOy-
AEHTHOTO PE)XUMOB ABWKEHUS BSI3KOIAACTUYHOM >KUAKOCTH B
Tpybe KPYTAOTO MOIIEPEeYHOTO CeYeHUsl.
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MO>KHO IPEAIIOAOKUTH, UTO HaAWM4YUWe TBepAOM (pa3bl B KUA-
KOCTU TacCUT TYpOYAEHTHYIO IIyAbCAIIUIO, U IIO3TOMY CAEAyeT
0JKHAQTh OOAee MO3AHIOI0 TYPOYA€HTHOCTh B CPABHEHUU C BA3KOMH
KUAKOCTBIO.

1.2. PESKMMbBI TEYEHHUSA CYCIIEHSHH
(BASKOIIJIACTUYHON KHUJIKOCTH) B TPYBE

Pemtum 3apady, HOAB3YSICh METOAOM Pa3MepPHOCTEH.

[lpu TeueHUM CyclieH3UM B TPyOe KpUTHUECKas CKOPOCTh 3a-
BHCUT OT AuaMeTpa d, HAOTHOCTU >KHAKOCTU f, CTPYKTypPHOU
BSA3KOCTH 1), & TaKXKe AMHAMWUYECKOTO HATIPS)KEHUSI CABUTA T.

ChepOBaTEABHO, (PU3MUECKOE YpaBHEHHE MOJKHO 3alluCcaTh
TaK:

Vip = 1(d, py M1 Tp). (1.31)

Tak kaxk d, P U M ABAAIOTCA BEAMYMHAMH, MMEIOIIUMMU HEe3dBU-
CHUMBbIe PAa3MEpPHOCTH, TO Ha OCHOBAHUHU TT-T€OPEMEI MMeeM

v ( \

—_—¢ To (1.32)
d Pynz dxlp)’lnzl

OHpEAeAI/IB IIOKa3aTeAu CTelleHu U3 YCAOBI/IH paBeHCTBa pa3-

MEpHOCTEN UHCAUTEAs M 3HaMeHaTeAs, (PyHKIIMOHAALHYIO 3aBU-
cuMocTh (1.32) mepenuuieM Tak:

Re,, = fi(He), (1.33)
rae He — mapamerp XeacTpeMa.
He = ﬁ
7]2
XeHKC TeOpeTHUeCKM YCTaHOBUA 3aBucuMocTb Re = f(He),

TIOATBEPIKAEHHYIO MHOTOYVMCAEHHBIMHU 3KCIEePUMEHTAAbHBIMHU WC-
CAEAOBaHUSIMU TEUYEHUS TAMHUCTBIX WU I[€eMEHTHBIX PAacTBOPOB C
M3MEHSIONIUMUCS B IIIMPOKOM AMalla30He PEOAOTMYEeCKUMU CBOM-
cTBaMu (TabdA. 1.2).

W3 Teopum TypOYAEHTHOCTH M3BECTHO O TaK Ha3bIBAEMOM AU-
HaMHU4YeCKON CKOPOCTHU

Vo = \/%w (1.34)

rAe T,, — KadCaTeAbHOe€ HAIIpsI>)KeHHre Ha CTeHKe TpY6BI.
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Tab6 auia 1.2

He Re,, c He Re,, c
9952 3329 33,38 101 427 6 897 21,65
14 694 3 698 30,51 157 500 8 032 20,24
21 382 4116 28,14 254 545 9 673 19,18
31 111 4629 26,25 435 555 11 760 17,82
45 542 5251 24,60 807 692 14 522 16,16
67 200 5980 23,09 1 680 000 18 480 14,26

B MHOTOUMCAEHHBIX MCCAEAOBAHUAX, MOCBAIIEHHBIX OIIPEAEAe-
HUIO YCAOBHU II€PEXOAA CTPYKTYPHOrO PEeXKUMa B TYPOYAEHTHBIH,
BeAMYMHA T, 3aMeHeHa Ha T, U KPUTHYECKYIO CKOPOCTH MOJKHO
NIPEACTaBUTH KaK

|
%o
VKp=C\/—, (1.35)
p
rae C — KRO3PPUITMEHT, OIpeAeAsIeMbI U3 3KCIepuMeHTa.
YMHO>KUB A€BYIO U IIpaByio dacTu (1.35) Ha pd/M, HOAYIHUM

Re,, = CyHe. (1.36)

B Taba. 1.2 xkoadpdunuent C HatipeH 110 popmyae (1.36) mpu
Re,, pPaBHOM COOTBETCTBYIOIIMM 3HAYEHHUAM, B3ATBIM M3 3TOHU
TaOAUIIBEI IIPA TOM WAM MHOM IIapaMeTrpe XeapcTpeMa.

B macrosmiee BpeMs IPHMHATO CYMTaTh, 4To mpm 2-10* < He =
= 1,6:10° C = 25, T.e.

Re,, =25VHe. (1.37)
OpHaKoO, ecAM cpaBHUTH 3HaueHme C = 25 B yKa3aHHOM AHWa-

IIa3oHe napamerpa XeAcTpeMa € cooTBeTcTByromumu C, IpuBe-
AEHHBIMU B TaOA. 1.2, TO AeTKO yOEAUTHCS, YTO OHU MOTYT CyIIle-
CTBEHHO OTAMYATBLCS OT 25. DTO pacxXxo’kKAeHue AocTuraetr 25 %.
IMoMuMo sTOrOo Takas “KOHCTpyKuusa' dopmya (1.36) u (1.37)
CYILIeCTBEHHO Cy’KaeT 0OAaCTh MX IIPUMeHeHHs M He XapaKTepu-
3yeTCs AOCTATOUYHOUM TOUYHOCTHIO.
AAS yCTpaHeHHs 3THUX HEeAOCTATKOB IO AQHHBEIM TaOA. 1.2 OHI-

Aa TOCTpOeHA KpuBasi 3aBUCMMOCTH Re,, = f(He), anmporcuma-
M1 KOTOPOU IIO3BOAMAA IIOAYYUTE (POPMYAY
Re,, = 145,842He"¥%, (1.38)

Kp
Pacuets o ¢opmyae (1.38) mokasaam, uro npu 9952 < He <
=< 1680000 marcumanrbHOE OTKAOHeHHE Re,, OT pe3yABTaTOB,
IIPpUBEAEHHEBIX B TaOA. 1.2, He mpeBrIiaeT 4,5 %.



1.3. RKOO®PUIIUEHT

IT'NAPABJINYECROTO COIIPOTUBJEHUA
TP TYPBYJEHTHOM PEXRUME TEYEHUA
BA3KOILJIACTUYHON CYCIHEH3UU

AAST TUAPABAMYECKUX PAcuyeToB IPHU TYpPOYAEHTHOM pe’kuMe Tede-
HUS TAMHHCTOTO PAcTBOpPa OBIAU IOAYYEHBI Pa3sAWdYHbIE 3MIMNPU-
yeckue COOTHoOIIeHUd. [IpuBepeM HeEKOTOpble M3 HUX, HOAYYUB-
IIve HauOOABIITYIO U3BECTHOCTD.

Anst pacgeroB npm 2500 = Re® = 50 000 perkomeHayeTcs dop-
myaa B.M. Mureasmana

Ay =0,08/ARe”, (1.39)
rAe
Re™ = Re ,
1+M
onv
A
2
Re* = 6Re .
6 Re+ He

P.U. IIInmenko u K.A. VI0aTyAOB IPEANOKUAU  CAECAYIOIIYIO
3aBUCUMOCTD, PeKOMeHAyeMYIo B pAuanasoHe 2500 = Re” < 50 000:

Ay = 2075 (1.40)

8|

Re"
B.C. ®uAaTOBBIM IIOAYY€HO BhIpa’keHue
01
}\.@ = m, (1.41)
Re™ ™

CIIPABEAAUBOE AAS HeYTsKeAeHHBIX pacTBopoB npu 0,05 = m =<
=< 0,2 Ilac, T, < 20 ITa.
I''A. MaTaeBBIM IIPEAAOSKEHO COOTHOIIEHHE

L~ 1,21g(Re" Jhy, ) +3. (1.42)
V“}"Ma

H.U. Aemmit u A.FO. MouepHIOK OAYUYMAN BBEIpakeHUe

1

L
SN

-1,23 lg(Re* NH) +2,6. (1.43)
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KoaddunueHT ruApaBAMYECKUX COIPOTUBAEHHU IIpU TypOy-
AEHTHOM pe’XKHMe TeueHUsl BSI3KOM >KMAKOCTU OIIpeAeAseTcsl II0
dopmyre Hukypaase

0,221
Re0237 '

Ay = 0,0032 +

(1.44)

B Taba. 1.3 mpuBeAeHBI pPe3yAbTATHEl PAcueTOB IO (hopMyAraMm
(1.39) — (1.44) npu pa3AnYHEIX 3HaYeHUAX Re u He.

Ta6auma 1.3

Reto-s |Retos| a, | 22 | tmo | vl D fola
Ay Ay Ay Ay Ay
He = 40000
6 2,84 0,03131 | 0,96860 | 0,88628 | 0,82022 | 0,86214 0,92601
10 6,00 0,02811 | 0,96471 | 0,89932 | 0,82125 | 0,85375 0,92490
20 15,00 0,02433 | 0,97121 | 0,92635 | 0,83221 0,86287 0,94505
30 24,54 0,02240 | 0,98004 | 0,94635 | 0,84273 | 0,89283 0,93747
40 34,29 0,03113 | 0,98793 | 0,96198 | 0,85155 | 0,89897 0,94629
50 44,12 0,02021 | 0,99475 | 097474 | 0,85897 | 0,89059 0,98954
60 54,00 0,01949 | 1,00066 | 0,98550 | 0,86532 | 0,92346 0,97476
64 57,96 0,01924 | 1,00281 | 0,98937 | 0,86762 | 0,93532 0,98729
He = 80000
6 1,86 0,03131 | 1,03209 | 0,93439 | 0,87129 | 0,89408 0,98987
10 4,29 0,02811 | 1,01465 | 0,93795 | 0,86169 | 0,88932 0,96047
20 12,00 0,02433 | 1,00427 | 0,95256 | 0,85916 | 0,90396 0,94505
30 20,77 0,02240 | 1,00491 | 0,96632 | 0,86309 | 0,89283 0,98211
40 30,00 0,02113 | 1,00792 | 097817 | 0,86795 | 0,89897 0,99360
50 39,47 0,02021 | 1,01148 | 0,98839 | 0,87273 | 0,89059 0,98954
60 49,09 0,01949 | 1,01507 | 0,99731 | 0,87700 | 0,92346 0,97760
64 52,96 1,01924 | 1,01646 | 1,00058 | 0,87887 | 0,93532 0,98729
He = 120000
6 1,38 0,03131 | 1,07899 | 0,96964 | 0,90896 | 0,95794 1,05373
10 3,33 0,02811 | 1,05363 | 0,96788 | 0,89313 | 0,92490 0,99604
20 10,00 0,02433 | 1,03211 | 097451 | 0,88184 | 0,90396 0,98014
30 18,00 0,02240 | 1,02671 | 0,98376 | 0,88091 0,89283 0,98211
40 26,67 0,02113 | 1,02588 | 0,99268 | 0,88268 | 0,89897 0,99360
50 35,71 0,02021 | 1,02678 | 1,00083 | 0,88530 | 0,94007 0,98954
60 45,00 0,01949 | 1,02840 | 1,00822 | 0,88816 | 0,92326 0,97886
64 48,76 0,01924 | 1,02915 | 1,01098 | 0,88931 0,93532 0,98729
He = 140000
6 1,23 0,03131 | 1,09869 | 0,98437 | 092476 | 0,95794 1,08566
10 3,00 0,02811 | 1,07042 | 0,98071 | 0,90673 | 0,92490 1,03162
20 9,23 0,02433 | 1,04458 | 0,98431 | 0,89198 | 0,90396 0,98614
30 16,87 0,02240 | 1,03678 | 0,99173 | 0,88907 | 0,93747 0,98211
40 25,26 0,02113 | 1,03424 | 0,99941 | 0,88952 | 0,94629 0,99360
50 34,09 0,02021 | 1,03397 | 1,00667 | 0,89120 | 0,94007 0,98954
60 43,20 0,01949 | 1,03472 | 1,01338 | 0,89335 | 0,92346 1,02606
64 46,90 0,01924 | 1,03517 | 1,01591 | 0,89427 | 0,93532 0,98729

18



W3 Taba. 1.3 caepyeT, 4TO Npu TypOYAEHTHOM Pe’yKUMe Tede-
HUSI MEXaHWU3MBI TeUeHUS BS3KOU U BA3KOIAACTUYHOU >KUAKOCTEN
He OTAMYAIOTCS MeXKAY COOO.

IMpod. P.U. IlumnieHKO yCTaHOBAEHO, YTO NPU TeYeHUM BS3-
KOTIIAQCTUYHOM JKUAKOCTH B OTKPBITOM AOTKE yBEAWUYEHHe CKOPO-
CTHA IIPUBOAUT K IIOCTENIEHHOMY YMEHBIIIEHUIO Pa3MepoB fdApa U
IIPU OIIPEAEACHHBIX YCAOBUAX CTPYKTYPHBINM PEXUM II€PEXOAUT B
"KBa3MAAMUHAPHBIN", T.e. IPO(QUAB CKOPOCTENM CTAHOBUTCS
IIpakTUUYeCKU ITapabOAWYeCKUM U IIPU 5TOM BAUSIHHE T, Ha THA-
poaMHaMHUUYecKue IIoKaszaTeAn yMeHbllaeTcsa [26]. AanbHeliee
YBEeAWUEHUE CKOPOCTH IIPUBOAUT K IIePeX0Ay B TypPOYA€HTHBIN
PeXXUM U K IPAaKTUYEeCKHU ITIOAHOMY OTCYTCTBUIO BAUSHUSA AWUHAMU-
YEeCKOTO HAIPSKEHUS CABUTA HA IOTEPU AABACHUA.

YacTo BA3KONAACTHYHAS CYCIIEH3USI MCIIOAB3YeTCs B KauecTBe
IIPOMBIBOYHOM >XMAKOCTH IpU OypeHUUM CKBaXUHBL. B CBA3U C
3THUM BO3HUKAET HEOOXOAVMMOCTh OIIPEAEAEHUSI pacxXxopa >KHAKOC-
TH WU COOTBETCTBYIOLIEM CpepHEM CKOPOCTH, AOCTATOUHBIX AAG
BBIHOCA BBIOYPEHHOU IIOPOABL.

OueBUAHO, YTO CPEAHSSI CKOPOCThL IIOTOKA AOAKHA OBITH He
HIU>Xe CKOPOCTU CBOOOAHOTO OCa’KAEHUS YaCTUIIH.

INpeacTaBAsieT TaK)Ke MHTepec pellleHHe 3ajaull IO OIIpeAeAe-
HHIO CKOPOCTH CBOOOAHOTO OCa’KA€HMS YaCTUIIBl B BI3KOM JKUA-
KOCTH.

B mocaepHmME TOABI CTAaAM aKTyaAbHBIMU BOIIPOCHI, CBS3aHHBIE
c OypeHUEM TOPU3OHTAABHBIX CKBA)XWH, COCTOAIINX W3 BEPTHU-
KaAbHOTO, HAKAOHHOTO U COOCTBEHHO TOPU3OHTAABHOIO Y4acT-
KoB. [ToaTOoMy BO3HHMKAeT HEOOXOAUMOCTH OIIPEAEAEHUS pacxopa
SKUAKOCTU U CpepHel CKOPOCTH IOTOKE, AOCTATOYHOM AAS CABHUTIa
BEIOYPEHHOU YaCTUIIBl, HaXOAAIENCS Ha FOPU30OHTAABHOM YYacT-
Ke CTBOAQ.



JBUKEHHUE TBEPJIOI YACTHULIBI
B BSIBKOM JKUIKOCTH

2.1. ONPEJIEJIEHUE CKOPOCTH CBOBOJIHOTO
OCAJKIEHUS YACTHUIIHI IIAPOOBPA3HO
®OPMbI B HEINOJABHKHOI BA3KOH JKUIKOCTH

PaccMmoTpuM 3apavy, ITOAB3YSCH METOAOM Pa3sMepPHOCTEMN.

W3 dpusmyeckux coobpa>keHuM OUYeBHUAHO, UYTO CKOPOCThH CBO-
OOAHOTO OCEAQHUS 3aBUCHUT OT AMaMeTpa YacTHIEBl d,, AWHaMHude-
CKOM BS3KOCTHU KUAKOCTHU W, PA3HOCTU MEKAY NAOTHOCTSIMHM dYac-
THUI, U JKUAKOCTA Ap (Ap = p, — P, TA€ Py P — MHOAOTHOCTBH CO-
OTBETCTBEHHO YACTHUILI U JKHUAKOCTH) U YCKOPEHHS CBOOOAHOIO
IIaAeHUS . 3HAUUT, MOJKHO COCTaBUTbL CAeAyIOlllee (PU3HUUecKoe
YpaBHEHUeE:!

v, = @(dy u, Ap, g). (2.1)

B panHOM Ccayuae d,, W 1 Ap — BEAWYUHE], UMeIOINe He3aBU-
CHUMbBIE PAa3MEpPHOCTH.
3HAUUT, COTAACHO T-Teopeme

v _f__9 ) (2.2)
adwy gt '

AASL OIIpepeneHUsd X, Y U Z 3allulleM:
[vil = [d.]"[w]"[p]"

CAepOBaTEABHO,

M M HYYH?c#

c M \Y?

OtTcropa AAST HAXOKAEHUSA X, Y U Z COCTAaBUM CAEAYIOIIUE TpU
YpaBHeHUs, OPUEeHTUPYAChH Ha IToKa3aTeAu cTeneHu npu H, M u ¢
B IPABOM M B A€BOU YaCTHX:
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1
0
1

B pesyabTaTe pellleHUs 3TUX YPaBHEHUMN OBIAO ITOAYYEHO
x=—-1y=12z= —1

3HAQUUT, B AeBOM 4acTU ypaBHeHU: (2.2) 6ypeM mMeTh Oe3pas-
MEPHBIN KOMIIAEKC

VSApdT
u

3HAUYEHUS X,, V; U Z; OIIPEAEASIOTCS U3 YCAOBUS

[9] = [d.]"' [w]"" [Ap]"

VAU
M M¥IHY! JIHA 221
o2 MY 1Y

3HAQUUT, A TOTO, YTOOBI HAWTH X;, y; U Z;, HEOOXOAUMO CO-
CTaBUTh CAEAYIOIIVE YPaBHEHU:

0=y + z
. 2= -y, — 2z
ChaepoBaTenpHO, X; = —3,y; = 2, z, = —2, a IpaBad 4acTb
(PYHKIIMOHAABHOM 3aBUCHMMOCTHU (2.2) 3anHCHIBaeTCs B BUAe Oes-
gdiAp*
Pa3MepHOTO KOMIIAeKCa “——"—.
w

TakuM o6pa3oM, BMeCTO YpaBHEHHU4 (2.2) MOJKHO 3aIHUCaTh:

vihpd, _ ~gd7Ap®
w uz

OrTciopa
2
v, = C9%:P: =P (2.3)
w

IMoaaraem, uto C 1O aHAAOTUU C KOBPPUIIUEHTOM TUAPABAU-
YeCKUX COIPOTHBACHUM IIPU TeUEHUM JKMAKOCTH A MOJKHO OIIpe-
MEAUTH KaK

c=-t_. (2.4)
Re"

Tak Kak B A@aHHOM CAy4ae IIapameTp PeliHoAbACa
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Tab6 auma 2.1

Koadpdu- Re
IIUEeHT =<1 2—15 15—80 80— 1500 1500
a 0,0417 0,049 0,172 0,441 0,575
m 1,0000 0,782 0,612 0,516 0,500
Re = Yl (2.5)
ug
TO 1o (2.3) — (2.5) moAyuum:
o o
bn+1dn+1(Y _Y)n+1gn+1
v, = T _tr . (2.6)
o l-n
Y n+1,}L 1+n
3aMeHUB N = 1_m, BBIpa@KeHUe (2.6) MOKHO IIepenucarhb TakK:
3m-1 m _1-m
v, =bm d; - (Ve “/1] g9 ) (2.7)
w yo
1
4 L

CuurtaeMm, 4To b = Ealﬂ.

Torapa cooTHolleHue (2.7) IpUHUMAET BUA:

/4\’” q3m-1 (v _,Y)mgl—m
Ve=qo] . (2.8)
u Y
3Aech @ U m — KOIP@PUIIUEHTH], 3HaUEHUSI KOTOPHIX B 3aBU-

CHUMOCTHU OT Re mpuBepeHEI B TaOA. 2.1.

®opmyaa (2.8) BnepBble 6bIra oaydeHa Lletiprepom [19].

I[Mpu Re > 1500 BbIpakeHume (2.8) mepexoOAUT B M3BECTHYIO
dopmyay Petunrepa, a npu Re = 1 umeem dopmyry CTokca.

2.2. YCJOBHUS, HEOBXOIUMBIE IJISI CIBUTA
YACTHUIIBI, HAXOJAIIENCA
HA TOPU30HTAJIbPHOM IIJIOCKOCTH

CoraacaHo A.B. BeAnKaHOBY, TBepaasi 4acTHUIlQ, HAXOASIIASICS Ha
AHE TOPU30HTAABHOTO AOTKQ, MOABEPTAaeTCss AOOOBOMY COTPOTHUB-
AEHHIO, & TaKKe BO3AEHUCTBUIO MOABEMHOUN CHUABI. CKOpPOCTh, He-
o0xopAMMada AN CABUTQ, ollpepeasieTcd o popmyae [3]
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v = a/gd,, 29)

rae @ — KOI((PUIUEHT, OIpEeAeAsIeMBI U3 JKCIEePUMEHTAABHBIX
NCCAEAOBAHUM.

CoraacHO 3KCIEepUMeHTaM, NpoBeAeHHBIM A.B. BeAuKaHOBBIM
n H.B. BouKoOBEIM,

a= 2 +15. (2.10)
\d,
3HauUT,
(6 \
v=_lgd|—+15, (2.11)
Vole )
rpae d, — AMAMeTp YaCTHUIEl, MM; g — VYCKOpeHHe CBOOOAHOTO
napeHus, MM/c%; v — HeoGXOAMMasi CKOPOCTb JKUAKOCTH, MM/C.
@opmyasr (2.9) — (2.11) OBIAM TIOAYYEHBI AASI CABUTA YACTHIIBI
IIOPOABI YAGABHBIM BecoM Y, = 2,65:10° H/M®, maxopsmeiics B

BOAE YAGABHBIM BecoMm y = 10* H/v.
I[TosTOMy AAST KHMAKOCTH, OTAMYAIOIIENMCS OT BOABL, MOXKHO
NPUOAMIKEHHO 3alliCaTh:

[

P 1

v=lgd,[2+15 (Y_T-1) L 212
VTN T e (212
BreiBepeM QOPMYAY AASL OIIPEAEAEHUSI CKOPOCTH, HeOoOXOAUMOM

AT CABUTA YACTHUIBI IIapOOOpa3HOM (POPMEI, MCXOAA U3 THUAPO-

AMHAMUUYECKOU TEOPHUHU O CUAE AABAEHUS CTPYH P Ha mIperpaay.
CoraacHoO 3TOU TeOpUH

P = pgv(l — cosa), (2.13)
TA€ 0. — YrOA, C KOTOPOM CTPys CXOAUT C IMIApOOOPAa3HOM dac-
TULBL, @ — PACX0A KUAKOCTHU.
Tak kak

q-= ndf v

4 L
TO

2

P =% yy2(1 - cosa). (2.14)

49

[MpepenrbHast cuAa TpeHMs, BO3HUKAIOLIAA IPU CTPEeMAEHUU
CABUHYTH 1IapOOOpa3HOe TeAO, OIIPeAeAsieTCsT KaK
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Tab Aautma 2.2

o, Tpaa. v, M/cC

fy =02 fy, =03 fy =05
20 0,5443 0,6668 0,8608
25 0,3653 0,5350 0,6906
30 0,3440 0,4474 0,5775
35 0,2764 0,3850 0,4971
40 0,2470 0,3385 0,4370
45 0,2237 0,3026 0,3906

nd?
F==toly. =), (2.15)

rae I, — Koapdunuent tpenus, 0 < f; < 1.

W3 paBeHcTBa (2.14) u (2.15) IOAyYUM CAepylolllee BBIpaKeHUE
M OIIPEAEA€HUST CKOPOCTH, IIPU KOTOPOM HPOUCXOAUT CABUT
YACTHUIBL:

- ‘\“ZfodT(’YT -Y)g (2 16)
\\‘ 3y(1-cosa) ’ '

Ou4eBHUAHO, UTO O M f;, AOAKHBI OBITH HAUAEHBI U3 3KCIIEPU-
MEeHTAABHBIX MCCAEAOBAHUM.

Mo>XHO ToAaraTh, YTO IPHU OOTEeKaHWM YaCTHUIBl IITapooOpas-
"ot hopmbl a < 45°, TlpeacTaBAeHHe O 3HaUEHUU KO3 PUITHEH-
Ta TPEHUSI AAST HEKOTOPBIX TEA AQIOT CAEAYIOIIHe AQHHBIE:

AEPEBO IO AEPEBY ...ovvevveviriiiriirienien fy, =04 — 07
MeTaAn IO METaAAY. f, =015 — 0,25
(65 15T,V 1 (0 J0,:.N R f, = 0,027

B TabA. 2.2 mpuBeAeHBI 3HaUeHUS V, HaliAeHHBIE IO (POpPMYyAe
(2.16) mpu vy, = 2,64-10*H/mM% v = 1,2:10°H/M% d, = 0,01 M,
Pa3AUUYHEIX O U I,

OueBUAHO, UTO PACXOp >KUAKOCTH AOAKEH OOYCAOBUTHL CKO-
POCTb, 0OeCIIeUYnBAIONIyI0 BBIHOC BBIOYPEHHOM IOPOABI Ha Tro-
PH30HTAABHOM, HAKAOHHOM U BEPTUKAABHOM y4aCTKaX CTBOAAQ.

INpeacTaBAsieT UHTepeC HAUTU CKOPOCTH CBODOOAHOTO OCa’kAe-
HUS, & 3HAYUT, ¥ HEOOXOAMMYIO CKOPOCTh IIOTOKA Ha BEPTUKAAB-
HOM VYacTKe, 3alOAHEHHOM BSI3KOIAACTHMYHOM CyCIIeH3WeH, u
COIIOCTAaBUTL CO CKOPOCTBIO, omIpepeasseMod 1o dopmyae (2.16).
Pacxop XKUAKOCTH AOAKEH OIPEASAITBCSA C OpHUEHTAalluel Ha Ty
U3 3TUX ABYX CKOPOCTel, KOTOpasl UMeeT OTHOCUTEABHO OOAb-
lilee 3HaUeHUeE.



2.3. OIIPEAEJIEHUE CKOPOCTH JABUKEHUSA
TBEPJOH YACTHUIILI B BA3KOIIJIACTHYHON
CYCHEH3HUHU (IVINHUCTOM PACTBOPE)

B pesyabTaTe sKCIEepUMEHTAABHBIX HCCAEAOBAHUM, NTPOBEAEHHBIX
P.U. lllumeHKO, OBIAM IIOAYYEHBl pa3AMYHBIE COOTHOUIEHUS AAI
ONIPEAEAEHUST CKOPOCTU ABVWJKEHMS YaCTUIIBI B 3aBUCUMOCTH OT
pexxuma oOTekaHud. [Ipu oOTeKaHUU Y4acTUIBI B OOAACTH CTPYK-
TYPHOI'O pe’kuMa uMeeM:

— 2
VS=O,66dTT—0(§/ﬁ—1\ , (2.17)
n L do )
rae d, — pAMaMeTp HETOHYIIEW YaCTUILEL.

V3 ypaBHeHUS AMHAMUYECKOTO paBHOBeCHs I1apa
ndd
(12 = v) = undgT,.

Ortcropa

6m
d, = 220 (2.18)
Yo=Y
rae m — Ko3(@UIIUEHT POPMEI, 3aBUCAIINN OT d, U OIPEAEAEH-
HBIM IO KpUBOM [26, 27], anmpoKcUMaIusi KOTOPOM II03BOAUAA
IIOAYYHUTH BEIpa’KeHUE

m =007 (2.19)
d0,21085
0

3AeCh 3HaueHHe d, AQHO B MeTpax.
I'o BeIpaskeruam (2.19) u (2.18) noryumum

/ \0,82559
d, = L4' 544 . Tg 7] . (2.20)

B dopmyay (2.20) HeOOXOAUMO MOACTABASTH 3HAUEHUS T, Y, U
Y, BEIpaskeHHBIe B epnHunax CU; Torpa d, MOAyYHM B MeTpax.

CKOpPOCTh IaAeHUsI 4acTHUILBI B 00AACTH TypOyAeHTHOro oOTe-
KaHUS YaCTUIEI PEKOMEHAYETCSI OIIPEAEAsiTh o (opmyae Pernn-
repa

VS=\/ﬂdT(YT_YJ’ (221)
3cq Y

rAe ¢, — KO3 (UITUEHT COMPOTUBAEHUSI.
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CoraacHo uccaepoBanuaMm P.U. [lumenko [27] 3HaueHue c,
IIpU TypOYAEHTHOM OOTeKaHUM OIIpeAeAseTCs TakK:
AAST 9AaCTHUIT ITapooOpas3Hont POPMEI

-0,442758

¢ =0, 197233g(% - 1) : (2.22)

AAST TINOCKHX YaCTHI],

-0,8027
\

(d
=0643014qg; == — . 2.2
Co 0,6 30 gk do J ( 3)

B dopmynax (2.22) u (2.23) 3HaueHUd g AQHBI B MeTpax Ha ce-
KyHAY B KBaapare (m/c?).

B caydae mapeHUs 4aCTUIBEI IIPU PEKUMe TYpOYA€HTHOM aBTO-
MOAEABHOCTH HMeeM:

AAST 9ACTHUIT ITapooOpa3Hon POPMEI

c, = 0,8175; (2.24)
AAS 4acTUll B popMe IAACTUH
c, = 1,453. (2.25)

PexxuMm oOTeKaHMHs yCTAHAaBAMBAETCSA B 3aBUCUMOCTH OT OTHO-
LIeHud pAuaMeTpa dacTtunsl d, K d,,.

Ipu
d
4230 (2.26)
dy
HaOAIOAQeTCSl CTPYKTypHOe OOTeKaHue.
I'lpu
3,0< ;’_T <70 (2.27)

0

o0TeKaHUe NMIPOUCXOAUT IIPU TYPOYAEHTHOM Pe’XKUMe.
Ipu

Lo 70 (2.28)
dO

oOTeKaHUe OCYIIeCTBASIETCSI B OOAACTH TYpPOYA€HTHOM aBTOMO-
MEABHOCTH.

TakuM 0O6pa3oM, AAST TOTO YTOOBI HaAWUTU V,, HEOOXOAUMO IIpHU
3aAQHHBIX Tj, Y, U Y IO (2.20) onpepeAuTs AMaMeTp HeTOHYIIeN
yacTunbsl dy, a 3aTeM B 3aBUCUMOCTH OT OTHouneHus d./d, BHI-
IIOAHUTH PACUYeT 110 OAHOU M3 IIPUBEAECHHBIX (DOPMYA.

B Taba. 2.3 paHBI pe3yAbTATHl PACUeTOB, IIPOBEAEHHBIX IIPU
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Tab amia 2.3

_3 dT
1, Ila dy, 107° M R [oN v, M/c
0
05 0,726 13,774 08175 0,4382
1,0 1,287 7,770 08175 0,4382
2,0 2,281 4,384 1,1274 0,3731
30 3,188 3,137 1,3824 0,3361

Y. = 2,64-10*H/M* vy = 1,2:10° H/M® d, = 0,01 M u pasAMYHBIX
T, B CAyYae OOTEKaHUS >KUAKOCTH B peXHMe TypOYA€HTHOM aB-
TOMOAEABHOCTH U TypOYAEHTHOM peXXuMe.

B Taba. 2.4 npuBepeHBl 3HAUEHUS V,, HaliAeHHBIE IO (DOPMYyAe
(2.17), T.e. IPU CTPYKTYPHOM pPe’KUMe OOTeKaHU.

CpaBHUBag 3Ha4eHUd V U V, OpUBeAeHHBIe B TabOa. 2.2, 2.3,
BHUAUM, YTO PACXO’KAEHHe MeXXAy HUMHU He3HauuTeAbHOe. OAHAKO,
YUUTHIBass HEAOCTATOUHYIO HM3yY4YEHHOCTH BOIIpOCA IIO OIpeAene-
HUIO V, T.e. CKOPOCTH, HEOOXOAUMOM AAS CTpPAruBaHUS YaCTUIIHI,
IleAecoO0pa3HoO B AAABHEMIIeM OPHEeHTHUPOBATHCS HA V,, T.e. Ha
CKOPOCTB CBOOOAHOTO OCAKAEHUS.

Teneps oOpaboTaeM pe3yABTATHl 3KCIEPUMEHTAABHBIX UCCAE-
AoBaHmMY, npoBepeHHBIX P.U. IInWiieHKO, IOAB3YSACH TeopuUen
pPa3MepHOCTel.

Ousndeckoe ypaBHeHHe II0 aHAAOTUH C (2.1) 3ammIneTcs Tak:

vy = @(dy M, To Ap, g). (2.29)

Tak kak d,, N ¥ Ap ABAGIOTCS BeAUYMHAMH, MMEIOIIUMU He3a-
BUCHMble Pa3MEPHOCTH, TO (PYHKIIMOHAABHYIO 3aBUCUMOCTD (2.29)
MO>KHO IIPEACTaBUTEL B BUAE

( \
Vs =y g __, o . (2.30)
dyn? Ap” Ldfln“Apzl dfzn”Ap”J

TabAuia 2.4

n, 1073 Ma-c vy M/cC
1, = 3,5T1a 1, = 4,0T1a 1, = 50TIla 1, = 6,0T1a
2 1,873 1,637 1,224 0,870
4 0,937 0,817 0,612 0,435
6 0,624 0,544 0,408 0,290
8 0,468 0,408 0,306 0,217
10 0,375 0,327 0,245 0,174
12 0,312 0,272 0,204 0,145
14 0,268 0,233 0,175 0,124
16 0,234 0,204 0,153 0,109
18 0,208 0,181 0,136 0,097
20 0,187 0,163 0,123 0,087
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OHpeAEAI/IB IIOKAa3aTeAu CTelleHU, IIOAYYUM

[ gdiap?  vod2ap

VsAPdT=w1L i, ) (2.31)

n

Ecam cpaBauTts (2.31) ¢ (2.3), TO MOKHO yOEAUTBCI B TOM, YTO
v,Apd,/M 3aBUCHUT MPSAMO TPOHOPIUOHAABHO OT gd Ap® /Mm%
Torpa MOXKeM 3aIHCaTh:

vidpd, _ gdiap®  (Todiap)
- ; V2 2
n n n
AT
Vv, = ;(To), (2.32)
2
TAe Vi= n‘;s PTh = TOdTZAp.
gd;Ap n
ITo BeIpakenuam (2.17) — (2.20) ObIAM pacCUYMTaHBl 3HAUYEHUS
v, B 3aBucumoctu ot d, npu n = 0,010Tlac, t, = 2Ilg, y, =

= 2,6510*H/M% vy = 1,2:10* H/M.

[Tpy 3apaHHBIX HCXOAHBIX AQHHBIX HaWAEHBI COOTBETCTBYIO-
mue v, U T, (Taba. 2.5).

AnnpokcuManusg pe3yAbTaToB, IPUBEACHHBIX B TaOA. 2.5, M0O3-
BOAUT IOAYUHUTH CAEAYIOUIYIO (POPMYAY:
vi = 0,0003196(t; — 400)°°%, (2.33)

B Taba. 2.5

*
v

A= s(aKcm) _V:(2.33) 100

VS(SKCH]

Tab Aamia 2.5

VS
* o 3Kcie- | 1m0 POpMy-
dy ™ Vo M/C To PUMEHTY Ae A %
(2.33)
0,005 0,0600 739,04 0,00165 0,00187 —133
0,006 0,1146 1056,88 0,00220 0,00228 -36
0,008 0,2847 1878,90 0,00307 0,00292 4,9
0,010 0,5349 293578 0,00370 0,00344 7,0
0,012 0,8653 4227,52 0,00415 0,00390 6,0
0,014 1,2756 5754,13 0,00449 0,00431 4,0
0,016 1,7649 7515,60 0,00476 0,00470 1,3
0,018 2,3324 9511,92 0,00497 0,00507 —20
0,020 29772 11743,12 0,00514 0,00542 —54
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%

s(akcr)

£ *
3MeChb Vv U Vyz — BHAUEHMs V; II0 JKCIIEPUMEHTaAb-

HBIM MCCAEAOBAHUSAM U hopMyare (2.33).
W3 taba. 2.5 BupHo, uto npu 900 = 15 =< 11 000 MmarcuMarbHOE

*

PacxoXKAeHUe MesKAy 3HaUeHUSIMHU V., IOAyYaeMBIMU II0 (hopMyAae
(2.33) u srcnepumentamu P.U. [luriienko, He npeBoIiaeT 5,4 %.

2.4. OIPEAEJIEHUE PEOJIOTHYECKHUX CBONCTB
BA3KOIIJIACTHYHBIX CYCIIEH3UN

Peonornueckue cBOUMCTBAa BA3KOIAACTHUYHBIX CYCIIeH3UM B Aabo-
PATOPHBIX YCAOBUAX ONPEAEATIIOTCA C IOMOIIBIO KANUAAIPHOTO U
POTAIlMOHHOTO BUCKO3MMETPOB.

OcCTaHOBUMCS Ha OIPEAEAEHUU T, U 1 C IOMOIIBIO KaNMAAIpP-
HOTO BUCKO3UMeTpa.

OmpepeneHre T, U 1 B AQHHOM CAy4Yae CB43a@HO C TeUeHHEM
BSA3KOIIAQCTUYHON CYCIIeH3WU B TpyOe KPYTAOrO IIOIEPEeYHOro
ceueHusl.

TeopeTnueckue HCCAEAOBAHUS AQHHOM 3aAaud, MIPOBEAECHHEIE
BykuHraMoM, MO3BOAUAY TOAYYUTH 3aBUCHUMOCTH (1.26), KOTOpPYIO
MO>KHO TIPEACTaBUTH TakK:

nR4Ap _ J'LR3170 . (2.33)
anl 3n
Coraacuo (2.33) ipu g = 0
16 K
Apg, =——2.
pCT 3 d
Ortcropa
_ SdAp.,
7 g6l
3HaueHUe Ap., ONIpeAeAsieTCs 3KCTPAaloAdlyiell PeoAOTrnYecKON
KpuBo Ap = f(q) u sABAsIeTCSI OTPe3KOM, OTCeKaloluM Ha OCH
Ap ipu g = 0.
W3 dopmyas! (2.33) moAydum

(2.34)

- 22 ) (2.35)

TakuMm oO6pa3oM, IIpU U3BECTHOU PEOAOTHYECKOM KPUBOU Ap
U ¢, a Tak’Ke HaiAeHHOM paHee 3HaUeHUHU T, I10 dopMmyare (2.39)
MO>KHO OIPEAEAUTH 1.
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3HauUEHUS T, U 1) OLPEAEASIOTCS TaK’Ke C IIOMOIILIO POTAaIy-
OHHBIX BUCKO3UMETPOB. AAS 3TOTO MCHBITEIBAEMYIO JKUAKOCTH
HaAWBaIOT B IIPOCTPAHCTBO MEXXKAY ABYMSI KOAKCHUAABHLIMU ITMAWH-
APaM¥ papmyCcaMu I, U Iy (I, > I,), OAMH M3 KOTOPHIX (HAIpUMep,
BHEIITHUM) BPAIaeTCs C OIPEAEAEHHOW YIAOBOM CKOPOCTHIO .
Bpamaromuit MoMeHT M OIpepeAseTcsl M0 yTAY 3aKPYYMBAHUSA @
MIPOBOAOKH, Ha KOTOPOU MOABENIeH ITUAWHAD:

M = c'o, (2.36)

rAe ¢' — IOCTOSHHAd NPOBOAOKH, T.e. KPYTAILIUM MOMEHT, COOT-
BETCTBYIOLIUM 3aKPYy4YMBAHUIO IIDOBOAOKM Ha 1°.

B pe3yabTaTe TeOPETUYECKOIO PelIeHHS 33Aa4u IIO OIIpPepeAe-
HHUIO MOMeHTa M IIpuM KPYroBOM BpAlllaTeABHOM ABUJKEHUHU JKHA-
KOCTH, OOyCAOBAEHHOM BpallleHHMeM BHeIIHero IHUAMHApPAa C IIO-
CTOSTHHOM YTAOBOM CKODPOCTBIO ®, IIOAYYEHO CAeAylollee BBIpa-
>XeHue [21, 26]:

2.2
M = A () ‘_Olnf_l), (2.37)

2
e o LU

rAe | — BEBICOTa BHYTPEHHEI'O IUAMHADA.
W3 paBeHcTBa 3HaueHuy M mo cpopmyaam (2.36) u (2.37) noay-
YUM:

Ap =Nw +T,InL, (2.38)
To
raAe A — ToCTosiHHasi mTpuodopa,
_clr - 15)
4nlr '
3HaUueHUs T, U 1 OIPEAEASIOTCS MO 3aBUCUMOCTU A = f(w),

IIOCTPOEHHOMN B pe3yAbTaTe Aa0OPATOPHBIX 3aMepOB. DKCTpAIo-
AdIer Ha ocu Ap HaXOAUM OTPe30K d, PaBHBIY coraacHo (2.38)
npu o = 0

I
a=1,ln-L.
To
Ortcropa
a
T, = .
I
In-L
To

Torpaa mpu M3BECTHBHIX ®, @, A M HaAWAEHHOM T, COTAACHO
dopmyae (2.38) He IpeACTaBASIET TPYAA HAWTHU M):
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Ag -1 In L

n=— 10, (2.39)

w

Takum o6paszoM, AAS OIPEAEA€HUs M U T, C IIOMOIIBIO CYyIlle-
CTBYIOIIUX B HACTOsIIlee BpeMs CIOCOOOB HeOOXOAUMO 3KCIIepH-
MEHTaAbBHYIO 3aBUCHUMOCTL 3KCTPAIIOAUPOBATE AO IepecedeHus C
BEPTHUKAABHOU OChIO IIpU ¢ = 0 (B CAy4Yae KalMAASIPHOIO BUCKO-
3uMeTpa) ¥ ® = 0 (B CAy4ae POTAIlMOHHOTO BUCKO3UMETPA), MO-
Aydas COOTBETCTBYIOLIME OTPe3KU, IO KOTOPBHIM MOJXKHO HaWUTH
AMHaAMU4YeCcKoe HalpssKeHHe cABura. OCHOBHONM HEAOCTATOK 3THUX
CIoCcOOO0B 3aKAIOYAeTCs B TOM, UTO IIOAyYaeMoOe 3HaueHUe T, He
SIBASIETCSI AMHAMHWYECKUM HAUpPsSKEeHMEeM CABUTQ, ITOCKOABKY OHO
OIIPEAEASIETCST M3 YCAOBUS CTATHKU, T.e. IPU OTCYTCTBUU ABVIKe-
HUS UCIBITBIBAEMOHN KMAKOCTU KakK B KAIIMAASIPHOM, TaK U B PO-
TAIlMOHHOM BUCKO3UMeTpe. B CBSI3M C 3TUM NOMHMO HCKa>kKeHHO-
ro 3HaUeHUs T, IoOAydaeM Takyke HeBepHOe 3HaueHHe AMHaMUJdec-
KOM MAU CTPYKTYPHOM BSIBKOCTU JKUAKOCTU. DTHUM OOCTOSATEABLCT-
BOM OOBSICHIETCS U TOT (paKT, 4To KpuBas Ap = f(q), mocTpo-
€HHad [10 U3MEPEHHBIM 1| U T,, He COBIIAAAeT C KPUBOU Ap = ®(q),
IIOAYYEHHOM NPSIMBIMU M3MEPEHUSIMU.

AAS yCTpaHeHHUS IlepeuYlCAeHHBIX HeAOCTATKOB M OIIPEAEAeHUs
MOCTOBEPHBIX 3HAQUEHUM T, U 1 NPEAAOKeHBl ABa cliocoba oIpe-
MEAEHUSI PEOAOTUYEeCKUX CBOUCTB C IIOMOIIBIO TPYOHOTO M pOTa-
ITMOHHOT'O BUCKO3UMEeTPOB [13].

Brlmre OBIAO ITOKA3aHO, YTO NPU TYyPOYAEHTHOM pPeXUMe Teue-
HUS BI3KOIAACTUYHOM JKUAKOCTH IIOTEPU AABAEHUS Ha TPeHUe He
3aBUCAT OT AMHAMHYECKOI'O0 HAIPsKeHUs CABUTA U AASI THAPABAU-
YeCKHUX PacyeTOB BIOAHE NPUMEHUMBI (DOPMYABI, CIIpaBEeAAUBBIE
IIPU TeYeHUU BI3KOU KUAKOCTH.

AASL olIpepeAeHUd PEeOAOTMUEeCKUX CBOMCTB C IIOMOINBIO TPYyO-
HOTO BHCKO3WMETpa WCIBITHIBAEMas JKUAKOCTH C W3BECTHOU
IIAOTHOCTBIO IIPOKAYMBAETCS HACOCOM IIO0 TPyOe OIIPEeAEAeHHOIo
amametpa d aamsow [ [10, 11].

IMTpu Ka>kAOM ¢ OIPEAEASIOT IIOTEPU AABAeHHS Ap Ha ydacTKe
MUHOM I, B pe3yAbTaTe 4ero CTPOSAT 3aBUCUMOCTL Ap = f{(q).
I'pacbux Ap = f(q) AeAsT Ha ABa y4aCTKa, Ha OAHOM U3 KOTOPBIX
HabOAIOp@eTCd NPAaKTUYeCKU AMHEeMHad 3aBUCHMMOCTB Ap OT g, @ Ha
APYTOM 3aBUCHUMOCTB Ap = f(q) U3MeHsaeTCqd MO0 HEKOTOPOU KpU-
BoM. OueBHAHO, UYTO KPUBOAUHENHBINM y4YaCTOK COOTBETCTBYET
TYpOYAEHTHOMY PEeXXUMY TedeHU.

B obGaactu TypOyAe€HTHOrO pe’XuMa 3apaeMCsl KaKUM-AUOO
3HQUeHHEeM g = (@, U HaXOAUM COOTBETCTByOIIee Ap = Ap,.

CoraacHo dopmyaam Aapcu — Beticbaxa u Hukypapse mo-
>KeM 3aIlHiCcaTh!
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{ d \0,237 1 2
Ap, = |0,0032 + 0,221/ 4} | Bdds (2.40)
L g, n’gd®

Pemag BelpakeHue (2.40) OTHOCHUTEABHO 1), IOAYUYUM:

1
2 5 0,237
n= ;(M_Qvoogz\ ey (2.41)
0,221[ 8YIqT2 J ngd

Takum o0Opa3oM, HIpU HU3BECTHBIX 3HAYeHUdIX Ap, U @, IO
dopmyae (2.41) onpepensieM 1; IO yIpolleHHOU popMyae Bykun-
rama (2.33)
9= Xl pp, 1200} (2.42)

161 | nat )
rae Ap. M q. — TOTepu AABAEHUSA U PACXOA KMAKOCTH, COOTBET-
CTBYIOLIME TOYKE 3aBUCHUMOCTH, HAXOAAIIEMNCS B OOAACTU CTPYK-
TYPHOTO pe’KUMa TeueHUs.

PaccMOTpeHHBIM CIIOCOOOM OBIAM HaNAEHBI 3HAUEHUS T, U 1)
AAST ODOABIIIOTO YUCAA TAMHUCTBEIX PACTBOPOB, UCIOAB3yEMBIX IIPHU
OypeHUU CKBa>XuH. [To IOAyYEeHHBIM 3HAUEHUSIM T, U 1], & TaKXKe
dopmyaam Aapcu — BelicObaxa, Hukypapsze m BykmHrama nocrt-
poeHa 3aBUCHUMOCTE Ap = ¢(q), KOTOpasg CpaBHUBAAACh C aHAAO-
TMYHOM 3aBUCHUMOCTBIO, HAaWACHHON B pe3yAbTaTe 3IKCIIepUMEH-
TAABHBIX UCCAEAOBAHUU.

Bo Bcex cAyyasgx pacueTHBIE 3aBUCHUMOCTU OKAa3aAUCh OAM3KU
K COOTBETCTBYIOUIIVUM 3KCIEPUMEHTAABHEIM KPUBBEIM. OTO CBUAE-
TEABCTBYET O NPUMEHUMOCTHU IPEAAOKEHHOTO cIlocoba oOIpepe-
AEHUS Ty U M.

PaccmorpuMm BTOpo# cmoco6. OrmnpepereHre PeOoAOTHUYECKUX
CBOMCTB C IIOMOIIBIO POTAIlMOHHBEIX BHCKO3UMETPOB IO CYIIEeCT-
BYIOIIleH B HACTOsAIee BPeMSI METOAUKE He AQeT ITOAOKUTEABHBIX
pPe3yABbTaTOB, TaK KakK pacuyeTHad KpuBad Ap = P(q) Arg TeueHUT
KUAKOCTHA B KPYTAOU TPyOe, IOCTPOEHHAs IO HAaUAEHHEBIM T, U 1,
He COBIIQA@eT C @HAAOTUYHOM, JKCIEPUMEHTAABHO ONPEAEACHHOU
3aBUCUMOCTEIO.

B uccaepoBanmax [13, 14] nokazaHo, UTO NIPU OIPEAEACHUU T,
U Y POTALMOHHBEIM BHCKO3UMETPOM HAOAIOAQETCS ABIKeHUe
SKUAKOCTU AMOO NMPU CTPYKTYPHOM, AMOO IIPM KBa3WAAMHUHApPHOM
pe>Xumax.

YCTaHOBAEHO, 4YTO 3aKOHBI OAHOMEPHOIO IIPSAMOAMHENHOI'O
TeYeHUs MOJKHO MCIIOAB30BAaTh AASL PelleHHs 3aAauld O KPYrOBOM
BpAIllaTEABHOM ABWJKEHMHU JKHAKOCTU MEKAY ABYMS ITMAWHAPAMU
[13, 14].
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Permtum 3Ty 3apavy Ipu KBa3UAAMHHAPHOM pesXMMe TeueHUs.

B panHOM caydyae Ap = 0. [ToBepXHOCTBIO PapUyCOM P BCe
KOABIIeBOe IIPOCTPAHCTBO AEAUM Ha ABe OOAACTH.

AAsT oTIpepeAeHUsT CKOPOCTU B ATOOOM TOUKe IEePBOM U BTOPOM
0o0AaCTH COTAAQCHO cucTeMe aAnddepeHIMaAbHBIX ypaBHeHUM ['eH-
K — VABIOIIMHA MOAYYHM:

4 =-2r+c/Inr+cy (2.43)
n
U=2Lr+c,Inr+c,. (2.44)
n
Mpur=pu = Uy, apur = ryu, = 0.
Torpa
c, =_umax +'c_0_p—r0; (245)
ln£ N ln£
To To
( \
Cy="0|r P20 np | - dmax Ip p, (2.46)
n 1n£ In—
Iy To
IAE P — PaAWyC NMOBEPXHOCTH, Ha KOTOPOM CKOPOCTH AOCTHIAeT
MaKCcHMyMa.

Chaep0OBaTeABHO, IO (2.43), (2.45) u (2.46) moAydum
( \

u1=T_0 1'0+p__r0]nL_I' +umi]nL. (247)
" lnﬁ fo lnﬁ To
Iy Iy

3AeCh U HUJKE YTAOBYIO CKOPOCTB B OOAACTH KBA3MAAMHUHAPHO-
IO U CTPYKTYPHOTO PEeXMMOB OypeM O00O0O3HAdaTb 0 = W, U @0 =

= w,.
[Tpou3BoOAbHBIE NIOCTOSIHHBIE C; M C, HaWiAeM U3 CAEAYIOUINX
TPAHUYHBLIX YCAOBUM: IPU I = P U, = Uy, OPU I = I, U, =
= W,I;.
3HaunT,
Cy=2x1_ToT17P _ Umax. (2.48)
lnr1 N lnr1 lni
P P
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( \ ( \

c,="max Inp 4+ 20/ 07Pnr v, 01— Inr, (2.49)
lni N lni lni
p p p
Tarkum obpazom,
( ) ln£ lni
u, =2 r—rﬁ%lni—1 +(1)Kr1—f+umax ; . (2.50)
M In-L In-L In-L
P p P
ITo cootHOmEenuam (2.50) u (2.47) MO>KHO 3aIIUCATh:
I
In—-r +
du T P p Le I u
2 = _0 + x°1 _ _“max . (2 51)
— ; .
arf_, M pln- plni plni
P P
plnﬂ—p+1‘0
duy|  _ Umax _To To (2.52)
T lep pln£ M plnﬁ
Io Ty
NmeeMm
du|  _ duy (2.53)
dr dr
r=p1 r=p2
ITo (2.51) — (2.53) onpeaeasieM MaKCUMAaABHYIO CKOPOCTB
( 2 \
U, =01 2plnﬂln£+plnp——rlln£+rolni +
n lniL P Io Toly To PJ
To
lnﬁ
+, 5 —0 (2.54)
lni
To
CAepOBaTEABHO,
u = /rolnﬂ+2p1ni—rlni+2plnﬂlni—nlni\+
n lniL Ty Iy p Ty To)
Io
lnL
+o, [ —2; (2.55)
lni
To



u, = T—O;(rlnilni +1 Intinf +2p In2inf +
r r

n lnilnik Ty P To I
p I

+2plnﬂlnﬁln[—‘— I In2Inlt+ I lnilnﬂ\ +
P Iy r Iy r p r}

lnilni + lnﬂlni

+o,—0 P To T (2.56)
lnilni
o P

CocTaBum YpaBHeHre AMHAMHWYECKOTI'O PABHOBECHSI JKUAKOCTH,
ABH)KYU.IQIZCH B KOABIIEBOM IIPOCTPAHCTBE!

2nnk,, = 2ngk, (2.57)
rae T, —-T,, — KacaTeAbHBIE HANPsDKEHHsT Ha I[TOBEPXHOCTSIX
BHEIIHEero U BHYTPEeHHEro IUAWHADPOB PaAUyCaMu I, U I,.
CoraacHo 3akoHy llIBepoBa — Bunrama
Tw1=71% +Tq; (2.58)
r=r,
L] B (2.59)
dr
I‘=I1
IMo BEIpaKeHUAM (2.55) — (2.59) moayumM p = ;.

OTO 03HAYaeT, 4TO 3aKOH pacIpeAeAeHUs CKOPOCTEeH B KOAB-
IIeBOM IIPOCTPAHCTBE BBIPA’KAETCS OAHOM (DOPMYAOU

In-L

T I I I
u=20_1 (roln—1+r11ni—rln—1)+wkr1 0. (2.60)

I r I I I

n In-L 0 0 In-L

To To
/AerkKo yCTaHOBUTH, UTO B (popmyAe (2.60) BBIIOAHAIOTCS I'pa-
HUYHBIE YCAOBUS, T.e. IPU T = I, U = O, @ IPU I = I, U, =

= 0.
KacaTeabHOe HaIpsDKeHHe Ha IIOBEPXHOCTH BHYTPEHHETO IU-
AUHApPA OIPeAEAsieTCsl TakK:

T = (-1 " (2.61)

3HAUUT, 110 BeIpakeHUsAM (2.60) u (2.61) nmoayqum:
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T
Ty =2 (i-1-1ni\+M. (2.62)
ni fo fo rolnr—1
Ty To

CAeAOBaTeALHO, MOMEHT Ha IIOBEPXHOCTH BHYTPEHHEero Iiu-
AMHADA

2rdril
M=""01 ﬂ’i-l-lni\mK . (2.63)
IntL N \Iop To)
To

YTOA 3aKpYYUBaAHUS IPOBOAOKU B OOAACTH AEMCTBHUS KBas3UAa-

MHWHApPHOTO peXkmMa O003HaUuMM ¢ = @,. 10TA@ IO aHAAOTHU C
(2.36) Mmo>KeM 3amucaTh:
M = cq,. (2.64)

V3 paBeHCTBa MOMEHTOB, HaWAEHHBIX IIO0 dopMyaaM (2.63) u
(2.64), moayuum:

2 2
Ag, =100 |g Toff g in D)y, | (265)
2riry lni fi\ o TOJ
To

B cooTtBeTcTBUU C hpopMyroir (2.38)

A, =no, +T,InL, (2.66)

To
W3 BeIpakeHui (2.65) u (2.66) MOXeM 3alHUCaTh!

1

To = I (A(pc _T]U)c)? (267)
In-L
To
A
n= x
o= T Ty 1) O
I\ Iy To lni
To
2nr, In L ( \
x|, ——0 _fo i _q_pft) e | (2.68)
- I \Io TOJIHQ

SHAQUUT, PEONOTHUYECKHE CBOMCTBA B AQHHOM CAydYde OIIPEAEAs-
IOTCSI CAEAYIOIIUM OOpa30oM.

OKCIIepUMeHTaAbHO YCTaHAaBAWBAIOT 3aBUCHMOCTb ¢ = f(w),
COCTOSAIIYIO U3 ABYX IIPAKTHUYECKM AMHEWHBIX YacTel C pasAud-
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HBIMH YTAAMU HaKAOHA. [lepBas 4acTh 3aBHCHUMOCTY, YCTAHOBAEH-
Hasl IpU OTHOCUTEABHO MEeHBIINX 3HAUeHUSX ), COOTBETCTBYET
CTPYKTYpPHOMY PeXXHMYy, BTOpas 4YacTb — KBAa3UAAMHHAPHOMY
PEeKUMY TeYeHUS.

B obaacTy CTPYKTYpPHOTO M KBAa3MAAMUHAPHOTO PEXUMOB BEI-
OMparT IO OAHOW TOYKe U yCTAHABAUBAIOT ., W. U @, 0. Aaree
IIpY M3BECTHHIX I, I, | 1 A 1o hopmyaam (2.67) u (2.68) ompepe-
ASIOT M U T,

Brlllle OBIAQ IIPUBEAEHA CYINECTBYIOMIAA KAACCU(UKALMSA THA-
pocMecel U UCCAEAOBAHBEI HEKOTOPBIE BOIPOCH! IMAPOAVMHAMUKY,
Kacarolyecs BSA3KONAACTUYHBIX CyCIeH3UU.

Tenepb pacCMOTPUM THAPOAWHAMHYECKVE 3aAa4yl, CBSI3aHHBIE
C ABM)KEHHEM TOHKO- U IPYOOAHCIIEPCHEIX, a TaK’Ke HEeOAHOPOA-
HO AUCIIEPCHBIX U IIOAMAWCIIEPCHBIX I'MApPOCMecel.

B HacToglllee BpeMs IOTePHU AABAEHUS IIPU ABUJKEHUM THAPO-
CMecel ONpPeAeAsdIOT TaK: HAXOAAT IIOTEPU NPU ABWKEHHU OAHO-
POAHOM >KUAKOCTU Ap, a 3areM AO0DaBASIIOT K HUM B BUAE CO-
MHOJKUTEAS] WAU CAQraeMoro HEKOTOPYIO BEeAWYHMHY, YIHUTHIBAIO-
IIYI0 XapaKTepHBIe OCOOEHHOCTHA COOTBETCTBYIOLIEN I'DYIIIBLI T'H-
ApOoCMecHU (KpoMe CYCII€H3UH).

B pabortax [1, 2] mokazaHO, YTO NOTepPU AABAEHUS IIPU ABU-
JKeHUU Ta3WPOBAHHBIX CMeCel MOJKHO HAWTU C IIOMOIIbI0 (op-
MyABl Aapcu — BelicOaxa ¢ HONpaBKOM, YYMUTHIBAIOUIEN HCTHH-
HYIO KOHIIEHTPAIIUIO ra3a B KUAKOCTH.

TakuM >ke IIyTeM MOKHO IIPOBOAUTH UCCAEAOBAHUS U IPU BHI-
BOAE TUAPOAMHAMUYECKHUX (DOPMYA IIPU ABMJKEHUM THApPOCMecew.
AOCTOBEPHOCTb MOAYYEHHBIX COOTHOIIEHUN AOAKHA OBITH yCTa-
HOBA€HA W3 CONOCTABA€HUS PE3yAbTATOB PACYETOB C AQHHBIMU
9KCIIEPUMEHTAABHBIX MCCAEAOBAHUM.

ABW>KeHUe TUAPOCMecel B BEPTHUKAAbHBIX M TOPU30HTAABHBIX
TPyOax OTAMYAETCS CMAAMH, ACUCTBYIOIIMMM Ha IIOTOK. PasamMuHEBL
TaK’Ke COOTBETCTBYIOIINE BBIPAKEHUS AAS OIPEAEAEHMSI Pacxopa
SKUAKOCTH, OOeCIeudBaloIlero MUHUMYM IIOTepPhb AaBaeHHUd. [lo-
3TOMY IIeAeCOOOPAa3HO PACCMOTPETh 3TU 3aAAYU OTAEABHO.



IBUKEHUE THIPOCMECEN
B BEPTUKAJBHBIX TPYBAX

[TycTb B BepTHUKaAbHON TpyOe AAMHOM | U AuaMeTpoM d IIPOUC-
XOAUT BOCXOAMIee ABUYKeHHe THAPOCMecHt. AaBAeHUSI ¥ BepXHero
U HUXKHETO TOPIIOB COCTABASIOT p; U P,.

Ecau Ap,, — moTepu A3aBA€HMs HA NPEOAOAEHUE CHUA TPEHUs,
aAp = p, — p, TO, IpuUAepXuBasachk npumHnuna A’'AramGepa,
MO>KHO COCTaBUTb CAEAYIOlllee YpaBHeHHe AMHAMUYeCKOro paBHO-
BeCus:

Ap = Yeul + Apsy, (3.1)

TAE You — YAEABHBIM BeC TMAPOCMECH.
Tak Kak yAeABHBIM BeC — 3TO BeC eAWHUIEI 00BeMa, TO

V. V.
Vo = L2 T le (3.2)
Ve + Vo

rae V, u V., — o06beM KUAKOU U TBEPAOU pa3 COOTBETCTBEHHO.
3aMeHUB V, 1 V. pacxopoM JKUAKOCTH (, W TBEPAOM (hasbl
g, MOKHO 3aIliCaTh!

= Y@k + ¥V . (33)
T +4q-

Y ex

CootHomrenue (3.3) IpaBOMEPHO B CAydYae OTCYTCTBUS OTHO-
CUTEABHOTO ABUJ)KEHUS YaCTHUIIHI, T.e. IIPU BBEIHOCE TBEPAOM (pasHl.
Bripaskenue (3.3) MOJKHO Tak’XKe IIOAYUUTH, IIOAB3YSACH NMOHATUAMU
00BLEMHOM O, U PACXOAHOU , KOHII€HTPAIIWM.

HctunHast, mam o0beMHasi, KOHIIEHTPAIIUS OIIPEAEASIETCS KaK

o, =—Vr (3.4)
Ve + Vi

PacxopHas KOHIIEHTpanus

ap=—JIr (3.9)
qT + q)K
IIporecc BBIHOCA TBEPAOHU (Da3bl XapaKTEPU3YeTCd YCAOBUEM
o, = o (3.6)
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YAEABHBIN BeC cMecu
YCM = Y)K(l - Q'0) + YTaO' (37)
3Hauut, 1o (3.5) u (3.6)

I gy, —TIr (3.8)
qT+q)K qT+q)K

'YCM =Y)K

Takum obpaszom, o (3.3) u (3.8) HorydyaeM OAHO U TO JKe€ BHI-
PasKeHUEe AAS Y.

Chrepys popmyae Aapcu — Belicbaxa, OTepu A@BAEHUS Ha
TPeHVe IpU ABUKEHUHM TMAPOCMECH HaMAEM TakK:

Iv?

}" cM , (3'9)

A = CMY CcM
pr ng
TAE V., — CKOPOCTH ABUJKEHUS CMecH; A, — KOI(PPUIMEHT TUA-
PaBAMUECKUX COIPOTUBAECHUUN I'MAPOCMECEN.
Coraacuo dopmyae Brasuyca

= 03164

cM T 0,25
oM

1
Re

rae Re,,, — mapamerp PetliHoAbAca TIPU ABUXKEHUU TUAPOCMECH.
Tak Kak

ReCM = VCMdY cM

Uend
TO
( \0,25
Ay =03164) Heud (3.10)
LVCMdY o

3uauwnt, 1o (3.9) u (3.10)

_ O1582uci®y i ey’ (3.11)

P
g0,75d1,25

Ap

TAe U, — AMHaMudecKas BSI3KOCTb T'MAPOCMECH.
CoraacHo popmyae OHHIINTENHa nMeeM [22]

1+ 0,5(10

Wey =W . (3.12)
(1-ayg)
ITo Beipaskenuam (3.5) u (3.12)
Woy = W (LG + @) (Gr + ) (3.13)

qx
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YacTo npu penieHNH MPaKTUYeCKHUX BOIIPOCOB PACUYEeThl BEAYT
110 IPUOAMIKeHHOU (popMyae OUHIIITeNHA

Uy = w(l + 2.50). (3.14)

Coraacuo (3.12) u (3.14) oTHOIEHUE WU, HAUAEGHHOE IO TOY-
HOM 1 NPpUOAUKEHHOM PpOopMyAaM, COCTaBASIET:
Wey(3.12) 1+ 0,50
Wen(314)  (1-200 +a?)2(14+25a,)

A

Mew(3.12) _ 1+ 0,50, (3.15)
Men(314) 140,500 - 402 + 2,503

B Taba. 3.1 mpuBepeHBI 3HaUEHUA U, (3.12)/u., (3.14) npu pas-
AWYHBIX 0Ol

®opMmyaa DHUHIITENHA PEKOMEHAYETCS AT IPaKTHUYeCKUX pac-
yeTtoB nipu o, < 0,10. M3 Taba. 3.1 BUAHO, YTO pacCXOXKAEHUE
MeXAY U, HalpeHHBIME 1O (3.12) u (3.14), He npesBbimaet 3,7 %.

Ilpun koHnenTpanuu Ooree 10 % BA3KOCTH CMeCH IeAecO00-
Pa3HO pPacCYUTHIBATH IO popMyre Tomaca

We, = W1+ 2,50, + 10,0502 + 0,00273e'*%0), (3.16)

OnpepeAnM, HAaCKOABKO OTAUYAIOTCS MeJKAYy COOOM 3HAYeHU:
W, HaVAEHHBIe IIO TOYHOM QopMmyae OnHIITedHa (3.12) u 1o
3aBucuMoOCTU (3.16). Pe3yapTaThl pacueToB HpPUBEAEHEI B TaOA.
3.2.

Tab6 aua 3.1

. How(3.12) . M ew(3.12)
0 W (3.14) 0 Wy (3.14)
0,02 1,0016 0,06 1,0136
0,03 1,0035 0,07 1,0184
0,04 1,0062 0,08 1,0239
0,05 1,0095 0,10 1,0370
Tab au1a 3.2
ITo (3.16)|ITo (3.12) Wey(3.16) ITo (3.16)|ITo (3.12) Wey(3.16)
A Moy Mew | pey(3.12) %o Hem Pew | pey(3.12)
u u u u
0,02 1,0578 1,0516 1,0059 0,14 1,5749 1,4467 1,0886
0,04 1,1214 1,1068 1,0132 0,18 1,7838 1,6211 1,1004
0,06 1,1936 1,1659 1,0238 0,22 2,1417 1,8245 1,1739
0,08 1,2746 1,2287 1,0373 0,26 2,5338 2,0635 1,2279
0,10 1,3649 1,2963 1,0529 0,30 3,0516 2,3469 1,3003




M3 Taba. 3.2 BHAHO, 4YTO 3HA4eHUS ., BBIYUCAEHHBIE IIO
dopmyae Tomaca, HeCYyLIeCTBEHHO OTAMYAIOTCA OT TAKOBBIX, OII-
peAeAeHHBIX 1o (hopMyAe OMHINTeMHAa NPHU KOHIEHTpAIUU O, <
= 10 %; pacuetsl o dopMmyre Tomaca MOXHO BeCTU B 3Haudu-
TEABHOM AMalla30He U3MEHEHUS O.

IMpu 0 < 0,4 = 0,22 dpopmyay (3.16) ¢ TOYHOCTBEIO AO 6 % MOXK-
HO 3amucaTb 0e3 IOCAEAHEr0 CAAraeMoro B KPYTLABIX CKOOKax
dopmyasl (3.16), T.e.

W, = W1+ 2,50, +10,050.2). (3.17)
ITo (3.5) u (3.17)

2

um=u1+2'5i+10.05( a ) ,

qT+q)K qT+q)K
nAn
13,55q2+4,5qq +q2
o = B AN (3.18)
(@r +ax)

CpeAHHH CKOpPOCTBh CMeCHn

v =4(q)](+qT) (319)

CM N
nd?

Takum obpazoMm, mo ¢dopmyram (3.3), (3.11), (3.18) u (3.19)
MOJKHO 3allMCaTh:

025
Ap,, = 22U (13 5502 4 4,5¢,q, + q2)°% x

g0,75d4,'75

X (VG +Y4G0) (@ + )% (3.20)

ChaepoBaTeabHO, o popmyaam (3.1), (3.3) u (3.20) cocraBuM
CAeAyIolllee BhIpaKeHHE AAS OIIPeAeAeHUs Iepellapd AABAEHUS:

0,25
Ap = Txda ¥ ¥ae g 02418 7 (43 5500 4 g 50 g 4 g2)0% x

T +dr g®7qt™
X (Vo +Y2q0) (@ +G2)" (3:21)
Mo dopmyae (3.21) mHatipeM 3aBucuMoctb Ap = f(q,) npu

Y. = 2,40-10* H/™? v, = 10*H/M® g, = 0,0010 M°/c, I = 100 ™M
nd = 005m.

Toraa, MOACTAaBUB NPUHATBEIE UCXOAHBIE AQHHEIE B (3.21), moay-
YuM
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_ Okt 0,0024.
g +00010
x (g, +0,0024)°7(q, + 0,001)°5. (3.22)

B Taba. 3.3 mpuBeaAeHBI 3HaueHUST Ap TPU Pa3sAUUYHBIX .. M3
TaOAMIIEI BUAHO, UYTO MOTEPU AAGBAEHUS MMEIOT MUHUMYM OTHOCH-
TEABHO PAcXopa >KUAKOCTU Q. B AAQHHOM CAydYae ONTUMAABHBIM

10° +11,718:10%(0,00001355+0,0045q . +q2)*% x

pacxop cocTaBaser q, = 0,0045M°/c, 4TO COOTBETCTBYeT KOH-
LeHTpalumn
og=—Ir - 0001 _ 4818

Haamune munuMyma Ap oOBICHIETCA TeM, 4TO (DOPMUPOBAHUE
Pa3HOCTH AQBAEHUS IIO KOHIIJAM BEPTUKAABHO BOCXOAMIIErO II0-
TOKa ITPOUCXOAUT 3@ CUeT ABYX CHUA — T'pPaBUTAIIMOHHOM COCTaB-
Agronel U cuA TpeHusA. C yBeAMUeHHEM Pacxopa >XKUAKOCTU IIPO-
HCXOAUT yMeHbIIIeHUEe CHUA TS’KeCTU U OAHOBPEMEHHO HapacTaroT
CHUABI TPEHUS, & CA€AOBATEABHO, IIPU €AMHCTBEHHOM 3HAQUEHUU (,
BeAMYMHA Ap AOCTUTaeT MUHUMYyMa.

IlpeacTaBAasieT MHTepeC HAUTU BEIPAKEHUE AAST ONPEAEACHUS
pacxopa JKUAKOCTH, OOecIieYMBalolllel0 MUHUMYM Pa3HOCTH AaB-
AeHusA. C 3TOU IeAbI0 BOCIIOAB3YeMCSl YCAOBUEM

980 . (3.23)
9q x
IMo dopmyae (3.21) u ycaoBuio (3.23) moAyumm:

_ (V=Y %) + 0,24143u%% 075

(q)K+qT)2 90'75‘14'75

0,90(2259 1 +q ) (¥ xq s + Y 2+
(13,5507 + 4,50,  +q 2) "

4+ 07515135507 + 450G 5 + 450"

025 (q>K qT) '
( q q ) '
KA XK T T

4 050135507 + 4.5, 0 e + @) " n o +1404) "
(@ +a7)"

Tab6 au1a 3.3

g, M*/c | Ap, 10° Tla Qo M*/C Ap, 10° Tla G, M*/c | Ap, 10° [a
0,0030 14,644 0,0040 14,357 0,0050 14,358
0,0032 14,556 0,0042 14,339 0,0052 14,382
0,0034 14,484 0,0044 14,330 0,0054 14,414
0,0036 14,429 0,0046 14,332 0,0056 14,452
0,0038 14,387 0,0048 14,341 0,0058 14,495
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0,24143u°% (13,5507 + 4. 5 + T2) " (0 5T + 12T0) " (@ + 70)*°
gOhqh?® (V1 = Vx)

x/ 1125¢, + 0,57
L13v55q3 + 450G + QO

ITpuBepeM BeIpakeHue (3.24) K "Oe3pa3MepHOMY" BUAY:

X

0751, 05 )

+
Tl +Y2dr  Tx +qTJ

- 0. (3.24)

-1 (13,554 45+ (1) 0+ 43
Yo~
1,12 (1 * 751 *
1254050004 9x) | O7H+ ) 5/ = 0, (3.25)
13,55+ 4,55 + q 2 Qe + ¥
_024143u°%1™ o gy . v
rae A= 025 075,475 9 = P Y=
Yx g d T Yk

TakuM oOpasoM, IpU 3aAaHHBIX A U Yy, N0 TPaHCIEHAEHTHO-
My ypaBHeHHUIO (3.25) MeTOAOM IIOCAEAOBATEABHBIX NPUOAVIKEHUN
(MeTOA, WTepaluii) MOJKHO HAWTH 3HAUYEHUS g, U HNOCTPOUTH 3a-
BUCUMOCTE qj = (A, Y1)

OaHaKoO, Ipekpe UYeM IIPOBOAWUTHL 3TU PacydeThl, Ijeaecoobpas-
HO yOEAUTBECS B AOCTOBEPHOCTU (POPMYABI (3.21); AAg 3TOrO He-
00XOAHUMO COIIOCTABUTH MOAyYaeMble IO pacueTy 3HAuUeHUss Ap c
COOTBETCTBYIOIIMMU 3KCIIEPUMEHTAaABHLIMU AQHHBIMU.

B paboTe [23] mpuBeAeHBI PE3YABTATBHI 3KCIEPUMEHTAABHBIX
UCCAEAOBAHUU IIO OIPEAEAEHUIO0 Ap TIpU 3aKauke ITOAMAUCIEPC-
HOU THUAPOCMECH, COCTOSIIEN U3 >XKEAe3HOM PYABl M BOABI, IIO
Tpy6am aamHOM 15,6 M u punamerpamu 0,15; 0,20 u 0,30 m. B Kaue-
CTBEe JKUAKOM (pa3bl HCIIOAB30BAAaCh BOAQ, T.€. YAEABHEBIM Bec
SKUAKOCTH M TBEPAOU (Pa3bl COCTABAIA

Ve = 10*H/M% vy, = 3,410*H/M% u = 1073 Ia-c.
HuKe NPUBOAMTCS TPAHYAOMETPHUYECKHN COCTaB JKEeAe3HBIX
PYA, MCIIOAB30BAHHEIX B OKCIIEPUMEHTE.

KpymnHOCTE KAACCA, MM YacTHBIN BEIXOA KAAcca MO Becy, %

50 7,10
25—-50 20,20
12—25 12,60
8—12 585

6—8 570
3—6 11,15
0,053—3 19,85
0—0,053 17,55

AAs yAOOCTBa pacdeTa IOACTAaBUM HCXOAHBIe AaHHBIe B (3.21).
Torpa MOKHO 3alMCaTh:
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Ap=156 000%x*3%s 12082713 5542 4 4q.q, +q2)%% x
qxtqy d4'75

X (@x +3,49,)° (g + q.)". (3.26)

B Taba. 3.4 mpuBeAeHBI pe3yAbTATHI PacueToB IO (opMmyae
(3.26) u cooTBeTCcTByIOUIVe 3HAUEHUSA Ap, IOAyUeHHEIE 3aMepaMu.

Tab auta 3.4

o Q. M/c g, M*/c Re,, Ap, 10° TTa A %
o (3.26) ‘ o 3amepy
D = 150 m
0,004 0,05876 0,000236 511202 1,6456 1,639 0,41
0,008 0,05654 0,000456 494 391 1,6570 1,752 5,42
0,015 0,08471 0,001290 747 000 1,7562 1,802 2,54
0,019 0,09614 0,001862 851 067 1,8089 1,720 517
0,020 0,09408 0,001920 833 664 1,8067 1,859 2,81
0,023 0,08500 0,002001 755115 1,7918 1,817 1,39
0,026 0,03799 0,001014 338 531 1,6934 1,761 3,84
0,029 0,05049 0,001508 451 072 1,7285 1,7850 3,16
0,031 0,09399 0,003007 823 336 1,8555 1,8590 0,19
0,033 0,05903 0,00208 529 598 1, 7677 1,7800 0,69
0,035 0,07430 0,002695 643 534 1,8120 1,8170 0,28
0,036 0,05880 0,002200 528 166 1,7750 1,7790 0,19
0,037 0,06645 0,002553 585909 1,7987 1,7610 2,14
0,038 0,06253 0,002470 551 737 1,7928 1,8350 2,30
0,039 0,08745 0,003549 787 063 1,8695 1,8120 3,17
0,040 0,08736 0,003640 787 071 1,8736 1,8830 0,50
0,042 0,09101 0,003990 820656 1,8947 1,9040 0,49
0,043 0,08709 0,004095 787 348 1,8944 1,8980 0,19
0,045 0,08404 0,00396 759 128 1,8927 1,9050 0,64
0,046 0,04384 0,002162 396 638 1,7864 1,8200 1,85
0,047 0,08863 0,004371 801 462 1,9088 1,9330 1,25
0,050 0,03230 0,001700 292 525 1, 7771 1,8836 5,65
0,050 0,09310 0,004900 843 162 1,9380 1,9750 1,91
0,054 0,08690 0,004914 772 842 1,9337 1,9660 1,64
0,066 0,08032 0,005676 717 840 1,9542 2,0100 2,78
0,070 0,08835 0,006650 805 660 2,0113 2,0630 2,51
0,070 0,04000 0,003010 364 752 1,8676 1,9510 4,27
0,072 0,07795 0,006048 711 106 1,9655 2,042 3,75
0,097 0,07946 0,008530 743 411 2,0990 2,1810 371
0,100 0,07650 0,008500 698 575 2,1010 2,1890 4,02
0,105 0,07697 0,009030 702 434 2,1251 2,2140 4,02
0,133 0,07369 0,011305 667 889 2,2379 2,2680 1,36
0,176 0,05026 0,010736 447 173 2,3299 2,5360 8,12
D = 200 m

0,043 0,12441 0,00559 841875 1,7994 1,8190 1,08
0,046 0,05342 0,00258 362 131 1,7530 1,8130 3,31
0,047 0,11817 0,00583 861 454 1,8089 1,8350 1,42
0,050 0,08645 0,00455 587 204 1,7907 1,8240 1,82
0,051 0,10154 0,00546 690 050 1,8078 1,8410 1,80
0,057 0,13485 0,00844 920 590 1,8192 1,9260 5,54
0,059 0,08187 0,00513 547 564 1,7969 1,8730 4,06
0,071 0,08082 0,00618 552 881 1,8674 1,9470 4,09
0,073 0,06304 0,00496 431 366 1,8600 1,981 6,11
0,076 0,09979 0,00821 683 224 1,9051 1,983 3,93




[Tpopoaxenue Tab A 3.4

o q,. M°/c q, M%/c Re,, Ap, 10° Tla A, %
mo (3.26) | mo 3amepy
0,078 0,08575 0,00725 587 201 1,8993 1,984 4,27
0,080 0,10304 0,00896 705815 1,9257 2,007 4,05
0,139 0,09299 0,01501 630 756 2,1495 2,332 7,83
D = 300 m

0,028 0,05929 0,001708 264 623 1,6679 1,797 7,18
0,031 0,17926 0,005735 820012 1,6976 1,729 1,82
0,033 0,09573 0,003267 428 976 1,6899 1,823 7,30
0,034 0,21445 0,007548 961 967 1,7156 1,744 1,63
0,039 0,24602 0,00998 1107 090 1,7431 1,768 1,41
0,042 0,20405 0,00895 991 996 1,7441 1,768 1,35
0,045 0,23111 0,01089 1043 802 1,7621 1,797 1,94
0,048 0,23038 0,011612 1042 168 1,7627 1,819 3,09
0,071 0,26384 0,02016 1203 204 1,8406 1,933 4,70
0,075 0,24975 0,02025 1139 772 1,8852 1,960 3,82
0,079 0,19617 0,01683 895724 1,8854 2,005 5,96
0,164 0,29678 0,05822 1327974 2,2608 2,457 7,93

W3 Taba. 3.4 BupHO, uTo npu 260 000 < Re,, = 1320000 u 0 <
< oy = 17,6 % pacxokpeHUe MeXKAy 3HaueHUdIMH Ap, IIOAydae-
MBIMH [0 3aMepy M IO pacyeTy, He IpeBHIIAeT 8 %.

OmnpepeneHre pacxopa JKHUAKOCTH, OOeCIeuuBaIoIero MHUHU-
MyM Ilepellapa A@BA€HMS, MMeeT OOABIIOe IIpaKTHyecKoe 3Haue-
HHe. YKa3aHHBIM Pacxop PAaCCUUTHIBAIOT IIO TPAHCIEHAEHTHOMY
ypaBHeHuIo (3.25).

ANST OTIEpaTUBHOTO HAXOKAEHUSI ONITMMAABHOTO PACXOAd, @ IIo
ypaBHeHUIo (3.25) OBIAM IIPOBEAEHBI PACUYETHl, PE3YABTATHI KOTO-
PBIX CBEAEHHI B TabA. 3.5.

Tab au1a 3.5

s 3uauenust A npu vy
24 2,6 28 3.0 32 3.4

1,0 0,08511 0,09529 0,10506 0,11444 0,12348 0,13217
1,5 0,04927 0,05533 0,06118 0,06683 0,07229 0,07758
2,0 0,03122 0,03513 0,03893 0,04261 0,04618 0,04965
25 0,02110 0,02378 0,02640 0,02894 0,03141 0,03382
3,0 0,01497 0,01690 0,01878 0,02061 0,02240 0,02415
3,5 0,01103 0,01246 0,01386 0,01523 0,01657 0,01788
4,0 0,00838 0,00947 0,01055 0,01160 0,01263 0,01364
4,5 0,00652 0,00738 0,00823 0,00905 0,00987 0,01066
50 0,00519 0,00587 0,00655 0,00721 0,00786 0,00851
55 0,00420 0,00476 0,00531 0,00585 0,00638 0,00690
6,0 0,00345 0,00391 0,00436 0,00481 0,00520 0,00560
6,5 0,00287 0,00325 0,00363 0,00401 0,00434 0,00474
7,0 0,00249 0,00274 0,00306 0,00338 0,00366 0,00400
7,5 0,00205 0,00233 0,00261 0,00288 0,00312 0,00341
8,0 0,00176 0,00200 0,00224 0,00247 0,00268 0,00293
8,5 0,00153 0,00173 0,00194 0,00214 0,00232 0,00254




[Tpopoaxenue Taba 3.5

q, 3HaueHus A npu vy

24 2,6 28 3.0 3.2 34
9,0 0,00133 0,00151 0,00169 0,00187 0,00203 0,00221
9,5 0,00117 0,00134 0,00148 0,00168 0,00178 0,00194

10,0 0,00103 0,00117 0,00131 0,00145 0,00157 0,00173
10,5 0,00091 0,00104 0,00116 0,00128 0,00140 0,00152
11,0 0,00081 0,00092 0,00103 0,00114 0,00125 0,00136
11,5 0,00073 0,00083 0,00083 0,00102 0,00112 0,00122
12,0 0,00065 0,00074 0,00083 0,00092 0,00101 0,00110
12,5 0,00059 0,00067 0,00075 0,00083 0,00091 0,00099
13,0 0,00054 0,00061 0,00068 0,00076 0,00083 0,00090
13,5 0,00049 0,00055 0,00062 0,00069 0,00075 0,00089
14,0 0,00044 0,00051 0,00057 0,00063 0,00069 0,00075
14,5 0,00041 0,00046 0,00052 0,00057 0,00063 0,00068
15,0 0,00037 0,00042 0,00048 0,00053 0,00058 0,00063

Taba. 3.5 carepyeT MOAB30OBATHCA TaK: IIPU 3aAAHHBIX 3HAYEHWU-
SIX W, Qp Ysr Yoo 0 OIPEAEASIOT A ¥ Y., YTO IIO3BOASIET HAWUTH

g, @ 3HauuT " q, = q,q,.
IMoka>keM M3A0KEHHOe Ha KOHKPEeTHOM mpumepe. [TycTb u =

= 10*Ilac, g, = 0001m/c, v, = 10*H/M’ vy, =
= 2,4-10*H/M% d = 0,05 m.
Torpa

. X 1076 104
A= 0,24143-0,177828:562-10 =0,00658, Y= 24-10 =24.
10-5,5431-0,661-107° 10*

ITo TabA. 3.5 HAXOAUM, UTO BHIYMCAEHHBIM A M Y. COOTBETCT-
Byer q., = 4,5 uam g, = 4,50,001 = 0,0045m*/c, uTO coBmapa-
€T CO 3HAUYeHWeM @, HaUAEHHBIM II0 PAcYeTy, IPUBEACHHOMY B
TabA. 3.3.

V3 HM3A0KEHHOTO CAEAyeT, uTO (POopMyAy (3.26) U ypaBHeHUe
(3.25) mam Taba. 3.5 MOKHO PEKOMEHAOBATH AASI IIPOBEAEHUS THA-
PaBAMYECKUX PAaCueTOB IIPU ABMIKEHUU ITOAMAMCIEPCHBIX THAPO-
cMecel B BepPTHUKAABHBIX TPyOax.

AAg TOro, 4TOOBI PEKOMEHAOBATh YKa3aHHBIE COOTHOIIEHUS
MASI PACUETOB APYTMX BHUAOB FMApPOCMecel, HEOOXOAMMO ITPOBECTH
QHAAOTMYHEBIE COIIOCTABAEHMS C COOTBETCTBYIOIIMMU 3KCIepPUMEH-
TAaABHBIMHU MICCAEAOBAHUSIMU.

Ilpu pemeHUM AQHHOM 338AQYM TAABHYIO TPYAHOCTB IIPEACTAB-
ASIeT OIIPeAeAeHMe MOTePh AABAeHUs Ha TpeHue Ap.,. B autepa-
Type HU3BEeCTHBl pa3AnWYHBIE (POPMYABI AAS pacueTa 3TONM BeAU-
YUHEL
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B cayuae, KOrpa CpepHsst CKOPOCTB CMECH 'V,

cM

BEIIIIE KpUTHU4YEe-

CKOH V,,, B pabote [16] 3HaueHnme Ap,, IPEAAArAeTCs ONPEACASITH
TaK:

A A N _

P _ AP0 ¢ Mie 114 Yo Tl (g 4 )|, (3.27)
YCMI Y)KI 7“0 Y x

TAe C, — OMIOUpUYecKuil kKoadpdumnuenrt, ¢, = 1,2—18;, a, u
o, — OOBeMHas KOHI[eHTpalus B I'MAPOCMECH COOTBETCTBEHHO

toruanmux (0—0,074 mMm) u Toukrux (0,074—0,15MM) dpariuii;
M KO3 PUITUEHT TUAPABAMYECKUX COMPOTHUBACHUMN TTPU ABU-
>xeHuu cmecu. CoraacHo [16]

1

AMNe=r——-—7-—. (3.28)
(1,81gRe,,, - 1,52)*
3peck Ap, — TIIOTepU AABAEHUS IIPU ABMDKEHHH OAHOPOAHOM
KUAKOCTH.
@opmyaroit (3.27) peKOMeHAyeTCSI IOAB30BAThCA IpU V =
= (1,15—1,20)v,,.

I[Mop KpUTHUECKOM CKOPOCTBIO IOHMMAETCSI TaKoe 3HaueHUe
Vipr IIPA KOTOPOM HEe IMPOUCXOAUT ABMJKCHHsI TBEPABIX YaCTHI] B
oOpaTHOM HallpaBAEHUM.

IMpu cropoCTSX ABWXKeHMs! v > 1,2v,, pacyeThl MPEAAAraercs
BeCTH II0 (hopMyAae

A _
APy _ Apo o e fyy Yr =Yg ) (3.29)
YCMI YX{I }"O Y x J

Chaepyer oTMmeTuTbh, uTo (popmyramu (3.27) um (3.29) Heabsq
IIOAB30BATHCS HA CTAAUU IIPOEKTUPOBAHMSA, TaK KaK HEOOXOAUMO
IIpeABapUTEABHO IIPOBECTU JKCIIepUMeHTaAbHbIe UCCAEAOBAHUSA U
OIIPEAEAUTH C,. He coBceM Tak’Ke IOHSTHO, II0YEMY B YKa3aHHBIX
3@BHCUMOCTIX YUUTHIBAETCSI TOABKO KOHIIeHTpallus TOHYANIINX U
TOHKUX (DpakIjuu.

IMpu copepkaHMM B CMECHM TOHKOAUCHEPCHBIX (PPaKIUM A0
20 % pacueTtsl pepraraercsa Bectu 1o popmyae A.E. CMoapBIpeBa
[16]

APrp _ APofyy Yo =tu g )
Yeul ¥l ¥ x )

A

Ap., =ApoYYﬂ(1+—“ _“‘ao)- (3.30)

¥
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ITo dopmyaam (3.7) Aapcu — Belicbaxa u baasuyca BeIpaxke-
Hue (3.30) MOXXHO IlepenucaTh TakK:

Ap,, = Q1SBAIPVIE vy (1= o)+ ¥ado (4, e =V gy )
TP r
g0,75d],75 Yg,{zs k Y x }

A

0,1582M0'25]Y 0,75VL75 (
Ap,, = x Ll -0+

g0,75d1,25

Y
¥k

o, (1+“‘“<a0). (3.31)

~

Tak Kak

v o i

nd? '

TO (hbopMyAy (3.31) MOKHO NIPEACTABUTE B CAEAYIOIIEM BUAE!

SUREIEE Tl s ol PRI Z N | P il S (3.32)
P g075q 475 L 0 OJL OJ' ’

K

Ap.

K

Beipasxenue (3.20) mpuBeaeM K BHAY

0,255,075 175 0,25
Ap, = 22 I (142,50, +10,0503)
%771 - a)

(142 @0} (3.33)
L Y x 1_(XOJ
AAsT TOTO, YTOOBI OIIPEAEAWTH BEAWYMHY PACXOKACHUS MEKAY
3HaUEHUSIMU Ap.,, PacCYUTaHHBIMU 1O (popmyaram (3.33) u (3.32),
HaMipeM

A= Aprp (3.33) '
ADqp (3.32)
TA€ AD.y 333 U ADrp (3327 — TOTEPU AABAGHMsI HA TPEHUE, BBIYMC-
AeHHEIe IO hopmyaaMm (3.33) u (3.32).
3HAUUT,
0,75
0,25
(1+25a0+10,05a§) (1+Y—Tl&\
A= LS VA (3.34)
(Y

(1-ayp)

1+LY>K—1JOL0}

B Taba. 3.6 mpuBepeHBI 3HaueHUs A TIPU Pa3AMUYHBIX O, U
Yo/ V-
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Tab6 auia 3.6

a, 3HaueHUsI A IPU PA3AUYUHBIX Y,/Y,
2,6 2,8 3,0 3.2 34 3,6

0,04 1,0216 1,0120 1,0027 0,9934 0,9844 0,9755
0,06 1,0370 1,0230 1,0093 0,9960 0,9829 0,9702
0,08 1,0555 1,0370 1,0192 1,0019 0,9851 0,9688
0,10 1,0768 1,0540 1,0321 1,0110 0,9906 0,9710
0,12 1,1009 1,0743 1,0484 1,0235 0,9997 0,9769
0,14 1,1279 1,0965 1,0666 1,0381 1,0110 0,9851
0,16 1,1570 1,1219 1,0880 1,0559 1,0255 0,9966
0,17 1,1738 1,1357 1,0998 1,0659 1,0339 1,0035
0,18 1,1906 1,1503 1,1123 1,0766 1,0429 1,0110
0,19 1,2082 1,1656 1,1256 1,0880 1,0527 1,0193
0,20 1,2265 1,1816 1,1395 1,1001 1,0631 1,0282
0,21 1,2457 1,1984 1,1543 1,1130 1,0743 1,0379
0,22 1,2657 1,2160 1,1698 1,1266 1,0862 1,0483
Pacuetnl, mpuBepeHHBIEe B TaOA. 3.6, orpaHuueHsl o, = 0,22,

TaK Kak COOTHoIIeHUe (3.22) OCHOBAHO Ha YIPOILIeHHOW (PopMy-
Ae Tomaca (3.17), KoTopass peKOMeHAOBaHa B Auanas3one 0 < o, <
= 0,22.

[MTpeacTaBAsieT MHTEpPEC COCTaBUTL COOTBETCTBYIOIlee BhLIparke-
HUe AN OlpepeAeHust Ap., OCHOBLIBAsICh Ha TOYHOU QOpMyAe
Tomaca, U IIPOBeCTH CpaBHUTEABLHBIE pacueThl C COOTHOIIEHWEeM
(3.32).

Io BeIpaskerusam (3.7), (3.11) u (3.16) IOAYUHM CAeAyIOlllee CO-
OTHOIIIEHVE AASI OIIPEAEAEHUs [TOTePh AABACHUS Ha TPEHUeE:

_ Ov24143M0'251Y 0,75 1,75

x_Dx 2 16,6c010,25
Ap., T (e (142,50, +10,050.5 +0,00273€'°%40)"=> x
( \0,75
x 14tz 2o b (3.35)
L ¥ x 1_0(0

Torpa o popmyaam (3.35) u (3.32) MokeM 3anIuCaTh:

(1+ 2,500 +10,050. 2 + 0,00273¢166¢0) 025

A= , (3.36)
/ \ 125
(=) |1+] 12 1iay
o)
e A, = Apqp (3.35) )
Apqp (332)

B Taba. 3.7 mpuUBepAeHBl PE3YABTATHl PACUETOB A; MO opMyae
(3.36) mpu PasAUYHBIX Oy U Yo/ Y-

W3 Taba. 3.6 u 3.7 BUAHO, UTO 3HaueHUs A m A, Bo3pacTaioT
II0 Mepe YBeAMUeHUsI KOHIIEHTPAIIUU TBEPAOH (haswl o,
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Tab6 auia 3.7

o A, IPU Pa3AUYHBIX Y,/Yy
2,6 2,8 3,0 32 34 3,6
0,04 1,0228 1,0133 1,0039 0,9947 0,9856 0,9767
0,06 1,0387 1,0246 1,0191 0,9975 0,9845 0,9717
0,08 1,0576 1,0392 1,0213 1,0039 0,9871 0,9708
0,10 1,0780 1,0568 1,0348 1,0137 0,9933 0,9736
0,12 1,1047 1,0775 1,0515 1,0266 1,0028 0,9799
0,14 1,1329 1,1014 1,0713 1,0427 1,0155 0,9895
0,16 1,1637 1,1284 1,0944 1,0621 1,0315 1,0024
0,17 1,1795 1,1447 1,1085 1,0744 1,0420 1,0114
0,18 1,1968 1,1589 1,1207 1,0847 1,0575 1,0186
0,19 1,2106 1,1756 1,1352 1,0973 1,0617 1,0280
0,20 1,2385 1,1932 1,1507 1,1109 1,0735 1,0383
0,21 1,2569 1,2118 1,1671 1,1254 1,0862 1,0495
0,22 1,2700 1,2314 1,1846 1,1408 1,0999 1,0616
0,23 1,3051 1,2523 1,2031 1,1574 1,1147 1,0747
0,24 1,3300 1,2743 1,2229 1,1750 1,1305 1,0889
0,25 1,3559 1,2976 1,2438 1,1939 1,1474 1,1011
0,26 1,3834 1,3225 1,2661 1,2140 1,1656 1,1206
0,27 1,4126 1,3487 1,2899 1,2355 1,1851 1,1383
0,28 1,4512 1,3767 1,3152 1,2585 1,2060 1,1574
0,29 1,4764 1,4065 1,3422 1,2831 1,2285 1,1779
0,30 1,5114 1,4382 1,3711 1,3094 1,2526 1,2001

Takoi pe3yAbTar ABASETCS BIIOAHE 3aKOHOMEPHBIM, TaK Kak B
opmyae (3.30), a smaumut, u (3.32) Ap,, OIpPEACAIETCS B 3aBUCH-
MOCTU OT Ap, W, CA€AOBATEABHO, OT KO3((HUIIHMEeHTa AUHaMUUYeC-
KOU BSI3KOCTU AAS OAHOPOAHOM KMAKOCTH.

OtrMmeTu™M, 4TO (QOpMyAd IO CBOEM CTPYKType, INOXO’Kas Ha
(3.30), Onbina paHee peprOKeHA AIOPAHOM U MMEET BUA!

Ap,, = ApgLen 1+ ga), (3379
¥
rae @ — KOd(PUIIUEHT IPONOPLHUOHAABHOCTH, 3aBUCAIIUU OT
KPYIHOCTH TPaHCIOPTHUPYeMOro MaTepHaAsa, @ TaKKe OT CKOpO-
CTH CMeCH U AuaMeTpa TPyOOIIPOBOAA.

IMTocae 06pPabOTKU Pe3yABTATOB 3KCIEPUMEHTAABHBIX HCCAEAO-
BaHUN AOPAHOM OBIAO IIOAYUYEHO BEIPA’KeHUE

15

Ap,, =Apytet|l+a K( ] w ) (3.38)
™= O L [—J J .
rae K — ko3 (punueHT NpONOPIUOHAABHOCTH; U, — TI'MAPABAU-

Yeckas KPYIHOCTb; V., — CKOPOCTh ABWKEHHS cMecH; d,

CpeAHeBSBeH.IeHHbeI AvlaMeTp 4aCTUIlbl
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3AeCh q; — MacCOBOe IIPOIEeHTHOEe COAEepsKaHWe YaCTUIL CPeA-
HUM AuUaMeTpom d,.

®opmyroii (3.38) HEBO3MOJKHO TIOAB30BATHECS Ha CTAAMH IIPO-
eKTHPOBaHMS, TaK Kak K onpepeaseTcs U3 3KCIepHMeHTa.

A.T1. FOcunbiM [24] OBIAO HIPEAAOIKEHO CAEAYIOIlee BhIpake-
HIE AAS OIIPEAEAEHMS IIOTEPh AABACHUS IIPU BOCXOASAIIEM ABKIKe-
HUM TUAPOCMECH B BepPTUKAABHOU Tpyode:

JTZ(XDSV’/g_D‘VS

1+9,0625

Apr = ApO YYCM

K

, (3.39)

@z +T )

rae Ap, — TOTepH AaBA€HUS IIPU ABUJKEHUM BOABL B TpyOe; Vv, —
CKOPOCTb CBOOOAHOTO OCa’*XAE€HUS YaCTHIl, O — KOHI[EHTpAIUs
TBEPABIX YaCTUIL B JKUAKOCTH.

B cayuae oOtekanuga nipu Re > 1500 3HaueHue v, onpepeAseTcs
o popmyae

v, = 0,6639 |dliz =19 (3.40)
Y

CoraacHo opmyare Aapcu — Bericbaxa

2
Apy = Ptxld (3.41)
nngS
B pa6ote [14] KO3 DPUIHUEHT TUAPABAMYECKUX COIPOTUBAECHUN
IIpEeAAATaeTCs ONPEAECASITH KaK

03
) = 0,004843 + 0, 426321("DV—>K) . (3.42)

K

B cooTBeTcTBUM C AQHHBIMM O KPYIHOCTH TBEPABIX YacCTHI]
CpPeAHEB3BEIIeHHBIN AMaMeTP TUAPOCMECH, AAST KOTOPOM COCTaB-
AeHa Taba. 3.4, d, = 0,01518 M.

Mo dopmyaam (3.39) — (3.42) Hatipem Ap npu D = 0,150 v,
1 =156m™M v, = 107°M%c, vy, = 10*H/™M v, = 3,410*H/M3,
T.e. IIPU TeX K& MCXOAHBIX AAHHBIX, IO KOTOPBIM OBbIAA PaCCUH-
TaHa TabA. 3.4.

IMo dopmyare (3.40)

v, = 0,3969 m/c;

Re, = Xs% _ 6024,9.
V)K
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Tab6 auia 3.8

Ap, Ap, Ap, Ap,
105p1-[a Ap/Ap,cn 105p1-[a Ap/Ap ycr 105p1-[a Ap/ADyen 105p1-[a Ap/Ap ycr
1,6532 | 11,0087 1,8716 | 11,0068 1,9081 1,0021 1,9693 0,9797
1,6639 | 0,9497 1,7700 | 10,9944 1,8978 | 0,9999 2,0158 0,9771
1,7724 | 0,9836 1,8215 | 11,0025 1,8953 | 10,9949 1,8726 0,9598
1,8297 | 11,0638 1,7814 | 11,0013 1,7863 | 10,9815 1,9864 0,9728
1,8263 | 0,9824 1,8062 | 1,0257 1,9202 | 11,0067 2,0944 0,9603
1,8068 | 0,9944 1,7993 | 0,9805 1,7807 | 10,9454 2,0958 0,9574
1,6964 | 09633 1,8823 | 11,0388 1,9500 | 0,9873 2,1180 0,9566
1,7335 | 09711 1,8863 | 1,0017 1,9432 | 11,0037 2,2044 0,9720

Tak kak Re, > 1500, To mopcuyUTaHHOE 3HAuYeHHEe V, IPUHUMA-

eTcd.

CoraacHo (3.39)

Ap., =Apy(1+2,40a)

1+

0,00327a
(@r+qx

2|

I'lo BeIpaskeHuio (3.41)
Ap, = 169759 - 10°Aq>.

B cooTBetcTBUM C (3.42)

A =0,004843 +

HNMmeeM Takke
15,6:10*(1 + 2,40).

YCMI =

0,003557
q’

OueBUAHO, UTO

Ap = YC!VI] + Apr'

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

Mo dopmyram (3.43) — (3.47) ObIAM TPOBEAEHEBI pacyeThl IO
onpepereHnio Ap (taba. 3.8). B aToM TabOAulle NPUBEAEHO OTHO-
meHre Ap K Tepenapsy AABACHUS, YCTAHOBAEHHOMY JKCIEpHUMeH-
TAABHO, Ap, . 3HAUEHUS KOTOPOT'O 3aMMCTBOBAHEI U3 TaOA. 3.4.

W3 cpaBHeHUS A@HHBIX TaOA. 3.4 u 3.8 BUAHO, UTO pPe3yAbTa-
TBI, IIOAy4YeHHBle IIO0 dopmyaaM (3.26) u A.Il. FOduHa, OAU3KU
Me>KAy COOOM U He3HAUUTEABHO OTAWYAIOTCH OT AD. .. lakue ke
pe3yAbTaThl IToAy4aroTca u npu d = 0,2 M, a Takke d = 0,3 M.



ABUKEHUE T'NIPOCMECH
B TOPU30HTAJIbHON TPYBE'

Huke BBIBEAGHBI pacyeTHLIE COOTHOUIEHUS AAS  OIPEAEAEHUS
Pa3HOCTH AGBAEHUS IO KOHIIAM TPYOOIPOBOAQ, @ TAK)Ke Pacxopa
SKUAKOCTY, IIPU KOTOPOM BeAWUYMHA Ap AOCTUTAeT MUHUMYyMa.

PaHee OBIAO MOKa3aHO, YTO INPU ABI)KEHUU THAPOCMeCH B
BEPTUKAABHOM TpyOe pasHOCTh A@BA€HUU IIO0 KOHIIAaM TPYOHI Ap B
3aBUCHUMOCTH OT PACXOAd JKUAKOCTH HMeeT MUHUMYM, HaAWdue
KOTOPOTO OOBSACHIETCA "IIPOTUBOOOPCTBOM" TPABUTAIIMOHHBIX CHA
U CUA TPEHUS.

Ilpu TeueHMM rEAPOCMECHU B FOPHU30HTAABHOM TpPyOe rpaBHUTa-
IIMOHHAsI COCTaBASIIONIasl OTCYTCTBYyeT. PacCMOTpUM BONIIPOC HaAM-
Yl MUHUMYyMa B AQHHOM CAyYae.

AAS TIDOCTOTHI peIleHUs 3aAQUU AOIYCTHUM, UYTO TeueHUe THA-
pOCMecH MPOUCXOAUT IIPU AAMUHAPHOM PEe’KUMe.

Torapa o popmyram Aapcu — Beiicb6axa u CTokca
Ap = 3enlVen (4.1)

d2

AoOIlycTUM, 4TO W, OIpejpeArdeTcss Mo (opMyAe ONHIITelNHA
(3.13). Tak Kak v, = 4(qx + q,)/nd? 1O MO (4.1) MOAYUUM

128ul

Ap=—""-(15q, + ) (@ +q)°. (42)
d q
Ortcropa

Ap=—R (157 +470,+3,50,% + 43, (4.3)
Ta q

Coraacao (4.3) u ycaouto (3.23)

(497 +79,q  +3q5)q % — (1.5G3 + 4q7q , +3,50.q % + §5)2q =0,
AN
0y - 49,97 -3q; = 0. (4.4)

Arg TOro 4YTOOBI AOKa3aTh HaAWuWe MUHUMyMa Ap OTHOCH-
TEABHO (,, HalipeM

'TAaBa HammMcaHa COBMECTHO C COTPyAHUKOM MITA M.B. CTapKOBBIM.
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2
22 . (4.5)
aq2

Toraa no (4.4) u ycaosuto (4.5)

4
0 = gqr (4.6)

Takum o6paszoM, 9°Ap/dq* ABASETCS TTOAOKUTEABLHON BEAUYH-
HOM, @ CAGAOBATEABHO, AP UMeeT MUHUMYM OTHOCHUTEABHO .
Tak kak

a, = qr '
qT+q)K

TO
q 5O

q, = 3% (47)
1-ag

3HauuTt, 1o (4.4) u (4.7) MO>KeM 3alucaTh:

203 —a}-30,+1=0. (4.8)
B pesyabTaTe pacdyeToB IO YpPaBHEHUIO (4.8) moAyuuM

a, = 0,32.

Temeps mnpoBepeM aHAAOTHUHBIE WCCAEAOBAaHUS, IIOAB3YICH
dopmyaort Tomaca (3.16). 3To TeM OOAee OIpaBAAHO, YTO KOH-
IleHTpanus, IpUu KOTOPOU Ap AOCTHUraeT MHUHUMYMQ, COCTaBAdET
0,32, T.e. ay > 0,1, a dopmyra OUHIITEMHA PEKOMEHAYETCS AAL
HUCIOAB30BaHUS 1Ipu o, < 0,1.

SHAUUT, HOAB3YySACH dopmyaaMu (3.16) u (4.1), MOKXHO 3amnu-
CaThb!

16,6q1

2

Ap=128M(q>K4+qTJ1 1+2'q qr + 10v05qT2+0’00273eqT+q,K '
nd Ar+dx (. +qx)

A

Ap=128p.1

4

nd rHdx

2 16,6q
qx+3,5q,+ 100505 | 0,00273(q +q,)e Ir+ix } . 4.9

CoraacHo (4.9) matipem Ap = f(q,) mpu w = 0,05Tla-c, I=
= 300M, d = 0,1mM u g, = 0,01 M/c. TIpu 3THUX HCXOAHBIX
MAHHBIX BEIpa)keHme (4.9) mpuMeT BUA
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0,166

Ap=6 111 5499|q, +0,035+ 2901905 , 5 00273(q, +0,01)e *0ax

,01+q

(4.10)

B Taba. 4.1 mpuBeapeHBI 3HaueHUsT Ap MPU Pa3sAWUYHBIX 3Haue-
HHUSIX Pacxopa >KUAKOCTH.

W3 BeipakeHuga (4.10) caepyeT, 4To Ap AOCTHUraeT MHUHUMyMa
npu q, = 0,0327 M’/c, YTO COOTBETCTBYeT KOHIIEHTPAIUHU O, =
= 0,2372.

CoraacHo ycaoBuio (3.23) u cdopmyre (4.9) moAydaeM CAeAyiO-
Illee BBIpa’KeHUE AAS ONPEAEAeHMS pPacXopa >KMAKOCTH, TIPU KO-
TOPOM IIOTEPHU AABAEHUS AOCTUTAIOT MUHHMYMa:

2 16,6q
100505, 002736 dax |1 1664 ) _o
(T +T ) Tr+ T

1-

A

16,6.
_ 10,05¢2 »

_+0,00273e 4 0x |1 12%0x__|_q, (4.11)

Z(QT \ qm(qT
q. kqx

q ")

ITo (4.7) u (4.11) MmO>keM 3amUCaTh:

1-10,050.2 + 0,00273 €'**“0(1-16,60.,) = 0. (4.12)

+1)

PemmB TpaHCIleHAEHTHOe ypaBHeHUe (4.12), moayunM
a, = 0,2342.

Haamune MuHEMyMa Ap OTHOCUTEABHO (,, OOBSICHSAETCA B AQ@H-
HOM CAydYae TaK: C YBEAMYEHHEM PAcX0pa KUAKOCTHU IIPOUCXOAUT
yMeHBbllIeHHe BA3KOCTU CMeCH, YTO CIOCOOCTBYeT CHUXKEHUIO Ap;
C APYIO# CTOPOHBHI, MOBHIIIEHUE (, IPUBOAUT K YBEAUYEHUIO Ie-
penapa AABACHUS.

Tak Kak 3apaya pacCMaTPUBAETCS A CAy4ad, KOTAA PACXOA-

Tab auia 4.1

e MLk O R O R R O K R i
00100 | 19,248 || 00225 | 6300 || 00326 | 5923 00350 | 5943
00125 | 11,639 || 00250 | 6227 || 00327 | 5921 00375 | 5985
00150 | 8,704 00275 | 5980 || 00330 | 5925 00400 | 6,043
00175 | 7,362 00300 | 5931 00335 | 5928 00425 | 6,113
00200 | 6,675 00325 | 5923 || 00340 | 5932 00450 | 6,194
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Hasg KOHIIEHTpanus paBHA OOBEMHOM, T.e. OTCYTCTBYeT OTHOCH-
TeAbHasl CKOPOCTb YacCTHIIBI, Ilepellajp AABA€HHSI MOJKHO pacCuu-
TaTh 1Mo dopmyae (3.35), KOTOPYIO, HOAB3YSCH BBIPAKEHUEM MM
0y, MOJKHO IIPEACTaBUThH TaK:

( \
1+ 254, +10,05 ki +

_ 024143u%k 57 37 (q e + 4.4

Py
P go,75d4,75 Qo +qx LCIT +Qx<J
16,6qy 0'25{ \0,75
#000273e5tx | {1 ) (4.13)
¥ x

[To cooTtHomenuto (4.13) u ycarosuio (3.23) HaMipeM CAeAyrolllee
BEIpayKEHHE AN OLPEeAeAEHMSI pacxopa JKHAKOCTH, obecledyuBa-
IOIIero MUHUMYM IIOTePh AaBACHUS:

0,25

( \

2 1664y
175407592 1425051 10,05(—9r ) 40,00273emox | -
L q x qr+qx qu'HI)KJ
( \2 16,6qy -0
025y |y, 250 10,059} 40,00273emrox | x
qrtqx qr+qx qu"'q)KJ

( 16,6qT\( \
xL2,5+%+0,045318e%+%J & Vo dx ) 075G+ +a)

qr+qdx Yok 9x q,ZK
0,25
( \2 16,6q
xtr |14 22 410,05 —9x | +0,00273e%*ox | =0, (4.14)
Y x qq+Qx LqT+q)KJ

Viau, BBepd KOHLEHTpPALUIO O, ypaBHeHUe (4.14) mepemnwuireM
TakK:

175790 (142, 50+ 10,0502 +0,00273€!6540)9%5 _ 0,25¢1,,

)

x (1+2,50., +10,050.2 + 0,0027316620)-075 »

x (2.5+21,10t0+O,045318e‘6'6“0)](1+Y_T % | _ 075a
Yok

1-ag) (1-ag)?

x Y1 (142,501, +10,05012 + 0,00273e!6620)025 = 0, (4.15)

¥k
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ITo ypaBHeHuiO (4.15) OBIAM IIPOBEAEHBI pPACUETHI IIO OIIpEAe-
AEHUIO O IIPH Pa3AUYHBIX Y./Y, (TabA. 4.2).

W3 Taba. 4.2 Bupuo, uto mpu 1.4 = v,./y, = 3,8 umeem
0,1776 = o, < 0,1685, T.e. KOHIIeHTpallUsA O, U3MEHseTCI CAabo U
C AOCTAaTOYHOM TOYHOCTBIO MOJKHO CYUTAThH 3HAaue€HWE 0, IIOCTO-
JHHBIM, @& UMeHHO o, = 0,17.

OueBUAHO, YTO IIPU YCTAHOBUBIIEMCS ABWJKEHHU TI'HMAPOCMECH
II0 TOPHU3OHTAABHEIM TpyOaM Ap,, = Ap u BhpaxeHwme (4.13)
MO>KHO IlepenucaTh TaK:

0,24143u0%y 475)q 175 «
- 0754475

Ap
g

x (142,50, + 10,0502 + 0,00273e16620)025 (4.16)

3HaueHUs1 Ap IpU 3aAAHHBIX (., U Y., 38@MEPSIAUCH B Pe3yAb-
TaTe 3KCIIePUMMEeHTAABHBIX I/ICCAeAOBaHI/Iﬁ, KOTOpLIEe OLIAU IIpoBe-
AEHBI Ha CIIeITUAaABHOM CTEeHAE, COCTOSIIEeM W3 TOPU30HTAABHBIX
TpyO amamerpom 0,15; 0,20; 0,30 M u aambou I = 40,05 M. T'ma-
pocMech ObIAa COCTaBA€HA M3 M3BECTHSIKA C BOAOM.

O6pa3oBaHue THAPOCMECHU NIPOHUCXOAMAO B 3yMIde, Kypa BO-
ASTHBIM HacCOCOM IIOA@BAAOCH HEOOXOAMMOE KOAWYECTBO BOABI U
TBEPAOTO BemecTBa. CMech IIyABIIOHACOCOM HAIIPaBASIAACH B TPY-
Oy. Ilepenap paBAeHUS HU3MEPSIAU C TIIOMOILIBIO AUdMaHOMeETpa.
YAEABHBINT BeC CMECHU OIIPEAEASAM BECOBBIM CIIOCOOOM, pacXoA
cMecu — IIO0 3aMepeHHOMY OObeMy 3a U3BECTHHIM Ilepuop Bpe-
MeHH.

IMpu 3aMepeHHOM YAEABHOM Bece CMeCH Y., UCTUHHYIO KOH-
IIEHTPaIUI0 MOKHO HAaWTU TaK:

o, =t lx, (4.17)
Yr = Vx

Pe3yAbTaThl 9KCIIEpUMEHTAABHBEIX MCCAEAOBAHUM OOpabaTeIBa-
AU C UCIIOAB30BAHHEM MEeTOAA PA3MepPHOCTEMN.

CuuraeM, YTO TIOTEPU AABAE€HMA Ap 3aBUCAT OT CKOPOCTH
ABUJKEHUS CMECH V,,, AuaMerpa TpyO d, IAOTHOCTH P, U BA3KOC-
TH CMeCcHU U, & TaKKe AUHBI TpyOomnpoBoaa I. Torpa dusmnuec-
KOe ypaBHeHHe OyAeT UMeTh BUA

TabAauna 4.2

- a, - a, \A a, \A a,
1,4 0,1776 2,0 0,1748 2,6 0,1728 32 0,1697
1,6 0,1762 2.2 0,1740 2,8 0,1720 3,6 0,1691
1,8 0,1753 2,4 0,1732 3,0 0,1712 3,8 0,1685
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Ap = f(Veyr di Pesr Mewr 1) (4.18)

Tak Kaxk v, d U P, IBATIOTCS BeAWYMHaMM, UMEIOIIUMHU He3a-
BUCHMBIE PAa3MEpPHOCTH, TO COTAACHO R-TeopeMe MOJKHO 3allu-
caThb:

Ap  _ Heu 1 )
Veud” péx (%‘&d“pi; vé‘%d”pi&J

OnpepenrB IIOKA3aTEAU CTENIeHUW U3 PABEHCTBA Pa3MepPHOCTeN
YUCAWUTEAd M 3HAMEHATEeAd, 3alluIlleM

Ap q)(1 1

pVSM - 1kReCM ' dJ
B pesyabraTe 00pabOTKU 3KCIEPUMEHTAABHBIX HCCAEAOBAHUMN
COTAACHO (4.19) OBIAM IIOAYYEHBI CAECAYIOIIVE BBIPAKEHUS:
At TpyO aumamerpom d = 0,15 M, T.e. I/d = 267,

. (4.19)

,817_1,817 0,183

0,
Apsxcn = 181866M1 (420)
g0,817d0,183
a1 TpyO puametrpoMm d = 0,20 M, T.e. I/d = 200,25,
0,817_1,817 0,183

Ap oy = 14,150 Y Ven Hew . (4.21)

g0,817d0,183

At TpyO amamerpom d = 0,30 M, T.e. I/d = 133,5,

0,817 1,817 0,1813

AD e = 9,433M. (4.22)
g0,817d0,183
Tak kak
Veu = 4qCM '
nd?

a U., ompeaeasercs 1o (3.16), To
npud = 0,15Mm

0,817 1,817, 0,183
w

Apaxcn = 29,264% «
g081743817
x (142,50, +10,050.2 + 0,00273e!06¢0)0183, w2

mpu d = 0,20 M

0,817 1,817 0183

Apaxcn = 21,949M «

g0,817d3,817

x (1+2,50, + 10,0502 + 0,00273e!06¢0)0183; (4.24)
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npu d = 0,30 ™M

,817 1,817 0,183

0
Apsxcn = 14,632% <

g0,817d3,817
x (1+2,50, + 10,0502 + 0,00273e!6:6¢0)0183, (4.25)
B dopmyrax (4.16), (4.23) — (4.25)
YCM = Y)K(l - aO)+YTaO' (426)

INpul = 40,05mud = 0,15M no (4.16) u (4.23) umeem:
Ap = 2542,186y%7°qL7°(1 + 2, 50, + 10,0507 +
+ 0,00273e'%%0)02, (4.27)

Ap,... = 1786,486y2*q?"(1 + 2, 50,, + 10,050 +

+ 0,00273e'%040)0183, (4.28)
B Taba. 4.3 mpuBeAeHBI pPe3yAbTaTHl PacueToB IO (opMyAram
(4.27) m (4.28).
IMpu l = 40,05m u d = 0,20 m corracHo (4.16) u (4.24) mo-
>KeM 3alliCaTh!

Ap = 648,26y27°qL°(1 + 2,50, + 10,0502 + 0,0273e'°%0)%*; (429

™M qCM
Ap,. = 446,88y 22q (142,50, + 10,050, +

+0,0273€!660)0183, (4.30)

PesyapTaThl pacueToB no gopmyram (4.29) u (4.30) npuBepeHE
B TaOA. 4.4.

CornaacHo (4.16) u (4.25) npu ] = 40,05mud = 0,30 M
Ap = 94,47y 2PqL(1 + 2,50, + 10,0502 + 0,00273e'°%°0)%*;  (4.31)

CM qCM

AP yen =63,38Y g{fl?q&?”(l +2,50, +

+10,050.2 +0,00273€'%5%0) 0153 (4.32)

B Taba. 4.5 mpuBeAeHBI Pe3yAbTATHEL PACUeTOB IO (hopMyAraMm
(4.31) u (4.32)

W3 taba. 4.3 — 4.5 caepyet, uwrto npu 35000 < Re,, = 470000
u o, = 0,20 pacxo>kpeHUEe MeXAY 3HAUeHUSIMU Ap, ONpeAEAeHHBI-
Mu 1o gopmyare (4.31) U B 3KCHepUMEHTAABHBIX HCCAEAOBAHUSIX,
He mpesBobiriaeT 10 %.
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Ta6auna 43

Ap Ap
) Ap mo | Ap,., IO Ap mo Pogcy 10 | ——
Qo M/| O Reo | (427), Ta | (4.28), Ma | APoxca % Rew | (427), Tia | (428} Ma | APsxcn
0,005 005 40499 262,9 2391 1,000 010 | 36928 2696 %18 1,106
0,010 80998 884,3 8423 1,056 73857 979,2 9223 1,056
0015 121 497 1798,0 1758,9 1,022 110785 | 19809 19269 1,028
0,020 161997 2074,9 0 1,002 147714 | 32781 32499 0945
0,025 202 49 4396,0 44519 0,987 184642 | 48429 18748 0,993
0,030 242006 | 60480 62004 0975 21570 | 66629 6789,2 0945
0,035 283405 | - 79210 82047 0,965 2581409 | 87264 8487.1 0971
0,040 303004 | 100060 | 104577 0,957 205427 | 110233 | 114509 0,963
0045 364493 | 122963 | 129532 0,949 32355 | 135471 | 133990 0,955
0,050 404903 | 147860 | 156870 0943 %0284 | 162806 | 171761 0,948
060 485001 | 203430 | 218470 0,931 43141 | 224118 0937
0,070 566000 | 266430 | 289090 0921 516007 | 203514 | 316551 0927
0,005 015 33020 3189 286,1 1115 020 | 20007 3509 312,2 1.124
0010 66058 1072,8 1008,1 1,064 58195 11806 10999 1,073
0015 09 087 21812 21059 1,036 87 292 24003 22979 1,044
0,020 132116 3608, 35519 1,016 116300 | 39714 38757 1,025
0025 165145 | 53327 5327.8 1,001 145487 | 58684 5813.4 1,009
0,030 198174 | 73369 7420,1 0989 174584 | 80739 . 0,997
0,035 231203 0 08189 0979 203682 | 105742 | 107139 0,987
0,040 %4233 | 121383 | 125151 0970 22779 | 133576 | 136558 0978
0,045 207262 | 149166 | 155017 0,962 %1876 | 164151 | 169147 0970
0,050 330291 | 179372 | 187824 0,955 200074 | 197391 | 204834 0,964
0,060 306349 | 246787 | 261452 0944 349168 | 271577 | 285283 0952
0070 162407 | 32320, 34507.0 0934 107 364 0 | 377504 0,942
Tabanna 4.4
oo M/C Re, p O | APy, 1O Ap Ap mo | Ap,., 0O Ap
w % (4.31), Ma | (439, Ma | ap,.. % Rea | (431), Tla | (435 Ma | Ap, .
0,005 005 30374 67.9 60,3 1125 010 | 276% 738
0,010 60749 283 2126 1,074 55392 2484 263%57 }(1)'2;77
0015 91123 464,1 4442 1,045 089 505,1 4820 1,048
0,020 121 497 767.9 7492 1,025 110785 8358 8130 1,028
0,025 151872 11348 11238 1,010 138 481 12350 1219,4 1,013
182 246 1561,2 15652 0,997 166 177 1699, 1 . 1,000
0 212620 2044,7 2071,2 0,987 193873 | 22253 22474 0,990
0,040 242995 2582,9 26399 0,978 21560 | 28111 28645 0,981
0,045 273360 | 31741 Y 0971 249266 | 34545 35480 0974
0050 303743 3816,9 3959,8 964 276962 | 41540 1296,6 0,967
0,060 364 492 52514 5515,0 0,952 332354 | 57152 . 0,955
0,070 425241 6877.5 72978 0,042 387747 | 74849 7918,5 0945
0,005 015 24772 81,8 738 1,149 020 | 21823
0,010 49543 2852 260,0 1,097 13646 3926431 289%13 i ﬁg
0015 74315 5799 5431 1,068 65 469 650,0 606.7 1,086
0,020 09 087 9504 016,0 1,047 87 292 1090,3 1023,3 1,065
0025 123858 14177 1374,0 1,032 100115 | 16112 15350 1,050
0,030 148630 1950,5 19136 1,019 130938 | 22166 21378 1,037
0,035 173402 2554,5 2532,2 1,009 152761 20031 | . 2828 1,026
0040 198 174 32210 2215 1,000 174584 | 36673 36057 1,017
0,045 222945 3965,6 39977 0,992 196 407 45067 4466,1 1,009
0,050 27717 | 47686 18412 0,085 218220 | 54193 54084 1,002
8’% 207260 | 65608 6742,6 0973 %1875 | 74%6,0 75326 0,990
! 346804 | 85023 8922,2 0963 305521 | 97647 99676 0,980
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Tabarna 4.5

. Ap 1o Ap no Ap Ap mno Ap no Ap
. M/c Re,, n Re,, e
Geu % (4.31), Ta | (43% Ma | ap,. . % 431), Ma | (435, Ma | ap, .

0,005 005 20249 98 85 1,155 0,10 18 464 108 93 1160
0,010 40499 329 299 1,100 36928 362 327 1,110
0015 60748 66,8 62,5 1,069 35392 736 68,4 1,080
0,020 80998 110,6 1053 1,050 73857 121,8 1153 1,066
0,025 101248 1634 158,0 1,034 93221 180,0 172,9 1,040
0,030 121 498 2248 220, 1,021 110785 2476 9 1,030
0,035 141 747 294,4 291,2 1,011 129 249 343 3187 1,020
0,040 161 997 3720 3712 1,002 147713 4096 3 1.010
0,045 182247 457,1 4597 0994 166 177 5034 503,2 1,000
0,050 202497 5497 556,7 0,987 184642 605,4 6094 0,993
0,060 242995 756,2 7754 0975 221 570 8329 8487 0,981
0,070 283495 990.4 1026,1 0,965 258 498 1090,8 11231 0971
0,005 0.15 16514 118 10,1 1,162 0,20 14 548 130 11,1 1,174
0,010 33024 39 358 1,116 29097 43, 390 1,125
0,015 49543 81,0 74,7 1,084 43646 89,2 81,5 1,094

! 66058 134,1 1260 1,064 58195 1476 137,5 1,073
0,025 82572 198,2 189,0 1,048 72743 218,1 206,2 1,057
0,030 99087 2726 263,2 1,035 87 292 300,0 287.2 1,044
0,035 115601 357, 3483 1,025 101841 3929 380,1 1,034
0,040 132116 4510 444,0 1,016 116 389 496,4 484,5 1,025
0,045 148631 554,3 550,0 1,008 130938 610,0 600,1 1,016
0,050 165 145 666,5 666,0 1,001 145 487 733,5 726,7 1,009
0,060 198 174 917.0 927,6 0,989 174 584 1009,2 1012,1 0,997
0,070 231 203 1201,0 1227,4 0978 203682 13217 13392 0,987




AASl pacueTa MOTeph AABAGHMs IPH ABM)KEHWHM TMAPOCMECH IO
He3aMAEHHOM ropu3oHTaAbHOM TpyGe A.IT IO¢umHBIM [24] OBIAO

IpeAAO’KEHO BHIpAKeHNe

i, =iYec(1+ KII), (4.33)
Yo .

rae Tl =G—él (G, m G — MaccoBHI1 pacxop COOTBETCTBEHHO

TBEpPAOTO KOMIIOHEHTa ¥ BOAH); K, — KO3(pHUIIHEHT, OTIPEAEAs-

eMBIfl IO XapaKTepHUCTHKaM MOTOKa THAPOCMECH.
Opnako ¢opmyaroHd (4.33) HeAb3s TMOAB3OBATBCS HA CTaAHH
NpOEeKTHPOBAHHUA, TaK KakK K, olmpeAeAseTcs U3 IKCIepHMEHTa.



I'maPOTPAHCIIOPT
C IIOMOIII IO 9PJINDTA

B HEKOTOpPBIX CAyYasgx TMAPOTPAHCIOPT TMAPOCMECEN IIeAeCcO00-
Pa3HO OCYIIeCTBAATH 3pAudTOM. C 3TOM IJeABIO IO BO3AYXOIIPO-
BOAY B CMECUTEAb IIOAQEeTCS CXKATBIM BO3AYX, KOTOPBIM Aadnee,
CMEIIaBIINCE C TUAPOCMECHIO, IIOCTyNaeT B IOABLEMHBIE TPYOHI.
TpelbyeTcs onpepAeAnTh AABAeHHe y OallIMaka IIOABEMHEBIX TPyO B
3aBUCUMOCTH OT PacXopd >KMAKOCTH, TBEPAOM (has3bl M BO3AYXaA.

3apadqy OyAeM pellaTrb AAS CAy4Yasd, KOTAQ PAa3HOCTh MEKAY
CPEAHMMM CKOPOCTSIMHU JKUAKOCTH U TBEPAOM (ha3bl paBHa HYAIO.

WN3BecTHO, UTO AAST PellleHUus 3aAau¥ MO ABWXXKEHWIO a’pupo-
BaAHHOMN >XMAKOCTU IIOAB3YIOTCSI OOBEMHOM KOHIleHTpalyel rasa B
CMecCH ra3 — >KMAKOCTD

V,

I

V. + V'

(p:

rae V, — o0GbeM KUAKOCTH; V, — oOBbeM rasza Nnpu AQHHOM AAB-
ACHUU.

CoraacHo A.A. Apmanpy, C.I'. TeaereToBy U Ap., 0OOBeMHOe
ra3oCcopepsKaHue IIPU ABU)KEHUU BOAOBO3AYIIHONM CMeCH B BEpPTH-
KaABHBIX TPyOaxX ONpPeAeAdeTCs Tak:

npu 3HaueHuu napamerpa Opyaa Fr > 3,72

¢ = 0,81p. 5.1
3Aech
2
Fr=—'x__. (5.2)
gd(1-p)>

B — PpacxXxopHOe razocopepxaHue:

Pt (5.3)

TA€ G, U G, — Pacxop >KUAKOCTU M ra3a IPU AQHHOM AABAEHUU.
[Mpu “30TEepMUYECKOM PACITUPEHUHN UAEAABHOIO rasa

q.=q.2, (5.4)
p
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rpe p, — arMocdepHOe AABAEHHUE; P — AABAEHHE B AQHHOM ceue-
HUM; ¢, — PAaCXop rasa Ipu HOPMAABHBIX YCAOBUSIX.
Takum obpasoMm, 1o (5.1), (5.3) u (5.4) moryuum

_ _081gp, (5.5)
qapa + q)Kp

IMpu Fr < 3,72 pacueTsl IO ONPEAEAeHUI0 UCTUHHOM KOHIeHT-
paIumy IPOBOAITCS TaK:

__2NFr g 56
1+2.2/Fr (56)

Ecau cuuTaTh, 94TO CKOPOCTH CMECHU JKUAKOCTH U TBEpPAOU da-
3Bl COCTaBAsIeT V., = 3 M/C, TO, IPUHSAB V., = V,, U IIpu d =
= 0,15 M noAayuum

Fr., = 6,12.

3HAUUT, B paccMaTpUBaeMoOM 3apade OOBEMHYIO (MCTUHHYIO)
KOHIIeHTpauio 6yAeM HaXOAUTH 0 popMyae (5.9).

Takum obpazoMm, AuddepeHIIUaAbHO MaAoe 3HadeHUue TpaBU-
TAIIUOHHOW COCTABALIOIIEN IIPU ABMJKEHHU BOAOBO3AYIIHOM CMe-
CH MOJKHO OIIPEAEAUTH M3 BBIPA*KEeHUS

dps = [1x(1 — @) + y.9]dx, (5.7)

TAE Yx U Y, — YAEABHBIN BeC COOTBETCTBEHHO >KUAKOCTU M Ta3a
IIpr AAGHHOM AdBAE€HUWU.

Tak Kak BTOpoe cAaraeMoe B KBAAPATHBIX CKOOKax HaMHOI'O
MeHbIlIe IIepBoro, To C BBLICOKOM TOYHOCTBIO MMeeM:

dps = vx(1 — @)dx. (5.8)
Toraa mo (5.5) u (5.8)
dpg = Yy 22aPa * 9P gy (5.9)

qapa + q)Kp

O4YeBUAHO, UTO AAS OIPEAEAEHUST IPABUTAIIMOHHOMN COCTaBASIO-
el ra3upoBaHHOU THAPOCMECHU HeOOXOAUMO 3aMeHUTL B (5.9)
Y = Yem (Yeu — VAEABHBIM Bec ruppocmecu). Torpa mo (3.8) u
(5.9) Mmo>keM 3amUCaTh:

_ Yuxdx tYrdr Ollgqapa +dxP dx. (510)
qr +qx qaPa +dxP

dpg

M3BecTHO, YTO IOTEPM AABACHUS Ha TpPEeHUE IIPU ABVIKEHUU
BOAOBO3AYIIHOM CMeCH Ha AUQP(PEpeHIIMarbHO MAaAOM  Y4YaCTKe
MUHOM dx B BepTuKaabHOM TpyOe npu B < 0,9 ompeaeastorcs [1,
2] o dopmyare
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1
dp., =dp.,o mv (5.11)
rae dp,,o — IOTepU AABACHMsI HA TpeHue Ha AUQ@epeHIInarbHO
MaAOM y4YacTKe dXx IIPU ABUJKEHUM OAHOPOAHOMW >KUAKOCTH.
CoraacHo popmyram Aapcu — BelicOaxa u Baasuyca

0,241434u9%5y %754 175
gO, 75d4,75

dp

dx. (5.12)

™m0 =

3Hauut, 1o (5.5), (5.11) u (5.12)

1,53
dp,. = 0241434y 37q 7 [ qupa +auP ) gy
) :
P g075q47 0,199 ,P5 + G P

(5.13)

AAST TOTO, YTOOBI MCIIOAB30BaTh MOPMYAY (5.13) B caydae ABU-

JKeHHUsI a3PUPOBAHHON TUAPOCMecH, TmoAoxuM q.”° = (q, +q,)"",

a TaKKe W = Ugy Y = Yeur LOTAQ, IOAB3YSACH BEIP&SKEHUSIMU
(3.8), (3.16), zanureM:

0,25
2 16,6q

0,25
dp,, = Q2T 1y 250 410,05 91} 4 0,00273e% x| x
g0'75d4'75 qr +dx qu + q)KJ
( \0,75 ( \153
x [ L@ * V) (g 4o 175 _GaPa *IxP \ gy (5.14)

Tx + 4y J L0v19qapa +qxD

OueBHAHO, UYTO ypaBHEHME PaBHOBECHUS A AUdepeHIIHarbHO
ManAoro o6beMa, OrPaHWYeHHOI'O AMaMeTpoM TpPyO U AAUHOM dX,
3aNIUIIEM B CAEAYIOIIEM BUAE!

dp = dpg + dp,,.

3HaumT, 1o (5.10) u (5.14) MoKeM coCTaBUTh AUPPepeHITHaND-
HOe ypaBHEHUe

dp = Y)Kq)K + YTqT Ovlgqapa +q)Kp + 0' 241434“&25 1+ 2'SqT +
T + G QaPa + qxP g%7%a*™ qr +qx
( \? toon | \07
+
+ 10'05L 9 } + 0,00273e9r+9x Yox@ox + ¥V rGr (G +q,)"7"° x
qT + q)K q)K + qT

1,53
« [ GaPa*tauxP )| gy
019qapa +qxP
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ChAep0OBaTEABLHO, PA3AEAUB IIepEeMEeHHbIe, TTOAYUYUM:

DPoam

d
Y)K]= f p 1v53v (515)
Pa 0199aPa+qxP , [ daPa+dxP )
QaPa +qxP 019q 4Py +q P
g+,
I"Ae a=—’Y7K;
T +qr
2 16,6 025
0,25 LK
p=OAMBAGT 1y 250 4005 9} 4 00027390 | x
y9BG0TGATS | g+ q LqT+qu
0,75
( Vr '

xkqm+ qT) (qx+q.)

K

Breipakenue (5.15) nepenuiieM Tak:

Poam ( + ]d
Y)K]=l f 9aPa +qxP)AP . (516)
a 2,53
bl qaPa+qxP )
a L 0199 .pa +q <P

P (019 ,p, +qxD)| 1+

/Aerko yCTaHOBUTH, UTO

2,53
b _gaPa +qxP )

<<1.
al\019,p, +q,Kp)

Torpa ¢ AOCTaTOYHOU TOYHOCTBIO MOXKHO 3aMeHUTH (5.16) cae-
AYIOILIIVM BBIPAsKEHUEM:

353

Poar d Poar d Pﬁam( 1+M \
Y)K]=§ f p +GQ>K f pap _bf 9abPa dp.(5.17)

by 0194 IxP daPa & 19, TxP o |19, DxP

9aPa qaPa 9aPa

AAS TOrO 4TOOBI PACKPBITH TPETHUM HMHTErpaA IIPaBOM 4YacTHU
BEIpa)KeHHUd (5.17), Ipou3BepeM 3aMeHy:

14+ IxP
§= 9aPa

0,19+ IxP.
qaPa
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Toraa

019E-1
po 0191
Ix_(1-g)
qaPa

OTciopa

0,81q,,p,
dp = —%d&.
qx(1-8)
Torpa

353
[, axP )
_ b 9aPa dp=0v81bqapafg3'53dg
019+ IxP I (1-8)2

9aPa

IIpousBepeM ellle OAHY 3aMeHY:

=y
Toraa
E3,53 ~ y7.
d§ = 2ydy.
CAepOBaTEALHO,
353
[, 9xP )
_b qaPa dp=1v62bqapaf y'dy
0194 9P I (1-y??
9 aPa
Tak kak
8 2
— vy 42y?+3+ y_ 3
1-2y%+y* 1-y*? (1-y??
TO
353
[ gxp )
Poam| 1+ 2
- b f 9aPa dp=1v61anpaf y4+2y2+3+ A
v | 0194+ IxP Tx (1-y?)?
qaPa
5
_ 3 dY=1,62bqapa y_+gy3+3y+ 4 lny+1_ 3y
(1-y?? Tx 5 3 1-y?  y=1 2-y?
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+ _1 y+1
2 y—l

AU, IIepeXoAsda OT Y K E, IIOAYYUM:

3,53

IxP ) 5 s
Poamm 1+ ="~ Y Y { 3 3\
qaP 162bq 4Py | Edam ~52 5 5
_ bf aPa dp= aPa 6am5 a +%L§623m_EaZJ+
b | 019+ qxP 9
GaPa

(\/Eﬁam—s‘ a)+ Vgﬁaml S 6am "'1_«/"% 1n«/§+1_ 3\/% N
foan Vo=l 1-8 -1 21-Eouw)

ECRPN et

W-E) 2 (fEgu -1J[\E, +1)

ChaepoBaTeAbHO, TIO (5.17)

9 xP6am +019 {

1 9aPa ln 9aPa +l pﬁam_pa_ovlgqapa X
a gx q)K+019 a 9

Vol =

q)xpﬁam +0, 19\

5
9aPa 162bqapa 1 Eg Eaa
arn

x1ln

q’*<+o19

3(\/% _N““g) * 1@ In VE&“" i \/g In V/Ea +1 — 1'5\/26am +

1_Ea V‘“‘g—l 1-Egam

_E6am \§6am -

1508 1y (\"‘%”Wg”)

T e )

TakuMm obpazoM, HIpU 3aAAHHBIX ., v Ga Par L d, Wy T Yy
o ypaBHeHHUIO (5.18) MOJKHO ONPEAEAUTDH Dg,u T.€. AABAEHHE Y
HUDKHETro TOpIla KOAOHHEI TPyO; OYeBUAHO, UTO pacyeThl IO OII-
PEAEAEHUIO Dg,,; BEIIIOAHSAIOTCI METOAOM IIOCAEAOBATEABHBIX ITPU-

OAM>KEeHUH.

(5.18)
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Anst yAOOCTBa IIPOBEAEHUSI PACUYETOB IIPEACTABUM ypaBHEHUE
(5.18) B "Oe3pazMepHOM" BHAE:

D Poam 19

Yl _ 1 9a 1y 9aPa + 1 x
Po gl g} Tx Tx 010 14t 1)
LY)K 9a LY)K J

9 5xP6am +0 19\

D 0,19 038870874 q, (., © V'
X ﬁam_l_ 199 5 ln 9aPa 4 x_da 1+ 0o Yr X
Pa qx 9x +019 qx L l—CLO Y)KJ

qa

N

x (1+2, 50 + 10,0502 + 0,00273e166:0)025 EL gam-ggJ +

[ 3 3) i [ ]
+z Eﬁzam_gaZ +3(\§ﬁam _\“‘Ea\ + Eﬁam an‘EGam +1_ \/g X
3 \ ) ~ S6am J“E -1 1_Ea
¥ S6am
e [Eoam +1)| Ea ~1
xln¥=a 1 _1Eou 15y +lln(\ ° )(r ) (5.19)

G-l oG -8 2 ((Egu -1ye, +1)|

1/7
FAe q)K = e |
1/% _3/7419/7%
Yx'gd

1+q7>xp6am
q P .
‘gﬁam:#,
0,19 + Ix Poam
da Pa
1+ Ix
q
Ea = E—,
019+ Ix
qa

PacueTsl 1o ypaBHeHHO (5.19) MOJKHO NPOBOAUTH TaK: IIPU

MIPUHSATHIX ba = dx O, 3apaeMCsi Pa3AUUYHBIMU  Dgo/P. U
qx Y x
oIpeAeAseM 3HaueHUe v,I1/p..
BrimoAHUM pacueTwl IpHU Y./Y, = 2,6, a, = 0,1, 9da = 20,
q x
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= 0,13 ¥ Pa3AWMYHBIX Pg./Ps- [IpU TPUHSATHIX MCXOAHBIX

Tx =
MAHHBIX ypaBHeHHe (5.19) npuHUMaeT BUA
; %pﬁ&ww (
Yxl _17,2414In= P2 40,8621 Loam _ 1
Pa 024 k Pa
5/2
210 p63m+0'19\ ( 1+%p6am \
- 38In—Pa__ 141028607 1| —=Pa_| _400355|+
' 019+ L Poom
0 pa
3/2
( 1+%p5ﬂ ) 1+%p5£
+ 2P Pa | _915097|+3 |— = Pa__ _209165| —
0,19+ L Poam \“0'19+ipﬁﬂ
20 p, Pa
1+%p5ﬂ
Pa 1
1+2i0 Psam 0’19_‘_%0 Psam 0'19+% Psam
Pa Pa_in-. Po 02844+
\\0,19+ip<ﬂ 081 14 L Poam
20 pa 20 py
\
‘0'19+ipﬁiaﬂl
20 pa
—
“ ipﬁam
+ 1,8518“#(0,19+2—10@)+.
“ 019+ — Poam Pa
20 p,
—
( | 1+ip6am \
2
0,3531 0 Pa 4
\J 0,19+i0L Gam
p
+1in < . (5.20)
2 1+ 1 Psam
20 pa 1
\‘0'19_'_ 1 Psam
Pa
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PesyabpTaTel pacyeToB IO BEIpaKeHUIO (5.20) IpuUBepAeHBI B
TabA. S5.1.

Teneprs HalipeM AQBA€HUE HarHETAHUS.

Ilepenap paBreHus dp Ha AU dEepeHIUAABHO MAaAOM Y4YaCTKe
dx onpepeAsieTcs Kak

dp = y.dx, (5.21)

TA€ Y, — YAEABHBIM BecC ra3a Ipu AAHHOM AABA€HUH.
IMpu M3oTepMHUUeCcKOM paclIiMpeHUn UAeaAbHOTO ra3a

p
Yr=Ya—: (522)
a
TAe Y, — YAeJ\LHBII‘;I BeC r'a3a IIpu HOPMAABHBIX YCAOBUSIX; D U
P. — COOTBETCTBEHHO AdBA€HHME B AAHHOM CeUYeHMHM KU aTMOC-

depHOE AaBAEHUE.
3HauuTt, 0o (5.21) u (5.22) umeem

In-Pe_ Y—“I.
P6am DPa

Ortcropa

Yal

pH = pﬁame Fa ! (523)

IAe p, — AdBAeHUe HarHeTaHUs.

Belpaskenue (5.23) u3BecTHO Kak popMyaa Aamnraca. PearbHble
rassl B OTAMYME OT HAEAABHBIX IIOAUMHSIOTCS YPaBHEHUIO
COCTOSHUS

P - zRT, (5.24)
Yr
raAe Zz — KOB(beI/ILH/IeHT COKUMAEeMOCTH TIa3d; OIllpeAendeTcd B
pe3yAbTaTe JSKCIEePUMEHTAABHBIX I/ICCAeAOBaHI/IfI M 3aBUCUT OT
TeMHepaTprI U AABACHUA.

Ecan IIPpUHATL, YTO Z — BeAWYMHA IIOCTOdHHAA U OIIpepe-
AdeTCd IIPpU CpeAHMX 3HAUYeHUdgX p U T, TO YypaBHeHUe arnhaca
MOJXHO 3aIlHCaTh TakK:

Tab auia 5.1
Poaw Y )KI Poaw Y )K] Poaw Y )KI Poaw Y )KI
Pa Pa Pa Pa Pa Pa Pa Pa
10 19,430 35 53,832 60 80,736 85 105,161
15 27,679 40 59,529 65 85,762 90 109,870
20 34,967 45 65,038 70 90,708 95 114,622
25 41,558 50 70,392 75 95,584 100 119,161
30 47,894 55 75,617 80 100,400 105 123,758
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YalTa

Py = Doan® ", (5.25)

TA€ Z,, — 3HaYeHWe 7z, HAUACHHOE TPU CPEAHEM AABACHHW D U
Temiieparype T,.
INpeacTraBuM BhIpaskeHue (5.23) B BUAE

YaYx!

pn = pﬁame Toba . (526)

EcAu npuHATD, 4TO Ya =0,001, To

Yk
0,001 12L

p_H = Poam e Pa | (5.27)
Pa Pa

IMpu pasAMYHBIX Poam COOTBETCTBYIOIINX M, B3SATBIX WU3

Pa Pa

TabA. 5.1, mo opmyare (5.27) OBIAUM TPOBEAEHBI PACUeTHl AAG

onpeAeAeHuUs Pu (Taba. 5.2).

a

[MpoBepuM NpPU TPUHATHIX G, U (, OYAET AU BBIHOCUTHCS
TBepAdd 4aCTulia.

CoraacHo IIPUHATBIM HNCXOAHBIM AAQHHBIM, A TakKXe Y, =
= 10" H/M u, = 1073 Tla'c,d = 0,15m u g, = 0,13 umeem:
3 19
7d7q, _ 3727626607 - 0,0058033- 0,13

B 0,3727595

1
_Yxg’d - 0,02 M%/c.

qx 1

wi

3HAUYUT, CPEAHSIST CKOPOCTh JKMAKOCTHU Y HUJKHEro TOpIia
KOAOHHEIL

M

Ve = — ,
nd“(1- )

Tab auia 5.2

Péam Pu Péam Pu Péam Pu Péam Pu
Pa Pa Pa Pa Pa Pa Pa Pa
10 10,196 35 36,936 60 65,045 85 94,42
15 16,765 40 42,453 65 70,820 90 100,45
20 20,711 45 48,024 70 76,646 95 106,54
25 26,061 50 53,646 75 82,523 100 112,66
30 31,472 55 59,320 80 88,449 105 116,62
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A
49 x

V)K = 2— .
nd?(1-0,81p)

B cootBerctBUM C (5.3) u (5.4)
da Pa
- 95x Poam

Y9a _Pa_
95x Poam

+1

IMpy HaMIMX UCXOAHBIX AAHHBIX

20
_ 80 .
b 20 '
—+1
80
B = 02
CAepOBaTEALHO,
4-0,02
Vye=—""—;
70,152 - 0,838
v, = 1,35 m/c.

K

CoraacHo opmyae (2.8) pu Re > 1500 ckopocTs CBOOOAHO-
TO TTAAeHUST YaCTUITBI

v, = 0,66395 42 =V)g (5.28)
‘ Y
Ipu y, = 2,6:10* H/M* uy = 10* H/M®
v, = 2,63045 \/d,. (5.29)

B TabA. 5.3 nmpuBepeHBI 3HAUEHUS V, IPU PA3ANYHBIX d,.
B Taba. 5.3 mpuBOAUTCA Tak’Ke napaMeTp PeiliHoabaca, olpe-
AEASIeMBIU 110 POPMYAe

Re = Ysdr |
v

Tab6 auia 5.3

d, m v, M/c Re d, m v, M/c Re

0,010 0,2630 2630 0,028 0,4402 12 326
0,013 0,2999 3898 0,031 0,4631 14 356
0,016 0,3327 5323 0,034 0,4850 16 450
0,019 0,3626 6 889 0,037 0,5060 18 722
0,022 0,3902 8584 0,040 0,5261 21044
0,025 0,4159 10 397 0,043 0,5455 23 456
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Tak kak Re > 1500, TO NOAyYeHHBIe 3HAYeHUSA V, MOJKHO
NPUHATE. 13 cCpaBHeHUS 3HAUYEHUU V,, IIPUBEACHHBIX B TaOA. 5.3,
U V, BUAHO, UYTO BO BCEX CAyYasIX V, > V,, T.e. BHIHOC YaCTHIIBI
OypaeT oOecliedeH AaskKe y OalllMaka (HM)KHEro Toplia); B CeUueHUsSX
C MEeHBIIMMHU p HMeeM OoOAee BBICOKOE Ta30COAEp’KaHUe, a
3HAUUT, U OTHOCUTEABHO OOABIINE V.

B cayuae, ecam paBAeHWE Yy BepXHEro TOpIla BepPTUKAABHOU
KOAOHHBI D, HE PAaBHO aTMOC(EpPHOMY p,, MO aHaroruu ¢ (5.19)
IIOAYYUM

qlpiﬁ_,,ovlg
Vol _ 0,81 9a 1p.9a Pa + Pgam ~ Py N
Po prag Lot T Tx Py gig fyg (e )
¥ x qa Pa kvx J

0,75
+ 0,38875;75£(1 +°‘_0Y_T) (142,50 +10,0503 +

K 1_0'0 Y x

5 5)

( (2 3
+ 0,00273¢'°%0) - %L‘éém - E%J + %L%M - %%J +3(E o Jg) *

—

VEouw +1  4E gy 41, 15,8
+ \Eﬁam ln Eﬁam _ Ry ln\‘ y _ gﬁam + \RY +

1-Esam \/Eﬁam -1 I_Ey \““Ey -1 1 - Egam I_Ey

1, (e e )
2

— 1

(o 1

(5.30)

14 3= Py

I‘Ae Ey = qa pa

()'194,(17%[37Y
9a Pa

BrIlllenpuBeAeHHBIE COOTHOIIEHUSI IMPUMEHUMBI, KOTAA IIO
Bcel pamHe audTa f < 0,9.

AaBAreHUE p', paspeasiolllee BeCh IMOTOK Ha ABe YacTU —
AmHOM 1), Tae B = 0,9, u pauHOU L, TAe B > 0,9, — onpeaeasieTcst
13 BBEIPa’XeHUs AN f ipu ycaoBuu f = 0,9, T.e.

q, P
N Y

D
o~ +qx
p
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Ortcropa

N (5.31)
I 9
rae p' — AaBAeHme B ceueHud, rae f = 0,9.
B pabore [9] OBIAO YCTAHOBAEHO, UYTO  MCTHUHHOE
rasocopepykaaue npu f > 0,9 MoxeT OLITH HaWAEHO TaK:
o = 2,503 — 1,503. (5.32)

I[ToTrepu paBAeHUS Ha TpeHUe Ha AUPEPepeHIMarbHO MaAOM
y4acTKe AAHWHOM dx coraacHo [9]

1

dp,, = dp, , (5.33)
P g

rae dp,,0 — TUOTepU AABAGHUsS HA TpeHWe IIpH ABIKEHUH

OAHOPOAHOH JKUAKOCTH.

Torpa no popmyram Aapcu — Belicbaxa, baasuyca u (5.32)
0,241434u %%y % 75¢ L7
g%7a*™(2,503 - 2,503p)2

uAm 1o (5.32) u (5.34)

dp., = dx, (5.34)

2
do.. < 02414345° 07037 (q,p+ qupa) gy (5.35)
™ g0,75d4.75 k 2,503q . p . .

CocTaBUB ypaBHEHME AMHAMUYECKOTO PaBHOBECUSI  AAS
AU depeHITnarbHO MaAOro y4acTKa dX W HCHOAB30BaB (5.32) m
(5.35), moayuum:

2
dp=2,5031 (1 P » D20 (0,0, 0.0 g
' x g075q47 2,503¢ D

ViAn, mopcTaBUB BHIpasKeHUE AAS 3, MOJKeM 3aluCaTh:

2
dp = | 2503t xxp | 024143407 30 (@D + daPa) | gy
qaPa +dxP g0'75d4‘75 2 ‘SOBq)Kp

Ortcropa
”
voulp= dp - (5.36)
by 2503q,p 0241434057 195( quD+qaPa )
qaPa+TxP  g07q475y 025 " | 2503¢,p

3peck I, — AAMHA ydacTKa TPyO, Ha KOTOPOM PAaCXOAHOE
razocopepskanue B > 0,9.
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BripakeHue (5.30) IpeACTaBUM TakK:
,Y ]2 =j‘ (qapa +q)Kp)dp (537)

3
[ qxP+qaPa )
2,503q p

7Y 2,503q . p|1+A

x_Ix

0,75 34,75,,0,25
gAY

Tak Kak

0,25 1,75
rae A = 0,241434u

3
Al P+ qaPa)
2,503 ,.p

TO (5.37) mepenuileM Tak:

<<,

I

I = qapa+q>Kp 1
Y)K 2 f 2 503q);<p

3
A[ 9aPa+ axP)

~ 2503, ) ap.

Py

A

' P 4
daPa_1nP yp'-p,-A (QaPa+dxP)

dp. (5.38)
2503q, Py 5 2,503¢ D

Y)K12=

3aMeHUM

= qapa +q)Kp

Y 503,

A

p= 9aPa 1
qx 2503y, -1
Ortcropa

_ 2503q,p, dy;
Tx (2503, -1)2

dp =

3HAYUT,

4
_ j(qapuq;xp\ _ 2503q,p, f yidys
(

5 dp =
19039 5 p qx 2,503y, -1)

IIpoBepeM ellle OAHY 3aMeHYy:
2,503y, — 1 = V.
Toraa
7



14V dv

Y= o503 T o508
CAepOBaTEABHO,

2503 4P, f yidy,  _  4.pa f(1+VJ4dV
I (2,503y; -1)* (2,503)4% v?

B pesyabTaTe HMHTErpUpOBaHUS W NPOBEACHUA OOpPATHBIX 3a-
MEeH IIOAYYUM

4 3 3
_Af/qapa"'q)xp\ d = qapaA _2 (q)Kp\ _(q,pr\ +41np_y+6x
4 ;
2.503q P (2'503) T qapa) anpaJ p
o [ QaPat@up’ _TaPatTxby)
L qxp' q xPy
2 2 3 3
12 9.P, _( 9aPa ) +1 (gaPa) _( 9aPa ) ) (5.39)
q,p kqmpy) 3\ axp' LqmpyJ

CAepOBaTeABHO, IO BEIpayKeHuaM (5.38) u (5.39)

Yulz _Ga 10 PPy 00061519 M TR
r
Pa 25039, Py Pa Pa T gO75q475y 025
3 3
X _2{q>xp,\ _(qmpy\ +41np_y+6(qapa+q>xp,_qapa+q>KpY\+
anpaJ anpaJ p' L gD’ qxPy
2 2 3 3
+2 (qa_Pa’\ awpa ) |, 1 (qapa'\ _lawpa) || (5.40)
kqmp} Lq,prJ 3 kqmp} LqmpyJ

AAS TOTO 4TOOBI MCIIOAB30BaTh (hopmyay (5.40) B caydae THA-
pOTpaHCIoOpTa TMAPOCMecH, HeOOXOAUMO 3aMEHUTH Y, YAEABHBIM
BECOM CMeCH KHUAKOCTU U TBEPAOU (ha3bl, OIIPEAEAsIeMOU COIAAC-
HO (3.7), BA3KOCTb JKUAKOCTHU W, — BSI3KOCTBIO CMECU B COOTBET-
crBuu ¢ opmynoit Tomaca (3.16), a Takke gL = (g, + q,)'"°.

K

3HaumT, 1o (5.40), (3.7) u (3.16) MoKeM 3amnucaTh:

Vaulo 1 [ Qa qpp P _Py), 0006151q,G;"
2,503,
Pa 1_a0{1_vT) Tx Py Pa Pa qx((l—ao‘*'hao)
¥k ¥k
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175

( (lo\

. (1+2,5a0+10,05a3+0,00273e16'600)°'25x
o
% 1-2 qup'\a_(qmpy\B +41np_y+6/qapa+qxp’_q51pa +q)pr\+
anpaJ kqapaJ p' L qxP’ qxDy
2 (qapa\Q_(qrapa\2 L1 /M\s_{qapa\s
kq,Kp’} Lq,pr 3\ axp' LqmpyJ

(5.41)

O4eBUAHO, UYTO OOIIYIO AAUHY AUMTA MOKHO IIPEACTAaBUTH KakK
1 =1 + L. (5.42)

Torpa, moaarasg, uyro I, omnpeaeaserca 1o  (5.30),

cooTBercTBUH C (5.41) u (5.42) mpu ycroeuu p, = p' u §, = §

IIOAYYUM:
Vol _ 1 [ q, n2- p Py N 0,006151g,,g %7 N
P (v, ) L2.503q Py Pa P ( \
N 1+a0k T—l} 7 Y a a q’K1+a0LYT_1J
Y x Y x
1,75
o !

1+ ) (142,50 + 10,0503 + 0,00273e0%0) "™

-0

oo [(@xp\" _(@xPy) | L g1 Py, ol GaPe + @up _ GaPa *dxPy) |
anpaJ kqapaJ p' L qxp' q Py
2 2 3 3
+2 /qapa’ _(qapa\ +l /qapa’\ _{qapa\ + 0v81 X
kqmpJ LQprJ 3 kqmp LqmpyJ 1 /YT \
+ag -1
Wvu )
Ix Poam , 19 ,
x dap da_Pa + Pﬁaw{"’ +0,3887g 1 da x
q dx P q
x o Ix B 4019 Yr x
d Pa|l+a -1
9a Pa OLYK J
( \0,75 025
x (1420 Yr (142,50 + 10,0503 +0,00273e'%%0) " x
L 1—0‘0 Y?KJ
[ s 5\ [ 3 3) o /
1 ) 2 ) =1 JE arn
x ELEGQam_EZJ+§L§62aLu_§2J+3( §6am_\f§)+1\‘_gﬁx
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lnﬂlgﬁamn f Ng 1 15E ga 15f

%6&11_[ -1 1- E, ’E -1 1- Eﬁam 1- E,

N
+11n(\‘ o 151 , (5.43)
2 i\r‘“gﬁam -1 §,+1
14 Dx P°
rae £ = da Pa, i
019+ Ix P
da Pa

PacueTnl mOKazaamM, 4YTO BTOPBIM CAAraeMbIM IIPaBOM dYacTH
BBIpa@KeHUs (5.43) MOKHO IIpeHeOpedb BBUAY €r0 OTHOCHUTEABHOM
MaAOCTH. TOoraa MoAydYaeM CAeAyIolllee pacueTHOe COOTHOIIeHUE:

( ' ' \
Y’K1= (1 \Lz\g((z)a ]np_+L_p_Y +%q_‘ix
Pa 1+(10LYT _1} ' 3q)1< py Pa Pa 1+0~0LYT _1 qx
Yk

95« Posam

=222+ 019
xInda_Pa + Poam ~ P +0,3887g L7592 x

q ' q

AL_,_OJQ Pa 1+a0/YT \ ES

9a Pa kY)K J

( o y \0,75 025
xL1+—°—T <1+2,5(x0+10,050L§+0,00273616'6"0> x

1_OLO Y x

[ 5

étaéam—E’J Lam §/2J+3/1/§m & +1V26am x
~ S6am

X

Vo t1 8 VE AL 15\Eqaw | 15(E

Eﬁam -1 1_§' Vﬁ?_l 1_26311_1 1_§,

x1n

[ i -
e e )
IMpoBepeM pacdeTel 1o (5.44) M CpaBHUM IIOAy4YaeMble IIpU

9TOM pe3yAbTaThl C AQHHBIMU, NIPUBEAeHHBIMU B Taba. 5.1. Pac-
YeThl BBITOAHUM TPHU Y./, = 2.6, o, = 0,1, q./q, = 20, ¢ =

(5.44)

+=In

1
2
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TabAuia 5.4

Poam Y )KI Poam Y )KI Poam Y )KI Poam Y )KI
Pa Pa Pa Pa Pa Pa Pa Pa
10 15,539 35 48,566 60 75,955 85 101,034
15 22,370 40 54,345 65 81,094 90 105,996
20 29,587 45 59,944 70 86,154 95 110,585
25 36,268 50 65,398 75 91,085 100 115,334
30 42,562 55 70,728 80 96,081 105 120,046

0,13 u p, = p, Corracuo dopmyare (5.31) p—=20=2,22;

nMeeM TaKXKe

2,222
1+

g'=——20 __36900.
0,19 + —2'222
20

Torpa ypaBHeHUe (5.44) MOKHO NepenucaThb B BUAE

p6a1_u

—42 +38 ( \
¥xl _6 5539+13,96551n—Pa 4L Poaw 999 4
Pa 60222 116| p, ]

N A e \
+ 0,28607 EL%M - 26,15J + EF‘%“H -7, 038J +3( o ~1,9209) +

e e e 0,31528(y/Egau +1
oo 3Sen L 94686 - LS 1y, o 1] (5.45)

1_Eﬁam \f%ﬁam - ~ S6am 2 \e““gﬁam -1

B Taba. 5.4 puBeAeHBl Pe3yABTATHl PACYeTOB IIO BBIPA’KEHUIO
(5.45) pm Pa3AMYHBIX Dgum/ Pa-

W3 cpaBHeHHMS AQHHBIX, IIPUBEAEHHBIX B TabA. 5.1 um 5.4,
BHAHO, 4YTO NPH 3HAUUTEABHBIX AABACHHMAX y HIDKHETO TopIa
KOAOHHBL Dg,; PACXOKAEHUE MEKAY Yxl/D, SBASIETCS He3Hauu-
TEABHBIM.



5.1. TATHOMUHAMHUKA JPJIN®TA
C YYETOM PACTBOPHUMOCTHY BO3IYXA
(TA3A) B JKUIKOCTH

CnocobHOCTL Ta3a PacTBOPSATBCS B JKUAKOCTU OIIPEAEASEeTCS KO-
3(pHUIMEHTOM PACTBOPUMOCTUA Q, IPEACTABASIOIIUM COOOM OT-
HOIlleHe 00beMa PaCTBOPEHHOTO rasa, IPUXOASIIIErocs Ha AaB-
reHue 0,1 MITa Kk o6beMy >kupKOCTH. CAEAOBATEABHO, KOAMYECT-
BO PaCTBOPEHHOTO Ta3a COCTaBASIET

Qpg,.

O603HaUYMM OTHOIIIEHNE PAacXoAd BO3AyXa MpPU HOPMAABHBIX
YCAOBHUSX @, K PACXOAY JKUAKOCTH @, depe3 I, T.e.

r=da

I

SHQUUT, €CAU ra3 He PACTBOPSIETCS B JKUAKOCTH, TO PACXOA
rasa q,l'.

TakuM 00pa3zoM, pacxop HAECAABHOIO Trasa, NPUHUMAIOIIETo
y4JacTHe B ABWJKEHUU NIPU HM30TEPMUYECKOM pAacCIIMpPeHUU TIasa,
MO>KHO OIIPEAEAUTH KaK

r-Qp

qr =0gx Pa.

Toraa pacxoaHoe ra30CcopepsKaHue
T-Qp

5 P Pa

ﬁ= r-Qp '

O — Pa tqx

p

AU
p=_—L=9 (5.46)

F—Qp+£

Pa

PaccMOTpuUM y4acTOK KOAOHHBI TPYO AAMHOM I;, HA KOTOPOM
B <009
B aToM caydae mo (5.1) u (5.46)

9= 0,81T - Qp) . (547)
I“—Qp+L
Pa

IlopcTaBus (5.47) B (5.7) IpU yCAOBHAM
82



1.0 << v, (1 — o),
MOXeM 3alluCaThb.

dpG=Y>K1_M dX,
l"—£2p+L
Pa
A
v, 0191 - Qp) + £
dpg = Palgx. (5.48)
F—Qp+£
Pa

Anst ompepeneHuss dps; B CAydYae ABWDKEHHS a3pPUPOBAHHOU
TUAPOCMecH HeoOXOAMMO B (5.48) 3aMeHUTH Y, 3HAueHUEM Y.,
BBIpa’kaeMBIM COTAACHO (3.8), TOTA@ ITOAYUYHM

019 - Qp) + 2

dpg = Voo + V19 Pa gx . (5.49)
qr +qx r-op+ p

Pa

B obmeM caydae KO3(p@PUIMEHT PacTBOPUMOCTH 2 3aBUCHUT
OT A@BAEHUSI.

AASL VIIPOIIEHUST PellleHUsT 3apaud TIPEeAAaTaeTcs OT KPUBOU
3aBUCUMOCTH

Q = fip)
IepenTu K PyHKIUU
Qp = @(p),

YTO IIO3BOALET Qp 3dMEHUThb CPpeAHECHMHTEI'PDAABHBIM 3HAUYEeHHUEeM

DP6am

Qp=—o1=1__ prdp. (5.50)
py

Péaur ~ py

Torpa aAuddepeHITUAABHO MaAOe 3HaueHWe T'PaBUTAIIMOHHOU
COCTABASIONIEN 3aIlHINeTCSI TaK:

Yxdx + Y197 0'19(F__Qp)pa +de (5 51)
9r +dx (I'-Qp)p, +p

dpg =

AnddepeHIMaAbBHO MaaOe 3HadeHHe IOTepb AABACHHSA Ha
TpeHHe Ha y4acTKe AAWHOM dX IpU ABMWKEHUU Ta30’KUAKOCTHOM
cMecH coraacHo gopmyaam (5.11), (5.12) u (5.47) HavipeM Taxk:

83



153
F—Qp+£

0,25,,0,75 1,75
dp,, =0,241434%x Tx Ix Pa dx.
R 0754475 p
g 0,19(I' -Qp)+—-
Pa

Vau, npuauMas Qp paBHEIM CPEeAHEMHTETPAABHOMY 3HAUEHUIO

Qp , MOJXeM 3aIlMCaTh:

153

dx. (5.52)

0,25, 0,75 1,75

dep=0’2414q/1 Yo Yox Dx

g075d475

(T-Qp)p, +p
019(I'-Qp)p, +p

AAsT TOro 4TOOBI HCIOAB30BaTh (5.52) B CAy4Yae THAPOTPAHC-
IIOpTa TUAPOCMECeM C MOMOIIBI0 3PAUPTa, HEOOXOAUMO BMECTO
Yx IMOACTaBUTH Y., IO (3.8), g, 3@aMEHUTbL PacXOAOM CMeCU TBep-
AOU U KUAKOU (pasbl, & W, NPUPABHATH K U, OIPEAEAIeMOM IO
dopmyae (3.16).

Toraa noayuum

075 1,75
dp — 0,241434]y , (1 - ag) + v o] "qx M&25(1+2'5a0+10'05a8+

P
gO, 75d 4,75

153

_C=opyrp | gy (5.53)

019(I'-Qp)p, +p

+ 0,00273e166¢0)025

3HauuT, o (5.51) u (5.53) MOKeM COCTaBUTH CAEAYIOIIee ypaB-
HeHUe:

019(I" - Qp)pa +P

=1y x(1=0tp) +v,00]~
(F'-Qp)p, +p

075 1,75 0,25
+ OB O o) ¥a00] 0 W (142, 50,+10,05013 +
g™ P (1-aro)"

1,53

019("'-Qp)p, +p

+ 0,00273¢!00%0)0%

PemnB pudepeHinarbHOe YypaBHEHUE, IIOAYUUM:

Péa

Y)K11=f /1 g+ 1o \019(r Qp)pa+p
e L Ym (C'-Qp)p, +p

84



0,75

0, 241434(1 —ag+ Y—Tao} gL?

+ Yo (1+2,50, +10,050.2 +

(1-ag)*"™

-1
153

+0 00273e16,6a0)0,25 (F_Q_pfa +p dp ,
019(I'-Qp)p, +p
AU
P6am d
Y xdi= — £ — 153" (5.54)
[ A, 019(I"-Lp)p, *P g, (C-Lp)p, +p

(F'-Qp)p, +p 019('-Qp)p, +p
rAe
A= l4ogldo -1

(o )
{ \0,75
0,241434L1—(10+ Vo o] 7"’

B, = T (1+2,50, +10,050.3 +0,00273 €195)

(1-ag)'?

BrelpakeHue (5.54) IpeACTaBUM B BUAE

| o [ir-2oip, +p|ap -
Vah=3- | — — Pt (5.5
? [O,lQ(I‘—Qp)pa +p} 1+i w
Ay 019T -Qp)p, +p
I'lo nmpaBuUAy IPUOAMKEHHOTO BBIYMCAEHUS
S (5.56)

a+x a g2

BeIpaskenneMm (5.56) MOKHO MOAB30BaThCSA Ipu x << a.

B mamem cayuae

2,53

a = 1; X=i
Al

(r - Qp)_pa +p
019" -Qp)p, +p

Torpa opmyay (5.55) MOKHO IepenucaTh TakK:
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— 2,53
(F-Lp)p, +p

019(C-Qp)p, +p

P6am -
[ (C-Qplpa+p_|;_Bi

019(C-Qp)p, +p| A

(5.57)

=L
Y)K‘ll - Al

’

BeIpaskeHHe CIIPaBEAAUBO, TaK Kak
253

(' -Lp)p, +p <<,

019("'-Qp)p, +p

B,
Ay

ITo (5.5) umeem:

Péamr - Poar
4 f _(=Qppdp | 1 f pdp -
019(

Yl = ==
AL d ot9r-Qpp,+p A r-Qp)p, +p

3,53

(5.58)

Poaru

_B5 f
A7

'

(C-Qp)p, +p
019(I'-Qp)p, +p

dp.

3aMeHUM

7= D=90p+p
019(I'-Qp)p, +p
Torpa

(T - Qp)p, (0,197 - 1
1-2z

D=
CAepOBaTEALHO,

_081r-Qpp, 4
(1-2)?

Takum obGpasom,

dp=

dp=081(r_g_p)paBl p}a'mzs"%dz .
2 (1-2)2

1

P6arx 353

Bl
A? f
P
IMTpoBepeM ellle OAHY 3aMeHY:

(r - Qp]_pa +p
019(I'-Qp)p, +p

z=x2.
3HaUUT,

VARESS &

dz = 2x,dx;.
Torpa
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3,53
X Xm

dp=162(T-Qp)p, f(l 27
X1

P6am

_bi
Aff

p

(r - Qp]_pa +p
019(I'-Qp)p, +p

Tak Kak
2
_4&xi 3

(1-xp)*  (1-x7)?

+8
L_—xt+2x2+3+
(1-x7)

TO
3,53

Poamm

_B5i f
A12 %
xf

dp=162(T-Qp)p, 2L x
A2

(C-9p)p, +p
1

019('-Qp)p, +p

4X12 3

4 2
X +2x7 + 3+ -———|dx.
S 1-x1?  (-x)?|

ITepexopsa OT x| K z, IOAYYHUM:

PGam — 353 El 5
B (T-Qp)p, +p ~_ By |22, -2'2
——12 f TP tE dp=1,62(1“—£2p)pa—12 ZOam % 4
Af <, [019(T-Qp)p, +p Aj S
[ 3 3) Y /
+2 Zgam_zrz +3(\/’Z6am —fo,)+ ZGam Zgam
3 1_Zﬁam \/Zﬁam_
_‘/ﬁ \/Z +1 3\/Z6am + 3\/7 + ln(\'ZGam*'l)(‘/Z,_l)
o7 N2 1 2 rg) | 20-2) 2 (+Zouw ~1)[ V2" +1)
(C-Qp)Pa +Poaw . 5o (= QP)PaHJ
019(I'- Qp)pa+p

TAE Zgam = — '

019(T" - 2p)pq + Pgaw

TakuM o6pa3oM, AAMHA ydacTKa TPyOBI I;, Ha KOTOpPOM

< 09 u ApaBAeHME HAXOAUTCSI B IIpeperax p' = p =

ommpeapeasieTCd TakK:
19 (F—Q_p)p +P 1

— Detn +— (pﬁam p )

019(T-Qp)p, +p' At

Voli= ‘““(r Qp)p,1

El El
On paBl Zﬁam 2( 3 Q\
+162(0-Qp) =22t T+5L J VZoun —Z' |+

1

p <

pﬁamv



[ [ /. —
\;/Zﬁam ln\;/zﬁam +1_ vz' 1n\/Z'+1_ 3\“yzﬁam + Wz’

+
1-Zgaw  AZgaw -1 1-2' z'-1 2Al-zgy) 21-2))

N ]
2 (szﬁam —1)(\/;+1)
Tenepb HaMAEM AAVHY ydacTKa TpyO I, Ha KotopoMm > 0,9 u

AdBACHHE M3MEHSeTCS B Ipeperax p' < p < p,.
CornaacHo (5.46) u (5.32) wucTMHHasA KOHIIEHTpalus IIpHU

. (5.59)

Qp = Q_p OIIpEAEASIETCS KAK

(I' - Qp)p, —1,503p
T'-Qpp, +p

(5.60)

3HAQUUT, IO BBIpAXKeHUAM (5.8) m (5.60) auddepeHIEaAABEHO
Maaoe 3HaueHMe I'PaBUTALIMOHHON COCTABASIOIIEeN NPU ABUYKEHUHU
A3PUPOBAHHOU KUAKOCTU

2,503pY

dp; = dx. (5.61)

(C-Lp)p, +p

Ecam B (5.61) BMecTO Yy, TOACTaBUTBH YAEABHEBEIM BeC CMeCHU
JKUAKOCTA U TBepPAOU (paswl, oIpeperdeMblr o dopmyae (5.9),
TO NOAyuMM AUPdEepeHuarbHO Maroe 3HaueHHe Ilepelapa
MABAEHUS IIPU ABUJKEHUU T'MAPOCMECU

2,503p

——[Y (1 = ) +v,00] dx. (5.62)
(' -QLp)p, +p

dpg =

INo cooTtHomIeHMaAM (5.33) 1 (5.60)

_ 2
(I'-Qp)p, +p

dp'rp = depO 2 503p

(5.63)

ITo dopmyaam (5.63) Aapcu — Beiicbaxa u baasmyca noayuyum

_ 2

(r'-Qp)p, +p
2,503p

_ 0241434025 075¢ 175
™
g0,75d 475

dp (5.64)

IMoapcTtaBuB B (5.64) W, = U, I0 popmyare Tomaca (3.16), pac-
XOA JKMAKOCTH, PaBHBIM PAacXOAY CMeCH >KUAKOCTH M TBEPAOH
da3bl, a TakXe 3HAUYEHHE Y,, PABHOE YAEABHOMY BeCy CMeCHU
JKUAKOU U TBEPAOU (Pasbl, IIOAYYMM CAEAYIOLIEe BBEIPAKEHUE AAST
onpepereHUs AUPQEPEHIIMAABHO MaAbIX IIOTepPb AABAEHUS Ha
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TpeHHe IIPU ABIDKEHMU a3pUPOBAHHOU TMAPOCMECH HA YydYacTKe

AAVHOU dX:
024143 o_ lir-app,ep]
__ 0 _Yrq_ ~1,75| 1 —32P)Py + P
dp'rp_ 175 [1 (1 OLO) qx 2,503p_ (1+2,5G0+

(1-0)

+10,050.2 +0,00273e'06:0)0%5y _ dx. (5.65)
ITo BeIpakeHuUsaM (5.62) m (5.65) MoXKHO cocTaBuTk AUdde-

PEeHIIMaABHOE ypaBHEHUE
075

2,503 T (1-ag)|p 0,24143[ gL — 2
dp= l)x + \ES (I'-Qp)p, +p <
(C-Qp)p, +p (1-ag)"” 2503p
x (142,501, +10,050.2 +0,00273e166:0)025 |y i, (5.66)
OTciopa
et [(F—Qp)pa +p] dp s
Y)K 2_2'5031‘ (r Q_) 3 ' ( . )
Pyl Ya -Qp)p, +p
-t 1- 1+A,| a2
Y>K( ag) [Pil+Az 2503p
TAE

=1,75
Ay =200 Tt (14,501, +10,050:3 +0,00273cx, ***)°
-t (1—ao)]

¥k
Tak Kak

—_— 3
(' -Qp)p, +p

3
2,503p
TO TIO QHAAOTUM C TeM, KaK COCTaBASIAOCH BBIpakeHue (5.67)

<<,

MO>XEeM 3alliuCaTh:
3

(F-Lp)p, +p
2,503p

dp,

r- QP
1-A
V2= 2503f[ y :
1= Y2 (1_ay)

p

)K
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4

A
o

2,503[1_YYT(1_%) Py 2,503%) p
Torpa
— o L o
y)K]2=A(1"—Qp]Pa 1 (F—QP)Pa _1 (F—Qp)pa +2 (F—Qp)pa
2503° |3| P 3l by o
onp. | Qp r-op
- — ’ - +
o[ =€pp, | | | Qp)fva +p _(C-Q0pa +py | 41np_5:_
Py p Py p
3 3
| o2 (5.68)
(T-Lp)p,

(T'-Qp)p,
Takum ob6pa3oM, IPOCYMMUPOBAB Y,l, U y,l, 1o dopmyram
(5.59) u (5.68) moayuum:

1

0,19 (F—Q_p)p +P
n =" 6am+A_(p6am_p’)+
1

0,81 P
Y)K] = —(F - Qp)pa 1
019 (I' - Qp)p, + P’

Ay
ERPVIE Y
—7'2 20 = - —
z ngam—z’2J+3(1/ZGam—\/Z/)+

__ paBl Zéam —
+1,62T Qp)—A12 2

5

i ‘\;‘"ZGam ln‘\,“‘yzﬁam +1 _ \/; 1n\/7+1_ 3V Z gam 4 3x/; +lx
1-Zgaw  Zgam -1 1-2' 2/ -1 20-zg) 20-z) 2
\Z + 1) (\r; - 1) P P 3 .- 3
In (V7o LAl -9pp, |1[(C-Qop | _1[C-2pp,|
(1 Zgam ~ 1)(\/; + 1) 2,503° 3 P’ 3 Py
oo 1 N b o (T - Qp)
- — - ! - +
+2| L Q,p)pa _o|L=9pps | 6T Qp),pa +p Plba * Py |
p Py p Py
3 3
+an2 | B || B . (5.69)
p (' - Qp)p, (T - Qp)p,
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3HAQUUT, IPU 3aAQHHBIX Y., Yx: Oor Wy L Qur Qur @, ¥ Qp TIO
ypaBHeHUIO (5.69) MOKHO HaWUTH AdBAe€HHe Yy HIJKHEro Toplia
KOAOHHBI TPYO, T.€. Pgam-

B HEKOTOPHBIX CAyYasgX TMAPOTPAHCIOPT TBEPABIX TeA MOJKET
OCYIIECTBAITBCSI C IIOMOIIBIO BSI3KOIAACTHUYHOM >KUAKOCTH. [Ipu
3TOM ABUJXKEHHE CMeCH BO3MOJKHO KaK IIPU CTPYKTYPHOM, TakK U
Ipu TypOYAEHTHOM PE’KMMe TEeUeHUSI.

OuYeBHAHO, YTO U B AQHHOM CAy4Yae BO3HHKAeT HEOOXOAVMMOCTH
OIIpEAEAEHUsT TOTEPh AABAEHMS, & Takyke BBIBOAA (POPMYA AAS
pacueTa ONTUMAaABHOTO PAacXoAd JKUAKOCTH HPU TUAPOTPAHCIIOP-
Te 10 BePTUKAABHBIM U TOPU3OHTAABHBIM TpyOaM, a TaK’kKe pac-
yeTa IpAU@TA C YIeTOM 0COOEHHOCTeHN BA3KOIAACTUYHOM >KHAKO-
CTH.



THAPOTPAHCIIOPT THAPOCMECTM
C IIOMOIIbIO BASKOIIJTIACTHYHBIX

SKUIKOCTEN

6.1. OIPEJAEJIEHUE PEKUMA TEYEHUS
BA3KOIIJIACTUYHOM T'MIPOCMECH

Brlllle OBIAO NTOKA3aHO, YTO KPUTHUYeCKUM IapameTp PeliHoAbACA
IIPY ABVJKEHHN «OAHOPOAHOM» BSI3KOMAACTUYHOU >KUAKOCTU OII-
peaenadgerca no popmyae (1.38).

OueBUAHO, YTO (PU3UYECKOE YPAaBHEHUE AAS V,, IPU ABUKEHUU
BSI3KONIAQCTUYHOM TMAPOCMECH 3amnuiiieTcs o aHaroruu c (1.31) ¢
3aMEHOM P = Py UM = My (Pey B Ney — COOTBETCTBEHHO IIAOT-
HOCTb M CTPYKTypHAas BSI3KOCTb CMeCH BSI3KOIAACTUYHOM SKUAKO-
CTH M TBEPABIX YaCTHUI).

Torpa moAyuuM (pyHKIIMOHAABHYIO 3aBUCHUMOCTh

Regwn = ¢(Hey,), (6.1)

Viep.emdY T sz
rae ReK}ch = == HeCM = tan,

Nend ngMg

MO>KHO TIPEAIIOAOKUTH, YTO B CAydae OTCYTCTBUSI PacXo’KAe-
HUS MeXXAY CKOPOCTSIMU KMAKOU U TBepAOU (ha3bl AGHHBIE, IIPU-
BeAeHHBle B TaOA. 1.2, MOXXHO CYUTATh CIPAaBEAAWBHIMM, @ 3Ha-
quT, 10 aHarorum ¢ (1.38) Mo>keM 3amucaThb:

Re,,., = 145,842 Hel3¥4%, (6.2)

Kp.CM M

IMpu onpeaeaenuu Re,, u He,, 3HaueHue y., HaXOAIT MO Op-
MyAe
Yeu = V(1 =) +v,0, (6.3)

a CTPYKTYpPHYIO BI3KOCTb — IO (popMmyare Tomaca (3.16):

New = N(1+2,50,+ 10,052 +0,00273 e!106%0), (6.4)

TA€ Y U 1] — COOTBETCTBEHHO YAEABHEBIN BeC M CTPYKTypHas BA3-
KOCTb OAHOPOAHOU BA3KOIAACTUYHOU >KUAKOCTH.
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@opmyay (6.4) MOKHO IIPEACTABUTDH B CAEAYIOIIEM BUAE:

2 16,69r

Moy =1 1+ 2590 410,05 —% ] +0,00273 x|, 6.5)
qp + gx LqT + q)x)

TakuM 0Gpa3oM, eCAr
Re < Re

TO TEAPOCMECH ABIDKETCS NIPU CTPYKTYPHOM pe’KMMe; B IIPOTUB-
HOM CAy4Yae HaOAIOA@eTCS TYPOYAE€HTHBIM IIOTOK.

Kp.K.II!

6.2. ABUSKEHUE THAPOCMECH
II0 BEPTURAJIBHBIM U IT'OPU30OHTAJIbHBIM
TPYBAM IIPU CTPYRTYPHOM PEXUME TEYEHUSA

IToTepu paBA€HUS Ha TPEHUE IIPU ABUJKEHUM «OAHOPOAHOM» BfA3-
KOIIAQCTUYHOM JKUAKOCTH OIIPeAeAsitoTcs 1o opMyae (1.29).

IMTo aHarOTHU C pacUeTHOM MOAEABIO AAS THAPOCMECH, COCTaB-
AEHHOM M3 BOALI U TBEPABIX YacCTHII, B COOTBeTCcTBUM C (1.29) Mo-
>KeM 3allnCcaTh!

Apr =é|8ﬂcm(q>§+%) +2,8066%+
7R

|
|
.

Men (I + Gr) + 280660
|

2 [ \2
-4,2116 =2 L 6.6
R LRJ ( )

I'paBUTAITMOHHAS COCTABASIONIAS OIPEAEASIeTCSI B COOTBETCT-
BuHU c popmyaoii (6.3).

Torapa mo (6.3) u (6.6) pa3HOCTL A@BAEHHUM IIO KOHIJaM KOAOH-
HBEI TPYO

2 xR R

Ap _ Y4 x + Yy I+ 1| 8eu (@ + gr) + 2, 8066t +
Tu +qy Ty + Gy 2

+ | BNeul@x*d4) 4 9 gopET0
\w nR* R

—4,2116(%0) ] 6.7)

OueBHAHO, YTO U B AQHHOM CAy4Yae Ap mMeeT MUHUMYM OTHO-
CUTEABHO Q,, T.e. CIIPAaBEAAUBO yCAoBUe (3.23).

93



3HauuT, 10 popmyae (6.7) U ycroBUiO (3.23) MOAYYUM CAEAYIO-
Ilfee BhIpasKeHUe AAG OIIPEeAEAeHHUs @,, 00eCIleunBaloIero MUHMU-
MyM A@BA€HUS y HUJKHETO TOpIla BePTUKAABHOMN KOAOHHEL:

2
i i{% s (4 ) |+ B0 L0 1 280662 -
(@ +qT)2 2 | nR* | 99x 7R R
(1) E g | + \
4,211 -2 oy Lx qT+28O66 0
%) | ™ ik
X[ Des (g 1)+ n” - 0. 6.8)
P
CoraacHo (6. 5)
16,6qy
Moy E}Bitz 5+20/1 +0,045318e%+%KJ. (6.9)
99 x (@ +d ) G+
3Hauurt, 1o (6.9) u (6.8) umeeM:
( 16,6qy
-MJ,% 8 |_gN: |2 5:20/ +0,045318 = |+
(@ +0d ) aRY| T+ qr+qx
1
( qx+q )’ (1)
. 8N, 91 12806672 — 4,211/ %0
e L g nR* J L R}
w81, st x4 9 g0peTe |- N9 (954201 +
L TER } I + qr k qr + Jx
166y )
+0,o45318eqT+q»<J+nCM =0. (6.10)
Tak Kak
qy = v,
qr + Jx

TO ypaBHeHHe (6.10) MO>KHO IepenucaTh Tak:

-ﬁerB%{—gon(z,erzo,mo +0,045318€1%0) 4, +
TR

T
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1

2172
(BYICMq)K 1

R 1-ay

(Bncmqm 1 T \2 T
H| P 1, +2.8066 2 -4,211(?0)

TR 1—0C0

+,8066%°) [—Eon<2,5+20,1(x0 +0,045308€5%0) +m,, }}= 0. (6.11)

3HAQUUT, IIPU 3aAAHHEBIX O, Y. Yx: R, N U Ty IO TPAHCIIEHAEHT-
HOMY ypaBHeHHIO (6.11) MeTOAOM IIOCAEAOBATEABHBIX MPUOAMIKe-
HUU MOJKHO HaNTHU PAacXOp >KUAKOCTU @,, 00eCIeuuBaroIIui MU-
HUMYM Pa3HOCTH AQBAEHUM IO KOHIIAM BEePTUKAABHOU TPYOHI.

ITo BEIYMCAEHHOMY @, U 3aA@HHOW KOHIJEHTPAIlUN OIpeAeAdeM
Pacxop, TBEPABIX YaCTHUI]

%o x
1-0y

q. =

U YAEABHBIM BEC CMECH
YCM ZY( 1- (XO) + YT(X’O'

3aTeM, 3Hasg coraacHo dQopmyae Tomaca M1, HAXOAUM
napametp PelfHOABACA cMecH:

Re. = 2% *drlen 6.12)
RNy

Aanee ompeperdgeM mapaMeTp XepcTpeMa CMeCH:

He =Todzﬁ, (6.13)
nCMg
4TO MO3BOASIET IO opMmyAe (6.2) HAUTH Re, .

Ecau Re, < Rey, . TO pacyeTsl MPOAOAKAEM U HAXOAUM CO-
raacHo (2.20) ouaMeTp HeToHyLIelr dacTunsl d,. I'lo dpaknuoHHO-
My COCTaBy YCTaHaBAMBAEM CpeAHEB3BellleHHBIM AuaMeTp 4acTu-
IIBI U COTAACHO HepaBeHCTBaM (2.260) —(2.28) ompeapeaseM pesRuUM
oOTeKaHUs.

Aanee o dopmyram (2.17), (2.21)—(2.25) B 3aBUCHUMOCTU OT
pekuMa o0TeKaHUsI HaXOAUM CKOPOCTh CBOOOAHOTO MaAeHUs 4Ya-
CTHULILI V,. BBIUMCAWB IO HAWAEHHOMY OIITMMAABHOMY (, CPeA-
HIOIO CKOPOCTb XUAKOCTU V,, CPaBHUBaeM V, U V, IPU V, > V;
HalipeHHOe 3HaueHUe @, NPUHUMaeTcd. B MpoTuBHOM caydae pac-
YeThl IIOBTOPAeM Ipu OOAee BBHICOKOM 3HaUeHUM AMHAMHUYEeCKOTO
HAIPSKEHUsT CABUTA.

Ecau nHavipeHHoe no (6.12) Re., oka3biBaeTcsd OOABIIIE KPUTHU-
YeCKOro 4ucAa PeitHoAbACA Rey, ., BEIUMCAEHHOTO 1O (6.2), TO rU-
APOCMeCh ABUJKeTCSI IPU TyPOYAEHTHOM pe’KuMe.
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Panee OBIAO TIIOKA3aHO, YTO HIPU TYPOYAECHTHOM peXXUMe Me-
XaHN3M ABMIKEHUS BSI3KOIIAACTUUYHOMN M BSI3KOM JKHMAKOCTENM OAMH
U TOT ’Ke. B 3TOM cAyudae Iepelnap AABAEHUS OIPeAeAseTCs IO
dopmyae (3.21), @ ONTUMAABHBINM PacxXxop >KUAKOCTH — IO ypas-
Henuto (3.25).

IMpu ABMWKEHUU BA3KOIAACTUYHOW THMAPOCMECH IO TOPU3O0H-
TAABHOU TPyOe pacdeTsl BeAyTCSA IO POpMyAe (6.6) mpH yCAOBHUH,
uTo Ap,, = Ap.

Toraa mo ycaoBuio (3.23) MOAYUYHM CAeAYIOlllee BHIpaKeHUE AAT
OIlpeAeAeHMd ONITHUMAABHOTO PacxoAad JKUAKOCTH:

(Bneno 1,

—Qon<2,5+20,1a0+O,O453|]]8e15’6"0>+nCM+L -
nR - O

1

2

2] 2
+2,8066%0) ~a211{%] (M;Om,soesﬁ%)[—am(zsﬂu

nR 1-a

60\
+20,1a0+0,0453]8e166“0J+nCM -0. (6.14)

TakuMm o6pa3oM, IpPM B3aAaHHBIX O, M R 1o ypaBHeHUIO
(6.14) MeTOAOM TOCAEAOBATEABHBIX NMPUOAWIKEHUU MOXKHO HAWUTHU
ONITUMAABHOE 3HAUEHUE Q.

6.3. PACUET 9PJIUDTA IIPU ABUKREHNU
BA3KOIIJIACTUYHOU TUIPOCMECH
110 BEPTUKAJIbHON TPYBE

Haanuawue Y BSISKOIIAACTHUYHBIX }KHAKOCTefI AMHAMMWYECKOI'O Hallpd-
SKEHUSI CABUIA T, CHM’KaeT BO3MOXKHOCTb IIPOCKaAb3BIBAHUSA IIy-
3BIPBKOB BO3AYyXa OTHOCHUTEABHO >KUAKOCTH, U IIPU OIIPeAeAeH-
HBIX YCAOBUAX JXUAKOCTH M BO3AYX 6YAYT ABUT'ATLCA IIpAKTHUYEC-
KM C OAMHAKOBOU CKOPOCTBIO. TakuM 0Opa3oM, BI3KONAACTHY-
HYIO a3pUPOBAHHYIO CMeCh MOJKHO PacCMaTPUBATh KaK «KBa3UTO-
MOTeHHYIO», T.e. UCTHHHAas (0ObeMHasl) U pacxopHas KOHIleHTpa-
IIMY PaBHBI MEKAY COOOM:

¢ = B. (6.15)

MoaeAb KBA3UTOMOT€HHOW BSA3KONAACTUYHOU a3pUPOBAHHOU
cMecH BIlepBhle ObIAA TTpeproskeHa P.U. IMuinenko [26].
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AAST TOTO 4TOOBLI COCTAaBUThL YpaBHEHNE AMHAMHYECKOTO PaBHO-
BeCusi CHA, ACUCTBYIOIIMX B AUM@EpeHIUNAaABHO MAaAOM OTCEKe,
OTPaHUYEHHOM AAWHOM dX, HEOOXOAWMO COCTAaBUTH BhIpa’keHUe
AT TPABUTAIMOHHOMN COCTABASIONIEH dpg M CUA TPeHUs dp,,.

B cootBercTtBUU C (6.15)

dps = Yx(1—pB)dx + y.dx. (6.16)
Tak Kak

Yr << ¥

TO C BBICOKOW TOYHOCTBIO MOJKHO 3allMCaTh:

dpe = vx(1—Pp)dx. 6.17)
Coraacao (5.3), (5.4)

dp; = %dx, (6.18)

rae I' = q./qx.
[MToTrepu paBAeHUST Ha TpeHMEe Ha AU(P@PEpPEeHITUaABHO ManAoM
y4aCTKe AAMHOU dX HAaXOAUM IO popMmyae [17]

2

B B T N PO PO A B 7
dep— ZQdLV’K+Y)K VrJ 1+k YXJ v dx

Vg + —— V.
¥ x

UAU C BBICOKOM TOUYHOCTBIO IO BBEIPDA’>XKEHUIO

- }‘YKVEK/ Yr Vr\ ( Vr\
dep = 2gd L1+ . V)K) k1+§JdX
3HAYUT,
dp,, = Mxti AERTA YA, (6.19)
D 2gd L ¥ x q)KJ L q)KJ ' -

U3 onpepereHUsT paCXOAHOTO Ta30COAEPIKAHUS

_ Db
q.= =5 (6.20)
ITo (6.19) u (6.20)
1-p+1rp
dep = ;\‘Y)KV)ZK Yox dX
29d  (1-p)
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Tak Kak Yy, << Yx, TO

_Muva 1
dpy, = Mt Ldx (6.21)

Coraacuo dopmyae brasnyca

025

h=0, 297858(“—9‘1 R 6.22)

Tak Kak v, = 4q,/nd’ 710 1m0 (6.21) 1 (6.22) MOAyUUM

dp. = 24143500 BqL75y 075 gy (6.23)
Prp = GO 1-p° )

W3 ompepereHHST AT B CAEAYET, UTO IPU H30TEPMUYECKOM
pacIIvpeHun rasa

1-p=—F . (6.24)
p+Ip,

I'To BeIpaskenusam (6.23) u (6.24) umeem:

dp, = 92414 PG Tpa v p g (6.25)
P g0 75 q47s p
Tak kak

dp = dpg + dpy, (6.26)

TO 10 (6.18), (6.25) 1 (6.26) MoKeM 3amucaTh:

Y < dx.

p__, 0.24143:°%q,”° Tp, + p)

Ip, +p g0 75475025

(
dp = L
3HauUT,

P Gam
vad-J P (6:27)
Yo p (Tp, +p)
Ip, +p p

1+Ay

_0,241435n°PgL7

rae A, =
gO, 75d4, 75Y ())1;25

ITo BeIpaskenuto (6.27)
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Pgam
. 1=f (Cpap+p*)dp
K 1
Py D’ +A(p+Tp,)°

P Gam
(Cp,p + p°)dp .
by (Ag+1p®+2A,Tp,p+ Ayp,)

Yl =

OrTcropa

P Gam

v.d=Tp, | pdp +
(Ay +)p* + 2A,Ipp + A,(Tp,)*

Yy

P 6am

2d
+ f pap . (6.28)
(Ay +)p* + 2A,p,p + A,(Tp,)

AAS TOTO 4TOOBI PACKPHEITH UHTErpasbl B (6.28), HEOOXOAUMO
CHAYaAad OIIPEAEAUTH 3HAK NpU Kod(ddunueHrte A:

A = 4(A+1)A,(Tp,)*—4 A} (Tp,)*
nAn
A = 4A,(Tp,)> (6.29)

Tak kak A, > 0, Tou A > 0.
Torpa, paCKpeIB UHTETPAAHL B (6.28), moAyunm:

)2

1= Psam — Py + Ip,(1-Ay) In (Ag+ 1)p§am + 2A,Ip,Psam + As(lpy

Y
SR VIR BT | (Ay +1)p} + 2A,Tp,py + A,(Tp,)
_ 2TpayA, arctg(A4 + DPgaw + AalPy _ arctg(A4 +1)py + Aulp, _ (6.30)
(1+A,) TpayA, TpayAy

AAST TOro 4TOOBI HCIIOAB30BATh ypasHeHHe (6.30) B cAydae THA-
POTpaHCIIOpPTa BA3KONAACTUYHOM CMECH C IIOMOIIBIO 3pAUPTE,
HeO0OXOAUMO IIOACTAaBUTh B 3TO BEIPA’KEHHE BMECTO Y, YAEABHBIN
BeC CMeCH JKUAKOCTU M TBEPAOHM (ashl, T.e.

Y)K(l - ao) + Y1Qor
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BMECTO PacxoOpd JKUAKOCTU — PACXO0p CMECH KUAKOCTU U TBep-
A0 (pa3el

Gx + Q.

U BMECTO CTPYKTYPHOM BSI3KOCTU JKHUAKOCTU — CTPYKTYPHYIO
BSI3KOCTh BA3KOIAACTUYHOM >KUAKOCTU U TBepAOM (haswl mo ¢dop-
myae Tomaca.

[TpoBeapeM pacueThl 1O ONPEAEAEHHUIO | MpU CAEAYIOUUX WC-
XOAHBIX AQHHEIX: Y, = 1,2:10* H/M®, y, = 2,6:10° H/M®, o, =
= 0,15, n = 0,01 ITa'c, p, = 10° [1a, q, = 0,02 m’/c, q, =
= 0,003529 M*/c, d = 0,15 M, a TakXe IPHU Pa3AUYHLIX 3Haue-
HUAX Do U T

B (6.30) BMecTO Y, MOACTaBASIEM Y., = 1,2:10*(1—0,15)+2,6x
x10%0,15 = 1,41-10* H/»M>,

YToOBI HAUTH A, BEIYHUCAUM 1, 00 (3.16):

Ney = 0,01-(140,37540,2261 +0,03293) = 0,01634 TTa-c;

g, = 0,023529 m*/c.

Torpa

554309+ 0,000122- 10,8969

HpI/I IIPUHATBIX HMCXOAHBIX AAQHHBIX, IIOACYHUTAHHOM A4, a
TaK>Xe 3aMeHe Y, Ha Y., BbelpakeHue (06.30) mepenumrercd Tak:

5
1,41-10 = ”i?;l—;;? +0,47583-10°T x

0 1016562, + 0,03312- 10°Tpg,,, + 0,01656-10'°T*

x1
1,01656-10'° + 0,03312- 10'°T + 0,01656- 10'°T2

1,01656p5,, + 0,01656-10°T
0,128686- 10°T

—-0,06646 - 105F[arctg

1,01656 + 0,016561‘\. (6.31)
0,128686I"

—arctg

B Taba. 6.1 mpuBeAeHB! Pe3yAbTATHl PacyeTOB IO YPaBHEHUIO
(6.31).

TakuMm obpas3oM, IpU 3aAaHHOW AAMHE KOAOHHEI TpyO u I' =
= q,/qx o Taba. 6.1 MOKHO Ha¥TH AaBAEHWE y HIJKHEro Toplia
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Tab Aamia 6.1

Do 3HaueHUe I, M, IPX Pa3AUYHBIX Do 3HaueHue I, M, Ipu
IOSaIIEIa T, m*/m° 105611[3 pasamunbix I, M°/m°
20 30 40 20 30 40

20 217,4 448,4 487,2 65 859,1 992,8 1103,2
25 4533 5258 5777 70 903,9 1042,5 11577
30 512,1 595,6 657,8 75 948,0 1091,1 1210,9
35 567,4 661,0 732,2 80 991,6 11389 1262,9
40 620,0 722,1 801,5 85 1034,6 1186,0 1313,9
45 670,5 780,2 867,1 90 1077,1 1232,3 1363,9
50 719,4 870,9 929,5 95 1119,3 1278,0 1413,2
55 767,0 889,38 989,4 100 1161,0 13232 1461,8
60 813,5 942,0 1047,2

KOAOHHBL TpyO. I3 TabAuMOBl BHAHO, YTO IIPU OAHOM U TOM
Xe | yBeamueHue I' IpUBOAUT K 3aMETHOMY CHIDKEHUIO AABAE-
HUS Y HUJKHETO TOPUA Dgu @ CAEAOBATEABHO, A@BAEHMSI HarHeTa-
HUS D,




CHm>XeHUe NOTePh AABACHUS Ha TpeHHe MMeeT OOABIIOe NPaKTHU-
yecKoe 3HaUeHUe B CBSI3U C HEOOXOAWMOCTBIO YMEHBIIIEHUST dHep-
reTH4eCKHUX 3aTpart.

B pabote [15] mokaszaHoO, YTO IpPU HCIOAB30BAHUM TPYO, IIO-
KPBITBIX 5MaAblO, 3HAUUTEABHO CHUJKAIOTCS IOTEPU AABAEHUS Ha
TPeHUe, UAU yMeHbIaeTcd AUaMeTp, UAM yBEeAWYMBAEeTCS IIPOIy-
CKHasg cHoCOOHOCTEL TpyO. MccaepoBaHMSA OBIAW IPOBEAEHEBI AAST
CAyYas, KOTAa II0 TpyOe ABUJKeTCS AUOO BOAQ, AMOO Bo3pyx. Uc-
IIOAB3YEM pPe3yABbTATHl, IIPUBEAEHHBIE B pabore [15], arg pere-
HUSI THAPOAMHAMHUUYECKUX 3aAa4, CBSI3@HHBIX C ABIDKEHHEM THAPO-
CMeCH II0 BEPTUKAABHBIM U I'OPHU30HTAABHBEIM TPyOaM.

OKCIepUMeHTaAbHBIMU NCCACAOBAHUSAMY, MOCBAINIEeHHBIMU ABHU-
SKEeHHIO BOABI IO TPyOe, NOKPHITOM 3MaAblo, OBIAO YCTAaHOBAEHO,
4TO KO3(PUIUEHT T'MAPABAMYECKHUX CONPOTUBAEHUM NIPU TypOy-
AEHTHOM pe’XMMe TeYeHUsI OIIPEAEAsieTCs TI0 (popMyAae

A = 0,2028

ReO,ZS

(7.1)

Brlimie OBIAO ITOKA3aHO, YTO AAS pacueTa IOTepPh AABAEHMSI Ha
TPEeHMe NIPU ABUJKEHUU THAPOCMECH MOJKHO HMCIIOAB30BAThH BHIPA-
SKeHHE AT OTIPEAEAEHUSI A TIPU TeUYeHUM OAHOPOAHOM >KUAKOCTHU
c 3ameHoU Kpurepusa PemiHoabpaca Re Ha kpurepuin PeitHoAbACa
mo cMecu Re,,,.

3HauuT, o aHaroruu ¢ (3.11) ¢ momomibio (7.1) MOKHO 3amu-
CaTkb!

0,25

hooy, = 0,2028 [Hend ) (7.2)
L VC]\’IdY CMJ
Toraa no (3.9) u (7.2)
_ 1010
APy = RS ' (7.3)

ITo dopmyae (7.3) u ycaroBuio (3.23) HOAYYUM BBIpasKEHUE AAS
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OIIpEAEACHUsI pPACXopd >KUAKOCTH, oGecnequBafomero MUHHMYM
IIOTephb AABAEHUA:

) ) 0,25 0,75 2,5
1 0'154747M0y25 <13v 55qT + 4qTq}K + q)K> (YX{q?K + YTqT) (q)K + qT)
-1+ X
P Qrl¥r = V)
( \
9 gy + 0,50, + 0, 75y x + 05 ' _ 0 (7.4)
L13, 55q$ + 4qTq)K + q)ZK VoD + Y 2qr T + qr
179V
025 075 15 . .
(13,55+4q; +q;(2> (qu +y’;> <1+q)K) <1+0,5qm><1+qm>
—1+A, +
yi-1 13,55+ 4q 5 + 495
0 75(1 + qu>
+————=+05/=0, (7.9)
P * Vo
0154747 0%g 175 .
rpne Aj=——— 1 q;K=q>K/qu YT=YT/Y)K'
025,075 5475
Yx g d

YpaBHeHue (7.5) coBnapaeT c (3.25); pacxokpeHUe MeXXAYy HU-
MU 3aKAIOYAEeTCS B PA3AWYUU 3HAUeHUN A.

O4eBUAHO, UTO MM OIPEAEA€HUs ONTHMAABHOTO (y IIO ypaB-
HeHUIO (7.5) MOJKHO HCIIOAB30BaTh PE3YABTATH], NPUBEACHHBIE B
TabA. 3.5, Ipu ycroBum A = A,.

[MoTepu AaBAEHUSI IIPU ABUJKEHUM THMAPOCMECH IIO TOPU30H-
TaAbBHOM TpyOe, MOKPBITOM 35MaAblo, IO aHarorum c (4.16) u c
ydueToM (7.2) MOKHO HaMTHU TaK:

0,25,,075; 1,75
Ap = 0,154747 WY e ey
g0,75d4,75
0,25
x(1 +2,50, +10,050.2 + 0,00273e16'6‘*0) : (7.6)

YcAoBHE, IPU KOTOPOM COOAIOAQETCSI MUHHUMYM IIOTEPH AaBAe-
HUS, B A@HHOM CAyYae OIIpeAeAsieTcs TakykKe II0 ypaBHeHuIo (4.15)
WAU AQHHBIM TabAa. 4.2.

AT THADOAMHAMUYECKUX PACUYETOB IPAUQPTA B CAydae HCIOAD-
30BaHUs TPYO, HMOKPBITHIX 3MaAblO, PaCUeThl CAEAYeT ITPOBOAUTL
1o ypasHeHHuto (5.19) npu ycaosuu, uro Koaddpuiuent 0,388708
yMeHbIIaeTcs B 1,56 pasa. 3HaUWUT, IOAydIaeM:
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9x Poaw , g 19

Yol _ (1 \iln qa  DPa + /1 \ o
Pa dx dx T
1+a0k -1 ?ﬂ+0v19 1+(10LY —1}

( q—"‘pﬁ£+0,l9\ 9 #1750 \0,75
x| Poaw _ 1 _ (1992 1n9a_Pa 2024909, gs [y @0 e}
Pa Tx Ix 4019 Tx T=ag 1)

qa
0,25
><<1 +2F0, +1Q0503 + 000273 616'6"0> x
5 ;\ 3 3) — =
Lgﬁam - %J + %L&Gam - S%J + 3(V/§6am _\“‘ga) +
\““‘Eﬁam \.“‘J‘Eﬁam +1 \/g \/g +1 L5 Eﬁam
+ In - In - +
1_E6am “Eﬁam_l 1_Ea \/g—l 1_Eﬁam
w‘ﬁ \““‘g am T 1 \/ga -
1'5\‘;5-51 +lln( 6 )( ) (77)

e T )

[To BceM BBINIETPUBEACHHBIM YPaBHEHUSIM MOJKHO IIPOBOAWTH
HeOOXOAUMEBIE PAacyeThl TaK, KaK 3TO OBIAO IOKa3aHO AAA TPYO,
CBOOOAHBIX OT IOKPBITHS.

[MpeproskeHHBIE BBIpaKeHUs, IMOAyUeHHBIE AAS Hera3upoBaH-
HBIX THAPOCMecel, MOTYT OBITh MCIOAB30BAHBI IPU pPelleHun
TEXHOAOTUUECKHUX BOIIPOCOB, CBSI3@HHEBEIX C OypeHHeM CKBA’KUH C
IIOMOIIIBI0 ABOMHOM OYPUABHOU KOAOHHHI.

B 3TOM cAydae rEAPOTPAHCIOPT BEIOYPEHHOM HMOPOABI OCYIIle-
CTBASIETCSI OOpPATHOM IIUPKYASLIMEN IIPOMBIBOYHOM JKUAKOCTH,
T.e. JKMAKOCTb 3aKQUMBAETCSI B IIPOCTPAHCTBO Me’KAY BHeIIHeUW U
IIeHTPaAbHOW KOAOHHAMU OYPUABHEIX TPyO, @ BBIHOC pa3OypeH-
HOM TIOPOABI NIPOUCXOAWUT IO IeHTPAABHOM KOAOHHe. [ToMmMoO
3TOoro OypeHHe CKBa’KUHBl ABOMHOM OYpPHUABHOM KOAOHHOU
MOKET COIIPOBOKAATHECS HEIPEPBHIBHBIM BBIHOCOM KepHa, cdop-
MHMPOBAHHOT'O B BUAE LIIMAMHAPA OIPEASAEHHOUW AAMHBI M AMaMerT-

pa.
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Bo3HuKaeT HEOOXOAUMOCTBL PELIUTh CAEAYIOIIUEe 3a)Aauu:
1) onpepeAuTh IOTEPU A@BAEHMS, a 3HAUUT, U AaBAeHHe HarHeTa-
HHUS B 3@BUCHMMOCTH OT MeXaHMYeCKON CKOPOCTU IIPOXOAKH U
pacxopa NPOMBIBOYHOM >XHMAKOCTH B CAyYae, KOrAa BBIOYpeHHas
IIOpoAa TpPEeACTaBAEHA B BUAE «IIIAaMa»; 2) BBIYUCAUTH CKOPOCTh
ABIDKEHHUS KepHa; 3) pacCUMTaTh PAcXop >KUAKOCTH, IIPU KOTO-
POM HOPOUCXOAUT d(PMEKTUBHBIM I'MAPOTPAHCIOPT KepHa; 4) oIl-
PEAEeAUThb 3a30p MeXKAy BHEIIHEeHM W IIeHTPAABHOU KOAOHHAMU
OYPUABHBIX TPYO, IPpU KOTOPOM IIOTEPHU AABA€HUS MUHHUMAABHBI;
5) paccMOTpeTh INepedYHCAeHHBle 33Aa4M KaK IIPU IIPOMEIBKE
CKB&)XUHBI BOAOM, TaK W B CAydYae HCIOAB30BaHMS TAMHHUCTOIO
pacTtBopa.



BOITPOCHI THIPOTPAHCIIOPTA
TP BYPEHHU CKBAKWH
IBOMHON BYPHUJIBHOM KOJIOHHOM

8.1. THAPOAUHAMUYECKUE COOTHOHNIEHUA
B CJIYYAE, KOTIA BbIBYPEHHAS ITIOPOJA
IMPENCTABJIEHA B BUJE "IIIJIAMA”

AaBAeHUe y HIDKHEro Toplia ABOMHOM OYpPHABHOM KOAOHHBI, HAU
3a00lHOe AaBA€HUe, cOTAacHO hopMmyAae (3.21) MOKHO HaWTHU TakK:

Vo VoG j, 02414317 025

= 2 2
Dsac = G tds g0v75d4v75 \13,55qT +475qTq>K +q>}<> X

(Vou +:T:) (@ + @) (8.1)

I[Mpym MexaHWYECKOU CKOPOCTU MOPOXOAKU V., PacxXxop BEIOY-
PEHHOU MOPOABI ¢, OIIPEAEAUM KaK

@ = TR, (1—m), (82)
TAe M — TOPUCTOCTH BEIOYPHUBAEMOM IOPOAHL.

C ApyroM CTOpPOHHI,
Psss = Pu T Vxl — ADww (8.3)
TA€ P, — AABAEHVEe HarHeTaHus;, Ap,, — TIOTepU AABAEHHS B

KOABILIEBOM IIDOCTPAHCTBE, OOPA30BAHHOM MEJKAY BHEIIHEN U
LIeHTPAABHOU KOAOHHAMM OYPHUABHBIX TPYO.

Ecam r; — papuyc BHYTpPEHHEU IIOAOCTH BHEIIHEN KOAOHHBL, a
I, — PapUyC BHeIlIHeW NOBEPXHOCTU I[eHTPAABHON KOAOHHBI, TO
AMSI olpepereHHsI Ap,, TIPU YCAOBHM TYpPOYA€HTHOTO De’KHMa
TeYeHUsI B COOTBeTCTBUU C (popMyarolr Aapcu — Belicbaxa MoskeM
COCTaBUTH CAEAYIOIee BEIDAKEHHE:!

2
Apy, = Ay, —xlVin 8.4
Px. " i e (8.4)
Coraacuo dopmyae baasuyca
0,25

(8.)

ZVK,H(IG - TZ}YX(

D, = 0,3164[¢
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Toraa

_0,066515u%%%y % 1v 7

Apyy = (8.6)
(£ 1)+ g0
Tak kak
q
Ven =~
(- 5)
TO
Ap, . = 0,066515u %2y %7514 175 67
KI . .
TE1'75(1”32 _ 122)1,75“3 _r2)125g0,75
3HauwnT, o (8.7) u (8.3)
b ey ] 0066515052 37Iq 7 8.9)
Psas =Pu + ¥ x 175, 2 2,175 125 075 )
n(ry -1y) U3 -1p) g

W3 paBeHCTBa 3HAYEHWU p,.;, PACCUMTAHHBIX IO (8.1) m (8.8),
IIOAYUYUM CAeAyIOlllee BBIPa)KEHUE AAS OINpeAeAeHHUs AABAEHUSA
HarHeTaHUS:

0,25,,0,75; . 1,75 0,25
p=drVxg gy 0,066515u22% %71g Lr , 0241431 (13’55(13 N
qu+q 7‘51'75(I32 —1'22J1'75(1'3 _IQ)LZSgO,'r’S g0,75d4,75
2 025 075 05
ST+ q5) (Valn+V2Tx)  (Tut ) - (8.9)

[Mpu 3HaueHWM V,,, & CAEAOBATEABHO, U @, 3HAYEHUEe P, IO
aHaaoruu c (3.21) uMeeT MUHUMYM OTHOCUTEABHO @,. Takum o0-
pasoM, Pacxop >KUAKOCTA MOJKHO OIIPEAEAUTH II0 YPaBHEHMIO
(3.25). 3HauuT, IpM 3apaHHBIX V,,, U m 0 (opmyae (8.2) Haxo-
AWM @,, UYTO TIO3BOASET BHIYUCAUTD

0,24143u22°¢ 17
¥ 9{,{25g0,75d 4,75

A=

Torpa mo TpaHCIEHAEHTHOMY YypaBHeHMIO (3.25) ompepensieM
pacxop RUAKOCTH. OTMeTUM, UYTO MHOTUMU MCCAEAOBATEASIMU
OBIA@ YCTQHOBAEHA 3aBUCHUMOCTH MEKAY OYPHUMOCTHIO IIOPOABI U
3a00MHBIM AaBA€HHEM, T.e. (PaKT yBEAWYEHUS V., C YMEeHBIIEeHU-
eM paaﬁ'

B Taba. 8.1 mpuBepeHBI 3HAUYEHUA Q,, HalpAeHHEBIEe Ipu m = 0,2
U Pa3AUYHBIX R U V,,,, IPEACTaBASIONINX UHTEpeC AAS IPaKTUKU
IIPOBOAKU CKBa>XMH ABOWHOW M OYPUABHOM KOAOHHOM.
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Tab6auma 8.1

R g, M%/C, IDH PAa3AMYHBIX V,,, M/4

Mex!

100 200 300 400 500 600 700

0,0420 | 0,000123| 0,000246 | 0,000369 | 0,000492 | 0,000616 | 0,000738 | 0,000861
0,0465 | 0,000151| 0,000302 | 0,000453 | 0,000604 | 0,000755 | 0,000906 | 0,001057
0,0560 | 0,000219| 0,000438 | 0,000657 | 0,000876 | 0,001095 | 0,001314 | 0,001533
0,0755 | 0,000398| 0,000796 | 0,001194 | 0,001599 | 0,001990 | 0,002388 | 0,002786
0,0960 | 0,000643| 0,001287 | 0,001930 | 0,002574 | 0,003217 | 0,003860 | 0,004504

W3 Taba. 8.1 BUAHO, UTO pacxop TBepAOM a3kl MOKeT OBITh
3HAUUTEABHEIM.

[To ypaBHeHUto (3.25) HalipeM ONTUMaAbHBIE 3HAUEHUS q IIPU

w, = 1073 Iac, y, = 10* H/M® y: = 2,6 u pasAuYHBEIX V,.,, R
U BHyTpeHHeM AuaMeTpe d IIeHTPaAbHOM KOAOHHEI (Taba. 8.2).
Tak Kak qy; = Q./q, TO IO AQHHBIM, NIPHUBEAEHHBIM B TaOA.

8.1 u 8.2, ObIAM HaMAeHBI 3HAUEHUS (,, IpUBeAeHHbIe B TabA. 8.3.

Ta6Aauma 8.2

R Q5 TP Pa3AMYHBIX V., M/4
100 [ 200 [ 300 [ 400 | 50 | 600 [ 700

d = 0042 M

0,0420 | 15,1 } 9,4 ‘ 7.4 ‘ 56 ‘ 48 ‘ 43 ‘ 37

0,0465 13,5 8,4 6,1 47 41 35 3,0
d = 0,054 M

0,0560 | 15,5 } 10,5 ‘ 7.8 ‘ 6.3 ‘ 52 ‘ 45 ‘ 39

0,0755 11,0 6,7 47 39 32 2,7 2.4
d = 0,065 M

0,0960 ‘ 11,4 ‘ 6,7 ‘ 49 | 39 ‘ 33 ‘ 2,8 | 2.5

Tab Aaumiia 8.3
R M 0, 107° M/c, Ipu pasAMYHBIX V., M/4
100 | 200 [ 30 | 400 [ 500 | 600 [ 700

d = 0,042 M

0,0420 | 1,857 } 2,312 ‘ 2,731 ‘ 2,755 ‘ 2,957 ‘ 3,173 ‘ 3,186

0,0465 2,038 | 2,537 2,763 2,838 3,005 3,171 3,171
d = 0,054 M

0,0560 | 3,394 } 4,595 ‘ 5125 ‘ 5519 ‘ 5,694 ‘ 5913 ‘ 5979

0,0755 4376 | 5333 5612 6,209 6,368 6,448 6,668
d = 0,065 M

0,0960 ‘ 7,330 ’ 8,622 ‘ 9,457 | 10,039 ‘ 10,616 ‘ 10,808 | 11,260
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AaHHBIE, TpUBeAeHHBIe B TaOA. 8.1 u 8.3, mo3BOAAIOT IO (hop-
MyAe (7.9) ompepeAuTb AaBAeHUe HarHeTaHus. AAS IIPOBEAEHUS
pacuetoB npuHaTo, uTto ipu d = 0,042 Mm uaur, = 0,024 m r; =
= 0,0305 m; mpu d = 0,054 m uau r, = 0,030 m r; = 0,0385 m;
npu d = 0,065 M wau r, = 0,0375 m r; = 0,048 M. PacueTnl
IPOBOAMAMCEH TIpH Y, = 2,6:10* H/M®, y, = 10* H/M? nu =
= 0,001 ITa-c, I = 100 M.

OueBupHo, uto npu I = 100 M 3HaueHMe p, U3MEHSAETCS B
KpaTHOe YUCAO pa3 IO CPaBHEHMIO C AQ@HHBIMU, IPUBEACHHBEIMHU B
TabA. 8.4.

CoraacuHo (2.8) mpu Re > 1500 ckopoCcTb CBOOOAHOTO TaAEHUS
YaCTUIBI ANaMeTPOM d, MOJKHO OIIPEAEAUTH IO (hOpPMyAe

v,=066395 |L0x=1)9 (8.10)
Y

B TabA. 8.5 mpuBeAeHBI 3HAUEHUS V, IPU PA3AUYHBIX d,. 3AeCh
Ke AaHBI 3HaueHUs NapaMeTrpa PeliHoabpca Re mpum oOTekaHum
YaCTUITBI

Re = ﬂ
ug

[To aAaHHBIM, TpPUBEAEHHBIM B TaOA. 8.3, OBIAM HaWAEHBI
3HQUEHUSI CPEAHEeN CKOPOCTU ABWJKEHUSI JKUAKOCTH B Tpybe Vv
(Taba. 8.6).

Tab6baruma 8.4

R m pH,105 IMa, npu PasAMYHBIX V.., M/4
100 [ 200 [ 300 [ 400 | 50 | 600 [ 700
d = 0042 M
0,0420 | 2,555 } 3,942 ‘ 5235 ‘ 5991 ‘ 6,716 ‘ 7,302 ‘ 8,554
0,0465 2973 | 4,575 5810 6,726 7,878 8,761 9,516
d = 0,054 M
0,0560 | 2,527 } 4,439 ‘ 5,508 ‘ 6,925 ‘ 6,974 ‘ 7,760 ‘ 8,400
0,055 3,289 | 4,963 7,190 8,754 9,926 10,971 12,142
d = 0,065 M
0,0960 ‘ 3,289 ‘ 4,963 ‘ 6,365 | 7,618 ‘ 8,829 ‘ 9,870 | 11,000
Tab6 Aauia 8.5
d, M v, M/cC Re d, M v, M/cC Re
0,007 0,22007 1570,33 0,014 0,31123 4416,11
0,008 0,23527 1918,61 0,016 0,33272 5426,6
0,010 0,26304 2681,34 0,018 0,35290 6475,23
0,012 0,28815 3524, 77 0,020 0,37199 758 300
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Tab6 Auia 8.6

R M Vv, M/C, IPY Pa3AUYHBIX V., M/4
100 [ 200 [ 300 [ 400 | 50 | 600 [ 700
d = 0042 M
0,0420 | 1,340 } 1,669 ‘ 1,971 ‘ 1,988 ‘ 2,134 ‘ 2,290 ‘ 2,300
0,0465 1,471 1,831 1,994 2,048 2,234 2,289 2,289
d = 0054 m™m
0,0560 | 1,482 } 2,006 ‘ 2,238 ‘ 2,410 ‘ 2,486 ‘ 2,582 ‘ 2,611
0,0755 1911 | 2,327 2,450 2,711 2,780 2,815 2,911
d = 0,065 M
0,0960 ‘ 2,227 ‘ 2,598 ‘ 2,850 | 3,025 ‘ 3,199 ‘ 3,257 | 3,393

W3 cpaBHeHUs AQHHBIX, IPUBEAEHHBIX B TaOA. 8.5 u 8.6, BUA-
HO, UYTO BO BCeX CAyYasdx V > V,, T.e. UMeeT MeCTO BBIHOC BLIOY-
PEeHHOM YaCTUIIEL.

Takum o006pa3oM, TOpPUBEAEHHBIE COOTHOIIEHUS TO3BOASIOT
paccumTaTh BCE TEXHOAOTHMYECKHUE TTapaMeTphl, CBSI3aB UX C MeXa-
HUYECKOU CKOPOCTBHIO IMPOXOAKU CKBA’KMHHI.

W3 paHHBIX TabA. 8.4 cAaepyeT, UTO C yBeAWYeHHEM TAyOWHBI
CKBa’KUHEBI AABA€HHE HaTHEeTaHUs MOYKeT BO3PACTU U OTPaHUYUTH
TeM CaMbIM BO3MOJKHOCTH MCIIOAB30BAHUS ABOUHON OYpPUABHOM
KOAOHHEL.

ITosTOMYy nmpeaCTaBAseTCS LeAeCOOOPAa3HBIM HCCAEAOBATH BO3-
MOJKHOCTL TIPUMEHEHUS aj’pUpPOBAHHBLIX CMecel, UYTO AOAJKHO
OOYCAOBUTE CHUJKEHUE Dg,,,, & 3HAUUT, U D,,.

8.1.1. THAPOOJMHAMUYECKHE PACYETDBI

B CJIVYAE BYPEHUSI CKBAYKHUHBI IBOMHOU
BYPUJIBHOW KOJIOHHOU C UCIIOJB30BAHUEM
AYPUPOBAHHBIX CMECEN

B AaHHOM cCAydYae HUCXOAAIIUK IIOTOK Aad3pPUPOBAHHOM CMECH,
ABVKYILIENCS B IIPOCTPAHCTBE MeXXKAY BHEIIHeW M IeHTPaAbHOM
KOAOHHAMH, He COAEP>XUT TBepAOU (dasbl; B BHYTPeHHeM IIOAOC-
T HaOAIOAQeTCSl ABVJKEHHE CMeCH, COCTOsAIleN M3 Bo3pyxa (ras),
KUAKOCTA U BEIOYPEHHOW IIOPOABI AOCTQTOYHO BBICOKOM KOH-
IeHTpaIuy.

AN pacueTa HUCXOAMAIIETO OTOKAa UCTMHHAA (0ObeMHas) KOH-
nenTpanua o dopmyae H.I'. Aeonosa u B.M. McaeBa ompepens-
eTCcs Tak:
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V’E
= , 8.11
¢ \/Fr—0,456 ( )

rae Fr — mapamerp ®pyaa,
2

Fr= e . (8.12)
(5, - (5 - ) (1-5)
Tak Kak
q, Pia
p=—Ix P (8.13)
qa a
——2+1
dx P

TO BeIpaKeHUe (8.12) MO’KeM IepenucaTh B CAEAYIOIIEM BUAE:

2
2( G P, )

Fr= o p ") —. (8.14)
27529(& - T2)<T32 —722)

INpury; = 00305 mur, = 0024 m

2

Fr= 6330939,88q;(£& + 1) . (8.15)

K

W3 (8.14) caepyet, uTo AaKe npu q./q, = 20, p/p, = 30, a
Takxe g, = 0,001 M>°/c MOXHO 3aMeHHTb

VFr — 0,45
K Takomy e pe3yAbTaTy MOXeM npuutua npu r, = 0,027 M u

r, = 0,0385 M, a Takke npu r, = 0,0325 m u r; = 0,048 m.
[Moatomy B cooTBeTcTBUM C (8.11) 3anuiem

o = f. (8.16)
3HAuuT, coraacHo (5.11), (5.12) u (8.16)

0,25Y0,75

1,53
dp,, = 0,241434 % 1 Gx_(TPatpP) " gy (8.17)
g*P(D  d, )" L p J

rae D — BHyTpeHHHN AMaMeTp BHeITHeM KOAOHHBI OYPUABHBIX
TpyO; d, — HaApPY’KHBIN AUaMeTp BHyTpPeHHeU TPYOHI.
Ans pauddepeHITHaAbHO MaAoro obbeMa CMecH, OrpaHu4YeHHO-
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IO BEBEICOTOM, COCTaBUM CAeAyIOlllee ypaBHEHHE AMHAMHYECKOTO
paBHOBeCHUS:

—dp + 1x(1 — 9)dx — dp,, = 0. (8.18)
Torpa mo (8.16) — (8.18)

025 0,75 1,75 1,53
dp— PV 0,2414340 """y "q (rpa +P) dx.

Fpa +p g0,75 (D _ d]4'75 p

PaBAeAI/IB IIepeMeHHbIe, IIOAYyYUM

P am (r )d
Py + p)ap
Yyl = f a — (8.19)
Pu pl_q(rpa*'p\
_0241434p%%¢ 17
TAC & =—% 475,025

Mo>XHO yOeAUTbCS B TOM, 4TO

2,53
al(rpa—;p) << 1.

CooTHottenue (7.19) 3aMeHUM BBIpa>keHUEM

P am dp P gam P am (rp . p\3,53
YxI=Tp, f > + fdp+a1 f (BTJ dp. (8.20)
Py Py Py

AAsT TOTO YTOOBI PACKPBITH TPETUH HHTErpaA IIpPaBOM YacTU
BeIpasKeHUs (7.20), mIpoBepeM IIOCAEAOBATEABHO CAEAVIOIINE ABe
3aMeHBbI:

I'p,

x=-Patl oy =y2
p

Toraa moayuum

P Gam 153 5 5

(Tp, +p __ Y ~ X3 g( 5
alfk P dp = -2al'p, S +3Lx6am X

Pu

w
T |

}+3(\/E—

+

_\/Xi)"' ‘\/XGaLu ln‘\ X 6am +1_ \‘Z ln\““‘g"'l_ 3 X 6aw + 3\‘Z
H

1_X63m \/Xﬁau_[ -1 1_XH \VXu -1 2{1_)(6311_1) 2(1_)(};)
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()]
(o (b1

ChaepoBaTeAbHO, 110 (8.20) MOKeM 3alucaTh:

+—In

§ 5
3 3

3)
Yol _ g Poan , Poaw _ Pu _ ) 489868 g 75T | Koem =% +2f X=X 2|+
Pa Pi  Pa Pa 5 3

[ _ \Xﬁam 1 \ Xoam \/Z 1 Au t 1 3\ XGam
+3< Xﬁam \/Z) " 1- Aoam n\’xﬁam - 1 1- n\/X> -1 Xl_ XGam) +

3% 1 (\r“eXmm +1)(M—1)
T +Eln(\ﬁexﬁm )| (8.21)

TAC Yo =M;X =rPa+PH;q**=u7#

arn H K .

Poom P % S(D d ]19/7
Yxg =y

AASL BOCXOAAIIEr0 MOTOKA, COCTOSILETO U3 KUAKOCTH, rasa u
BBIOYpPEHHBIX YacTHI], IOAYIUM ypaBHeHUe (5.19). 3pech KOHIIEHT-
pariust TBepAOM as3bl B JKMAKOCTH B COOTBeTCTBUM C (8.2) ompe-

AEAAEeTCsA TaK:

2
IR Vuellom) (8.22)

ﬂ:R Vl\lex(l ]+ q)K

Ay =

1 .
'x"  HalizeHHbIE IO BLIPAKEHUAM (5.44) u

Tak Kak 3HaYeHUs
a

(8.21), paBHBI, TO IIOAYYUM CA€AYIOIlee COOTHOIIEHUE AAS OIlpe-
MENeHUs A@BAEHUS HarHeTaHUS:

/ o) rPeam , g19
(1 \lzgoglni+£——y + 0’(81F \ln Pa +
T+og) -1\ Py Pa Pa) g f¥rq] TP
LY}K J Yk Pa

0,75
-0 To) (142,50, +100503+

1_OLO Yk

4 Poan=P' g 3887q”51“(
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+[} 00273e!%:50) %{ 2 —E/[%I] +E§L S - I%] +DB({ G — &+

e fer
+ ‘E6am ln‘\“‘gﬁam +1_ \/E— 1 \'E +1 1,5, §6am _|_ 1v5\"E.’ +

1_E6am V‘%Gam—l 1-g \E -1 1_26am 1-&

1 (\Q”)(E_ )

+=In—— — /| - InPoan _ Poaw 4 P 048286875 7°T x
(VEoa - 1)(vE" +1) I
RN
o 2 o ) ¢ e
~ Abam XGam —

_ vV Xu ln\/;-'—l— B\C“Xﬁam +
I gy -1 20~ Yoo

S, 11 Vo + (- )

+1n - 0. (8.23)

2 ()

PacyeTnl 1O ONpPeAEAeHUIO Py, U P, TPOBOAITCS TaK.

IMpu 3apaHHBIX R, Vv, ¥ m 10 (8.22) ompeperseM o, Aanree
IIPU U3BECTHBIX W, Qx, Yo Yo 1+ d WAML T, 3aAQ€MCSI PA3AUYHBIMU
Psam/ Pa ¥ TIO ypaBHeHUIO (5.44) pacCYUTHIBAEM COOTBETCTBYIOIIHE
3HaueHus Y,l/p,. 3Has Y,Il/p, HAXOAUM pPg.,. Aaree, MOACTABUB
Ha¥iAeHHOe 3HaUYeHUe Dg,, B (8.23), MeTopOM ITOCAEAOBaATEABHBIX
IPUOAMIKEHUN ONIpeAeAsieM AaBAeHUe HarHeTaHUs p,,.

B u3A0OKeHHOUW IIOCAEAOBATEABHOCTH HAUAEM Dgan U P, IIPHU
Vyex = 200 M/u = 0,0555 m/c, m = 0,2, R = 0042 m, r, =
= 0,021 m unm d;, = 0,048 M, D = 0,061 m uam r; = 0,0305 M,
w = 1073 ITa«c, g, = 0,001 M*/c, vy, = 2,6:10* H/™M® vy, =
= 10* H/™*, T = 20 m*/™°, d = 0,042 ™, p, = p,.

Coraacuo (8.22) o, = 0,1976.

IMpunumaem o, = 0,2.

VmeeMm Takke

20 + Poam

Bpuw = ——P2 §=0,205 p =TPs=2222-10°T1a,
3,8 + Poam 9
Pa
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'

1+p

gr=— TP _ 01;()111111=3,6900.
019+ 2 %
I'p,

CoraacHo (5.44)

20 Poam | (19

Yxl _0,750786,3804 + 2,222 -1)+12,2723In— P
Da 44,6344

-+ Poau = 2,222-10°

5 +0,485527:1,4558(1,5+ 0,402+ 0,07551)%% x
r pa

(2 26156\ 2 5 70882\ 3( 5 ~1,9200) 4 _\Ssa
Lgﬁam_ h )+§L§Gam_ ' J+ \\e‘gmm -1 }+FX

Garn

x|1
5

(Jgﬁam + 1)0,31527

« Ao *1_ 0,71410-1,1543-%Hmln%ln

Eﬁam -1 ~ Sbam \w““fz:éam -1

A

g0 Poant | 19

105
Yxd _ 597634 122723In—Pa +Poaw 22221107 | 839
Pa 44,6344 132p,

o | b

( . — -
x| S 1547244 €2, + 3|55y, + Voo qp Veou *1_ 1o
5 3 1- Eﬁam \““Eﬁam -1 1- Eéam

\
0,31527(\/5661]11 + 1)
+—;1n—

Voo -1

B TabA. 8.7 mpuBepeHB! 3HaueHUs Y,l/p, HaliAeHHBIE IO BEI-
pakeHuio (8.24) mIpu Pa3AUYHBIX Pgym/ Pa-

[MepetipeM K pacyeTy AQBACHUSI HarHETAHUS.

AONyCcTHUM, 4TO AAMHA KOAOHHEL TPyO cocTtaBageT 490 m. Torpa
COTAACHO TabA. 8.4 pgs,, = 30:-10° ITa. CAeAOBATEABHO, Ysam

1,667; \xeaw = 12911, Egpw = 1,4793; \Egum = 1,216, &' =
= 1,9209. Imeem Takke @ = 4,9479.

(8.24)
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Tab6auma 8.7

Poaw Tl Poan Il Poan Taud Poa Iaud

s Pa p. Pa p. Pa p. Pa

10 23,776 40 58,872 70 84,664 100 107,580
15 31,331 45 63,496 75 88,661 105 111,266
20 37,787 50 67,609 80 92,516 110 114,845
25 43,608 55 72,283 85 96,347 115 118,403
30 48,987 60 76,527 90 100,589 120 122,050
35 54,050 65 80,624 95 103,917 125 125,521

B cooTBercTBUU C (8.23) mOAyUMM:

5

3)
18,311—201n&+&+158,524w (21523 XgJ

Pu  Pa

—
Do w1 B
+3(5,4772—JZ) - 109023 - ﬁ_xﬂ IDM_l HCTER

=0. (8.25)

. 7,87049(1/)(]1 +1)
#illn— V"7
2 VXu -1

MeToAOM TTOCAEAOBATEABHBIX TMPUOAMIKEHUM 10 ypPaBHEHHIO
(8.25) moayueno p, = 6,710° Ia.

HpeACTaBAﬂeT nHTepecC IpU IIPUHATBIX UCXOAHBIX AAHHBIX OII-
pPepeAruTh AdBA€HYe HaTHEeTAaHUA B CAydde IIPDOMBIBKU BOAOI‘/II, a He
a3pUPOBAHHOM CMeCHIO.

INpu npunsToM o, = 0,2 u q, = 0,001 »°/c maxopum q, =
= 2% - 0,00029 M*/c.
1—0ay

Torapa o opmyae (8.9) npu I = 490 M moAyuum

1,6-10* - 0,00029- 490 0,00118282- 1000 490 - 0,000005623
Pu = + 1,75
0,00129 7, 4133(0,00093025 — 0,000578)" 7°0,001846 - 5, 5431
+— 2803717 (0114-10 + 0,1309-107 + 0,1-10°%)°25(10 + 7, 54)°7 x

5,5431-0,289-107°

x 0,035917%

Py = 17,625:10° + 4,7434-10°+1,7421-10° = 24,11-10° Ta.

116



Kak u crepoBano OXKHAATBH, C NEPEXOAOM Ha OypeHHe CKBa-
SKMHBI adpUPOBAHHON CMeChI0 HAOAIOAQETCS 3HAaUMTEeAbHOe CHU-
>KeHMe A@BA€HUS HarHeTaHUs.

AHaAAOTUYHO MOJKHO BBIIOAHUTH pacyeThl MPU AIOOBIX APYTHX
HCXOAHBIX AQHHBIX.

O4eBUAHO, YTO U B AQHHOM CAyYae Pg,,, UAU D,,; UMEeT MHUHU-
MYyM OTHOCHUTEABHO @,. Tak KaK pDg,, = f(q,) BbBIpaXaeTrca He B
SIBHOM BUAE€, @ MOXKET OBITb yCTAaHOBAEHO U3 TPAHCII€HAEHTHOI'O
ypaBHeHUs (5.44), TO AAA OIpPEeAeAeHUs ONTUMAABHOIO @, (IIpHU
3apanHoM I' = q,/q,) cAepyeT IIPOBECTH CEepHUI0 pacyeToB U, IIO-
CTPOUB rpadUK 3aBUCHUMOCTHU Pg., = [(q,), HAUTHU pacxop >KUA-
KOCTH, 00eCIIeUYnBaIOMUN MUHUMYM Dg,y AU Dayg -

8.2. THAPOAUMHAMHNYECRUE COOTHOINIEHUA
TP BYPEHUHU CKBAKHUHBI I'NIMHUCTBIM
PACTBOPOM

Panee OBIAO TTOKA3aHO, YTO IIPU TEUEHUU BA3KOMAACTUYHOM >KUA-
KOCTH B TpyOe KpUTHUYECKOe 3HadeHHe IapaMmerpa PeiiHoAabAca
omnpepeasieTcs o opmyae (1.38).

3HaueHUe KPUTHUUECKOTO napamMeTpa PeliHoAbACA TIPU TeUeHUU
BS3KOM >XMAKOCTU B IIPOCTPAHCTBE MeEXKAY ABYMS IIMAMHAPaMU
HaXOAUM CAepyromuM obpasom [14]:

npu 0 < r, = 0,690

Re,, ., = 2320 —1976,577r,; (8.26)

Kp.K.II

npu 0,700 < r, = 0,995

Re,, ., = — 6740,7 + 10958,324r,, (8.27)

Kp.K.II

TAe I, = I,/

CuurtaeM, 4TO IPHU AMHAMUYECKOM HAINPSDKEeHUU CABUTA T, =
= 0, T.e. Ipu IapamMeTpe XeACTpPeMa B KOABIIEBOM IIPOCTPAHCT-
Be He,, = 0 Bripakenusi (8.26) u (8.27) sIBASIIOTCSI WMCXOAHBIMU
AT onpepeneHus Rey,, , IPY TeYeHWM BS3KOIAACTUYHON JKUAKO-
CTH.

B pa6ote [14] mokazaHo, uto mpu r, — 0 COOTHOIlleHUe,
CIIPABEAAUBOE AAS KOABIIEBOTO IIPOCTPAHCTBE, NEPEXOAUT B pac-
YeTHYIO (POPMYAY AAG TPYOBI. DTO OOCTOATEABCTBO AAeT OCHOBA-
HUe CumuTaTh, 4To 1o ¢opmyae (1.38) mo>xHO Hautu Re npu

Kp.K.IT
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TeUEeHU!N BSI3KOINACTUYHOM JKUAKOCTH AAS YACTHOTO CAydas, T.e.
r, = 0.

TakuMm o6pa3oM, BBEUHUCAUB IO dopMyae (1.38) psp 3HaUeHUM
Rey,«n TPU 3apaHHBIX He,, ¥ OTAOKMB KX HA BEPTUKAABHOU
OCH, OT IOAYYEHHBIX TAaKMM O06pa3oM TOYEK IIPOBOAWM COOTBET-
CTBYIOIIME KPHUBBIE, JKBUAUCTAHTHBIE K KPUBOM, HOCTPOEHHOM
npu He,, = 0.

AnnpokcuManus IOAYUYeHHBIX TaKUM OOpa3oM 3aBUCUMOCTEMN
IIO3BOAWAQ COCTABUTH CAEAYVIOIVE pacueTHBble COOTHOIIEHUS AAS
OIlpepeAeHUsT KPUTUUECKOTo IapamMeTpa PeliHOABACA TIPU TeUYeHUU
BSI3KOIIAQCTUYHOM >KUAKOCTH MEXKAY AByMS HUAMHApamu [14]:

mpu 0 = r, = 0,690

Re,,.. = 2320 + 32,2556 Hel¥% — 1976,577r; (8.28)

Kp.K.IT
mpu 0,700 < r, = 0,990

Re,, .. C(He,,) + 10958,324r,,

Kp.K.IT

_ dro(n - n)y
gT]Z

rae He,,

3uauenus C(He, ) npuBepeHBI B TaOA. 8.8.
AnmporcuMalusg AaHHBIX, TPUBEAEHHBIX B TaOA. 8.8, TO3BOAU-
Ad TIOAYYUTBH BBIpa’keHUe

C(He,,) = — 6740,7 + 29,05 Hel 0,

B Taba. 8.9 mpuBepeHBI 3HAUEHUSA I, IPU PA3AUYHBIX Iy U I,
IIPEACTaBASIIOIINX HMHTEpeC AAS IPAKTHUKU IIPOBOAKU CKBaKUH
ABOMHON OYPHUABHOM KOAOHHOIM.

W3 Taba. 8.9 BUAHO, UTO IIpU pelIeHUU 3aAa4, CBS3AaHHEIX C
OypeHHEeM CKBa’KUH ABOMHONM KOAOHHOM, PEeXXUM TeueHMs YCTa-
HaBAUBaeTcd 1o popmyae (8.29) u tada. 8.8.

B IMPKyASIIMOHHOM CHCTeMe CKBa’KUHBI IIPU YCAOBHH, YTO
TAMHUCTBIM PacTBOP Ha IIOBEPXHOCTHU MMOABepraeTcs OYHCTKe, Ha-

Ta6Aauma 88 Ta6 auima 89

He,, C(Hey,) He,, C(He,.) Iy M Iy M I,

0 —6740,70 || 1 000 000 | 5770,03 0,0305 0,0240 0,78688
10 000 —5059,56 || 1200 000 | 6709,64 0,0385 0,0300 0,77922
100 000 | —2250,56 || 1 400 000 | 7705,03 0,0450 0,0375 0,83333
200 000 —447,66 || 1600 000 | 8314,02 0,0480 0,0375 0,78125
400 000 1826,67 1 700 000 | 8672,30
800 000 4695,46 — —
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OAIOAQIOTCS HUCXOASIee ABWDKeHHe TAWHHUCTOIO pacTBopa B
KOABIIEBOM ITPOCTPAHCTBE (3AeCh PAacTBOP CBOOOAEH OT BEIOYpeH-
HOU IIOPOABI) ¥ BOCXOAAIINH IOTOK, HACHIIEHHBIM «IIIAAMOMY.

OueBUAHO, UTO IIapaMeTp PelfHoAbACa NIPU T€YEHUU T'AWHUCTO-
IO PacTBOpa B KOABIIEBOM IIPOCTPAHCTBE HAXOAUM KakK

Re,, = —2tals (8.30)
(x5 + g

ITpu Re,, < Rey,n ABUKEHHE TAMHUCTOTO PACTBOPA B KOAb-
IIeBOM IIPOCTPAHCTBE MPOUCXOAUT IPU CTPYKTYPHOM peXume, B
IIPOTUBHOM CAydYae — IIPHU TYpOYA€HTHOM pe’KHMe.

Kputnueckoe 3HaueHue napaMmeTpa PelHOAbAca NpU TeUeHUU
CMeCH TAVHUCTOTO PacTBOpPa C BEIOYPEHHOM NMOPOAOM BBIYMCASIOT
o popmyare (6.2).

AAs olipepeAeHUs peskrMa TeUeHHUsI CMeCH HeOOXOAUMO HaWuTh
napaMeTrp PelitHoABACA:

Re,, = UG + GrWen . (8.31)
Neng

W3 cpaBuenns Re., m Re,, mo (6.2) ompepeaseM pe’XuM Tede-
HHUS CMeCH TAWHHUCTOIO PAacTBOpa C BBEIOYPEHHOM IIOPOAOHM BO
BHYTPEHHEHN IOAOCTHU IeHTPAABHOMN KOAOHHHEI.

YuuTBIBag 3HAYUTEABHBIM AHMANa30H U3MEHEHUT Y., Yeur Ny
New To ¥ ey MOJKHO CAEAQTh BBIBOA, UTO TedeHHe SKUAKOCTH B
HUPKYASIIIUOHHOM CHUCTEMe TAMHUCTOTO PAacTBOpa BO3MOXKHO IIpU
Pa3AWUYHBIX COYETAHUSX PEXMMOB ABUJKEHUSI B KOABIIEBOM IIPO-
CTPAHCTBe U BHYTPeHHeU IIOAOCTU KOAOHHEI TpyO. Hamboaee Be-
POSITHBIMM COYEeTaHUSIMM MOTYT OBITh TeYeHHe IIPU CTPYKTYPHOM
pe’kuMe TedeHHs B KOABLIEBOM IIPOCTPAHCTBe U TPyOe, CTPYKTYp-
HOM pe’KUMe TedYeHUd B KOAbIIEBOM IIPOCTPAHCTBE U TYPOYAEHT-
HOM pe’XMMe B IEeHTPAABHOU KOAOHHE, TYPOYAEHTHOM pesKUMe
TeueHUs1 KaK B KOABLIEBOM IIPOCTPAHCTBE, TaK M BO BHyTpeHHeN
IIOAOCTU OYPHUABHBIX TPYO.

8.2.1. YCTAHOBUBHIEECS JBUKEHUE
I''IMHUCTOTO PACTBOPA MERAY

ABYMA KOHIIEHTPHUYHO PACIIOJIOKEHHBIMHA
IUJINHAPAMU ITPHU CTPYRTYPHOM PERHNME

HpI/I CTPYKTYPHOM TeUeHUUn BSI3KOTIAACTUYHOM KHUAKOCTH 4YaCThb
KOABIIEBOTO IIPOCTPAHCTBA 3dHATA SAPOM IIOTOKA, B IIpepeAdax
KOTOPOTI'O CKOPOCTH He HU3MEHSeTCdA UAU I'PAaAHMEHT CKOPOCTHU pPa-
BEeH HYAIO. Beanunna dAPA XapaKTepusyeTcsda ero papuycaMu p; u
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P2(p2 > p1). CrepoBaTenbHO, B OOAACTH, 3aKAIOUEHHOM MEJKAY pa-
AAYCaAMU P, U I,(I, — BHEIIHUMN PAAUyC [EHTPAABHOM KOAOHHEI),

du
TIPapMEeHT CKOPOCTH d—1> 0, a B obnaacTu MeXAY papuycaMu p, U
r
I3(r; — BHYTPeHHMI paAUyC BHeNIHeM KOAOHHBI) HaOAIOAQeTCS
du
ABIDKEHUE MPU OTPUITATEABHOM TPapueHTe CKOPOCTH, T.e. —=<

dr
<0.

AAS pellleHUs 3aAa4U HEOOXOAUMO OIIPEAEAUTH CKOPOCTHL B
AOOOM TOYKE IOAOKUTEABHOTO UM OTPHUIATEABHOTO I'PAAUEHTHOTO
CAOSI U SIAPA IOTOKA. 1o HaA€HHBIM 3HAUEHUSIM CKOPOCTU pPac-
CUUTBHIBAIOT PACXOABI Uepes MepeurcAeHHble 00AACTH, YTO II03BO-
AsleT OIIPEAEAUTDh PACXO0A depe3 BCe IIoNlepeyHoe ceueHHre KOAbIle-
BOTO IIPOCTPAHCTBA.

PemmuMm 3apady, HOAB3Y4ICH CHUCTEMON AU depeHINaNbHBIX
ypaBHeHuN ['eHku —laprommHa. [TOCKOABKY paccMaTpUBaeTCd
IIPSIMOAWHENHOe CUMMETPUYHOe ABU)KeHUEe, TO

)
u, =u, = 0, 2 _ .
¢

W3 ypaBHeHUa Hepa3pbIBHOCTHU

ou
—=0.
0z

ChAepOBaTEABHO, B COOTBETCTBUU C cuUCTeMOU AuddepeHu-
aAbHBIX ypaBHeHUM ['enku—lVAbIOIIMHA AAS BHYTPEHHEro WU
BHEIIIHErO0 TPAAMEHTHEIX CAOEB MOJKHO 3aIllMCaThb:

(02111 + 1 8111\

+ 0o 2 crcp): (8.32)
ar: I ar) r

1

(62u2 +16u2\ Ty Ap

+L=-2F (py=r=Iy), (8.33)
or% r or r 1
TA€ I' — pacCTosiHMEe OT OCHU ITMAMHAPA AO pPacCMaTpuBaeMoOi
TOYKH.

YpaBHeHUe (8.32) IpeACTaBUM B BUAE

ndf du) T __Ap

r dr dr r 1
Ortcropa
2
u = _Aer o, clnr +c,. (8.34)
4l n
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AnanornuHo U3 ypaBHeHHd (8.33) MOKHO 3aIlUCATh:

u, = _Apr? + 301 4elnr+c, (8.39)
4l n

AASL oIlpepeneHHs NMPOM3BOABHBIX ITOCTOSHHBIX U PaAUYyCOB
dApPa HEOOXOAUMO COOAIOAQTH CAEAYIOIINE I'PAaHUYHBIE YCAOBUSA: 1)
CKOPOCTBH JKHAKOCTH BO BHYTPEHHEM TPapMEeHTHOM CAOoe Ha IIo-
BEPXHOCTH BHYTPEHHEro IMAMHApA paBHa HYAIO; 2) TI'PapUeHT
CKOPOCTH BO BHYTPEHHEM TIpPapMEeHTHOM CAOe Ha TpaHulle sapa
paBeH HYAIO; 3) rpPapMeHT CKOPOCTU BO BHENIHEM IPaAHNeHTHOM
CAOe Ha MOBEPXHOCTH dApPa PaBeH HYAIO; 4) CKOPOCThb KUAKOCTU
BO BHEITHEM TPAAMEHTHOM CAO€ Ha MOBEPXHOCTU BHEIIHEro Mu-
AMHApA PaBHA HYAIO; O) CKOPOCTB JKUAKOCTH BO BHYTPEHHEM U
BHeIIIHEeM TPaAWEeHTHBIX CAOSX Ha IpaHulle sSapa HepexOAUuT B
CKOPOCTBH CaMOTO SIApa.

[NepeunicreHHBIE YCAOBUS MaTeMaTUUYeCKU 3alMCHIBAIOTCA TaK:

npur=r1, u, = 0, (8.36)
ou
a_rl repy = 0; (8.37)
mpu r=r, u, = 0, (8.38)
2 r=p; = Uy r=py’ (839)

Hcnoas3ya (8.36) — (8.39), HaxopuM

G = 2—mpl + 791? (8.40)

¢y = L2(r7 = 2pInn) + 2 (1, - pyInry); (8.41)
anl n

C; = Ap p% - T_Opz (8.42)
i n

C = 4A_P( - Zp%lnrs) — X0 (r,-p,Inr). (8.43)
nl n

Takum obpasoM, no (8.34), (8.35) u (8.40) — (8.43) moryuum

u = £{1'22 + zplzlnL_ 1'2\ + t_o{pllni +15 - 1‘\; (844)
i | PR A G )

u2=g(ﬁ_rz_ngmg)_f_o(rs_r_pzmﬁ), (8.45)
4l r n r
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ITo dpopmyram (8.44), (8.45) u rpaHUUYHOMY yCAOBUIO (8.39)

u, = j—p(rf -p?+ 2pflnﬂ) + T—O(IZ -p + pllnp—l); (8.46)
ull 5 il 5

g = 22 (rf ~ p} = 2pIn £} - %21, - p, ~puin £, (8.47)
yll P2 n P2

CocTaBuM YpaBHeHUEe AMHAMHWYECKOTI'O PABHOBECHS JAPA
n(p2 ~ p?)Ap = 27p, + p, ).
OTcropa

Ap = Ho_, (8.48)
P2 = P1
W3 paBeHCTBa NpaBBIX 4YacTed BeIpakeHuu (8.46) u (8.47) c
yueToM COOTHoIIleHHus (8.48) moaydum

1
Papoln Lo = = (pf —pf +1-12) = 1+ 1) Py ~ Pa). (8.49)

LPb

TAE Pq = P1/T3 Py =P/ I3 I, = /T
OTIpeAeAM PacXop, JKUAKOCTU depe3 KOABIeBOe IIPOCTPAHCT-
BO, UCIIOAB3YS CAEAYIOIlee BEIpasKeHUe!

[ <)
q=2n(rudr+mn|(ps-p>|u, + [rudr. (8.50)
{ 1 ( 2 1) 0 ‘p[‘ 2

W3 cooTHomenutt (8.44) — (8.46) u (8.50)

4
AP [1( 4 4 4,2 2 2 2
=17 = Pa) + 1- I+~ Pq ~ Pa) — 2 a 1- L=
ol [3(917 p ) + 3p pb(pb p ) p pb( )
— 4o, —pu)(1+ rj)]. (8.51)
Bripaskenue (8.48) nmpeacTaBUM B BUAE
2k
Ap=—"2. 8.52
P 5(Pp~ Pa) (6.52)

Mo dopmyaam (8.49), (8.51) mu (8.52), mOAyUYeHHBIM BIEpPBHIE
ML.IT. BoarapoBuueMm u A.M. I'yTKMHBIM, MO>XHO YCTaHOBUTH 3aBU-
CHUMOCTB Pacxopa OT IOTEPh AABACHUA.

3apaua pemtaeTcss Tak. MeTOAOM TOCAEAOBATEABHBIX MPUOAU-
JKEeHUU 10 ypaBHeHHIO (8.49) HaxoAWM 3aBUCUMOCTB P, = f(p,).
AHANOTUUHYIO 3aBUCUMOCTL P, = [i(p,) onpepensieM 1o (HopMyAe
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(8.52). Touka nepeceuenud p, = f(p,) u p, = fi(py) AQCT 3HaUEHUA
Pq U Py, TOACTAaBUB KOTOpHIE B (8.51), BEIUMCAUM PacXop KUAKOC-
TH.

OcHOBHas TPYAHOCTb NIPU pPEIIeHUMW 3aAaYU 3aKAIOUAeTCS B
HaXO>KAEHUU PapuycoB sgapa. OTCyTCTBUE 3aBUCHUMOCTU B IBHOM
BUAE 3aTPYAHSAET IIPOBEACHUE COOTBETCTBYIOIIErO aHaAM3a IIPo-
necca. IToaToMy BO3HHKAAG HEOOXOAMMOCTH BBIBOAQ IIPUOAUIKEH-
HOU (POPMYABI, IIO3BOASIOLIEN C AOCTATOYHOM TOYHOCTBIO HAXO-
MUTH Ap B IBHOM BHAE.

EcAm >KUAKOCTB BSI3Kas, TO MeCTOIOAOKeHUe IMOBEPXHOCTH B
KOABIIEBOM IIPOCTPAHCTBE, Ha KOTOPON CKOPOCTb AOCTUTAET
MaKCHUMyMa, onpepeasgercd 1o opmyae [12]

(8.53)

rae p° = p/ra.

CunTaeM, YTO BHYTPEHHAS W BHEIIHAA TPAHUIBL SApa HAXO-
MATCSI HA OAMHAKOBOM PACCTOSTHUU AP OT NOBEPXHOCTH, Xapak-
TepU3YIOIIeUCcs MAaKCUMAaABHOU CKOPOCTBIO, T.e.

p; = p — Ap; (8.54)
p, = p + Ap. (8.59)
CoraacHo BheIpakeHusM (8.52), (8.54) u (8.55)
Ap =Tk, (8.56)
Ap

W3 cooTHomeHuit (8.51), (8.54)—(8.50) mOAyYMM CAeAyrOlllee
BBID@)KEHUE AASI ONPEAEAEHUS TOTepPb AABAEHUSI NIPU CTPYKTYP-
HOM pe>XUMe TeYeHUs BSI3KOIAACTUYHOM >KMAKOCTU B KOABIIEBOM
IIPOCTPAHCTBE:

APy = (jg;;s {—[w (t)-2q']+ J[w(ra) -2 - ¢(ra)},
rAe

W(r) = Pap - B (14 1)

q' =29,
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cp(r)—4n<1— ><1+I - 2p* >

CpaBHUTEABHBIE PAaCUueTHl 10 NPUOAMKEHHOU dopMyae (8.57)
U TOYHOU cucTeMe ypaBHeHun (8.49), (8.51), (8.52) mokasweIBaIOT,
YTO IIOAYYaeMble Pe3YABTATHl OTAWYAIOTCS HE3HAUYUTEABHO.

8.2.2. OITPEAEJIEHUE JABJEHUA HATHETAHUA

Y BAIIIMAKA KOJIOHHBI

ITPH PASJIUYHBIX COYETAHUAX PEKMMOB TEYEHHUA

B KOJIBIIEBOM ITPOCTPAHCTBE W BHYTPEHHEH ITIOJIOCTH
EHTPAJBHON KOJIOHHBI

U3 YpaBHeHUA AWMHAMUYECKOI'0 PABHOBECUA JKUAKOCTH, ABUXY-
HIEfICH B KOABILIEBOM IIPOCTPAHCTBE, MOJXHO 3dIllMCATh:

Px = Posam + ApKH - Y)KI (858)
3HauuT, 1o (8.57) u (8.58)

P - pm—uuﬂ{—[w(ra)—2q']+«\[w(ra>—Zq']z—cp(ra)}. (8.59)

o(n)5

Ecam paBAeHHE y BepXHEro TopIia IIeHTPAaAbHON KOAOHHBI PaB-
HO aTMOC(EPHOMY, TO COTAACHO (6.7)

pﬁam =

Gxtdr qx+q, 2

Y)qul + YTqT] +L 8nCM(q>K+qT)+2v8066tO+
aryd I

[ 2

8nCM(q)K+qT)+2 806610 /

\
42116—0 8.60
) T (8.60)

ury

i

0 (8.59) u (8.60) cocraBum Bpra}KeHI/Ie

vl 2 8
p, = Lalls =Vl 2h (1) - Sax | 4 w(r) o | —g(r,) L+
G+ Q(ry)13 Tor3 \ Tols

+1)Benl@x*44) 4 9 806670 4

2 31;[14 n

\ 2 2

4 || Beul@xtd0) L9 800 | _g0116({T0) | (8.61)
\\ mr14 I Lr }
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IToroxus B hopmyae (6.11) R = r;, HalipAeM ONTUMaABHOE 3Ha-
YyeHUe g, T.€. PacXop KUAKOCTH, OOeCIeUHMBAIOIIUN HPU 3ajAaH-
HOM 3HAQYE€HUHU V,,,, & CA€AOBATEABHO, U ¢, MUHUMYM AABAEHUS Yy
OaliMaka KOAOHHEI, & 3HAUUT, U 3a00MHOI0 AaBAEHUA.

Tenepb AOTYCTHM, YTO B KOABIIEBOM IIPOCTPAHCTBE HAOAIOAA-
€TCS CTPYKTYPHBIM peXXMM, @ B II€eHTPAaAbHONU KOAOHHE OYPHUAB-
HBIX TPyO HIPOUCXOAUT TypOYA€HTHOe ABMJKeHMe. TakK Kak IIpHU
TYpOYA€HTHOM pe’KMMe MeXaHU3M ABIJKeHHS BS3KOU U BSI3KO-
NIAQCTUYHOM >KUAKOCTU OAUH U TOT JKe, A@BA€HHe y OalllMaKa OIl-
peaeasetrca o popmyae (3.48). 3uaumT, 1o (3.48) u (8.59) paBae-
HUe HarHeTaH!s HaWAEM TakK:

2 0,25
13,55(—%0_) 4 %0 q|  x
Ll %J

1-0g

0, 241430025175
n = (YT _YK)OVOI gO 7gd4 75(1 )05

( ) \0'75 2, 8nq>x
et S (p(r)r:;{ [w( a)-
2
+ i) - 29 e (8.62)
Tol3

Ilpu TypOyAe€HTHOM pe’XuMe TedeHUs TAMHHCTOrO pacTBopa B
KOABIIEBOM ITPOCTPAHCTBE U B LIEHTPAABHOU IIOAOCTU AABAEHHE Y
OamiMaka (MAM 3a00MHOe AaBAeHHe), a TaK)Ke AAaBAeHUe HarHeTa-
HUA onpepeAsdioT o dopmyaam (8.1) u (8.9) c 3amMeHOM U = 1.
ITpu 3TOM HAAO y4ecTb, UTO

a
qT=q7K
1-0ay

3HaueHHe o, HaXOAAT 1o hopMyAre (8.22).

I[TpoBoAKa CKBa’KUHBEI ABOWHOM OYPHUABHON KOAOHHOM II03BO-
ASIET OCYIIECTBASITH TEXHOAOTUYECKHU IIPOIECC NPU HEIpephIB-
HOM BBIHOCE KepHa, COBMeIlass ero BO BpeMeHU C paboTou
IIOPOAOPAa3PYyIIAIONIero UHCTPyMeHTa. AAST YCIEeUIHOTO IIPOeKTU-
poBaHUS TEXHOAOTHHU IIpoliecca HeOOXOAMMO PEeIIUTh PSA BOIIPO-
COB, B YaCTHOCTH, YCTQHOBHUTH, KaK CBA3aHBI MeXAy COOOM CKO-
POCTh HopaBbeMa KepHa, pacxop >XKMAKOCTU U MexXaHUdecKas CKO-
POCTE IPOXOAKY, @ TaK)Ke BBISICHUTH, KaK HAUTU AABAEHHWE HarHe-
TaHUS U AaBAEHUE Ha 3a00e CKBa)KMHBEI U KaK OIPEAEAUTH OIITHU-
MaABHBIU 3a30p MEXAY LIEHTPAABHOW M BHEIIHEW KOAOHHAMM.

OTU BOIPOCH PAacCCMaTPUBAIOTCS HUJKE AAS CAy4YaeB IIPOMBIB-
KM CKBa>XMHBI BOAOW U TAMHHUCTBIM PacTBOPOM.
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8.3. BOITPOCBI THAPOJNHAMURHN
IIPU THAPOTPAHCIIOPTE KEPHA

Pemnm cHauana 3apauu AASL CAyYasi IPDOMBIBKY CKBAKUHBL BOAOU.

IlpepcTaBUM KepH U BHYTPEHHIOIO IIOAOCTH II€eHTPAAbHBIX
TPpyO B BUAE ABYX LIIMAMHADOB PApWyCaMU I U Iy (Iy > Ip).

AAsI onpepereHMSI CKOPOCTH ABHMJKEHHS KepHa HeoOXoAH-
MO pACCMOTPEThb 33Aa49y O TEeYEeHWU J>KUAKOCTU MEKAY AByMS
IUAUHAPAMH, OAMH U3 KOTODPBIX — BHYTPEHHHUN — ABWJKETCS C
IIOCTOSAHHOU CKOPOCTBIO U,.

AOIIyCTHM, YTO TeYeHHe KUAKOCTU B KOABIIEBOM IPOCTPAHCT-
Be IIDOUCXOAUT IIPU AAMUHAPHOM Pe’KHuMe.

Tak Kak paccMaTpuBaeTCs YCTaHOBUBIIEeCS ABMJKEHHE KepHa
U JKUAKOCTH, TO B COOTBETCTBUU C CHUCTeMON AUDPepeHIHanb-
HBIX ypaBHeHu# Habbe — CTOKCa MOJKHO 3aIlHCATh:

1d( du)_1dp (8.63)
r dr\ dr/ w dz

TAe I' — pPAcCCTOsHUE OT OCHU BHYTPEHHeU (LeHTPAABbHOM) KOAOH-
HBI AO AQHHOM TOYKM; U — CKOPOCTb B AQHHOMU TOUKe.
PemB pudpepennarbHOe ypaBHeHUe (8.63), TOAYUUM
d
U=L_pr2

+cInr+c,. (8.64)
4u dz

[Tpou3BOABHEIE IIOCTOSTHHEIE C; Y C, ONPEAEASTIOTCS U3 CAEAY-
IOIUX I'PAHUYHBLIX YCAOBUN: CKOPOCTh JKMAKOCTU Ha IIOBEPXHOC-
TH IeHTPaAbHOUW TPyOBI paBHA HYAIO, @ Ha IIOBEPXHOCTH Kep-

Ha — CKOPOCTM CaMOTO KepHa, T.e. ipu r =r, u = 0, a npu
r=rI,U = U,.
Toraa
2 2
c,=—LdPN -7 _ U . (8.65)
Au dz lni lni
To To
( . \
1d - 1
c,=——2B 24 "0 1np|4u,—=. (8.66)
4y dz lnr—1 ln[—1
To To

3HauuT, coraacHo (8.64) — (8.66) MO>KHO 3alucaTh:
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(

I,
In-t

2 2
U=—4L% HZ_u]ni_[z +u, L, (867)
ez lni ’ lni
To To

Pacxop >KUAKOCTH B KOABIIEBOM ITPOCTPAHCTBE
n
qg= anrudr. (8.68)
o
INopcTaBuB (8.67) B (8.68), moayuum
2 [ \

_ I -Ig 2_ 2
q="0 r;*—r;——( B O | (8.69)

Bu IntL 2IntL

To )

rAe Ap — Pa3HOCTb A@BAEHUM II0 KOHIIJaM KepHa AAMHOM .
Pacxop xmpkoctu (J, 3aKauMBaeMOM B CKBa)KUHY, YaCTUYHO

3aTpauYMBaETCs Ha 3allOAHeHUe o0beMa mroQuT, 0CBOOOXAAEMOTO
KEPHOM B Pe3yAbTaTe €ro IOABEMA, a YAaCTUYHO YXOAUT dYepe3
KOABIIEBO€ MPOCTPAHCTBO C PACXOAOM (.

3HAQYUT, MOJKHO COCTaBUTh CAEAYIOIlee ypaBHEHUE MaTepUaAb-
HOro OanhaHca:

Q-nrlu, -q=0. (8.70)
Io dopmyram (8.69) u (8.70)

2
_ ri{-rj 2.2
O——"‘AS’;IY” rf—r04—< . ) -, H=E0 -0, (8.71)
In—L 2In—L
) To

BeanunHa Ap 3aBUCHUT OT CHABI TPEHHUSA Ha NOBEPXHOCTU Tpe-
HU, @ 3HQUUT, ¥ OT COOTBETCTBYIOIIETO IPAAUEHTa CKOPOCTH.

I'papueHT CKOPOCTH HA IIOBEPXHOCTU KepHa COTAACHO POpPMYy-
Ae (8.67) MOXKHO HAMWTU TakK:

( \

2 2
e B B (8.72)
Flr=r i rolng rolng
To To

CornaacHo 3akoHy HbrOTOHa KacaTeAbHOe HAlpsyKeHUWe Ha
CTeHKe KepHa
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T, =udl (8.73)
dr I=r,
0
Torpa no (8.72) u (8.73) moayumum
( , \
1, =22 T 2B _op | M (8.74)
4 roln[—1 pln-L
o o
CocTaBuM ypaBHeHHe AMHAMUYeCKOTO PAaBHOBECHS KepHa!
2nrk,, +n;Ap - ly =0, (8.75)
TA€ Y, — YVAEABHBII BeC KepHa.
W3 BelpakeHuu (8.74) u (8.75) MOKHO OIIpEAEAUTH
rozy Tln;—1 + 2uu,
Ap-vyl=2]——2—5—. (8.70)

-1

CAepOBaTeABHO, IO BEIpaKeHUsAM (8.71) u (8.76) moayuum co-
OTHOIIIEHVE AASI pacueTa CKOPOCTH ABMJKEHUS KepHa

2
g v s e ULl | 877
Pacxop nmopoas!l B TpyOe

q,=mu,. (8.78)
Io BeIpaskenusam (8.77) u (8.78) moayumm

.- 20 - s~ 079

C ApyroM CTOPOHBI, Pacxop IIOPOABL, IIOCTyIAIOLIEd B TPyOy,
MO>KHO HaWTH II0 popMyAre (8.2).

C yd4eTOM paBeHCTBa 3HAUEeHUM (,, IOAYUEHHBIX II0 (DOPMyAaM
(8.2) m (8.79), 3anuineM caepyrolilee BEIpaKEHUE AAS OIIPEAEAEHUS
pacxopa >KUAKOCTH, IIPU KOTOPOM OOBEM pas3pyllaeMON IIOPO-
ABL, IIOCTyHAwIleld B OypHUABHYIO KOAOHHY B BHAE KepHa, OyAeT
paBeH o0BbeMy KepHa, TPAHCIOPTUPYyeMOIo dYepe3 BHYTPEHHIOIO
IIOAOCTD II€HTPAAbBHON KOAOHHBI OYPUABHEIX TPYO:

4
To W -1

Q-1Lrs nR2(1_m)vMex+7—j;”3(lT‘” (#—fé‘)lnj—;-(f-’fﬂ}- (8.80
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Pacxop, xxupkoctu Q = Q,,, IpU KOTOPOM MPOUCXOAUT "3aBU-
caHve" KepHa, MOXXHO HAWUTU IO BHEIpa)KeHUIO (8.77), IOAOXKUB
u, = 0. Torpa moayumm

1
Q: =r§(1—l) 1+ 2 ln——(1-r2)|, 8.81
= (1= L (1- ) @81
40Q,
rae Q= o
J'CI'l Yr
BripaxkeHue (8.80) MO>KHO IIPEACTAaBUTH B BHAE
1417
O* = 2& :aex + Q:p' (882)
Ta
o 2Ry
rAe VMeX=—4(1—IH).
Yl

B Taba. 8.10 npuBepensl 3Hauenus Q,, TPU PA3AMYHBLIX I, a

rakke ., Re u Re,, , Haiipennwie npu r; = 0,021 ™, v,

= 2,64-10* H/M* m v = 107° M°/c; 3Hauenus Re,,,, OIPeACACHEI

no copmyae (8.27).

Tab6 auma 8.10

T, Q;p10° Qup 1072 m/c Re Re,, s

0,943 0,11291 0,45530 7103,7 3593,0
0,944 0,10732 0,43276 6748,6 3604,0
0,945 0,10179 0,41045 6397,4 3614,9
0,946 0,09650 0,38913 6061,9 36259
0,947 0,09145 0,36876 5741,7 3636,8
0,948 0,08648 0,34874 5427,1 3647,8
0,949 0,08159 0,32903 5117,8 3658, 7
0,950 0,07703 0,31060 4828,7 3669,7
0,951 0,07177 0,28939 4496,7 3680,7
0,952 0,06831 0,27568 4281,5 3691,6
0,953 0,06432 0,25936 4026,0 3702,6
0,954 0,06041 0,24361 37794 3713,5
0,955 0,05666 0,22481 35429 37250
0,956 0,05307 0,21402 3316,9 37355
0,957 0,04949 0,19956 3091,3 3746,4
0,958 0,04625 0,18652 28879 3757,4
0,959 0,04307 0,17369 2687,8 3768,3
0,960 0,04002 0,16136 2495,8 3779,3
0,961 0,03721 0,15003 23194 3790,2
0,962 0,03445 0,13890 2146,2 3801,2
0,963 0,03174 0,12798 1976,2 3812,2
0,964 0,02927 0,11802 1821,7 3823,1
0,965 0,02704 0,10904 1682,2 3834,0
0,966 0,02472 0,09470 1460,0 3845,0
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W3 Taba. 8.10 BUAHO, UTO B AGHHOM CAy4Yae AAaMHHAPHBIU pe-
SKUM TeYeHHS B KOABIIEBOM IIPOCTPAHCTBE yCTQHOBUTCSH IIPHU I, =
= 0,955, u Torpa, 4TOOBl «B3BECUTH» KepH, NOTPeOYIOTCS OTHOCHU-
TEABHO HEBBICOKME PaCXOABI.

OAHaKO Ha MPaKTUKe OTHOIIIEHWE AuaMeTpa KepHa K AUaMeT-
Py BHYTPEHHEN IMOAOCTH KOAOHHEI OYPHABHEIX TPYyO 3aMeTHO
MeHblIle, 4eM 1, = 0,955. B TakoM cAy4ae IPOMBIBOYHAS >KUA-
KOCTb B KOABII€BOM IIPOCTPAHCTBE ABUJKETCS IIPU TYPOYAEHTHOM
peskuMe TeueHUs.

8.3.1. TMAPOANHAMHNYECKE PACYETBI, CBA3AHHBIE
C IBUSKEHHUEM KEPHA IIPU TYPBYJIEHTHOM PEKHUME
TEYEHHUA JKNIKOCTH B KOJBIEBOM ITPOCTPAHCTBE

M3BecTHO, UTO 3ajaya A@MMHAPHOTO pe’KMMa TeueHUs pellaeTcs
C IIOMOIIBIO CUCTEeMBI AUPdepeHInaAbHBIX ypaBHeHUulU Hasbe —
Croxkca.

B Hacrogulee BpeMs He CyIIeCTByeT 3aMKHYTOM CHCTeMEI
AU pepeHITNaAbHEIX YPAaBHEHUM, ITO3BOAFIOIIEN pelIaTh 3apAa4M
TypOYA€HTHOI'O TeUYeHMUs.

CKOpOCTb B AIOOOM TOYKe IIOIEPEYHOTO CedeHUs: TPyOnl INpHU
TYpPOYA€HTHOM pe’KMMe OIIpeAeAsdeTCsl IO CTelleHHOMY M Aora-
pudMUYECKOMY 3aKOHAM.

PaspaGoTaH MeTOA «CIIUBAHUS», MO3BOASIOIINN HUCIIOAB30BATh
CTEIIEHHOU U AOTAPU(PMUYECKUM 3aKOHBI AAS PEIIeHus 3apay,
CBSI3@aHHBIX C TYPOYAEHTHBIM TeYeHHEM JKUAKOCTH B IIPOCTPAHCT-
Be MeXKAY ABYMS LIUAWHAPAMU IIPU AIOOOM 3KCIeHTPUCUTeTe U
Pa3AWUUYHBIX yCAOBUAX [7, 8].

ITpaBOMEpPHOCTE UCIIOAB30BAHUS 3TOTO MeTOAQ OBIAA AOKa3aHa
COIIOCTABAEHMEM pPACYETHBIX 3HAUEHUN CKOPOCTU ABIDKEHUS IU-
AMHAPA B IIPOTHUBOTOKE >KMAKOCTH, IIOAYUYEHHBIX Ha OCHOBE CTe-
IIEHHOTO 3aKOHQ, C pe3yAbTaTaMM COOTBETCTBYIOIIUX 3SKCIIepU-
MEHTAABHBIX HCCAEAOBAHUU.

TTPUHIIAII METOAA «CIIMBAHWS» OCHOBLIBACTCS Ha HAAUYUU B
KOABIIEBOM IIDOCTPAHCTBE TaK HAa3bIBAEMOM HEUTPAABHOU IIO-
BEPXHOCTH, T.e. IIOBEPXHOCTH, HAa KOTOPOM KacaTeAbHOe Halps-
SKeHHEe PaBHO HYAIO.

YKa3aHHOU HEUTPAABHOM NMOBEPXHOCTBHIO, PACIOAOKEHHOU Ha
PaccTOSHUU a OT MOBEPXHOCTH KEepHA, BCe KOAbIIeBOe IIPOCTPaH-
CTBO AEAUTCS Ha ABe OOAACTH M AAG KaXAOM M3 HHUX COTAACHO
3aKOHY KOPHSI CEAbMOM CTElleHU COCTABASIOTCS CAEAYIOIIHE BHI-
Pa’keHUs AN OIIPEAEAEHUSI CKOPOCTHU B AIOOOM TOUKeE:
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A I obaacTu

4 1

[t g\ 7y, \7
=874 19 ML X 8.83
W= ) 18:83)

<

A 11 obracTm
4 1
(t29)7(y,\7
u; =874, 2%, %, , 8.84
=S ) (684

TAe Vv — KUHeMaTHdecKass BI3KOCTb;, ¥; — PACCTOSIHME OT IIO-
BEPXHOCTU KepHa A0 AQHHOW TOYKHU B Ipeperax [ obaactm (0 =
<y, < Q); ¥y, — PacCTOsdHUE OT BHYTPEHHEM IIOAOCTU LEeHTPAAb-
HOM TPyOBI AO A@HHOM TOUKM B Ipeperax Il obaactu (0 < y, =
=I,—I,—a); T, ¥ T, — KacaTeAbHble HAIPS)KEeHUs COOTBETCTBEH-
HO Ha MOBEPXHOCTSAX KepHa U Ha BHYTPEeHHEN IIOAOCTU IIeHT-
ParbHOM KOAOHHBI TPYO.

Ha HeNTpanbHOM NOBEPXHOCTH, T.e. IPU y; = A Uy, = I,—
—Iy— @, AOAKHO BBIITIOAHATBCS YCAOBHE U; = Uy, YTO AQET
4 4 1 1
(129 \7=(L\7( )T () (8.85)
Ly) kv) d-a 874\d-a
raed =1, — 19

CocTaBUM ypaBHEHHE AMHAMUUYECKOTO PABHOBECHUS KUAKOCTH,
3aKAIOYEHHOM B KOABIIEBOM IIPOCTPAHCTBE Me’KAy TPyOOM U IU-
AMHAPHUYECKOHN NMOBEPXHOCTBIO, Ha KOTOPOU KacaTeAbHOE HAIpS-
>KeHUe PaBHO HYAIO:

2nnk, +n[r12 —(x, +a)2]y1—n[r12 - (1 +a)2]Ap=0,

rae I — pavHA KepHa; Ap = p,—p;; P, ¥ p; — AABAEHHE IIO
KOHIIaM KepHa.
Torpa
2 2
_i-(p+a _
T, 2n] (Ap—v). (8.86)

3anuiieM ypaBHeEHHEe AMHAMHUUYECKOI'O PAaBHOBECHUS JKUAKOCTH,
3aKAIOYEHHOU B MPOCTPAHCTBE MEXXAY KEPHOM M BHYTPEHHEH I10-
AOCTBIO LIEHTPAABHOM OYPUABHOU KOAOHHBL

2nr kv, + 2k, — n(rf - rOQ)(Ap -y1)=0.

3HaUnT,
rf —f02 To
Ty=——>(Ap-y))- ;. (8.87)
rl I3
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W3 Beipaskenui (8.86) u (8.87)

7, = X2 D Ay, (8.88)
2rl

CocTaBum YpaBHeHe AVMHAMHWYECKOI'O paBHOBeCHsi IIO BHYT-
peHHefI IIOANOCTH 6ypI/IABHBIX TpY6, BEIAEAWB IIPKU 3TOM KOABITO
KUAKOCTH BOKPYT KepHA M CaM KepH BeCOM G:

annt, + a1 - 7 Iy + G - Ap =0, (8.89)
3Aech
G=nrly I, (8.90)

TAe Y, — YAEABHBIN BeC KepHa.
CAepOBaTeABHO, IO BhIpakeHUsM (8.86), (8.90) u ypaBHeHUIO
(8.89) MmoXxHO 3ammcaTh:

Ap—v1=[ I, ) (Yi—1>v (8.91)

rAe yi=TT; r, = ry/r; a* = a/r,.

IMTopcTaBus (8.86), (8.88) u (8.91) B (8.85), moryuum

4
d@+d)| o
&

3
I -d

1
7

~ =

© -d)” , (8.92)

T = fr: -1 [1-(+ a*)z]é -

~—~—

~ oo

(1, +d)

1
rAe L_lr=${ )711T; 8 = 1—r,.

16v
5 4
ng

Pacxopa JKUMAKOCTHM B KOABILIEBOM IIPOCTPAHCTBe, 006paso-
BAHHOM KepPHOM U BHYTpPeHHeHN IIOAOCTBIO II€eHTPAAbHOU KOAOH-
HHI,

a o-a

q=2m f(Ib+Y1)u1dY1+f(—r1_Y2)quY2 . (8.93)

0 0

IMocae moapcTanoBku (8.83), (8.84), (8.86) u (8.88) B (8.93) mox-
HO 3aIIMCaTh!
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~ e

15

; 4 af 15
—15,295%(9_\7(Ap 2’ 0(2r0+a) 7{2 J i -(n+a* x
L GV) 15 Iy L
8 15
x|i0-a7 _80-9’ +2na(ro+3)uT,
I 155 2
A 1o (8.91)
12 i 8 4 8 E\
q =15,295xr,r, gl \7( ! 1)7 (2, +d) 7,8d7 1,
0 Llﬁ\/} Llé+a*) YT L, L 15 TﬁJ
8
4o H\ 7 B
+[1—(ra +a*)2];M[1_1_85(6* —a*)} + ZW—ﬁza*(Ta+%juT, (8.94)
I

rae 0" =8/r, uam 8" =1—r,.
CoraacHO ypaBHEHMIO MaTepuaAbHOro 6anaHca (8.70) u BeIpa-
>KeHuto (8.94)

4

=) (v:—l)iﬂ—“*‘”;”*)]?x
L+d

a

Q 15,295t

= - a

8( \
xa*7 1+ia_ +[]__(I-a+a*)2 7 (0" -da) 1 2(6*—61*)]
15 r, 15
A
15 . 4 Y N
a Q 7 L’ “(or +a\? 22 8 d
= 7 a 1)7 - « 1+8
UT (i +d)? 4(1r+a*)22/7(yT ){L L J a7L +15 TaJ+
8
_ #2107 =a")7 [4 _ 8 s _
+[1 (r, +a’) ]—ra { 26" -a )] , (8.95)
1
— ( \7
TAE Q= Q 16v .
A &74nr12 ( 1'14g4 J
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V3 paBeHCTBa 3HAUeHUM U,, HaWAEHHBIX IO (phopmyaam (8.92)
u (8.95), mOAyYHM CAeAylolllee TPAHCIIEHAEHTHOE YpaBHEHHE AAI
omnpeaeAeHus a':

15

Q 7 Mo +a\? 220 8 d")
- a *_1)7 a 714+ —
(r,+d")? 4(fa+a*)22’7(YT ) {L I ) “ 7L +15 raJ+
. 4
4 . ) 7 '\{:.—1 7 1
H[i- ) B 1B -] (i) {(a* @)
I, 15 . %
(ra+a’)
S (g a7 S
2 *\7 5
xl—(.ra+a*)2}7—L2Ia+aJ a7 =0. (8.96)
Ia
ITo ypaBuenuto (8.96) mpu y, = 2,6 GBIAM IIPOBEAECHBI pacye-

THI IO OoTIpepeAeHUIo a* B pnamna3oHe 0,7=r,<095u0=< Q = 0,/4.
ANpoKCcHUMAIIUs TOCTPOEHHBIX 3aBUCHUMOCTEM MTO3BOAMAA II0-
AYYUTDH BEIpaKEHUE

a* = —0,64885r, + 0,634848 — r,(—0,628809 + 3,54653r, —
—3,1033r)Q. (8.97)

PacxokpeHme MeXAy 3HAUYEHUAMU @°, IIOAYYEHHBIMH IIO
TPAHCIIEHAEHTHOMY ypaBHeHUIo (8.96) m mo dopmyae (8.97), He
npeBbIIIaeT 2 %.

ITo dopmyaram (8.95) u (8.97) mpu y, = 2,6 BEIIOAHEHBI pac-
YeTH IO OIPEACACHHIO 3aBUCHMOCTH U, = f(Q, I,). ANIpoKCHMa-
LIMeU pe3yAbTAaTOB pacydeTa IIOAyYeHa (hopMyAad

7, =(-1,02088r, +2,03913)Q -, (3,4898 - 6,87753r, +3,38794r"). (8.98)

[MToroxxus B dopmyae (8.98) u, =0, mOAyUYUM BBIpa)KeHHE AAST

OIIPEAEAEHHS PACXO0AA KUAKOCTU @), ,, IPU KOTOPOM IIPOUCXOAUT
3aBUCAHNE KepHa:

Kp!

0. —Ta(348981-687753r, + 3,38794r2) (8.99)
xp 2,03913-1,02088r, ' .

B Taba. 8.11 mpuBeaeHbl 3HaueHusi Q, TPU PASAUYHBIX I,
3uauenus Q,, TpuBeAeHHBIE B TabA. 8.11, OBIAM HAUAEHBI 110

cooTBercTBytomuM Q mpu v = 107° M*/c m r, = 0,021 M.
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Tab6 auma 8.11

T, OKp Qup 1073 M%/c Re Re,,.x
0,70 0,177377 2,420 2157%1,3 930,1
0,80 0,102134 1,398 11772,4 2025,9
0,85 0,066535 0911 7464,1 2573,9
0,90 0,035551 0,487 3885,1 3121,8
0,95 0,012230 0,167 1298,1 3669,7

3uauenus Re,, ., OMPEACASAUCH MO (POPMYAE

Re=—2@ (8.100)
ar(l+1,)v

a KpUTHYeCKOe 3HaueHMe IapaMeTpa PeliHoapaca — 1o hopMyAae

(8.27).

M3 taba. 8.11 caepyer, urto npu r; = 0,021 mu v = 107° mM%/c
BO BCeX CAyYasx, kpoMe r, = 0,95, ocymecTBasgercsa TypOyAeHT-
HEII PeXMM TedeHHs XMAKocTH (Re > Re,,..); B caydae r, =
= 0,95 HabAlOA@eTCS TedeHHE B KOABIIEBOM INPOCTPAHCTBE IIpHU
AaMmHapHOM pexkuMe. CoraacHo opmyram (8.78) u (8.98) 00B-
eMHBIM pacxXxop KepHa (IIOpPOABI) BO BHYTPEeHHEM MOAOCTU
LIEHTPAABHOM KOAOHHEI OYPHUABHEIX TPYO

ERTSN

1
7

874m0{ _9'\ -1,02088r, +2,03913) (1

L 16v 8,74nr1 (

-1 (3,48981-6,87751 +3,3879r")|. (8.101)

WNcxopsd M3 paBeHCTBA 3HAUEHUU (,, OIIPEAEAEHHEIX IIo ¢hop-
MyAaM (8.2) u (8.101), 3anumieM caepyrolllee BhIpa’KeHHE AAG OII-
PEAEACHHUST PACX0AA JKUAKOCTH (), 00ecleynBaroero MOAHBIA T'H-
APOTPAHCIOPT KepHa:

1
7

) r’(3,48981-6,8775r, +

Q=|nR*

Mex (

1-m)+8,74nr (

+3,3879r2)|r2(2,0391-1,0209r, ). (8.102)

B Taba. 8.12—8.14 npuBepeHBI 3HaueHusa (), HAWAEHHBIE IIO
dopmyae (8.102) npu pa3sAUYHBIX Iy, R, I, U V., pacieThl IPOBO-
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AvAMCEH Ipu v = 107° M%*/c. 3pech AQHBI TaKKe 3HAYEHUs q U U,
paccuuTaHHble 1o popmyaaMm (8.70) u (8.99) npu pa3AuMuYHBIX R u
r,. Vicioab3ys 3HaUeHUs ¢, OIPEAEAMAM COOTBETCTBYIOIIME Iapa-
MeTphl Pelinoabaca Re, a Takxke Re,, ., W3 cpaBnenums Re m
Re,, xn BUAHO, 4YTO BO BCeX CAydassx Re > Re,, .. T.e. HaOAIOAQ-
eTcsa TypOYA€HTHBIM PEe’KUM TedYeHUS.

Tab6Aaumma 8.12

R =0042™, 1, = 0,021 m
Q, 1073 | g, 1073 Re u, Mm/c| Q 1073| g, 1073 Re u., m/c

1

Mex!

M/4 M3/c M3/c M3/c M3/c

= 14780 r, = 0,78, Re,, ., = 1806,8

KP.K.IT

1, = 075 Reg,

50 2,0218 1,945 33693 0,099 1,7050 1,628 27726 | 0,091
60 2,0432 1,951 33797 0,118 1,7252 1,633 27812 | 0,109
70 2,0647 1,957 33901 0,138 1,7465 1,639 27914 | 0,128
80 2,0867 1,963 34005 0,158 1,7670 1,643 27982 | 0,147
90 2,1077 1,969 34109 0,178 1,7873 1,648 28067 | 0,165
100 2,1292 1,976 34230 0,197 1,8066 1,653 28152 | 0,182
110 2,1507 1,982 34337 0,217 1,8281 1,658 28237 | 0,202
120 2,1722 1,987 34221 0,237 1,8484 1,663 28323 | 0,220
130 2,1937 1,993 34525 0,257 1,8678 1,668 28408 | 0,237
140 2,2151 2,000 34646 0,276 1,8881 1,673 28493 | 0,255
150 2,2375 2,006 34750 0,297 1,9095 1,678 28578 | 0,275
160 2,2581 2,012 34854 0,316 1,9298 1,683 28663 | 0,293
170 2,2796 2,018 34958 0,336 1,9502 1,688 28748 | 0,311
180 2,3011 2,024 35062 0,355 1,9695 1,693 28833 | 0,328
190 2,3226 2,030 35166 0,375 1,9898 1,697 28902 | 0,347
200 2,3441 2,036 35270 0,395 | 2,0102 1,702 28987 | 0,365

1, = 0,80, Re,,,, = 2026,0 r, = 0,83, Re,,,, = 2354,7

Kp.K.IT
50 1,4969 1,420 23913 0,087 1,1942 1,118 18520 | 0,080
60 1,5166 1,424 23982 0,104 1,2130 1,121 18570 | 0,096
70 1,5361 1,429 24067 0,121 1,2317 | 0,124 18620 | 0,113
80 1,5559 1,433 24134 0,139 1,2505 1,127 19669 | 0,129
90 1,5756 1,437 24202 0,156 1,2692 1,131 18736 | 0,145
100 1,5953 1,442 24286 0,173 1,2880 1,134 18785 | 0,161
110 1,6150 1,445 24336 0,191 1,3067 1,138 18852 | 0,177
120 1,6346 1,450 24420 0,208 1,3255 1,141 18901 | 0,193
130 1,6544 1,454 24488 0,226 1,3443 1,145 18969 | 0,209
140 1,6740 1,458 24555 0,243 1,3630 1,147 19001 | 0,226
150 1,6937 1,463 24639 0,260 1,3817 1,151 19067 | 0,242
160 1,7133 1,467 24707 0,278 1,4005 1,154 19117 | 0,258
170 1,7330 1,471 24774 0,295 1,4192 1,157 19166 | 0,274
180 1,7527 1,476 24858 0,312 1,4380 1,161 19233 | 0,290
190 1,7724 1,480 24926 0,330 1,4567 1,165 19299 | 0,306
200 1,7920 1,484 24993 0,347 1,4755 1,168 19349 | 0,322

1, = 0,85 Re,,, = 25739 r, = 0,88, Re,,,, = 2902,6

KP.K.IT
50 1,0020 0,925 15158 0,077 | 0,7330 | 0,657 10594 | 0,071
60 1,0202 0,928 15207 0,092 | 0,7503 | 0,659 10626 | 0,085
70 1,0384 0,931 15256 0,107 | 0,7678 | 0,660 10643 | 0,100
80 1,0565 0,933 15289 0,123 | 0,7852 | 0,663 10691 | 0,114
90 1,0747 0,936 15338 0,138 | 0,8027 | 0,665 10723 | 0,128
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[Tpopoaxenue Tab A 8.12

R = 0042 ™, 1, = 0,021 m
v,

et | @ 1073 | g, 1073 Re u, m/c| Q 1073| g, 1073 Re u, m/c
M/4 M3/c M3/c M3/c M3/c

1, = 0,85 Re,,,, = 25739 r, = 0,88, Re,,,, = 29026

100 1,0929 0,940 15403 0,153 | 0,8201 0,667 10755 | 0,143
110 1,1112 0,943 15453 0,169 | 08375 | 0,669 10788 | 0,157
120 1,1293 0,945 15485 0,184 | 08548 | 0,671 10820 | 0,171
130 1,1476 0,947 15518 0,200 | 08724 | 0,673 10852 | 0,186
140 1,1659 0,951 15584 0,215 | 08898 | 0,675 10884 | 0,200
150 1,1838 0,954 15633 0,230 | 09072 | 0,678 10933 | 0,214
160 1,2021 0,956 15666 0,246 | 09246 | 0,679 10949 | 0,229
170 1,2203 0,959 15715 0,261 0,9421 0,681 10981 | 0,243
180 1,2384 0,962 15764 0276 | 09595 | 0,684 11029 | 0,257
190 1,2566 0,964 15797 0292 | 09769 | 0,685 11046 | 0,272
200 1,2718 0,966 15829 0,305 | 0,9941 0,687 11078 | 0,286

KP.K.II

Tab6 auma 8.13

R = 0,0755 ™, r; = 0,0270 m

et | Q01073 | g, 1073 Re u, M/c|| Q 107*| g, 1073 Re u, m/c
M/4 M3/c M3/c M3/c M3/c

r, = 0,75 Re,,,, = 14780 r, = 0,78, Re,,,, = 1806,8

50 | 41339 | 3885 | 52344 | 0,193 || 35003 | 3,256 | 43130 | 0,175
60 | 42034 | 3906 | 52627 | 0231 || 35661 | 3274 | 43369 | 0,210
70 | 42728 | 3925 | 52883 | 0,266 | 36319 | 3280 | 43567 | 0,246
80 | 43423 | 3951 | 53233 | 0304 || 36976 | 3,305 | 43779 | 0,282
90 | 44117 | 3969 | 53476 | 0343 || 37634 | 3320 | 43978 | 0,318
100 | 44812 | 3990 | 53750 | 0,381 || 3,8202 | 3,330 | 44230 | 0,353
110 | 45506 | 4010 | 54028 | 0,420 || 3,8950 | 3,353 | 44415 | 0,383
120 | 46201 | 4029 | 54284 | 0,459 || 39608 | 3,370 | 44640 | 0,424
130 | 4,6895 | 4049 | 54554 | 0,497 || 4,0266 | 3,386 | 44852 | 0,460
140 | 47590 | 4068 | 54810 | 0,536 || 40924 | 3401 | 45051 | 0,496
150 | 4,8284 | 4,089 | 55093 | 0,574 || 4,1582 | 3,417 | 45263 | 0,532
160 | 48978 | 4,108 | 55349 | 0,613 || 42240 | 3,434 | 45488 | 0,567
170 | 49673 | 4,127 | 55605 | 0,652 || 42807 | 3,449 | 45687 | 0,603
180 | 50367 | 4,148 | 55888 | 0,690 || 4,3555 | 3,465 | 45899 | 0,639
190 | 51062 | 4167 | 56144 | 0,729 || 4,4213 | 3482 | 46124 | 0,674
200 | 51756 | 4,186 | 56400 | 0,768 || 44871 | 3498 | 46336 | 0,710
r, = 0,80, Re,,,, = 20259 r, = 0,83, Re,,,, = 23547

Kp.K.IT

50 3,0844 2,842 37228 0,166 2,4800 1,844 23752 | 0,403
60 3,1480 2,855 37398 0,200 2,5406 1,846 23785 | 0,440
70 3,2116 2,864 37516 0,237 2,6012 1,847 23797 | 0,478
80 3,2752 2,882 37752 0,268 2,6618 1,849 23823 | 0,515
90 3,3387 2,896 37935 0,302 2,7224 1,850 23836 | 0,553
100 3,4023 2,910 38119 0,336 2,7830 1,852 23862 | 0,590
110 3,4659 2,924 38302 0,370 2,8435 1,853 23875 | 0,628
120 3,5295 2,937 38472 0,404 2,9041 1,854 23875 | 0,666
130 3,5931 2,951 38656 0,438 2,9647 1,855 23901 | 0,703
140 3,6567 2,965 38839 0,472 3,0253 1,856 23913 | 0,741
150 3,7203 2,980 39035 0,505 3,0859 1,859 23952 | 0,778
160 3,7838 2,992 39193 0,540 3,1465 1,859 23952 | 0,816

KP.K.II

KP.K.II
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[Tpopoaxenue Tab A 8.13

R = 0,0755 M, 1, = 0,0270 m

Vyew | @ 1072 | g, 1073 Re u, m/c|| Q 107*| g, 1073 Re u, m/c
M/4 M3/c M3/c M3/c M3/c

r, = 080, Re,,,, = 20259 r, = 083 Re,,,, = 23547
170 3,8474 3,006 39376 0,574 3,2071 1,861 23978 0,853
180 39110 3,020 39559 0,608 3,2677 1,862 23991 0,891
190 3,9746 3,034 39743 0,642 3,3283 1,863 24004 0,929
200 4,0382 3,049 39939 0,675 3,3888 1,865 24029 0,966

r, = 085 Re,,., = 25739 r, = 0,88, R, = 29026
50 2,0961 1,848 23553 0,150 1,5604 1,312 16455 0,140
60 2,1549 1,857 23668 0,180 1,6167 1,319 16543 0,168
70 2,2137 1,866 23782 0,210 1,6730 1,325 16618 0,196
80 2,2725 1,875 23897 0,240 1,7293 1,332 16706 0,224
920 2,3313 1,885 24025 0,270 1,7856 1,339 16793 0,252
100 2,3900 1,894 24139 0,300 1,8419 1,345 16869 0,280
110 2,4488 1,903 24254 0,330 1,8982 1,352 16956 0,308
120 2,5076 1,912 24369 0,360 1,9546 1,359 17044 0,336
130 2,5664 1,919 24458 0,391 2,0109 1,365 17119 0,364
140 2,6252 1,929 24585 0,421 2,0672 1,372 17208 0,392
150 2,6839 1,938 24700 0,451 2,1235 1,379 17295 0,420
160 2,7427 1,947 24815 0,481 2,1798 1,385 17370 0,448
170 2,8015 1,956 24929 0,511 2,2361 1,390 17433 0,477
180 2,8603 1,965 25044 0,541 2,2924 1,397 17521 0,505
190 2,9190 1,974 25159 0,571 2,3487 1,403 17596 0,533
200 29778 1,983 25274 0,601 2,4050 1,410 17684 0,561

TabAuia 8.14
R = 0,160 m, r;, = 0,0325 m

Ve | @ 107% | g, 1073 Re u, m/c|| Q 107*| g, 1073 Re u,, M/c
M/4 m¥/c m¥/c m3/c M%/c

r, = 0,75 Rer_K_n = 1478,0 r, = 0,78, Rer_K_n = 1806,8
50 7,8228 6,707 75073 0,598 6,7229 5,606 61692 0,553
60 8,1347 6,794 76048 0,718 7,0184 5,678 62484 0,664
70 8,4466 6,882 77032 0,838 73138 5751 63288 0,774
80 8,7514 6,969 78006 0,955 7,6093 5,823 64080 0,885
920 9,0703 7,060 79024 1,077 7,9047 5,894 64861 0,996
100 9,3822 7,148 80010 1,197 8,2002 5,967 64935 1,106
110 9,6941 7,238 81017 1,316 8,4956 6,039 66457 1,217
120 10,0060 7,326 82002 1,436 8,7911 6,110 67238 1,328
130 10,3178 7,413 82976 1,556 9,0866 6,183 68042 1,438
140 10,6247 7,503 83983 1,675 9,3820 6,255 68834 1,549
150 10,9416 7,591 84968 1,795 9,6775 6,326 69615 1,660
160 11,2535 7,679 85953 1,915 99736 6,398 70408 1,771
170 11,5654 7,767 86938 2,035 10,2684 | 6,471 71211 1,881
180 11,8773 7,857 87946 2,154 10,5639 | 6,542 71992 1,992
190 12,1892 7,945 88931 2,274 10,8593 | 6,616 72807 2,102
200 12,5272 8,040 89994 2,404 11,1548 | 6,687 73588 2,213

r, = 0,80, Re,,,, = 20259 r, = 083 Re,,,, = 23547
50 6,0038 4,887 53182 0,526 4,8228 3,819 40878 0,439
60 6,2893 4,949 53857 0,631 52337 3,894 41681 0,586
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[Tpopoaxenue Tab A 8.14

R = 0,160 M, r;, = 0,0325 m

Vyew | @ 1072 | g, 1073 Re u, M/c|| Q 107°*| g, 1073 Re u,, m/c
M/4 M3/c M3/c M3/c M3/c

r, = 0,80, Re,,,, = 20259 r, = 0,83, Re,,,, = 2354,7

70 6,5749 5,012 54542 0,736 55058 | 3,942 42195 | 0,684
80 6,8604 5,074 55217 0,841 57779 | 3,993 42741 | 0,781
90 7,1460 5,135 55881 0,947 6,0500 | 4,041 43255 | 0,879
100 7,4316 5,197 56556 1,052 6,3221 4,089 43769 | 0,977
110 77171 5,260 57241 1,157 6,5942 | 4,137 44282 | 1,075
120 8,0027 5,322 57916 1,262 6,8663 | 4,187 44818 | 1,172
130 8,2883 5,385 58602 1,367 7,1384 | 4,235 45331 1,270
140 8,5738 5,446 59265 1,473 74105 | 4,283 45845 | 1,368
150 8,8594 5,508 59940 1,578 76827 | 4,331 46359 | 1,466
160 9,1449 5,571 60626 1,683 7,9548 | 4,382 46905 | 1,563
170 9,4305 5,633 61300 1,788 8,2269 | 4,430 47419 | 1,661
180 9,7161 5,696 61986 1,893 8,4990 | 4,478 47932 | 1,759
190 10,0016 5,756 62639 1,999 8,7711 4,528 48468 | 1,856
200 10,2872 5,819 63325 2,104 9,0432 | 4,576 48981 1,954

r, = 0,85, Re,,,, = 25739 1, = 0,88, Re,,,, = 2902,6

50 4,3009 3,184 33713 0,466 33797 | 2,264 23972 | 0,434
60 4,5649 3,225 34147 0,559 3,6326 | 2,294 24289 | 0,521
70 4,8289 3,266 34583 0,652 3,8855 | 2,323 24596 | 0,608
80 5,0929 3,307 35015 0,745 4,1384 | 2,352 24904 | 0,695
90 5,3568 3,348 35449 0,838 4,3913 | 2,382 25221 | 0,782
100 5,6208 3,386 35852 0,932 4,6442 | 2411 25528 | 0,869
110 5,8848 3,427 36286 1,025 4,8971 2,440 25835 | 0,956
120 6,1488 3,468 36720 1,118 51500 | 2,470 26135 | 1,043
130 6,4128 3,509 37154 1,211 54029 | 2,499 26460 | 1,130
140 6,6767 3,550 37588 1,304 56558 | 2,528 26767 | 1,217
150 6,9407 3,591 38022 1,397 59087 | 2,558 27085 | 1,304
160 7,2047 3,630 38435 1,491 6,1616 | 2,587 27392 | 1,391
170 7,4687 3,671 38869 1,584 6,4145 | 2,616 27699 | 1,478
180 7,7327 3,712 39304 1,677 6,6674 | 2,646 28017 | 1,565
190 7,9966 3,753 39738 1,770 6,9250 | 2,677 28345 | 1,653
200 8,2606 3,794 40172 1,863 72850 | 2,719 28789 | 1,777

Kp.K.IT

Kp.K.I

W3 Taba. 8.12—8.14 caepyeT, UTO 3aBUCUMOCTbE Q = f(Vie)
CTAHOBUTCS OOAee BLIPA)XEHHOM NOpPU OTHOCUTEABHO OOABIIUX
papuycax CKBa’KUH. [IoMHMMO 3TOTO C YBEeAWUEHUEM I,, T.e. OTHO-
IIIeHUS papruyca KepHa K pPaAWyCy BHYTPEHHeN IIOAOCTH IeHT-
PAAbHOM KOAOHHBI, CKOPOCTb ABMJKEHUS KepPHA CHUYKAETCSI B CBS-
3W C YMEHBUIAIOIIUMCS NOTPEOHBIM PACXOAOM JKUAKOCTH.

[MpuBepeHHBIE 3AeCh COOTHOIIEHUSI MOTYT OBITH HCIIOAB30Ba-
HBl U IIPU NPOMBIBKE CKBa’KUHBI TAUHUCTBIM PAcTBOPOM, €CAU
pe’XuM TeueHUS B IIPOCTPAHCTBE MeXXAYy KepHOM U BHyTpeHHeM
IIOAOCTBIO II€HTPAABHOU KOAOHHEI 9BASIETCS TYPOYA€HTHBIM.

Ecam A — TOAIMHA CTEHKM ITeHTPAaAbHOM KOAOHHEI, 8, — Ppa-
AVAABHBIU 3a30p MEXXAY KOAOHHAMU TpPyO, TO

r, =1, + A+ 9,
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Y, 3HAYUT,
rn=r; —A — 9, (8.103)

Torpa CKOPOCTL ABM)KEHUMS KepHa U, B cooTBeTCcTBuUHU C (8.98)
1 (8.103) MO>KHO OIIPEAEAUTH TaK:

1
7

f 9_\ ~1,02088r, +2,03913)x
i) |

é
7

u, —874

=

Q

X

L) 3 499-6,877r, +3,3881 ) . (8.104)
g

8747(r - A 19/7 \

W3 Beipaxkenus (8.104) BUAHO, 4TO U, 3@BUCUT OT PAAUAABHOIO
3a3opa J,, T.e. 3a30pa Me’KAYy BHeIIHel U BHYTPeHHeM KOAOHHA-
MU Tpy6. 3HaueHHe O, OOyCAOBAMBAET AABA€HUEe HarHeTaHUs Ha
Hacoce p, UAM THAPABAMYECKUE COIPOTUBAEHHS B cucrteMme. [pu
He3HaUUTEABHBIX O, HaOAIOAQIOTCS BBICOKME IIOTePH AABAEHUS B
KOABIIEBOM IIPOCTPAHCTBE Ap, , MeXAY IIeHTPaAbHON U BHEIIHEN
KOAOHHAMU OYPHUABHBIX TPyO UM OTHOCUTEABHO HHU3KUEe IIOTEePU
BO BHYTPEHHEN IIOAOCTU IeHTpPaAbHEIX TpyO Ap,. Ilpm oTHOocu-
TEeABHO BBICOKMX 0, KapTHMHA oOpaTHasl.

3HAUYUT, p, UMEeeT MUHUMYM OTHOCHTEALHO O, T.e. BBLIIIOAHS-
eTCsl yCAOBUEe

J
P . (8.105)
38

CAeAOBaTEAbHO, YTOOBI OIIpepAeAUTh OIITUMAaAbHOE€ 3HadeHue

0, HEOOXOAMMO COCTABUTH BBIPa’KEHUWE AASL pacdeTa P, U BBITIOA-
HUTE ycaoBue (8.1095).

8.3.2. OITPEJEJEHHUE OCHOBHBIX TEXHOJOI'MYECKHUX
ITAPAMETPOB IIPU OIITUMAJIBHOM SHAYEHHUHU
PATUAJBHOTO 3A30PA MEKY BHEIITHEN

U IIEHTPAJIBHON KOJIOHHAMU BYPUJIbHBIX TPYB

Ecau pAMHY KOAOHHBI TPYO OOO3HAYUTH I, YAEABHBIN BeC IIPOMBEI-
BOUYHOM >KMAKOCTU B KOABIIEBOM HPOCTPAHCTBE — ¥, @ 3a00UHOEe

AdBACHUE — D,,5, TO MOXHO COCTAaBUTH CAeAyIOLHee ypaBHEHI/Ie
AVMHAMUYECKOI'0 paBHOBeCHUs:
pH + Y-l - ApKAn - psaG = O (8106)
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OO003HAUUB YAEABHBIN BeC JKUAKOCTH BO BHYTPEHHEHN MOAOCTU
IIeHTPaAbHOW KOAOHHBEI OYPUABHBIX TPYO Y, MO>KHO COCTaBUTb
ypaBHeHNe PaBHOBECHUS:

p3a6 + YT] - ApT = O' (8'107)

3HauuT, onpepeAuB 1mo (1.6) p,,s U mopctaBuB ero B (8.106),
[IOAYYUM

P = (; — V) + Ap, + Ap.. (8.108)

CoraacHo dopmyre Aapcu — Beticbaxa

I 2
Ap, =2V (8.109)
4gry
rae A, — KO3(P(UIIMEHT THUAPABANYECKUX COINPOTHUBAEHUU IIPHU
TEeYeHUUN JKUAKOCTU B TpPyOe; V, — CPeAHSsa CKOPOCTBb ABMIKEHUS

JKUAKOCTH B TpyOe.
CoraacHo dopmyae Brasuyca

A, =23164 (8.110)
Re0?
Tak kak
Re, =2alt, (8.111)

T
v

TO 1O (8.109) — (8.111)

0,25, 175
Ap, =0,066515 11
gry
AU ¢ yaetoM (8.103)
175

0,25,
Ap,=0,066515—Y—MVs—

)1,25 ’

(8.112)
g(r3—A—60

CpeaAHIOI0 CKOPOCTh MOJKHO BBEIPA3UTh Uepe3 PacXop B CAEAY-
IOIIEM BUAE:

V=9 (8.113)
n(r3—A—60)2

Toraa mo (8.112) u (8.113)

Ap, =0,066515— ¥ 11Q"" (8.114)
o T s 475" '
T g(r3 -A-90 0)

B pa6orax [10— 14] mokazaHo, 4TO IpU TypPOYAEHTHOM pe>KU-
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Me TeYeHHUsI B KOABIIEBOM IIPOCTPAHCTBE MOTEPH AABAEHUS MOLYT
OBITH HalpAeHHI IO opmyae Aapcu — Belic6axa, cOCTaBAEHHOU C
IIOMOIIBIO THAPaBAMYECKOIO Papryca:

A yIv2
L (8.115)
8gRy,
A€ A, — KOO(P(UIMEHT THAPABAMYECKUX COIPOTHUBACHUU IIPHU
TeUEeHUN >KUAKOCTU B KOABIIEBOM IPOCTPAHCTBE; V,, — CPEAHSS

CKOPOCTh TE€UEHUSI >KUAKOCTH B KOABIIEBOM MPOCTPAHCTBE; R, —
TUAPABAUYECKUU PAAUYC.
INpu TeueHUU XMAKOCTU Uepe3 KOABIIEBOe IIPOCTPAHCTBO

R, =%, (8.116)
TAe I, — PapuycC BHeIIHeM IOBEPXHOCTH IIeHTPAAbHON KOAOHHHI,
r, =r, + A

3HauuT, 1o (8.115) u (8.116)
)\‘KAH'YIVIZ(AH

ApK.n = 4g(I3 _ IZ).

ITo dopmyae Baaszuyca

Ny =23104 (8.118)
Re?%
rae Re,, — Kpurepuit PeliHOABACA NPU TeUEeHUU >KUAKOCTH Ue-

Ppe3 KOAbLIeBO€e IIPOCTPAHCTBO,

RemFM. (8.119)

v

Coraacao (8.117) —(8.119)

0,25 1,75
Ap, = 0,066515VY—]VK1“25. (8.120)
glrs—12)°
Tak Kak
v,.-——Q (8.121)
n<r32 —r22>
TO

0,066515v>2y1Q"7°

pK.H = n1'75(r3 —I2)3(I3 +r2)1,759 .

(8.122)
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HVMmesa B BUAY, 9TO
r; — Iy = 9§, (8.123)
MO>KHO 3aIlMCaTh:

0,25, 175
A _ 0,066515v \{10175 ) (8.124)
n1'7568(2r3 —60) '
ChepOBaTeABHO, cCOTAacHO BeIpakeHusMm (8.108), (8.114) wu

(8.124) paBAeHMe HarHeTaHMS MOJKHO OIIPEAEAUTH IO (hopMyAe

025175
p.=(v,~v)1+0,0665151 wf’ L LI (8129
TG o3(2r-80) (1304
Tak Kak KOHIIEHTpAIMS TBEPAOM (pa3bl B JKUAKOCTU OIIpeAe-
Adgercs o popmyae (8.22), a yAeABHBIU BeC CMeCU B TpyOe Haxo-
AUTCSA KaK

Yr = Ym(l_ao)+ YaCo

TO
Y _ ﬂRzVMexY n(1_m)+Y>x<o (8 126)
! nRZVMeX(l—m)+Q .
TA€ Y, — YAEABHEIM BeC KepHa.
ITo Belpaskenusm (8.125) u (8.126)
TR Ve 1-m)(y —¥)I | 0,066515ylv®2 1
Pu = v (1- ( ) + 175 Q st
T Vmex( m)+Q g 58(2]’3—60)
+ 1 _ (8.127)
4,75
(1’3 -8g- A)
I'To dpopmyare (8.127) u ycarosuro (8.105) umeem:
3 PR /S BN 0. (8.128)

53(2I3-50)”5 68(213—60)2'75 (rB-A-ao)m:

[To TpaHCLeHAeHTHOMY YypaBHeHMIO (8.128) OBIAM HaNAEHBI
3HaueHUsI O, AAT BEITYCKaeMBIX B HacToslllee BpeMs TpyO, co-
CTaBASIOIINX BHEIHIOIO TOBEPXHOCTH KOAOHHBI OYPUALHEIX TPYO
(Taba. 8.15). 3pech JKe IPUBEAEHEI CYIIECTBYIOIINE 3HAYeHUs O, U
COOTBETCTBYIOIVIE BEAUYUHEI TI;.

IlpeacTaBAasieT MHTepec ONpPeAeAdiTb 3HaueHuda ), v, u, U p,
IpU UCXOAHBIX AQHHBIX, IPUBEAEHHEBIX B TaOA. 8.16.
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Tab6 auma 8.15

dp M I, M
Iy M 110 ypaBHe- CyIIEeCTBYIO- o opmyae CyIIEeCTBYIO-
Huio (8.128) mue (8.103) mue
0,0305 0,01010 0,0065 0,01740 0,0210
0,0385 0,01303 0,0085 0,02247 0,0270
0,0450 0,01544 0,0075 0,02656 0,0325
0,0480 0,01660 0,0105 0,02840 0,0325
Tab au1a 8.16
I; M I, M R/ M Iy M I R, ™
0,0305 0,01740 0,0850 0,0480 0,02840 0,0850
0,0950 0,0950
0,0385 0,02247 0,0850 0,1100
0,0950 0,1225
0,1100 0,1600
0,0450 0,02656 0,0850
0,0950
0,1100
0,1225
0,1600

B Taba. 8.17—8.24 npuBepeHBI pe3yAbTATHl pacyeToB IO OIIpe-
AeneHuto Ap,, Ap,, U p,, OTHECEHHBIX Ha 1 M ABOWHOU OYpHUABL-
HOM KOAOHHBI. 3AeCh >Ke AaHbI 3HaueHUs () U U,, HalipAeHHBIE II0
(8.102) u (8.98).

O4eBHUAHO, UTO K p,, HEOOXOAUMO HIPUOABUTH IOTEPHU AABAe-
HUST B My(DTOBBIX Ap, 4 ¥ 3aMKOBLIX Ap,,, COEAUHEHUSX:

2
[d2 . —ar2) 2
APy = 0,05+( S J o (8.129)
Arg - duyg 4n2g<r32—122> (r3—r2)
2
2 2
QI 1\ (1)
AP =2 NELE (8.130)
) nzg deEMJ L2T1J
rae dye — AuameTp MyQThH; d,,, — HAWMEHLIIUU BHYTPEHHUU

AAAMeTp IIPOXOAHOTIO CeYeHHs B 3aMKOBOM COEANHEHUU.
CpaBHeHUE pEe3yAbTATOB PACUETOB IO BEIBEACHHBIM BHIIIE
dopMyAaM C AQHHBIMU IIPAKTUYECKUX HAOAIOACHHU IIOKA3bIBAeT,
YTO OHM HEe3HAUUTEABHO OTAWYAIOTCS MeKAY COOOM.
BeIBepAeHHBIE 3AeCh KOAMYECTBEHHBIE COOTHOIIEHUSI ITOAYYEHBI
IIPU YCAOBHUH, YTO IIPOMBEIBKA CKBA)KUHBI IPOBOAUTCS BOAOM.

144



Tab6 auma 8.17

Q Ap,./1, Ap,/1, P/l
o [ qo=shye | vwe /e b PR 100 e/ | 10° T/
Vyex = 100 M/4
0,0010 0,852 0,8962 0,7497 0,002187 0,00083 0,003018
0,0015 0,980 1,0306 0,7982 0,002794 0,00357 0,006369
0,0020 1,134 1,1922 0,8506 0,003608 0,00461 0,008226
0,0025 1,308 1,3752 0,9071 0,004631 0,00592 0,010556
0,0030 1,500 1,5770 1,0536 0,005886 0,00753 0,013416
Vyex = 200 M/4
0,0010 1,511 1,5886 1,4959 0,005961 0,00763 0,013588
0,0015 1,663 1,7484 1,5923 0,007050 0,00902 0,016070
0,0020 1,842 1,9366 1,7052 0,008431 0,01079 0,019220
0,0025 2,046 2,1511 1,8110 0,010132 0,01296 0,023100
0,0030 2,271 2,3876 1,9390 0,012162 0,01556 0,027722
Vyex = 400 M/4
0,0010 2,830 2,9753 2,9893 0017876 | 0,022870 0,040745
0,0015 3,028 3,1835 3,1798 0,020122 | 0,025743 0,045864
0,0020 3,260 3,4274 3,3889 0,022897 | 0,029293 0,052190
0,0025 3,522 3,7029 3,6187 0,026213 | 0,033536 0,059749
0,0030 3,813 4,0088 3,8751 0,030120 | 0,038534 0,068654
Vyex = 000 M/u
0,0010 4,148 4,3610 4,4815 0,034903 | 0,044653 0,079556
0,0015 4,393 4,6186 4,7674 0,038590 | 0,049370 0,087960
0,0020 4,677 4,9172 5,0806 0,043061 0,055090 0,098151
0,0025 4,999 52557 54277 0,048382 | 0,061898 0,110280
0,0030 5354 5,6290 5,8099 0,054554 | 0,069794 0,124348
Vyex = 800 M/1
0,0010 5,466 5,7467 59738 0,056567 | 0,007237 0,128936
0,0015 5,758 6,0537 6,3550 0,061961 0,079269 0,141230
0,0020 6,095 6,4080 6,7736 0,068446 | 0,087565 0,156011
0,0025 6,475 6,8076 7,2354 0,076087 | 0,097342 0,173429
0,0030 6,896 7,2502 7,7460 0,084955 | 0,108686 0,193641
Tab Aauia 8.18
r,=0,0174 71, R =0,0950 T, r; = 0,0305
S ™M Q v, M/c u, m/c A!)K_“/I Ap,/1, p/1 10°
103 m3/c 10° I'la/m | 10° ITa/m ITa/m
Vyex = 100 M/4
0,0010 1,0166 1,0688 0,9361 0,002980 | 0,003812 0,006791
0,0015 1,1503 1,2094 0,9960 0,003699 | 0,004732 0,008933
0,0020 1,3099 1,3772 1,0606 0,004643 | 0,005940 0,010583
0,0025 1,4920 1,5686 1,1325 0,005831 0,007460 0,013291
0,0030 1,6921 1,7790 1,2121 0,007267 | 0,009298 0,016565
Vyex = 200 M/4
0,0010 1,8399 1,9344 1,8683 0,008415 | 0,010765 0,019180
0,0015 2,0030 2,1059 1,9877 0,009763 | 0,012490 0,022253
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[Tpopoaxenue Tab . 8.18

3, M Q, v, M/c u, m/c A!)K_n/l, Ap,/1, p./1
103 M3/c 10° Ila/m | 10° TTa/m | 10° ITa/m
Vyex = 200 M/4
0,0020 2,1953 2,3080 21177 0,011462 0,014664 0,026126
0,0025 2,4140 2,5380 2,2617 0,013534 0,017315 0,030849
0,0030 2,6550 2,7914 2,4211 0,015986 0,020452 0,036438
Vyex = 400 M/4
0,0010 3,4864 3,6655 3,7324 0,025751 0,03294 0,058691
0,0015 3,7082 3,8986 3,9709 0,028686 0,03670 0,065386
0,0020 3,9661 4,1698 4,2319 0,032268 0,04128 0,073548
0,0025 4,2581 4,4768 4,5202 0,036540 0,04675 0,083290
0,0030 4,5808 4,8161 4,8391 0,041523 0,05312 0,094643
Vyex = 600 M/4
0,0010 5,1330 5,3966 5,5967 0,050675 0,06483 0,115505
0,0015 54135 56915 6,0247 0,055620 0,07116 0,126780
0,0020 57370 6,0316 6,3462 0,061566 0,07876 0,140325
0,0025 6,1021 6,4155 6,7787 0,068585 0,08774 0,156325
0,0030 6,5066 6,8408 72571 0,076738 0,09817 0,174908
Vyex = 800 M/u
0,0010 6,7795 7,1277 7,4609 0,082549 0,10549 0,187949
0,0015 7,1188 7,4844 79377 0,089816 0,11491 0,204726
0,0020 7,5078 7,0934 8,4603 0,098580 0,12612 0,22470
0,0025 7,9461 8,3542 9,0371 0,108871 0,13928 0,248151
0,0030 8,4324 8,7655 9,6751 0,120797 0,15454 0,275337
Tab6 au1a 8.19
r, = 0,02247 1, R = 0,0850 1, r; = 0,0385 1
3, M Q, v, M/cC u, m/c Aspm/l, Ap,/1, p./1,
103 m*/c 10° I'la/m | 10° ITa/m | 10° [a/m
Vyex = 100 M/u
0,0010 0,9610 0,6058 0,4404 0,000843 0,001025 0,001868
0,0015 1,1149 0,7029 0,4594 0,001093 0,001330 0,002423
0,0020 1,3030 0,8215 0,4836 0,001436 0,001747 0,003183
0,0025 1,5202 0,9584 0,5076 0,001881 0,002288 0,004169
0,0030 1,7619 1,1108 0,5336 0,002435 0,002962 0,005397
Vyex = 200 M/4
0,0010 1,6103 1,0152 0,8758 0,002080 0,002530 0,004610
0,0015 1,7813 1,1230 0,9128 0,002482 0,003019 0,005501
0,0020 1,9880 1,2533 0,9625 0,003008 0,003659 0,006666
0,0025 2,2255 1,4030 1,0109 0,003664 0,004458 0,008122
0,0030 2,4893 1,5693 1,0630 0,004458 0,005423 0,009881
Vyex = 400 M/4
0,0010 2,9089 1,8339 1,7466 0,005855 0,007122 0,012977
0,0015 3,1140 1,9632 1,8256 0,006596 0,008025 0,014621
0,0020 3,3580 2,1170 1,9205 0,007527 0,009157 0,016684
0,0025 3,6361 2,2923 2,0174 0,008652 0,010525 0,019177
0,0030 3,9441 2,4865 2,1219 0,009975 0,012135 0,022110
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[Tpopoaxenue Tab A 8.19

3, M Q, v, M/c u, m/c A!)K_n/l, Ap,/1, p./1
1073 m%/c 10° Tla/M | 10° ITa/m | 10° Ma/m
Vyex = 0600 M/1
0,0010 4,2075 2,6526 2,6174 0,011170 0,013588 0,024760
0,0015 4,4468 2,8034 2,7385 0,012305 0,014969 0,027274
0,0020 4,7280 2,9807 2,8784 0,031699 0,016665 0,030365
0,0025 5,0467 3,1816 3,0239 0,015350 0,018680 0,034035
0,0030 5,3909 3,3986 3,1750 0,017234 0,020967 0,038202
Vyex = 800 M/u
0,0010 5,5060 3,4712 3,4882 0,017884 0,021756 0,039640
0,0015 57796 3,6437 3,6513 0,019468 0,023683 0,043151
0,0020 6,0981 3,8445 3,8364 0,021384 0,026014 0,047398
0,0025 6,4573 4,0709 4,0305 0,023636 0,028755 0,052391
0,0030 6,8531 4,3208 4,2396 0,026233 0,031914 0,058147
Tab6 auma 8.20
r, =0,02247 1,R=0,095 1, r; = 0,0385 1
Q Ap, /1, Ap,/1, p./1
doM | ygsgse| VMe | /e | ol 109 Harm | 10° Hasm
Vyex = 100 M/4
0,0010 1,1483 0,7239 0,5492 0,001151 0,001400 0,002551
0,0015 1,2809 0,8075 0,5701 0,001394 0,001695 0,003084
0,0020 1,4736 0,9290 0,6029 0,001781 0,002167 0,004808
0,0025 1,6959 1,0692 0,6330 0,002277 0,002771 0,005048
0,0030 1,9432 1,2251 0,6655 0,002890 0,003516 0,006406
Vyex = 200 M/4
0,0010 1,9339 1,2192 1,0928 0,002866 0,003486 0,006352
0,0015 2,1132 1,3322 1,1402 0,003347 0,004072 0,007419
0,0020 2,3293 1,4685 1,2012 0,003969 0,00483 0,008799
0,0025 2,5769 1,6246 1,2616 0,004736 0,00576 0,010496
0,0030 2,8518 1,7979 1,3269 0,005655 0,00688 0,012535
Vyex = 400 M/4
0,0010 3,5559 2,2418 2,1805 0,008321 0,01012 0,018441
0,0015 3,7781 2,3819 2,2805 0,009252 0,01125 0,020502
0,0020 4,0406 2,5474 2,3978 0,010406 0,01266 0,023066
0,0025 4,3390 2,7355 2,5189 0,011788 0,01434 0,026122
0,0030 4,6690 2,9435 2,6495 0,013401 0,01630 0,029701
Vyex = 600 M/u
0,0010 5,1780 3,2644 3,2682 0,016061 0,01954 0,035601
0,0015 5,4429 3,4314 3,4207 0,017527 0,02132 0,038841
0,0020 57520 3,6263 3,5944 0,019305 0,02349 0,042795
0,0025 6,1010 3,8463 3,7755 0,021402 0,02604 0,047438
0,0030 6,4862 4,0892 3,9722 0,024468 0,02898 0,053449
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[Tpopoaxenue Tab a. 8.20

3, M Q, v, M/c u, m/c A!)K_n/l, Ap,/1, p./1
103 M%/c 10° Ila/m | 10° TTa/m | 10° TTa/m
Vyex = 800 M/4
0,0010 6,8001 4,2871 4,3560 0,025876 0,03148 0,057346
0,0015 7,1077 4,4810 4,5609 0,027959 0,03401 0,06197
0,0020 7,4633 4,7052 4,7910 0,030452 0,03705 0,06750
0,0025 78630 4,9571 5,0335 0,033364 0,040588 0,07395
0,0030 8,3034 5,2348 5,2949 0,036702 0,044650 0,08135
Tab Aaumia 821
r, =0,02247 1,R=0,110 1, r; = 0,0385 1
d, M Q, v, M/c u, M/c A!)K_“/], Ap,/1, /1
1073 m%/c 10° Ila/m | 10° TTa/m | 10° TTa/m
Vyex = 100 M/u
0,0010 1,3991 0,8820 0,7342 0,001626 0,001980 0,003606
0,0015 1,5645 0,9863 0,7683 0,001978 0,002408 0,004386
0,0020 1,7652 1,1128 0,8067 0,002443 0,002975 0,005418
0,0025 1,9961 1,2584 0,8472 0,003029 0,003689 0,006718
0,0030 2,2527 1,4202 0,8908 0,003743 0,004558 0,008301
Vyex = 200 M/4
0,0010 2,4865 1,5676 1,4634 0,004449 0,005418 0,009867
0,0015 2,6805 1,6899 1,5287 0,005074 0,006179 0,011253
0,0020 29124 1,8361 1,6089 0,005867 0,007145 0,013012
0,0025 3,1773 2,0031 1,6900 0,006833 0,008320 0,015153
0,0030 3,4710 2,1883 1,7776 0,007976 0,009713 0,017684
Vyex = 400 M/u
0,0010 4,6661 2,9417 2,9250 0,013389 0,016301 0,029690
0,0015 4,9126 3,0971 3,0575 0,014648 0,017837 0,032485
0,0020 5,2068 3,2826 3,2132 0,016218 0,019749 0,035967
0,0025 5,5397 3,4924 3,3757 0,018076 0,022011 0,040087
0,0030 59073 3,7242 3,5509 0,020227 0,024630 0,044857
Vyex = 000 M/1
0,0010 6,8381 4,3110 4,3815 0,026129 0,031818 0,057947
0,0015 7,1657 4,5175 4,6007 0,028359 0,034534 0,062893
0,0020 75013 4,7291 4,8176 0,030724 0,037413 0,068137
0,0025 7,9021 4,9818 5,0614 0,033654 0,040981 0,074635
0,0030 8,3436 5,2601 5,3242 0,037014 0,045072 0,082086
Vyex = 800 M/u
0,0010 9,2376 5,8237 5,9905 0,044230 0,053860 0,098090
0,0015 9,6092 6,0580 6,2742 0,047391 0,057709 0,105100
0,0020 10,0350 6,3265 6,5892 0,051127 0,062258 0,113385
0,0025 10,5105 6,6262 6,9226 0,055441 0,067512 0,122953
0,0030 11,0338 6,9561 7,2823 0,060362 0,073503 0,133865
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Tab auia 8.22
r, =0,02656 1, R = 0,085 1, r; = 0,0450 1

3, M Q, v, M/c u, m/c A!)K_n/l, Ap,/1, p./1
103 M3/c 10° Tla/m | 10° IMa/m | 10° ITa/m
Vyex = 100 M/q
0,0010 1,1000 0,6935 0,3222 0,000491 0,000587 0,001078
0,0015 1,2767 0,8049 0,3341 0,000637 | 0,000762 0,001400
0,0020 1,4943 0,9421 0,3469 0,000839 | 0,001033 0,001842
0,0025 1,7484 1,1023 0,3609 0,001104 | 0,001320 0,002424
0,0030 2,0317 1,2809 0,3750 0,001436 | 0,001718 0,003154
Vyex = 200 M/4
0,0010 1,7442 1,0996 0,6293 0,001099 | 0,001543 0,002642
0,0015 1,9350 1,2218 0,6538 0,001318 | 0,001576 0,002894
0,0020 2,1676 1,3665 0,6796 0,001608 | 0,001923 0,003531
0,0025 2,4379 1,5370 0,7076 0,001975 | 0,002362 0,004337
0,0030 2,7386 1,7265 0,7365 0,002421 0,002896 0,005317
Vyex = 400 M/4
0,0010 3,0329 1,9121 1,2438 0,002895 | 0,003463 0,006358
0,0015 3,2516 2,0499 1,2929 0,003270 | 0,003911 0,007181
0,0020 3,5143 2,2156 1,3451 0,003746 | 0,004481 0,008227
0,0025 3,8169 2,4063 1,4010 0,004329 | 0,005178 0,009507
0,0030 4,1524 2,6178 1,4970 0,005017 | 0,006008 0,011025
Vyex = 0600 M/1
0,0010 4,3215 2,7244 1,8582 0,005380 | 0,006435 0011815
0,0015 4,5682 2,8800 1,9321 0,005928 | 0,007090 0,013018
0,0020 4,8610 3,0646 2,0106 0,006609 | 0,007905 0,014514
0,0025 5,1960 3,2758 2,0944 0,007427 | 0,008834 0,016310
0,0030 5,5663 3,5092 2,1829 0,008378 | 0,010021 0,018400
Vyex = 800 M/u
0,0010 56101 3,5369 2,4726 0,008493 | 0,010158 0,018651
0,0015 5,8848 3,7100 2,5713 0,009234 | 0,011045 0,020279
0,0020 6,2077 3,9136 2,6760 0,010139 | 0,012127 0,022266
0,0025 6,5750 4,1451 2,7878 0,011212 | 0,013411 0,024620
0,0030 6,9801 4,4005 2,9060 0,012449 | 0,014890 0,027340
Tab Aaumia 8.23
r, =0,02656 1, R = 0,095 1, r; = 0,0450 1
o, M Q, v, M/c u,, M/c A!)K_“/], Ap,/1, /1,
1073 m%/c 10° Ila/™ | 10° [Ta/m | 10° Ma/u
Vyex = 100 M/u
0,0010 1,2605 0,5688 0,3987 0,000623 | 0,000745 0,00137
0,0015 1,4407 0,6501 04138 0,000787 | 0,000941 0,00173
0,0020 1,6620 0,7499 0,4298 0,001014 | 0,001208 0,00222
0,0025 1,9201 0,8664 0,4472 0,001301 0,001556 0,00286
0,0030 2,2078 0,9962 0,4650 0,001661 0,001986 0,00365
Vyex = 200 M/4
0,0010 2,0653 0,9319 0,7825 0,001478 | 0,001768 0,00324
0,0015 2,2630 1,0211 0,8130 0,001734 | 0,002074 0,00381
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[Tpopoaxenue Tab a. 8.23

3, M Q, v, M/c u, m/c A!)K_n/l, Ap,/1, p./1
10-3 v/ 10° Ila/M | 10° TTa/m | 10° Tla/m
Vyex = 200 M/4
0,0020 2,5031 1,1295 0,8454 0,002069 | 0,002474 0,00454
0,0025 2,7814 1,2550 0,8803 0,002488 | 0,002976 0,00546
0,0030 3,0908 1,3946 0,9167 0,002992 | 0,003579 0,00657
Vyex = 400 M/q
0,0010 3,6750 1,6582 1,5500 0,004051 0,004846 0,00890
0,0015 3,9076 1,7632 16114 0,004510 | 0,005395 0,00991
0,0020 4,1854 1,8886 1,6767 0,005087 | 0,006084 001117
0,0025 4,5041 2,0324 1,7465 0,005784 | 0,006918 0,01270
0,0030 4,8569 2,1916 1,8200 0,006600 | 0,007894 0,01449
Vyex = 600 M/u
0,010 5,2849 2,3847 2,3176 0,007651 0,009151 0,01680
0,015 55523 2,5053 2,4098 0,008341 0,009977 0,01832
0,020 5,8676 2,6476 2,5080 0,009187 | 0,010989 0,02018
0,025 6,2267 2,8096 2,6127 0010194 | 0,012193 0,02239
0,030 6,6230 2,9885 2,7234 0,011356 | 0,013583 0,02494
Vyex = 800 M/u
0,0010 6,8943 3,1109 3,0849 0,012183 | 0,014572 0,026754
0,0015 7,1969 3,2474 3,2083 0013134 | 0,015709 0,028840
0,0020 7,5498 3,4067 3,3392 0,014281 0,017082 0,031364
0,0025 7,9493 3,5869 3,4788 0,015630 | 0,018695 0,034325
0,0030 8,3890 3,7853 3,6267 0017174 | 0,020542 0,037716
Tab Auia 824
r, =0,02656 T, R = 0,110 1, r; = 0,0450
o, M Q, v, M/c u, M/c A!)K_n/l, Ap./1, /1,
10~ M%/c 10° Ila/™ | 10° [Ta/m | 10° Ta/u
Vyex = 100 M/u
0,0010 1,5347 0,6925 0,5295 0,00088 0,00105 0,00113
0,0015 1,7209 0,7765 0,5498 0,00107 0,00128 0,00235
0,0020 1,9486 0,8793 0,5714 0,00133 0,00160 0,00293
0,0025 2,2136 0,9988 0,5948 0,00167 0,00200 0,00387
0,0030 2,5087 1,1320 0,6219 0,00208 0,00248 0,00456
Vyex = 200 M/4
0,0010 2,6138 1,1794 1,0440 0,00223 0,00264 0,00490
0,0015 2,8234 1,2740 1,0850 0,00255 0,00305 0,00560
0,0020 3,0764 1,3881 1,1287 0,00297 0,00355 0,00652
0,0025 3,3684 1,5199 1,1755 0,00348 0,00416 0,00764
0,0030 3,6926 1,6662 1,2245 0,00408 0,00489 0,00897
Vyex = 400 M/q
0,0010 4,7719 2,1532 2,0730 0,00640 0,00765 0,01405
0,0015 50283 2,2689 2,1555 0,00701 0,00839 0,01540
0,0020 53317 2,4058 2,2432 0,00777 0,00929 0,01706
0,0025 56779 2,5620 2,3367 0,00867 0,01037 0,01904
0,0030 6,0604 2,7346 2,4356 0,00972 0,01163 0,02135
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[Tpopoaxenue Tab a. 8.24

3, M Q, v, M/c u, m/c A!)K_n/l, Ap,/1, p./1
1073 M%/c 10° Ila/™ | 05 11a/m | 10° Tla/m

V., = 600 M/4g

Mex

0,0010 6,9300 3,1270 3,1007 0,01229 0,01470 0,02699
0,0015 7,2541 3,2733 3,2360 0,01332 0,01593 0,02925
0,0020 75871 3,4235 3,3577 0,01440 0,01723 0,03163
0,0025 79875 3,6042 3,4980 0,01576 0,01885 0,03461
0,0030 8,4282 3,8030 3,6466 0,01731 0,02071 0,03802

Vyex = 800 M/4

0,0010 9,0881 4,1008 4,1310 0,01976 0,02363 0,04339
0,0015 9,4383 4,2588 4,2964 0,02111 0,02525 0,04636
0,0020 9,8424 4,4411 4,4721 0,02271 0,02717 0,04988
0,0025 10,2970 4,6463 4,6593 0,02458 0,02940 0,05398
0,0030 10,7959 4,8714 4,8578 0,02670 0,03194 0,05864

B HEKOTOpPBIX CAyYasgX BO3HUKAeT HEOOXOAUMOCTBH HCIIOAB30-
BaHUI B KauyeCTBe IIPOMBIBOYHOM >KHUAKOCTH TAMHUCTOTO PACTBO-
pa. Ilpm 3TOM HaAWOOABIINN WHTEPEC BBEI3BIBAET OIPEACAEHUE
3HaueHu# Q, U, U p, IPU CTPYKTyPHOM pe’KHUMe TeueHHUS BI3KO-
NIAAQCTUYHOMN JKHAKOCTH B IIPOCTPAHCTBE MeKAY KEPHOM U BHYT-
PEeHHEN IIOAOCTBIO IJeHTPAABHOM KOAOHHHI.

8.3.3. THAPOOAUHAMHNYECKHUE PACYETHI

TP CTPYKTYPHOM PEXRHUME TEYEHUA I''IMHHUCTOT'O
JAPACTBOPA B ITIPOCTPAHCTBE MEXR 1Y KEPHOM

1 BHYTPEHHEW IIOBEPXHOCTBIO ITEHTPAJILHOM
KOJIOHHBI

TedeHmMe >KUAKOCTH B KOABIIEBOM IIPOCTPAHCTBE XapaKTepUu3yeTcs
TpeMs obAaacTaMU. LleHTparbHAasA 4acTh KOABIIEBOTO IIPOCTPAHCTBA
3a@HATA IAPOM IIOTOKQ, T.e. OOAACTBIO, ABUJKYIIENCS KaK TBEPAOE
TeAO, 3HAQUUT, B IPeAeAax SAPa I'PAAMEHT CKOPOCTH PaBeH HYAIO.
Pasmepel sippa OIpepeAdIoTcs BHYTPEHHUM (; U BHELIHUM (), pa-
AUycoM sdapa (p, > p;). B AroOOM TOUYKe, PACIOAOKEHHOU B
IIPOCTPAHCTBE Me>KAY BHYTPEHHHM paAUyCOM sApa M IOBepX-
HOCTBIO KEepHQa, JKHUAKOCTb ABUJKETCS IIPU IIOAOKUTEABHOM TIpa-
AUEHTe CKOPOCTU. B mpocTpaHCTBe MeKAy BHEUIHUM PaAUyCOM
dApa U BHYTPEHHEW IIOAOCTBIO II€HTPAABHOUM KOAOHHBI TPYyO
ABIDKEHHE >KMAKOCTA IIPOMCXOAUT MPU OTPULATEABHOM TIpa-
AUEHTe CKOPOCTH.

IMaockoctamu [—1 u II—II, neprneHAMKYAIPHBIMU OCU TPYOHI,
BBIAEAUM OTCEK, BKAIOYAIONIUM B Cce0s KepH M >KUAKOCTb BOKPYT
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KepHa. B 1mpeperax BBIAGAGHHOTO OTCeKa B OOAACTH IOAO-
SKUTEABHOTO T'papdeHTa CKOPOCTU IIPOBEAEM ITUAMHAPHUYECKYIO
IIOBEPXHOCTh PAAUYCOM I M OCTQHOBUMCA Ha AeUCTBYIOIIUX
cuAax. Ha HIWKHUM M BepXHHW TOPIBLI IMAMHAPA AEUCTBYIOT
CHABI AABACHUS NUI°D, U — TI°P;.

Ha BepTHMKanBHYIO OCh OyAyT NIPOELUPOBATBCSI TaKXe CHUAA

Beca XupKocTu mi(r’ — r’)yl ¥ cuAa Beca KepHa mry I

[To 60KOBOM NIOBEPXHOCTH ITUAMHADPA PAAUYCOM I AEHCTBYET
cuaa TpeHusi. CKOPOCTH BHENTHETO IO OTHOIIEHWIO K ITUAMHADY
PaAMyCOM I CAOST J>KUAKOCTH OOABIlIE CKOPOCTH BHYTPEHHErO
crosd. CAepOBATEABHO, CHAA TPEHUST UMeeT ITOAOKUTEABHOe
HaTlpaBAEHUE U COCTaBASIET

T = 2nrh.
I'papueHT CKOPOCTH B AQHHOM CAy4Yae TOJXKE SBASETCH IMOAO-
JKUTEABHBIM, U TOTAQ COrAacHO 3akony llIBepoBa — DBuHrama

_pdu
r_ndr To

nMmeeM

T= 23‘51’](1’]% + to) ,

TA€ U; — CKOPOCTb AIOOOM TOYKHU JKUAKOCTM B 0OOAacCTH
TTOAOKUTEABHOTO TPAAMEHTHOTO CAOS.

3HauuT, corracHo mpuHNumy A'Arambepa MOXXKHO COCTaBUTH
ypaBHeHVe AMHaMUYeCKOIO0 PaBHOBECHUS

nr’p, - nr’p, - J'C(I'Z - r(f)y] - argy I+ Zmrl(n% + 10) =0

A

2
du, = —P2=P =Y gy 00w =) X %o g
2nl n r o n

TTocae MHTEeIrprupOBaHUsA IIOAYUUM

2
ul=_p2_p1_Y1r2+IO(Y“_YJIHT—T—OI+C1- (8.131)
anl il n
IMpur = r,u, = u, Toraa
2
¢ = Py — Dy -yl rog_fo(Yn Y)|I’II‘O+T—OIO+UT- (8.132)
anl m n

3HauuT, 1o (8.131) u (8.132)
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2
ul=—w(r2—r§)+w1ni—r—°(r—ro)+uT. (8.133)
n

4nl 2n Iy
IMpur = p, u; = y, (4, — CKOPOCTb ABUKeHUA gApa). Toraa
-p; -yl ¢ T T
u0=——p2 4‘:]11 Y (pf—r02>+—°w2n v) ln%—?o(p1—r0)+ur (8.134)
0

CocTaBUM aHaAOTHYHOE YpaBHEHMEe AMHaMHUYeCKOI'O paBHOBe-
CHSI, TPOBEAS ITUAMHAPUYECKYIO MMOBEPXHOCTH IO BHEITHEMY Tpa-
AVIEHTHOMY CAOIO:

d
—2nr](—n% + ro) - J’c(rz - IOZ)IY - nr’ly, + nr’(p, - py) = 0.

OTciopa

2
(Pp = py—¥lrdr | rg(vy =¥) dr  To 4,

du, = -
2nl 2 T n

CAepOBaTEABHO,

2
u, = P2z Pl o (0 =V gy Topy o (8.139)
anl m n

Mpur = r u, = 0. Toraa

2
c,=P2=P erlz_ro(vn Y)IHI]—T—OI]. (8.136)
4nl 2 n

CoraacHo (8.135) m (8.136) ckopocCcTh B AIOOOUM TOYKe BHEIII-
Hero (OTPULLATEABHOI'O) I'PAAMEHTHOTO CAOSI MOJKHO OIPEAEAUTH
TakK:

- D, =l 20y _
u, = Pp—-D1—Y <1,12_r2)_IO(Yn Y) ]Di—T—O(I"l—T). (8.137)
4nl 2n T n
Ha rpanwuiie ¢ SApoM IMOTOKA CKOPOCTb U, CTAHOBUTCSI PaBHOU
CKOPOCTH fAPQ, T.€. IPU I = P, U, = U, Toraa
—p, =l 20y _
u, = P —DP1—Y <I.12_p%>_T0(Yn Y)lnr—l—r—o(rl—pz). (8.138)
anl n P2 M
Tak Kak SIAPO ABUXKETCA KaK TBEPAOE TEAO, TO 3HAUYEHUS U,
onpepensemsle 110 (8.134) u (8.138), paBHBI MeXXAy COOOU U
Po-pi-Y (2 2, 2 o\ _ B 4P
u, =—(T1 — P2+ P01 —To> -—r—In—"-
4nl 2n P2
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- t?0(11 =Py =1 + L) (8.139)

ChaepoBaTeAabHO, IO BeIpakeHuAM (8.133) u (8.139) nmoayuum

_P-p-vlo 2 2 2 G0 =Y) 02 _
u, i <r1 ps+pl-r ) + In o
(G =y =Py + 1) (8.140)
n
3Hauut, o Gopmyaam (8.137) — (8.140) MO>KHO OIIPEAEAUTH

CKOPOCTb B AIOOOM TOYKE BHEIIHEr0 I'DAAUEHTHOrO CAOf, SIApe
IIOTOKa, CKOPOCTh KEpPHA (BHYTPEHHEro IIUAWHAPA) U BHYTPEHHe-
IO TPAAMEHTHOTO CAO4.

OAHAKO BO BCe IlepeuYUCAeHHBIE 3aBUCHMOCTH BXOAAT pasMe-
PHl SApA TAMHUCTOTO PAcTBOPA, @ TaKKe 3HAUeHus p, — p;, KO-
TOPBIE TIOKa SABASIOTCS HEM3BECTHBIMU, U AMHAMHUUECKOe Halpd-
>KeHMe CABUTA T, SICHO, 4TO papAUyCHl siApa TAMHHCTOTO PacTBOpa
0OyCAOBAEHBI OIIPEAEAEHHBIM T, KOTOPHIM B CBOIO OUYEpPEAb BAHUS-
eT Ha 3HaueHHe p, — p,. [loaToMy IlerecOoOOpa3HO 3TH BeAWYH-
HBl, T.e. D, — D; U Tj;, BBIPA3UTh B 3aBUCUMOCTHU OT DPa3MepOB
sIAPa@ TAMHHUCTOTO PAacTBOPA.

C 5TOM IeABIO COCTAaBUM ypaBHEHHE PAaBHOBECHUS COOTBETCT-
BEHHO II0 BHyTPeHHEMY M Hapy’KHOMY papdycaM sIApa TAWHHCTO-
ro pacteopa. OueBUAHO, YTO I'PAAWEHT CKOPOCTH B OOOUX CAydYa-
X paBeH HYAIO, KacaTeAbHOe HaIpsyKeHHe B IIEPBOM CAydae Oy-
AET IIOAOJKUTEABHBIM, @ BO BTOPOM — OTPHUIATEeABHBIM. TaK Kak
3HAKM OCTAABHBIX CHA OIIPEAEAUTH HETPYAHO, TO, HE OCTAaHABAM-
BasiCh HA HUX, YKA3aHHBIE YPABHEHUsI MOJKHO 3aIIUCATh B CAEAYIO-
II[eM BHUAE:

2mp ke, + 71 (p, - py) - 7P - )Yl - Wy L = O; (8.141)
=271p,Ft, + 7p5(p, = py) - W5 — Yl - gy I = 0. (8.142)

PermtuB coBmecTHO ypaBHeHus (8.141) u (8.142), moayuum

2
w=iwn_y); (8.143)
1 PiP2
_ 2
Ty = (Y; e (P2 —p1)- (8.144)
P1P2

[Mo BeIpakenuaM (8.143) u (8.144), a Takke dopmyram (8.137),
(8.138), (8.140) MO>XKHO 3amUCATh:
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3y =)

=10 [ +03=pT=25(p2=p1) = 2r(p, =P 1)+
NP1P2
v2pp,In % ol (8.145)
2
u, = w [HZ = 25,(p2 = 1) + 2r (P2 = py) - 20,050 L - IQ} ; (8.146)
NP1P2 !
2 —
u, = f04(_YH 1) 12 +p3 = 20,p,In - = 25,(p, — p;) = 2040, | (8.147)
MP1P2 P2

Tak kak CKOPOCTE B AI0O0M TOUYKe KOABIIEBOTO IIPOCTPAHCTBA
OIlIpeAendeTCd He eAHHOﬁ q)OpMYAOfI, KaK B CAydYde ABIYDKEHUSI
BSIZKOM JKUAKOCTH, a TpeMs BBEIPpAKEHUAMHU, TO U PACXOA OIIpeApe-
AAEeTCA KaK

q=0q + q + q (8.148)

TA€ q; U g, — Pacxop >KUAKOCTH B OOAAQCTU IIOAOKUTEABHOTO U
OTPUIIATEABHOTO TPAAUEHTOB CKOPOCTEM COOTBETCTBEHHO, q, —
pacxop B 0OAACTU siApa MOTOKaA.

OueBUAHO, UTO

p1

q,=2n[rudr; (8.149)
o
qo =70(p5 — 7 )y; (8.150)
n
q2=2nf.ru2dr. (8.151)
P2

ITo dpopmyram (8.145) u (8.149) noayumm

2 2 2 2.2 2.2 2 2 4 2 2

g (Ve =Y) | ITPT _ TonT | PiP2 _ ToP2 _ P1, TP 2 2

Q= T Tyt Ty Tt Ty TP HIpay +
M2
7p3 2 2 s 7

3 2 P1P 3 3 P1P.
+ 107 — P11y __16 2 +§Topz‘gfop1 +%+_1220 +
+plpz(pfln%—r§ln—?gz) : (8.152)

1 1M1

Coraachao (8.151) u (8.146)

wrdve -y (1 r2p}
PP, L 4 2

3
np 1 5
q, = - 132 +1p3 +§rﬁpl —piP5 —Ep% +
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2
+%p1p§ - % + 0,03 mi) . (8.153)
P2

B cootBercTtBuu ¢ BhIpakeHusimu (8.147) u (8.150) pacxoap,
SKUAKOCTH B OOAACTH SIApa COCTaBASIET

2 2.2 2.2 4 2.2
qo = wd(v, - v) [ 120} _IPT P2 _ PP _ 03 n Tty o3 1Tt _
Mpp2 2 2 2 2 Py P9
=IiP3+PiP3L +IiPIP; —PIL ~ P13 +PiPo). - (8.154)
ChepoBaTeAbHO, IO cooTHoweHuAM (8.148), (8.152) — (8.154)

pacxop >KUAKOCTH 4Yepe3 IPOCTPAHCTBO MEKAY KEPHOM U BHYT-
PEHHEeN NOAOCTBIO II€eHTPAABHOM KOAOHHOU HAaMAEM TakK:

2 2 4 4
- - 2

q =w - (3 -pY) + P20 4 hr(p, - p)) + 2Py - 1) -

NP1P2 2 12 3

3 2 2\2
— PP2(r2 )= 1 (p, —p,)+ LT 4 B2 (o2 iy
— PPt ln—“’p"’}- (8.155)
Py

CKOpOCTb ABUJKEHUSI KepHa Uu, coraacHo (8.139), (8.143) u
(8.144) onpepeasercsa no opmyae

2
u, =0 =D 2 0202 r2_96.0,In TP 250, 4210, -
Anpp, P2
=210, + 2Py (8.156)
VpaBHeHI/Ie MaTepPUaAABHOTO 6aAcha 3alIMChIBAETCA COI'AACHO

(8.70). 3maumr, mo BeIpakeHusaMm (8.155) u (8.70) mo>keM cocTa-
BUTL CAeAYIOITee COOTHOIIIeHUe:

2 4 4
w,=-& - 1ol | 1062 p2)+ P20 4 1y —py) + 213 (s - p1) -
arg  ppa| 2 12 3
2_ 2 3 2 2\2
_ 9192(-’; 9) —%(92—91)*' (1 4To) + p1g2 (p%—pf)—
—ppo1 In-%2. (8.157)

1P1

W3 paBeHcTBa u, o dopmyaam (8.156) u (8.157) HatipeMm

_ g =)
Mp1p,

4 4 3 4 4
I —Iy _Ip P2 —P1 _ P1P2 (.2 2
2 3 (P2 —p1) 2 9 (i o)
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3
=P =) + P2 (03 —p%)]- (8.158)

B coorBerctBUu C (8.150) pacxop IMOPOABI BO BHyTpPeHHeU
IIOAOCTH IJeHTPaAbHOW KOAOHHEI
1Py

(1 = p2)* = (01 — 1p)* = 2pipoIn 2= + 21py — 1p,) | (8.159)

P2

= TEI(?(YH_'Y)

q.
npip2

W3 paBeHCTBa PacxXxoOAOB @,, HAaWAEHHEBIX II0 (opmyaaM (8.2) u
(8.159), Mmo>kHO 3amucaTh:

4
(Vu—Y) 2 2 5Py
Vyexy = —22—U—|(f; — - — 1) = 2p,pln L +
p1pa(l— m)R? B =p2)° — 1 - 1) P1P2 02
+2(50, - P,)] (8.160)

@opmyasl (8.157), (8.158) u (8.160) mpeacTaBuM B Ge3pa3Mep-
HOM BHAE:

_=§_L Pb = Pa _ [ 2 23_1\_papb 1-12
2 2
+1(1—ra2 24 Pb =P fPaby —raz\ PP, Intlr (8.161)
L 3 J Pq
S e |l-rd _1g Pb=Pa _ Pab N
= a a _ —a —_ a _ a. 1_ P —
papb[ 2 P mpa) e = =R (- 1) — 2Py~ Pa) +
1
+ PP - pi)]; (8.162)
4
vMex= o I:(l_pb)z_(pa_ra)2_2papb In Pa +2(pa_ apb) ' (8163)
PaPp TaPp
— 2 = 2 — 4 R%(1-
Y -v) Y g = Y)Y (Vg =)

Coraacao (8.144)

2
.C*O~ - I (P = Pa) ’ (8164)
2papb
rAe T)=—20
(vu -0

Cuctema ypaBHeHuii (8.161) — (8.164) pemraerca Tak: IIpu
3aA@HHBIX 3HAUEHUIX V,. ¥ I, 0 (8.163) Haxopum p, = f(p,), UTO
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IIO3BOASIET II0 BHIPA’KEHUIO (8.164) BEIUMCAUTH COOTBETCTBYIOIIHNE
1;. IlopcTaBUB HalipeHHBIE P, U P, & CAEAOBATEABHO, M T, B

(8.162), Haimipem 5=f(~c’5), 4TO AdeT BO3MOXKHOCTBL 1o (8.161)

YCTQHOBUTE U, = P(Q, T;) INpU 38AAHHBEIX paHee V

AHanOTUYHEBEIE PACYETHI IIPOBOAATCSA U IIPU APYTUX V...
OueBupno, uro mpu Q = Q,, TPOUCXOAUT "3aBUCaHUE"

KepHa. Apst onipepeaenust Q, oroxum B (8.161) @, = 0. Toraa

Mex " ra'

2 2 4 4 9
Qup === | =220} = p2) + LR 4+ 12(p, — po) + S 1Py —pa) = P22 x

PaPp
X (1= 1)~ 5Py =pu) + (1= 12+ P20} - ) - ppyrIn 2. (8.165)
CoraacHo (8.165) u (8.162) moayuum:
-1 (9 = pd) 1+ 1) = L 1= 1) =yt In 2 0 (8.166)

*

TakuM 0Opa3oM, 3aBUCUMOCTH (=)Kp = f(tj) mo cucrteMe ypaBHe-
Hun (8.164) —(8.166) ompepenaserca Tak. [Ipm 3apaHHOM I, IIO
ypaBHeHUIO (8.166) HaxopuM p, = f(P,), 4TO IMO3BOAsdeT IO (8.164)
paccuuTaTh P, =@(t;). [lopcTaBUB HalAeHHBIE 3aBUCHUMOCTH B
(8.165), ycraHaBAMBaEeM C=?Kp=f1(t§). Kpome Toro, mpoBepeHHEBIE

pacyeTsl MO3BOASIOT IO popMyAe (8.163) onpepeAuTs Ty = [(Vyex):
T.e. HAUTU AMHaAMHYECKOe HAIpsKeHWe CABUIa, KOTOpOe IIpU 3a-

MAAHHOM V., oOecreunT "3aBucaHUe" KepHa, OOYCAOBAEHHOE

N
pacxoaom (=I)Kp, Ha¥AEHHBIM TI0 3aBUCUMOCTU (_?Kp = f,(Tp).

IMpu r, = 0,85 B yKa3aHHOM IIOCAEAOBATEABHOCTU OBIAM HaM-
AE€HBI 3HAUEHUS P, P, U Ty, @ TaKXKe 5@ (Taba. 8.25).

W3 Taba. 8.25 BHMAHO, YTO C yMEHBIIEHHEM AWHaMUYECKOI'O
HaNpSKEeHUs CABUTA T, 3HaUeHWe KPUTHUYECKOTO pacxopa

YBEANUUBAETCS.
B Taba. 8.26 mpuBeAeHBI Pe3yAbTAaTHl PACUETOB IO OIIPeAeAe-

HUIO P, Py @ ¥ U, BBIMOAHeHHBIX npu r, = 0,85, R = 0,085 M,
r, = 001#4wm, v,,, = 400Mm/u = 0,1111M/c, n = 0,010 ITa-c,
Yo = 26:10°H/M% vy = 1,210°H/mM®* u m = 0,2 mo cucreme
ypaBHeHu! (8.161) — (8.163).

AHaAOTUYHO MOJKHO HAWTHM 3HaueHUss (9 U U, U NIPU APYTHUX
MCXOAHBIX AQHHBIX, B TOM YHCAE V..
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Tab6 awuira 8.25 Tab auia 8.26

Pa Py T Qup Pa Pb T o) Uy

0,87 | 0,0785| 0,04604 |0,0000923 0,855 | 0,8766| 0,01041 |0,012754| 0,013866
0,89 | 0,9579| 0,02877 |0,0003236 0,860 | 0,8762| 0,00777 |0,012762| 0,013878
0,90 | 0,9477| 0,02020 |0,0004761 0,865 | 0,8755| 0,00501 |0,012771| 0,013900
0,91 | 0,9377| 0,01172 |0,0006407 0,870 | 0,8742| 0,00199 |0,012890| 0,013966
0,92 | 0,9272| 0,00334 |0,0008108

OAHAaKO pacyeThl IIO0 IpPeAAaTaeMoON CHUCTeMe CBSI3aHBI C OOABL-
M OOBEMOM BBIUMCAMTEABLHBIX omnepanui. [losToMy BO3HHKAA
HeOOXOAUMOCTh BBIBOAA OOAee TIIPOCTOM, HO IPUOAUIKEHHOU
(hOPMYABI, TO3BOASIIONIEN ONEPATHUBHO BBHIIOAHATE HEOOXOAUMBIE
pacyeTsr.

Vaes BBIBOAA 3aKAIOUaeTCS B TOM, YTO IIPUM AaMHHApHOM pe-
>KMe BSI3KOM JKUAKOCTH B IPOCTPAHCTBE MeXXAYy KepHOM M BHYT-
peHHelM MOAOCTBIO CYIeCTBYEeT IIOBEPXHOCTb PAAUyCOM P, Ha KO-
TOPOM CKOPOCTH AOCTHTaeT MaKCHUMyMa.

CunTaeM, YTO SAPO TAMHHUCTOTO PACTBOpPAa pacroAaraeTcs Ha
paccrosHuu Ap CUMMETPHUYHO YKA3aHHOM IMOBEPXHOCTU PaAUy-
coM py.

8.3.4. IPUBJINKEHHOE PENIEHHUE SAJAYH

I10 OITPEJEJEHHNIO CKOPOCTH ABHKEHUA KEPHA

N PACXOJA KWHIKOCTH ITPH CTPYRTYPHOM PEKHUME
TEYYEHHUA I''IMHUCTOI'O PACTBOPA

B KOJBIIEBOM ITPOCTPAHCTBE

CKOpoOCTh B AIOOOM TOYKE MeXKAYy KEPHOM U KOAOHHOM (KOAB-
1leBOoe MPOCTPAHCTBO) MPU TEYEHUU BSI3KOU >KUAKOCTU COTAACHO
dopmyraMm (8.67) u (8.76) MOKHO HAWUTH TaK:

( \

I,
In-L

2 2 2 1'2—1‘2
R R A T T (8.167)
2 112‘T02L IntL T 112‘f02
Io
I'To BelpakeHuaMm (8.77) u (8.167), 3aMeHUB U = 1), IOAYIUM
-r’+ (r2 + rz)lni
potm 2w, 20071 (8.168)

m i1 ot -1)

Tak Kak CKOPOCTB KUMAKOCTU Ha IIOBEPXHOCTH, XdPAaKTepu3y-
IOLLIefICH papuycoMm r = Pg AOCTHUTrae€T MAKCHUMyMa, TO
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du

—] =0.
dr

r=p,

ITo dopmyae (8.168) u ycaosuro (8.169) moryumm

4
1-1,

p0=ra mo .
\/2 raz(l—rHZ)+ N 1

™ h

W3 YPaBHEHUSI AMHAMUYECKOI'O PAaBHOBECHUs SIAPA

(5 - p})(Ap - 1) = 2m(p, + p,)kx,.

CuuraemMm, 4TO

P2 = po + Ap;
P1 = po — Ap.
Torpa o (8.171) — (8.173) noayuum
k
Ap —yl==2.
p-x Ap

CoraacHo gopmyae (8.143)

Ird(y, =)

Ap -yl =
pg - Ap*

W3 paBeHCTBa NpaBBIX YacTel BHIpa)KeHUM (8.174) u

IIOAYYUM

T
Ap p§-ap?

OTciopa

. —r2ard e apr?
Ap* =

w
2t

rae Ap® =ﬂ; Apg =P,

I I

IMoab3yscek BelpakeHusamu (8.172) u (8.173), dopmyay

MOJXHO IIepelircaThb B CACAYIOIIEM BUAE!

o 2 1)

= =g S (0 + A IpiAp + 29| 4 S - 5
Po — 3

3 3)

(8.169)

(8.170)

(8.171)

(8.172)
(8.173)

(8.174)

(8.175)

(8.175)

(8.176)

(8.161)



%2 %2 *2 *2
_Po AT ey s L 22 120 A Pt - Ap _ 2\_
2 ( Ta)+4( Ta) + pO pL 3 ra\J

~(pi2 - Ap?)r? In TalPo * 807 | (8.177)
po — Ap”
CoraacHo (8.177)
q, = ﬁo_m z(p*z + Ap*z)p*Ap* +2Ap*(r2 +21~3 _l) —
B ‘ R
%2 %2 *2 *2
_pO —Ap 1- 2 11_ 2)2 * */Po —Ap _ 2\_
2 ( Ia)+4( ra) +290APL 3 raJ
— (0 - Ap?)Rin BlLo +A07) | (8.178)

po - Ap”

W3 paBeHCTBa 3HaUeHUU @,, PACCUUTAHHBIX IO popMyAraM (8.2)
u (8.178), caepyer:

Mex +

TLR21'12 nr4(y -v) [2 " ¥
=—1(1-m = 12052 4 Ap*)p*Ap* + 2A0"
Q 7 (1-mv 2n(p?.)z_Apﬂ)[3(90 +Ap™)ppAp” +2Ap" x

[ 2,2 3_1\_p62_Ap*2(1_I.2)

1 _ r2)2 * *
3 5 +4(1 )% + 2p5Ap" x

(8.179)

*2 *2 * s
x (pO - Ap _1.2] _(pBZ_Ap*Z)I.aZ In Ia(pg + Ap’) )

a * *
3 Po — Ap

MosxHO yOoepuTbcda B TOM, uTo npu r; = 0,02247 M, r, < 0,85, a
Takke 1, Q, TPEeACTaBASIONINX WHTEPEeC AAS IPAKTHUKU OypeHus
CKBA’KUHBI ABOMHOU OYPHUABHOU KOAOHHOM, UMeeM

4
r2(1-12)>> 9
Y I

Toraa o (8.170) moayuum
Py = —=. (8.180)

[Mepenumem dopmyay (8.177) B BUAe

Q Ilz(Yn_Y) 2 *2 EVAPREY * 2 < LA
3(|Oo +Ap™)poAp* +2p Lra +3h 3)
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%2 *2 *2 *2
_Po AT ey p L 22 120 A L p? - Ap _ 2\_
2 ( Ta)+4( Ta) + pO pL 3 ra\J

— (p462 _ Ap*z)lfln Ta(F:B + AF:*)
po-Ap

(8.181)

3ajada pellaeTcss B CAEAVIOIIEN IIOCAEAOBATEABHOCTH: IIPHU
3aAAHHBIX I, I, R, ¥, ¥, n u T, o dopmyaam (8.176), (8.179) u
(8.180) maxopuM 3aBUCUMOCTL Q = f(V,.), YTO IIO3BOASET

COTAACHO BEIpaykeHUIO (8.181) onmpepeAuTs U, = f(V,)-

ITpoBepeM pacyeThl IPU CAEAVIOIIUX MCXOAHBIX AQHHBIX: I,

1,2110°H/m%, m = 0,01Tlac, T, =3Ta, 1,
0,019099 wm.
Coraacuo (8.180) py; = 0,928036. limeeM Takxke

Ty =—20  =0,009536.
(Ve =V

Torpa o opmyae (8.176)

. ~0,7225+/0,52201 + 0,0003133

A
P 0,019072

=0,011503.

CoraacHo BeIpaykeHUo (8.179) MOKHO 3amucaTh:

-6
Q=0,0314176v,, +— 025510714 000 |2 8612508+
0,02(0,8612508-0,0001323) | 3

+0,0001323)0,0106752+ 0,023006(0,7225+ 0,409417—%) -

_5 8612508; 0.0001323 () 9775 + 0,01925156 + 0,0213504 x

x (0,2870394 - 0,7225) - 0,6221581n

0,7986081
0,916533

VAT
Q = 0,0314176v,

Mex

+ 0,00043306.

ITopcTaBUB UCXOAHBIE AQHHEBIE B (8.181), moayuum

u,=—2 027236
0,0015862

0,85 r, = 0,02247m, R = 0,085™m, v, = 2,6:10*H/™M*, vy =
I.I =

(8.182)

(8.183)

ITo dopmyram (8.182) u (8.183) OvblAM HaNAEHBI 3HaYEeHUI pac-
XOA@ IIPOMBIBOYHOM >KUAKOCTH (Q M CKOPOCTU IIOABeMa KepHa U,
B 3aBUCHUMOCTA OT MEXaHHYECKOM CKOPOCTH IIPOXOAKU Vo,
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(Taba. 8.27). Pacuerel npoBopuaucs npu r, = 0,85. AHarornuno
MOTyT OBLITH BBIITOAHEHEI pacueTsl U IIpU APYI'MX 3HAYEHUsIX I,.

AaHHBIE TabA. 8.27 paccuyUTaHBl IIPU YCAOBUM CTPYKTYPHOTO
peXKuMa TedeHUs TAWMHUCTOTO PAcTBOpPa B KOABIIEBOM IIPOCT-
paHCTBe.

ITpoBepuM, BBINOAHSAETCA AWM 3TO yCAOBHE. AAd 3TOTO HaMAEM
nmapamMeTp XeACTpeMa B KOABIIEBOM IIPOCTPAHCTBE  MEKAY
KEepPHOM U IIOBEPXHOCTBIO II€HTPAABHOU KOAOHHBI:

2
He,, = "o -ToY (8.184)
gn

3HAYUT,

He

. _ 2
_4 3(0,02247 0,019299) 12 000 - 1668,06.
9,81-0,01

K.II

Torpa nmo dopmyae (8.29) u Taba. 8.8 KpUTHUUECKOe 3HAUYEHHE
napamerpa PeriHoabaca

Re = —6400 + 9314,57,

Kp.K.II

Re = 2914,6.

Kp.K.IT

CoraacHo YPAaBHEHHIO HEePA3PBIBHOCTU PACXO0A KUAKOCTU B
KOABIIEBOM ITPOCTPAHCTBE

2
q=Q-nmnryu,.
OTcropa CpepHsIsi CKOPOCTh ABUYKEHUS JKUAKOCTU

2
Q Iy
Vin = - u

2 2 2 2
nr -15) I -1

T

ChepoBaTeABHO, ITapaMeTp PelfHOABACA B KOABLEBOM IIPOCT-
paHCTBe

2
Re,, =2 |9 _ nuw | (8.185)
ng |m(r +19) I +1Ip
HpI/I IIPUHATBIX MCXOAHBIX AAHHBIX
Tab ania 8.27
Voot M/4 Q, /¢ u, m/c Voot M/ 4 Q, M¥/c u, mM/c
100 0,0013058 0,5503 500 0,0047966 2,7510
200 0,0021785 1,1005 600 0,0056693 3,3012
300 0,0030512 1,6506 700 0,0065425 3,8517
400 0,0039239 1,9279 800 0,0074147 4,4016
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Tab Aauia 8.28

Vit M/U 10’301\'43/c u, M/c Re, . Vyet M/U 10’301\'43/c u, M/c Re, .,
100 0,876 0,550 46,0 500 4,367 2,751 227,5
200 1,749 1,100 91,5 600 5,240 3,301 2370
300 2,622 1,651 136,8 700 6,112 3,851 320,2
400 3,494 2,201 182,01 800 6,985 4,401 363,7

Re, . = 2446483(—2 _ _0,008775u, . (8.186)

: |0,130593 J

PacueTtsl o dopMyae (8.180) mOKa3BIBAIOT, YTO HPU Vi, =
= 500 /4 umeem Re,, > 2914,6, T.e. TeueHHEe B KOABIIEBOM
IIPOCTPAHCTBE MPOUCXOAUT IIPU TYPOYAEHTHOM pERKMME.

IToBTOpUM pacueTsl Opu OOABIIUX 3HAYEHHAX T, U 1, a
umeHuo: t, = 15Tla.c, m = 0,1Tlac. Tak Kak r, He

U3MEHHUAOCH, TO p, = 0,928036. B paHHOM cAydae

Th=— 1 _0,047683.
14 000- 0,02247

3Hauut, 1o (8.176)

_ 07225+ \/0, 52201 + 0,00783267

Ap* = 0,056655.
0,095366
To (8.179) u (8.181)
Q = 0,0314176v,., + 0,345510°% (8.187)
w=—9 _0002177531. (8.188)

0,001586193

IMapamerp XeacTpema no (8.184) He,,, = 83,402.
Toraa no BeIpaskeHuto (8.29) u taba. 8.8

Repun = —6700 + 9314,58,
Re,pun = 2614,6.

IMTapameTp PetiHoabaca coraacHo (8.185) HatiaeM Tak:

Re, . = 244648 —9 00087750, . (8.189)
| 0130593 J

B Taba. 8.28 mpuBepeHBI pe3yAbTATHL pacueToB no (8.187),

(8.189) mpu Pa3sAMUYHBIX V.

W3 Taba. 8.28 BuAHO, UYTO BO BceX caydasax Re,., < 2614,6, T.e.

TAMHUCTBIM PACTBOP B KOABIIEBOM TPOCTPAHCTBE ABUKETCS IIPU

CTPYKTYPHOM pe>XKUMe.
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8.4. THAPOAUHAMUNYECKHUE PACYETDI
ITPA UCIIOJIb3OBAHHUHN
B KAYECTBE PABOYEI'O ATEHTA BO3YXA

AAMHA KepHONIpHeMHUKA | HaMHOTO MeHbIlle TAYOMHBI CKBa’Ku-
HBI, IO3TOMY B IIpeApeAax | MOJKHO NPUHATH, YTO YAEABHEBIM BeC
rasa (Bo3ayxa) paBeH HEKOTOPOU CpepHel BeAwduHe y.,. MsBecT-
HO, YTO AABAEHMeE ra3a B AIOOOM TOUYKe, HAXOAMIIeNcs B 0OAACTU
KEPHONIPUEMHUKA, HENPEPBIBHO HU3MeHdeTcd Mo TIayouHe. [lo-
3TOMY IIpU COCTaBAe€HUU ypaBHeHuHU (8.86), (8.87), (8.89) meobxo-
AUMO, CTPOr'O I'OBOPS, PacCMaTpuBaTh AU(PEHEepeHINaAbHO MaAbIA
y4acTOK dX, B IIpeperax KOTOporo umeeM AuddepeHIINarbHO
Manoe M3MeHeHUe AaBAeHUsd dp = Ap.

Torpa C y4eToM 3THX AONYIIEHWN pacuyeThl MOKHO BECTH C
MOMOIIBIO cucTteMbl (8.35), (8.96) u (8.102).

B 3TuX BBEIpa)KEHMAX PACXOA rasa (Bo3pyxa) (), YAGABHBIN BeC
Y U KWHeMaTudecKas BS3KOCTb V SBASIOTCS COOTBETCTBYIOIIUMU
BeAMUYMHaMU IIpU AQHHOM A@BAEHUU.

[Mpu m30TepMHUUECKOM pAaCIIUPEeHNU Tra3a COTAACHO 3aKOHY
lenpu

V=Yoo (8.190)
-0, (8.191)
v L, (8.192)
= labe, (8.193)

Toraa 1o (8.95), (8.96) u (8.102), a Takxe (8.190)

u, = QaPa _ 15,295r, (T1593Yap]
T

ard(ry, +a*)?p  (r, +a*)? | 16upy

4 8
7 *E
7

Ta

y [a*(ZIa +a”)

8 s
x 1= 0, -a)

}; (8.194)
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1 § 4 4
Q, 16u V7 p_ (s 7r}%7 /ynpa_1\7 (21 +a*\7a*172x
874mr’ LYang ) p 4(fa+f1*)22/7 J )
8
[ 8a*) vols (0" —a”)7 8 ou 1
x k1+__ +[1—(ra+a) ]7— 1-2@® -a)l-——x
15 raJ r, 15 (r, +a*)®7
4 ! 4 5
(YHpa \7 * *\7 #)2 ; 2Ia +(1* 2 .
x (d1mPa 171§ —a)7[1—(ra+a)] -t ql=0 (8.195)
LYaP J Ta
1
Q, __[nR_Z vex (1= m) + 8,742 of 19 ap) r3(3,48981 - 6,8775r, +
Pa L 16up, )
+33879r2)] r2(2,0391-1,0209r,)". (8.1906)
B Boipakenusix (8.194) — (8.196) p — AaBAeHUE B AAHHOM

paccMaTpuBaeMOM CeUYeHUM IIeHTPAABHOM KOAOHHEI TPYO.
I'lo ypaBHeHUIO paBHOBeCcUd AUMPEPEHIIMAABHO MAAOro oobe-
Ma rasa, COCTaBA€HHOTO M3 YCAOBUS CTATHUKU, UMeeM

Coraacao (8.130) u (8.197) noayuum

vaH
Paas = Poyp® Fa (8.198)
ITo gopmyae (8.198) mpu y, = 10 H/™M?, p, = 10° I1a
H
Pass = Doy (8.199)

B Taba. 8.29 mpuBepeHbl 3HAYEHUS D.,; NPUA PA3AUYHEBIX Dgq U
H, paccuutannsle o popMyae (8.199).

W3 Taba. 8.29 Bupno, uto ipu H < 800 M u psyq < 20 10°TIa ¢
AOCTAaTOYHOM TOYHOCTBIO MOJKHO TPHUHATH Dgyg, = DPaas-

TakuM 0Opa3oM, YAEABHBIM BeC rada BO BCEU KOAOHHe TpyO
Poye.

—

3HAuUT, 3a00MHOEe AABACHHE II0 AHAAOTHM C OCHOBHBIM YPaB-
HeHUeM I'MAPOCTAaTUKU MOJKHO OIPEAEAUTH IO (POpMyAe

MOJXHO IIPUHATH IIOCTOSSHHBIM W PABHBIM Y ,

Doy
Dsac = pﬁycp +Ya pY H

a
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Tab aumira 8.29

Paae 10° TTa
H ™M = = — —
' _pﬁy() o Poyp = Poyp = _pﬁy =
=5ena | gl | —is100ma | =2010°Ma
100 5,050 10,100 15,150 20,200
200 5,101 10,202 15,303 20,404
300 5,152 10,304 15,456 20,608
400 5,204 10,408 15,612 20,816
500 5,256 10,512 15,718 21,024
600 5,309 10,618 15,927 21,236
700 5,362 10,724 16,086 21,448
800 5416 10,832 16,248 21,664
nAm
(1, vaH)\
p3a6 = pﬁyq;kl + =2 J . (8'200)
Pa

B Taba. 8.30 mpuBepeHBI Pe3yABTATHI PACYETOB IO (DOPMYAE

(8.200).

W3 cpaBHeHUsI AQHHBIX, IIPpUBEAEHHBIX B Taba. 8.29 u 8.30,
BUAHO, YTO PaCXO’KA€HUE MeJKAY Pe3yAbTaTaMH, IIOAYUYeHHBIMU
o cpopmyaam (8.199) u (8.200), mpaKTUUYECKU OTCYTCTBYeET.

B paccmarpuBaeMoM caydae B IJ€HTPAAbHOM KOAOHHE HMeeM
He TOABKO Ta3, HO W KepH C KOHI[eHTpaluen o,

og=—3n (8.201)
Tu+Q, P
p
Tak kak
q, = J.C}QZVMeX(l - m)'
TO IIPA P = Peoyg
Taob aumira 8.30
Paase 10° TTa
H, ™ DPoyp = Poyp = DPoyp = Doy =
= 5-10° I'1a = 10-10° ITa = 1510° I[1a = 20-10° ITa
100 5,050 10,100 15,150 20,200
200 5,100 10,200 15,300 20,400
300 5,150 10,300 15,450 20,600
400 5,200 10,400 15,600 20,800
500 5,250 10,500 15,750 21,000
600 5,300 10,600 15,900 21,200
700 5,350 10,700 16,050 21,400
800 5,400 10,800 16,200 21,600

167



aR%v

G‘O = Mex(l_ IIl]

Pa
Peyop

TR o (1-m) + Q,

l'[peHe6pe1"aﬂ BeCOM ras3ad, AdBA€HHE Ha 3a00e MO>KHO HaWuTU
KaK

Pias = Poyp T YuOlofd (8.202)
uau 1o (8.201) u (8.202)

2.
Pass = Paygy + ¥ oH — S Vuelom) (8.203)
Pa

14 oyd

TRY o (1- m) + Q,

YuuteiBag, uto npu H = 500M u p, = 50-10°Tla 3aboiiHoe
AABAGHUE TIPAKTUYECKH PaBHO AABAEHHMIO HATHETaHMs, COTAACHO
(8.203) umeem

2,
TRY (HY oy (1 - m) ) (8204)
Pa
Poyd

Pu = Poygp +

RR2V1\1ex(1 - m] + Qa

Ha ocHOBaHWM M3AOKEHHOIO MOJKHO CUMTATh, YTO PACUETHI
1o BeIpaskeHUsAM (8.194) —(8.196) 1mmeaecoobpa3HO TPOBOAUTH IIPU
TIOCTOSTHHOM AABACHUU P = Dgyg,-

Takum oOpa3oM, cucteMa ypaBHeHU (8.194) — (8.196) u (8.204)
IIO3BOASIET HAWTHU 3HAuUeHUd u,, , p, OOeclleuwBaroliyde BBIHOC
KepHa IpU 3aAaHHOM MEeXaHUYECKOM CKOPOCTH IPOXOAKU V. U
APYTHUX HCXOAHBIX AQHHBIX.

TMposepeM pacuerwl mpu H = 300mM, y, = 10H/™M* r, =
= 0,02247w™m, r, = 0,95 u = 100-10"°Ta«c, y, = 2,6:10* H/™?,
Vyex = 400M/4, R = 0,085, m = 0,2, psyq, = 510° [Ta.

INoacTaBuUB UCXOAHBIE AQHHEBIE B (8.196), moayuum

Q,= 50[0,0020 176+0,0138633-1,077837-0,857375x

1

x (3,48981-6,53362 + 3, 05758)]m

=0,11368 m/c.

HVmes B Bupay, uto 8 = 1 — r, = 0,05 B coOTBeTCTBUU C
IIPUHATBIMU HCXOAHBIMHU AQHHBIMM ypaBHeHue (8.195) MO’KHO
IIPEACTAaBUTE B CAEAYIOIIIEM BUAE!
4
14827137 [(1,9+a" )’

22 0,95
(0,95+a™) 7

12
Pt
7

01521575 - (1+0,561403a") +

*)a
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Tab aumita 8.31

Poyar 10° Ila a Q, 1073 m*/c u,, M/c P 10° Ta
15 0,02475 0,03367 0,0916 51,922
20 0,02450 0,04523 0,2591 56,866
30 0,02428 0,06867 0,4833 62,067
40 0,02390 0,09189 0,5720 76,585
50 0,02360 0,11368 0,7340 86,673

8

4 T
H1-@95+ay [ ORI 1= £(0.05-a) |- 22 x
, (0,95+a*)7

\ 4
AT 5
Fl {1,9+a* 7 =

x (O,OS—a*)%[l—(O,95+a*)2] _L o5 =0. (8.205)

\
J a

B pesyabTaTe pacueToB IO ypaBHeHHio (8.205) meTopOM IIO-
CAeAOBATeABHBIX IIPUOAMIKeHUN OBIAO IoAydeHO a” = 0,0236.
Takum oOpazoM, mo Gopmyae (8.194) mpu p = pgy
= 50-10° [1a moAyuum

u, =1,512157 - 1404422 4 97934.9 45702(0,17592 - 0,0138188 x
0,947897

x 1,013249 + 0,18483-0,0165346 - 0,98592) = 0,734 m/c.

3HAQUUT, AaBAeHHe HarHeTaHUdA 10 (8.204) MOKHO HAUTU TaK:

D, =50-10% 4 — BH2B 54,105 4 36 673-10°,
0,0020176 + 0,0022736

p, = 86,673-10° ITa.

AHAAOTMYHBIE PACYETHI OBIAM MTPOBEACHBI TIPU PA3AUYHBIX Dgyq,
(Taba. 8.31) u Ipu APYTUX 3HAUYEHUSX I,.

PacyeTnl mokasaan, 4To mponecc OypeHUsI CKBa’KUHBEI C OAHO-
BpPeMEeHHBIM ITHEBMOTPAHCIOPTOM KepHa BO3MOJKEH IIPHU AOCTa-
TOYHO MAaABIX 3a30paxX Me’KAY KePHOM U BHYTPEHHEM IIOAOCTBIO
LEeHTPAaABHOU KOAOHHBI. [IpakTuyeckas peann3alus TAaKOro pe-
3yAbTaTa BO3MOJKHA, OUEBUAHO, IIPU MCIOAB30BAHUU TPyO, IIO-
KPBITBIX 3MAaABIO.



BOITPOCBI THAPOAJNHAMURKU
CBEMHOI'O KEPHOITPUEMHHURKA

Hcnoab3oBaHMe CBEMHOIO KEpHOIPHUEMHHMKa B KOAOHKOBOM
(pa3BepOYHOM) OypeHHU IIO3BOAUAO 3HAUUTEABHO IOBBICUTE 3(-
(PeKTUBHOCTB IIPOIleCCa, TaK KaK H3BAeUeHHe KepPHOIPHUeMHUKAa
13 CKBa’KMHBI HE CBSI3@HO CO CIIYCKOIOABEMHBIMU OIlepallusMU
OYPUABHON KOAOHHBI.

KepHompueMHUK BKAIOYaeT B cebsg MeXaHU3M (PUKCaIuy,
IIOABECKY, KepPHOIIPUEMHYIO TPYOy K KepHOpBaTeAb. lI3BaeueHue
CBHEMHOIO KePHOIIPHEMHUKA M3 KOAOHKOBOM TPYOBI OCYIIECTBAS-
eTCsl AOBUTEAEM, IIPUCOEAVHEHHBIM K KaHATy AeOeAKH.

[Mpu pelmleHnn TeXHUYECKUX U TEeXHOAOTMYECKUX 33Aa4 BO3-
HUKaeT HeOOXOAUMOCTE OIIPEAEAUTEH CKOPOCTH ABIDKEHHS KEepHO-
IIpUeMHKKa B IIpOIlecce ero CIycka (MapeHUs) U THAPOAVMHaMUude-
CKOe AaBAeHHe Ha 3aboe, O0OYCAOBAEHHOe H3BA€UEHHEM KepHO-
IIpUEeMHUKA.

9.1. OIIPEAEJIEHUE CKOPOCTH JIBUKEHHUSI
KEPHOIIPUEMHHUKA

B HEIIOJABUKHON KUJIKOCTH

IIPH TYPBYJEHTHOM PEKXHUME TEUEHUS

[TycTb B KOAOHHe OYPHUABHBIX TPYO DPAAWYCOM Iy ABHUJKETCS IIOA
AeMCTBHEM COOCTBEHHOTO Beca KEPHOIPHEMHUK C Hapy’KHBIM
PaAnyCcoM I, BeCOM M AAMHOM cooTBeTcTBeHHO G u I. KonoHHa
OYPUABHBIX TPYO 3allOAHEHa >KUAKOCTBIO, UMelollled KMHeMaTu-
YeCKYIO BA3KOCTb V U YAEABHBIN Bec Y.

ABI>KeHNUe KepHONPUEeMHUKAa OOYCAOBAUBAET TeUeHHe >KHUAKO-
CTH B KOABIIEBOM IIPOCTPAHCTBE Me>KAY BHEIIHEHM ITOBEPXHOCTBHIO
KEPHOIIPUEMHUKA U BHYTPEHHEU MOAOCTBIO KOAOHHBI TpyO. B
3aBUCUMOCTH OT rabapUTOB KOAOHHBI TPyO M KepHOIIPHUEMHUKQ,
a TakXe (PU3NUYECKUX CBOMCTB KMAKOCTU TeUeHUEe B KOABIIEBOM
IIPOCTPAHCTBE BO3MOJKHO IIPU TYPOYAEHTHOM HAW AQMUHAPHOM
pekuMax. 3apada pelraeTcs MeTOAOM “CIIIMBaHUs".

LuAMHAPHUYECKOM ITOBEPXHOCTBIO, HAXOAAIENCA Ha PaccTod-
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HUU 0 OT NOBEPXHOCTH KEPHONPUEMHUKA, BCE KOABIIEBOE IIPO-
CTPAHCTBO AEAMTCS Ha ABe OOAACTH.

CKOpOCTb B AIOOOM TOUYKe 3THUX 0OAACTEM C IOMOIIBIO 3aKOHA
KOPHSI CeAbMOM CTeIlleHU OIIPEeAEAseTCS CAEAYIOLIUM 00pa3oM:

B IIepBOM OOAACTH, T.e. OOAACTH, NPUMEBIKAIOIeN K IMOBEpX-
HOCTU KePHOIIPUEMHHUKQ,

1

4 1
7y, )7

(9 7y, .
= 8,74 -u,; 9.1
= 87450 (2 - &)

BO BTOPOM 0OOAACTH, T.e. OOAACTU, IPUMBIKAONEN K TOoBepX-
HOCTH KOAOHHBI OYPHUABHEIX TPYO,

4
7

(129)7(y2)
Uy = 8, 74L J L_J (9.2)
v

3AeCh T, U T, — KacaTeAbHOe Hamps>KeHHe Ha MOBEPXHOCTIX
KEPpHOIIPpUEMHUKA U KOAOHHEIL GYPHABHBIX pr6 COOTBETCTBEHHO,
Y1 — PacCCTOosiHHEe OT IIOBEPXHOCTH KepPHOIIpHMeMHHKAa A0 paccMma-
TpuBaeMol ToukHu, 0 < y, < @; y, — pacCTOAHMNE OT IIOBEPXHOCTU
KOAOHHBI 6y‘pI/IABHbIX pr‘6 AO paccMaTpuBaeMol Touky, 0 < Yo =
=0 —ad = Iy — Iy U, — CKOPOCTH ABVDKEHUSI KEPHOIIpUEeM-
HWKaA.

Ha nuamHApUYECKOM NMOBEPXHOCTH, PACIIOAOKEHHOM Ha pac-
CTOSIHUM @ OT KEepPHOIPHEMHUKE, KacaTeAbHOe HallpsKeHHe paB-
HO HYAIO, ¥ IIO3TOMY yKa3aHHas IIOBEPXHOCTH Ha3LIBAeTCS HEUT-
PaABHOM.

AAS TIAABHOTO CMBIKaHUSA MpoduAed B MepBOM U BTOPOM 00-
AACTSIX CKOPOCTHU U; U U; Ha HEUTPAAbHOM IOBEPXHOCTH AONKHEI
OBITH PAaBHBEI MeXXAY COOOH, T.e.

npuy, =auny, =90 —a
u, = uy. (9.3)

Torpa o (9.1) — (9.3) noayumnm

4 1 4 1
Tg)\? (a7 T (d-a)?
8,74(ﬂ) H -uT=8,74(L9) ( ) : (9.4)
Y v Y

v

CocTaBUM ypaBHeHMe PaBHOBECHS IMAMHADPA!
2nk, - G + g Ap = 0, (9.5)

rae G — BeCc IUAMHApA B IIYCTOTe; Ap — Pa3HOCTb AABAEHUU IIO
KOHIIaM KEePHOIIPUEMHHUKA (LIUAWHADPA).
Apyma ceuenusmu [—1 u II—1II orpaHnM4mMM OTCEeK >KUAKOCTH,
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HAXOAAIIENCSA B KOABIIEBOM IIDOCTPAHCTBe. BHYTpM yKa3aHHOIO
OTCeKa MPOBEAEM IIMAMHAPHUYECKHE IIOBEPXHOCTU 110 BHYTPEeHHEU
IIOAOCTH KOAOHHBI OYPHUABHBIX TPYO, @ TakK’Ke IO HEUTPAAbHOU
IIOBEPXHOCTHU U COCTAaBHUM CAEAyIOlllee YpaBHeHNEe AMHaMUYEeCKOIo
PaBHOBECHUS:

2n(r, +8)ft, — n[(ro +0)2 = (5, + a)Q](Ap —yI)=0. (9.6)

CocTaBUM Tak>Ke YpaBHeHUEe AMHAMHUYECKOTI'O PaBHOBeCHUs BCeM
KUAKOCTH, HaXOAHLLIefICH B KOABII€EBOM IIPOCTPAHCTBE:

25(ry + 8) bty + 27y HT, — ﬂt[(ro +8)2 - roz](Ap -yN)=0. (9.7)

Pacon KHUAKOCTHU B KOABIIEBOM IIPOCTPAHCTBE
o0-a

q=23Tful(fo+}’1)d}’1+23Tf(fo+6—5’2)und)’2- (9.8)
0 0

IMo cooTtnomenusam (9.1), (9.2) u (9.8) MOKHO 3amuCaTh:

8 15) 4

4
= 4 8
17,48n (g\ 7| 57 75 =
=— 2t/ |l=na’+—a’ |+1] 7
q k J 1L80 5 J 2

Zg(ro +8)(0-a)7 -

; 15
—E(é—a) 7

} - nu,a(2r, + a). 9.9

ITo cooTHomeHHIO (9.0) MOAYYHM CAeAyIOlllee BHIPA’KEHHUE AAS
OIIpeAEAeHUsT KaCaTeABHOTO HAIpsyKeHUsi Ha ITOBEePXHOCTU KO-
AOHHBI OYpPHUABHBEIX TPYO:

[0 +8) =50 + ) ap-v1)
2(rg +9)!

(9.10)

Ty, =

IMoactaBuB (9.10) B (9.7), moAyuuM (POPMYAY AASL OIIpeAeAeHUs
KacaTeAbHOTO HAIPSKeHUsST Ha MMOBEPXHOCTU KEePHOIPUEMHUKA

2 2
1, = W0t =16 (Ap ). 9.11)
2ryl

Mo BeipakenusaMm (9.11) u (9.5) mepenap, AaBA€HUS IO KOHIIAM
KepHONPUEeMHUKa MOJKHO HAaWTH TakK:

G+m [(ro + a)2 - r02]y1

Ap = (9.12)

n(rg + a)2

3Hauwur, 1o (9.10) —(9.12)
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T, = [r0+a]2—r02 G—J‘I:I‘OZ'YI; (9.13)

2rpl n(rg + 01)2

(rg + 6)2 - (rp + a)2 G- nrozyl

Ty = 2
2(rg +9)! 7(rg + Q)

(9.14)

ITo cooTtHomieHuaM (9.4), (9.13) u (9.14) cocTaBUM CAepyrollee
BBIP@)KEHUE AAST OIIPEAEAEHUST CKOPOCTU ABVDKEHUSI KEPHOIIPUEM-
HUKA:

4

G- J'cIOyI ]7“[r0 + a]2 - roz ]a; _ {(ro + 6)2 - (rp + a)2

g +90

~ s

4
7

74(g)
L J r0+a To

i
v7

N =

x (8- m} (9.15)

B cootrBeTcTBUu c (9.9), (9.13) u (9.14) 3anuiiieM BhIpa>keHUE
DAST OTIPEAEAEHUST PACXOAA JKUAKOCTH:

4 4 4

- 3 3 8 15

71 G- moyl ? (r0+a)2—r02 7/71“(17 +ia7\
o LS 0 15 J

1748n(\
1= U

2nr0+a

4
7 15

(6 -a)7

*l\oo

%%+m® )

o +90

+ [(1’0 +6)2 —-(rp +q) ]

-nu.a(2r + a). (9.16)

Pacxop KUAKOCTH B KOABIIEBOM IIPOCTPAHCTBE COT'AACHO
YPABHEHHUIO MATe€pPUAABHOT'O OanraHCa MO>KHO BbIPDA3UTH TaAK:

q = T2y, (9.17)

Hcxopda M3 paBeHCTBa PAacXOAOB, OIPEAEAECHHEBIX II0 BHIpake-
HuaM (9.17) u (9.16), MOXHO COCTaBUTh CAEAYIOlllee COOTHOIIIEHNe
AAS pacueTa CKOPOCTH ABHM)KEHHS KEPHOIIPUEMHUKA!

4

4
7 2 277/( 8 15)
[(IOJ"]) rO] L%rocﬂ + a7 |+

4
17,48 (g\7

) \
e U

v (rg +a)?

G - nrg 2

Iy 15

2Jrr0+a
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’ T +8)(0-0) - L(0-a)7 9.18)

N <r0+6)2—(r0+a>2]

g +9

W3 paBeHcTBa mpaBBIX YacTen cooTHoweHuu (9.18) m (9.15)
CAEAYeT:

4

(ry+a*)2-r? 7 .8 4 8
2 2 al a 7(Zra+1a*)+[1—(ra+a*)2]7(1—ra—a*)7 x
(ry +a”) Iy 8 15
! 4
«2 217 L 4
x %—%(1—& -a’) }—[—(Ia +af: “lal g7 4 [1—(1fa +a*)2]7 x
1
x(1-1,-a)7 = 0. (9.19)

3HAUUT, IPpU 3aAaHHOM I, IO TPAHCIIeHACHTHOMY ypPaBHEHUIO
(9.19) MOXHO HaWTH 3HaUeHWe a°, MOACTaBUB KoTopoe B (9.18),
OIIPEAEASIOT U,.
Hwxe mpuBepeHBI 3HAUEHUS d°, PACCYUTAHHLIE TI0 YPaBHEHMIO
(9.19) mpu pa3AMYHBIX I,.
080 0,82 084 086 0,88 0,90
(o AT 0,122 0,108 0,094 0,082 0,068 0,050
ANNpoOKCUMHUPYS 3TH AaHHBIE ypaBHeHHeM IIpSIMOM B OTpes-
KaX, IIOAYYUM
a* = 0,658 — 0,67r,. (9.20)
BreipakeHue (9.15) npepCTaBUM B BUAE
4

4 4
H 2.1\7
87 (VG Ty (9.21)
13y ™ )
vir?
rAe
L 4 1
#)2 27 «— - -
f(r,) = 1 . [(ra+a) |y _[1_(ra+a*)2 -1, -a*)?
2 Ty
[Z[Ta +cz*)2]7

(9.22)

Hmxe nipuBepeHBl 3HaueHUs f(r,), HAMAEHHBIE IO BBEIPA)KEHUIO
(9.22) u popmyae (9.20).

) 0,80 0,82 0,84 0,86 0,88 0,90
f(r) e 0,08124 0,06756 0,05384 0,0464 0,03250 0,02152



B pe3yAbTaTe alllIpOKCHUMAlluM ITIOAYYEeHO
f(r,) = 0,56316 — 0,6024r,. (9.23)
TTo (9.23) u (9.21)

4 4
o
= 874 (i)7(G_:IIOYI]7(0,56316—0,6024ra). (9.24)

T 13Y

vir?
Hatipem u, mo cdopmyae (9.24) ara KepuonpuemHuka KCCK-
95 mpu HApPY’XHOM U BHYTPEHHEM AMaMeTpe KOAOHHBEI OYpHUAB-
HBIX TpyO coorBercTBeHHO 0,080 m 0,067 M (r, = 0,0335 M), Ha-
pyxHOM puameTpe KeprHonpueMHuka 0,000 m (r, = 0,030 M), Bece
U AVHe KepHolnpueMHHKa G = 68,4kr = 671 H, I = 13,71l m.
Ilpy yKasaHHBIX MCXOAHBIX AQHHBIX U Yy = 10*H/M® mo
dopmyae (9.24) moayuum

u, = 0,358 m/c.

Mo dopmyare (9.24) OBIAM BBIUMCAEHBI 3HAQUEHUsS U, IIPU ABU-
KEeHUW KepHONpPUEMHHWKA B TAWHHUCTOM pacTBope C Yy =
= 1,2:10* H/m® PacueTBl IPOBOAMAMCE IIPM PA3AWYHEIX V (TalOA.
9.1).

[Mpu mpoumx paBHBIX YCAOBUSIX AOIYCTHUM, UYTO BHYTPEHHHUN
AUaMeTp KOAOHHBI OYpPHABHBIX TPyO cocraBaser 0,070m (r;, =
= 0,035 m).

3 0,030 _ _

HAUUT, I, 0035 0,857143 u f(r,) = 0,046817.

Torpa o opmyae (9.24)

4
7

u = 874-3,686956 ( 671 - 0,038764) 0,046817057
14 L 43,071235
0,2377v7y 7
A
4
1, = 27007 (671~ 0,038764y ). (9.25)
viy?

CAepOBaATEABHO, IIPU HCIOAB30BAHWM B KayeCTBe IIPOMBIBOY-
HOU XKMAKOCTU BOABI B COOTBETCTBUHU C (9.25) nuMeeM

u, = 0,694 m/c.

Teneps no (9.24) HaripeM u, IPU ABUJKEHUM KePHOIIPUEMHUKA
B TAMHHCTOM pacTBope B caydae y = 1,2:10* H/M® 1 pasanuHBIX V.
Pe3yAbTaThl pacyeToB IIPUBEAEHEBL B TaOA. 9.2.
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Tab amma 9.1 Tab amia 92

3 6 —6 —6
Vivé?c u, M/c V;w%j)c u, M/c Vivé?c u, M/c V;v{%?C u, M/c
5 0,2135 25 0,1697 5 0,4141 20 0,3397
10 0,1934 20 0,1752 10 0,3750 25 0,3290
15 0,1825 30 0,1653 15 0,3539 30 0,3206

W3 Taba. 9.2 caepyeT, YTO CKOPOCTH ABYDKEHHS KePHOIIPHUEM-
HUKAa [IPU OTHOCUTEABHO OOABIIOM 3a30pe CYIeCTBEeHHO Bo3pac-
TaeT, OCTaBasICh IIPU 3TOM HEAOCTATOYHO BBICOKOH.

Panee OBIAO TIOKA3aHO, YTO HPH MCIOAB30BAaHUU TPyO, IO-
KPBITBIX 3MAaAblO, IIPOUCXOAUT yBEAWUYEHUe IIPOIYCKHOMU CIIOCOO-
HOCTH 3a CuUeT CKOALKEHUS KUAKOCTH II0 CTeHKe, T.e. CKOPOCThb
Ha CTeHKe He paBHa HYAIO, @ COCTaBASIeT HEKOTOPYIO BEAUUUHY U,
[14]. OKrcHepuMeHTaABHBIMU HCCACAOBAaHHUSIMM YCTA@HOBAEHO, UTO
IIpU TeYeHUU BOALI B TpyOe

u, = 0,21v, (9.26)

TAE V — CPEeAHSSI CKOPOCTh ABUIKEHUS JKUAKOCTH.

[MTpu TeyeHUM >KMAKOCTM B KOABIIEBOM IIPOCTPAHCTBE IO aHa-
Arorum ¢ (9.26) cuuTaeM, 4TO CKOPOCTb ABMIKEHUSI KHUAKOCTU Ha
TTOBEPXHOCTU KEPHOIIPUEMHUKA

u, = Av ., (9.27)

TA€ V,, — CPEAHSd CKOPOCThb ABWKEHHS JKUAKOCTH B KOABIIEBOM
MPOCTPaHCTBe; A — KO3((PUIIUEHT, OIpeAeAsIeMbIli U3 3KCIIepPU-
MEeHTaAbHBIX MCCAEAOBAHUM.

CKOpPOCTBb JKUAKOCTU B AIOOOM TOUKe IIEPBOM U BTOPOU OOAAa-
CTH KOABIIEBOTO IIPOCTPAHCTBA OIIPEAEASeTCS II0 CAEAYIOUIUM

dopMyAraM:

u = 8,74(E) {&) e (9.28)
Y v
4 1
[t2g) [ yy\7
=874 29 "1 Y2} " 2
WSS .
Coraacao (9.28), (9.29) u ycaosuto (9.3)
4 4 1
g74(ma) (VT _ oy —g74{T29) 7 (n=To-a) (9.30)
5 ) U

ITo ananoruu c (9.16) moAyuum
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o+ 9

4 4
q-= 1748n( ); G- moyl ]7 [(r0+a) —rO
2n1r0+a Ty
z 8
2 7 8
+ [T+ - (o +a) ] 18(T0+6)(6 a)? -

—-na2r + a) (u, — uy).

7(7 ;3 7 E\
lnat+=a’ |+
8 15

15

(6 -a)7

(9.31)

B cootrBerctBUmM ¢ (9.27) u (9.17) BhIpaxenume (9.31) MOYKHO

IepennucaTtst B CACAYIOIeM BUAE:

4 4
q= 1748n( V7| G-muyl |7 || (g +@)? - 1d
k J 2ml(ry + a)? Iy
2 8
o+ ~(rp+a)* 7|7 T (0-a7
+[ rrs ] 8(r0+6)(6 q) 15(6 qa)
-nuwa(2r+a)|1-A \
’ L T1—102J.

7(7 ;3 7 E\
lnat+=a’ |+
8 15

15

(9.32)

W3 paBeHCTBa pacxOAOB, OIPeAEAeHHBIX 1o (opMmyaam (9.17)

u (9.32), caepyer

2 Y

4
7
u, = 17,48 ](g)

1
v (1o +a)? - Aa(2ry + a)ﬁ
-1

BUIIES

( 8 15) 2 2
xLZroa7 +1—75a7J+ (o +9) -+

8 I+

8
7

x| Z(r +8)(d-a)7 - L(8-a) 7

| }
ITo coorHomenuam (9.30),
KePHOIIPUEMHHUKA COCTABASIET

4

7
X

4
G-yl |7 |[(rg +a)? - ¢
2nl(rg + a)2

Iy

(9.33)

(9.13) m (9.14) cKOPOCTH ABWKEHUS
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4 4 4
w = 74 G—MOZ«/I 7(9\7 (r0+oz)2 -1 70% (ro +6)2 —(rp +a)
' 1 23t1(r0+a)2 LYJ Ty rg+9
v7
1
x(h-n-a?l+u,.
Coraacno (9.17) u (9.27)
Argu,
Uy =—"—".
I =T
3HauuT, B cCOOTBeTCTBUU C (9.35) u (9.34)
g 4
2 2 2, 5 =
874(r" - 13) G - nryyl 7 7 (ro +a) -1 a? —

(1o +8)* = (rp +@)*]7

(9.35)

4

U ==
v;[rlz —r02(1+A)]

2ml(ry + a)?

x(rl—ro—a);].

Iy +9

X

(9.36)

Tak kKak 3HaueHUs u, paccuuTaHHbie mo (9.33) u (9.36), paBHBI

Me>KAYy CcOOOM, TO

2 (r, +a*)? - r2
2

Ta

(ry +a")% - Aa*(2r, +a”)
l—ra2

+[1—(ra— )]4' (1-1,-a )7——(1 r,-a’)?

15
874(1 - r2)r,”
T

v7 [1 —r21+ A)]

G- Tcra2 I12Y]

2

2mir2(r, +a”)
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N =

-[1=(r, + a*)z]g(l -1, -a) (9.38)

TakuMm o6pa3oM, IpHW 3aAaHHBIX A U 1, IO ypaBHeHHIo (9.37)
HaXOAMM @*, UTO TO3BOASEeT IpuU u3BecTHhIX G, 1, ¥, Vv u Il co-
rAacHo (9.38) yCcTaHOBUTE U,.

IMpoBepem pacuetsl mipu r; = 0,0335Mm, r, = 0,030m (r, =
= 0895524 M), A = 0,15 G = 671H, y = 10*H/™M* 1 =
13,71 ™, v = 107 °M%/c.

AAS IPUHATBIX UCXOAHBIX AQHHEIX ypaBHeHue (9.37) mepenu-
1ieM TakK:

4
7

2 (0,895524 + a*)? - 0,801963
(0,895524 + a*)? - 0,607435a*(1,791048 + a*) 0,895524

15 8

( .8 REN 4 8
x |0,783583a 7 +17—5a 7J +[1—(0,895524+a*)2]7[28(0,104476—a*)7 -

4

15 )2 7 .t

— 7 (0,104476 - a*) 7 }_2'5473 [(0,895524+a ) —0,801963] a7 -

15 0,895524

4 1

- 11-(0,895524 + a*]2]7(0,104476 -a’)’? ] =0. (9.39)

B pesyabTaTe pacyeToB IO TPAHCIEHAEHTHOMY YPaBHEHHIO
(9.39) moayueno 3Havenme a* = 0,054. Torpa mo (9.38) mmeem
u, = 0,3960 m/c.

OTu pacueThl npoBopuAuchk nmpu A = 0,15. Ecau mpoBecTu

QHAAOTHYHEBIe BEIYMCAEHUS IIPU IIPOYMX PaBHBEIX YCAOBUAX U A =
= 0,20, T.e. mMpaKTHYeCKU IIPH TaKOM >Ke 3HaYeHHHU, KOTOpoe
OBINO OIIPEAEAEHO B Pe3yAbTaTe 3KCIEPUMEHTAABHBIX HCCAEAOBa-
HUU B CAy4Yae ABMIJKEHUS BOABI B TpybOe, To moayuum a* = 0,0525
uu, = 0,5602m/c.

OTciopa BUAHO, UYTO IIPH UCIOAB30BAaHUHM KEPHOIPHUEMHUKE,
IIOKPEITOTO 3MaAblo, 3HaUeHHUe U, 3aMeTHO OOABIIIe, UeM B CAydYae
KepHOIlpueMHHKa 6e3 IOKpHITUSA. KpoMe TOro, Ha BEAWUYUHY U,
OKa3bIBaeT CUABHOE BAMSHUE NPUHSTOE 3HaUeHue A.

V3 mnpuBepAeHHOIO BEIINIE TaKKe CAEAYEeT, UTO B PSAE CAY-
yaeB MM YBEAWUYEHUs U, IIeAeCOOOPa3HO IIPOIEeCC ABWIKEHUS
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KEpHONpHMEMHMKA CONPOBOKAATH 3aKauKOW BO BHYTPEHHIOIO
IIOAOCTh KOAOHHHBI TPYO JKUAKOCTH IpU pacxope Q. BosHuka-
eT 3apava O CB4a3U u, = [(Q), pelleHUe KOTOPOU INPUBEAECHO
HIDKE.

9.2. ABUKREHHUE REPHOIIPUEMHHUKA

TP OJTHOBPEMEHHOH 3AKAYKE
IMPOMBIBOYHOH KUIKOCTU

BO BHYTPEHHIOIO ITI0JIOCTH KOJIOHHBI
BYPUJIBHBIX TPYB IIPU TYPBYJIEHTHOM
PESKUME B KOJBIIEBOM ITPOCTPAHCTBE

Pemmum 3dAa49y OTHOCUTEABHO IIOABUJKHBIX KOOPAWHAT.
CKOpPOCTH KMAKOCTU B AIOOOM TOUKe MEepPBOM U BTOPOU OOAa-
CTeN oNpepeAsieTcsd II0 POPMYAe

4
7

ERTSN

1 = 8,74(M)

A
Y v

) : (9.40)

—

4
7

1
un=8,74[%9) (%}7 . (9.41)

T

Tak kak cobatopaeTca ycroBue (9.3), To mo aHaaorum c (9.4)
TIOAYUYUM:

874M§5%=874ﬂ;u% 9.42
(Y)(V) '(Y)(V)HJT' 642

CoxpansioTcs Takke ypaBHeHUs (9.5) —(9.7).
Pacxop JKHMAKOCTM B KOABIIEBOM IIPOCTPAHCTBE COTAACHO
(9.40), (9.41) u (9.8) coctaBUT
4

20y
17,481 (g\7 |_5(7 8 15
q=-"""1Z| 1 Lgroa

%(r0+6)(6—a)7— s (6—a)7 }+

8 15\ 4

T+ a7 |+l

+—a’ | +71]
15

1 15
v7 !

+rcuT(6—a)(2ro +6+a). (9.43)

IMTo cootrOmernUAM (9.42), (9.13) 1 (9.14) mOAyUUM CAeAyIOlIee
BBEIpa’KEHUE AN OIIPeAEAEHUSI CKOPOCTU ABHJKEHUS KepHOIPUeM-
HUKA!
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[

G—mro2y1 7 (r0+a)2—r02
To

4 4
7

(6—(1)% .

1
a? -

(m+&24%+aﬂl

ro+9d

2ml(ry +a)2

(9.44)

B cooTtBetcTBUU C (9.43), (9.13) 1 (9.14) MO’KHO 3amIHCaTh:
4 4 8 15

G-yt 7\ r = [7l7, 5 7 )

2nl(rg +a) Iy l 8 15 )

4
7

1 =

_ 17,487((9)
D \y

4

. [%] 2 +0fo-a)r - L(o-a)7 ||+

+nuT(6—a)<2r0 +6+a>. (9.45)

CoraacHO ypaBHEHUIO MaTepUAABHOTO OanaHCa IOAYYUM:

'y, =Q+q

AU

q=mnr'u, - Q. (9.46)
W3 paBeHCTBa pacXopAO0B IO BEIpakeHUAM (9.46) u (9.45) caepy-

eT:

u,= Q +

nr12[1—<1—1'a —a*)<1+ra +a*>]

s

S5 4
7
I,
+17,48 1

1

g7 G-nrlryl
(1 (1 : 2
V7 —< -r,-a )( +I, +a ) ZTEYII’12<Ia+a*>

X
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oo

18(1—r —a*) —l(l—r —a*) . (9.47)

5 4 4
874r7 (g\?| G-mrlryl 7
= = X
’ ; kYJ uir}(r +a”)?
v a
4 4 1
52 _ 2717 1 2 7
[(I‘a+a ) Iy a7—[1—(r +a*)2}7 1_(1_ +a*) ] (948)
r a a

Tak kak mpaBble 4YacTu BeIpaskeHudl (9.47) u (9.48) paBHBI

Me>KAY COOOM, TO
4

4
melr2 217 "2 _ 277/ .8 L15) 4
Q| a0 (r32+2a "1 42 [—(r“w ) Ia] (Zraa T+—a’? +{1—(ra+a*)2 7 x
G -nrjryl T, 8 J
8 15
7( AT _2f )7
x|=l-r-a; -—{l-r -a -
s\ ) s\t )
4
2 7
(ra+a*) . o
—|1-=(1- —-a* * 7 -
[1 (1 I,—-a )(1+ra+a )] - a
4 i
2 1
—[1—(ra—a*) ]7(1—.ra—a*)7}=0, (9.49)
1
TAe O*=V7—1QQ4; ra=i—°.
8\74nr17g; !
Coraacno (9.47)
u; = Q + 2 X

1—(1—{a —a*)<1+ra+a*> 1—<1—ra—cz*><1+ra +a*>
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22
G-nr.lryl
X all Y X

2 # 2
2muylr{ (ra +a )

REEIE N7 A5
+[1—(ra+a) ] lg(l—ra—a)7—ﬁ(1—.ra—a)7 , (9.50)
1
N v7u,
rae U= T
8,74g;r1;

TakuM 00pa3zoM, AAS TOTO YTOOBI OIIPEAEAUTH U, HEOOXOAUMO
CHaYaAa NP 3apAaHHBIX I, Q, Vv U I, HAUTH N0 ypaBHeHUIO (9.49)
a’, 9To mo3BoAMT 10 opmyae (9.50) yCTaHOBUTH CKOPOCTH ABU-
JKeHUsI KepHOIIPUMEeHUKA U,.

HatipeM u, Ipu CAEAYIOUIUX UCXOAHBIX A@HHEIX: I; = 0,0335 M,
rp = 0030 M vy = 10°H/M% v = 107°M%/c, Q = 0,001 m*/c,
r, = 089552, G =684 xr = 671 H, I = 13,71 m.

Toraa

874m-0,000099205- 3,68696
4
2|7
2mylr? ( I, +a *>

G- nr12y1

4

. . . #12 ;
—0,013864] 210000137 1-000112225(0,89552+ ") ] _

671-m-0,80195607-0,00112225-10000-13,71

8
7 .

=0,0279538(0,89552+a")

IMo ypaBHeHUIO (9.49) MOKHO 3aIIUCaATh:
4

12 ? 15
(0,89552+a*)*-0,801956 7
089552

8 ( 8
0,0279538( 0,89552 + a*) 742 LO,78358a* 7 +17—5a*

]+

15

-1(0,10448-(1*) .
15

4
7

<o

2

+1-(0,89552+a*> 1(0.10448—a*)
8
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X

- [1—(0,10448—(1*) (1,89552+a*)2

4

« 7 1
|:(O,89552+a )2—0,80195Gl a*? _

0,89552

4
7

1
- [1—(0,89552+a*)2] (0,10448+a*)7 | =0. (9.51)

B Taba. 9.2 mpuBepeHBI 3HAYEHUS AEBOM YacTH YPABHEHUSA
(9.51), T.e. f(a") mpu pasAMYHLIX a".

W3 Taba. 9.2 BUAHO, YTO MOXHO NpuHSITHL @ = 0,064.

Toraa o popmyae (9.50)

w = M+2,1722-0,51994[0,315172 (0,0338624 + 0,0013343) +
1-0,04046-1,9592

+0,235006%(0,022401802 - 0, 00048364)] =0,03372.

3HAYUT,
4 5
8749 7y . . .
u, = 1 Y 874-3,686956-0,0884016-0,03372 - 0,684 M/c.
1 0,1389496
v 7

W3 cpaBHeHUSA pe3yAbTATOB PACUETOB CAEAYET, YTO IIPU ABHU-
>KeHUU KepHOIIPUEMHUKA, CONIPOBOKAAEMOM 3aKaUKOW KUAKOCTU
BO BHYTPEHHIOIO IIOAOCTb OYPUABHOM KOAOHHEI, BO3MOJXHO 3Ha-
YUTEeABHOE BO3pACTaHHUE U, II0 CPABHEHUIO CO CKOPOCTBIO KEPHO-
IIPUEMHUKA IIOA ACUCTBHEM TOABKO COOCTBEHHOIO Beca.

B paHHOM cAydae IeAecOOOpasHO pelarTb 3apady TaKKe B
CAEAYIOIIEN IOCTAHOBKE: OIIPEAEAUTh, IIPA KAaKOM PAaCXOAEe JKUA-
KOCTH (Q MOKHO OOeCIeuHuThb ABIW)KeHHe KepHOIpPUeMHHKa C 3a-
MAHHON CKOPOCTBIO U,.

Tabamia 9.2

a fla”) a* f(a”)
0,050 0,0622 0,063 0,005928
0,060 0,0142 0,064 0,000034
0,061 0,0135 0,065 —0,004501
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Io ypaBHeHuaM (9.49) u (9.50) MO>KHO 3anuCaTh:

4 4
3 ® 8 15
Q =-2 G—nrfrlzyl 7 (ry +a ]2—ra2 7(1ra*7+la*7\ 4
2m{1r12(ra+a*J2 Iy L8 ‘ 15 J
) 4 - 8 7 15
_ 27| 21— —a")V? L (1=1 _a*) ?
+[1 (ra+a)] [8(1 ,-a’) 15(1 r,-a’) +
4
[ G-mr2rZy 7
+|———21 | 1-(I-r,-a*)(1+1, +a")|x
_2ny]r12(ra+a*)2 [ ( . X N )]
%2 2 % 1 4 1
x [—‘fa“" ] a”-[1-(ra+a*)2]7(1—ra—a*)7 : (9.52
Ia
O*=u$[1—(1—ra—a*)(1+ra+a*)]—
4 4
_g|_G-mririyl |7||(ra+a’)’ -1 7(Zraa*gJ,la*L;\+
2mylr(r, +a*)? Ta L 8 15 J

4

+ [1 —(r, + a*)Q]?

8 15
7 e 7 .
E(1—ra+a )7 —E(l—ra+a )7

]. (9.53)

V3 3HaueHui Q°, BEIYUCAEHHBIX ITO0 dopmyaaMm (9.52) u (9.53),
IIOAYYHMM CAEAYIOIlee YpaBHEHHEe A OIIPeAeAeHus A

T

u*{l—(l—ra—a*)(1+rd +a*)]—

G—nrzrlzyl 7 ‘
—|——21— 1-(I-,-a")(1+1, +a")|x
2mylr(r, +a*)? [ -z, Y+, )]

4
(r+a?-r2|” 7 oo N7
x)[Tate) =n | —[1—(r +a)] (1—1;—(1) -0. (9.54)

Ta
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Takum ob6paszoMm, npu 3apaHHBIX G, v, I, 1y, I, Vv 4 u, (T.e. u})
o ypaBHeHHUIO (9.54) ompepeasieM @*, UTO TO3BOASIET COTAACHO
dopmyae (9.53) BeramncanTb Q°, a 3Ha4wuT, u Q.

[TpoBeaeM pacyueThl IPU CAEAYIOIIUX MCXOAHBIX AQHHBIX: I} =
= 0,0335M 1, = 0030 M, y = 10* H/M® I = 1371l M, v =
= 10"°*M*/c, G = 671 H, u, = 1 m/c.

3HAUUT,

i = 0,138949618-1
T 874-3,68696-0,08840169

=0,048777% r, =0,895521;

4
G-nrlry |7 __0,4959609
2mylr(r, +a*)? (

5
0895521+a*)7

Toraa no ypaBHeHUI0 (9.54)

0,048777[1— (0,104479-a")(1,895521+ a*)] - 04959609

o

(0,895521+a”)7?

4
(0,89552+a*)% -0, 801958} .

x[1-(0,104479—a*)(1,895521+a*)]{ 0.895521

1 4 1
xa? -[1 ~(0,895521+ a*)2]7(0,104479 —a*)7 } =0. (9.55)

B pe3yabTaTe pacueToB IO ypaBHeHHIO (9.55) MeTOAOM IIOCAe-
AOBATEABHBIX IIPUOAVIKEHUM ITOAYIEeHO

a = 0,07
ITo dopmyare (9.53) umeem
Q" = 0,02798.
CAepOBaTEALHO,

19 4
7 470"
Q=399 _ 000202 m/c.

v7

TakuM 0Gpa3oM, €CAW MPU PACXOAE 3aKAUYMBAEMOU JKUAKOCTH
Q = 1 A/Cc CKOpPOCTh ABHKEHHSI KEpHOIPUEMHUKa paBHa
0,684 m/c, To, ipuHAB u, = 1 M/c, moayunM Q = 2 A/c.
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Tenepb pacCMOTPUM 3aAa4y MPU YCAOBHH, YTO IIOBEPXHOCTD
KEepHOIIPMEMHMKA ITOKPHITA 3MaAbIo.

3apauy 6yaeM pelaTh OTHOCUTEABHO MMOABHYKHBIX KOODAWHAT.
CKOpOCTb B AIOOOM TOUYKE KOABIIEBOTO IIPOCTPAHCTBA COTAACHO
CTEIIeHHOMY 3aKOHY HaXOAHUM TaK:

B MepBOM 0OOAACTH, OTpaHUUYEHHOM HEeUTpPaAbHON ITOBEPXHOC-

ThIO W IMOBEPXHOCTHIO KEPHOIIPpUEeMHUKA,
4 1

u = 8,74(%7) ’ (%) " (9.56)

BO BTOpPOM OOAACTH, OTPAHWYEHHOM IIOBEPXHOCTBHIO OYPHUABL-
HBIX TPyO M HEUTPaAbHOM NMOBEPXHOCTHIO,

4 1

Uy = 8,74(%);(5’—\,2); U+, (9.5%)

Tak Kak COOAIOAQETCSI PAaBEHCTBO CKOPOCTeM Ha HeUTpaAbHOU
IIOBEPXHOCTH, TO coraacHo (9.56) u (9.57)

4 1 4 1
7 5 7 \7
8,74(‘;—g) (%>7=8,74(‘§—g) (W) ru, +u,. (0.58)

B pA@aHHOM cAaydae COXpaHAIOTCS TakskKe ypaBHeHud (9.5) —(9.7).
Pacon KHUAKOCTHU B KOABIIEBOM IIPOCTPAHCTBE OIIPEAEAdeTCsd II0
(9.8). Toraa o (9.56), (9.97) u (9.8) moayumm

}+

+7(U, + W) - I — @)L, - I + a). (9.59)

Ay 8 4
17,480 (g\7| 5(7 2 7 2V 2f3 8 15
q=-""2) " It L—Ioa +5a J+1:2

8 7 15
; 5 Erl(rl—ro—a)7—E(rl—ro—a)7

v7

ITo cooTnomienusam (9.59), (9.13) u (9.14) MOXHO 3amnucaTh:
4
7
8 15
(Zfoa7 +Laq? ) +
8 15

2 9
2
G - nurgyl (r0+a) —To

g 7
! # (Y) 2n(r0+a)21 To

4
(r0+6)2—(r0+6)2 ’ % 7 %
H— —(IO +6)(6—a) —E(é—a) +

o |
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+ n(uT + uo)(r1 -I,- a)(r1 +I+ a). (9.60)
Coraacno (9.27) u (9.60)

2 2
r°-ry - A(r -y -a)(r + 19 + @)
q o ~a(r -1 - + 1y + Q=
1 -To

4
G-nrdyl |7 x
2n(ry + a)21

4
7

T =

_ 17,48n(g)
Y

v7

4
[(IO +a)’ _I()Zr[Zroag +1a175]+

I 8 15

4

4 15
8 -

7|7

[ 2 2 °
I —(I’O+(1) E1-1(1-1_1-0_(1)7_%(1'1_1'0_61)7 : (961)

Iy

Ilo ypaBHeHHIO MaTepHaABHOTO OanaHca (9.46) AeByrO 4acTb
BEIpaKeHUsd (9.61) MOJKHO IepenncaTb B CACAYIOIIEM BUAE!

2ol A(rj-1y—-a)(r; + 1y + Q)
1~y —AL — Ty —ajin +1y
PR -n(n -, -a)(p+5+au, =
I -Ig

SR -n(n -5 -a)(n -5 +a)u,

2 2
r, -1y —A(r,-ry-a)(r, +ry+a
< s, - Q)= A~ 1+
n —I

A
TZ—TZ—A(T —-ry—a)(r,+1,+0q)
e -n(f - -a)(h+ L+ du, =
Iy -Iy
__nu, 2,2 2 Arl+r2-p?
= |0 (6 -6)-(6-5-a L+ +a) (A5 + 17 - 1) |-
I —1Io

rz—IZ—A(r -1y -a)(ry +rg+a)
-Qhi—h 1202 1+ 7o ] (9.62)

Iy —Ip
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3Hauut, 1o (9.61) um (9.62) MOKHO COCTABUTH BBIPA’KEHHE AAL
OIIpeAEAEeHUs CKOPOCTHU ABMIKEHUS KepPHOIIPHeMHUKa:

UT=Q — rlj—IOZ—A(rl—IO—a)(r1+r0+;1) — +
n[rl (r, -ro)—(rl—ro—a)(rl+r0+a)(Ar1 +I; —ro)
4 4
) 2 7
+17,;18(g) G nroyi %
Vi Y 2n(rg+a)”l
4
2 2 2 2|7
r -r (r +a)" -r 7 8 - 15
x Lo 2 2 (—ra7+—a7)+
0
rz(rz—rz)—(r -r -a)(r +r +a)(Ar2+r2—r2) TO 8 15
11 0 1 o 10 1 1 0
: 8 15
2 217 8 15
|t DN g - a)7 - (-1 -a)7 (9.63)
I 8 15
B cootBercTBUM C (9.58), (9.13) 1 (9.14)
4 4
7] G-nrdyl |7
u +u, = 8\714(2) G nr0y12 y
T - \v 2nl(ry + @)
v
4 4
2_.217 1 2 _ 277 1
x [(’O“’J L0 RPPE Wl L R PO L (9.64)
Iy n
CoraacHo (9.27) u (9.46)
_ A, - Q)
u, = 5 N
w(ry - 1q)
3HauUT,
rf(1+A)-1¢ AQ
Uy +Up =1, —— —— - —— =, (9.65)
r-rg a1 -1q)

IMo cootHomienusM (9.65) u (9.64) MO>KHO COCTaBUTH BHIpake-
HUe
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4

4 —
- AQ 874’ ~ 1) (g\7| G-nrful |7
== 71 (v) 2ml(ro+a)?
_ - JU(I'p+a
n[r1 (1+A) Io] v7[r12(1+A)—r02] 0
4
2_ 271 2 _ 277 1
N [(IO+(? 1o |7 _ |k (1;0*"1) (r-15,-a) . (9.60)
0 1

Tak kak 3HaueHUdA u, IO BEIpaKeHUAM (9.63) m (9.66) paBHBI
Me>KAy COOOM, TO IOAYYUM

4

* * 7
o 1-r2-A(l-1, —a*)(1+1, +a*) G-nr2ryl 9
ZYI

+2

1-r2-(l-1, —a") (141, +a*)(A+1-12) | 2nlr{r,+a")

4
1-r2 w2 7( 8 15)
x ~s (g +d )=1 %raa*7 +17—5a*7 +
2 * * 2
l-rZ-(l-r, —a") (141, +a*)(A+1-1}) Ta
4
1 A 2|77 1 * % 7 1 * %
+{1-(r, + L(l-r,—-a*)7 - (1-1, - -
(nra) | |g-n-a) ~f(1-n -a)
4
P G-nrlriyl 7><
1+A-1r? 1+A-r2| 2ud(r, +a") 1
4 .
©2_ 217 = 4 1
x [w a7 -[1-(+a’ ) (1-r,-a")7 |=0. (9.67)
ra
CoraacHo BhIpa>xeHuio (9.66)
4
x 2 7
w = AQ 2+ 1-r; y G—nrlzrazyl %
+A-ry  1+A-r] | 2mylr(r,+a*)?
(r +01*)2—r2 1 4 1
x] |2 a a*7—[1—(ra+a*)2]7(1—ra+a*)7 . (9.68)
ra
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3HAUYUT, OIIPEAEAUB IO ypaBHEHUIO (9.67) BeAMuwHYy a*, MOJKHO
o popmyae (9.68) HaUTH CKOPOCTH ABHJKEHHUS KePHOIIPUEMHHKA
u,.

HaiipeM u, IpU CAEAYIOMIUX UCXOAHBIX AaHHBIX: I} = 0,0335 M,
r, = 0030 M, y = 10* H/M, v =710-°* M*/c, Q = 0,001 m*/c,
r, = 089552, G=671 H, A = 0,15, 1 = 13,71 M. 3HauuT, B AaH-
HOM caydae Q° = 0,0138349.

Toraa 1o ypasBHeHUI0 (9.67) moAyumM:

_ _at . 0,196444
0,013839_2:801956 0,15(0,104*48 a')(,89552+a")
0,198044 — (0,10448—- a*)(1,89552 + a*)0, 34804

+[0,198044 -
(0,8955+a")”

4
(0,89552+a*)%-0,801956 | 7
0,89552

~(0,10448-a") (1,89552+a*)0,348044]’1

1

8 15
x 18(0,10448-a*)7 —17—5(0,10448—a*) 7

15
w7

x 078358a +—a -(0,89552+a*)?

8
(0,89552+a")7

}- 0,005963 - — 028221

4
- 1
(0,89552+a")* - 0,80196]7 -
a
0,89552

4 1
—[1 -(0,89552 + a*)Z]?(0,10448- a’)il=

(9.69)

B pesyabTrare pacueToB HO ypaBHeHUIO (9.69) OBIAO IIOAYYEHO
a’ = 0,100.
Toraa 1o (9.68)

4
7

+__ 015-0,0138349 + 0,1980439 ( 671- 387,639)
T 1+0,15-0,80195607 0,3480439\ 9580913

0,9910601-0,8019561
0,89552

) 0,71968573 - 0,067504663-0,461815356 |,

u; =0,080745.
CAepOBaTEABHO,
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u =8,74~3,686956~0,0884017~0,0807451=1’655 4 m/c
’ 0,138949616

[Mpu DPUHATHIX MCXOAHBIX AAHHBIX, HO IIPHU YCAOBHH, UTO
KEePHOIIPUEMHUK CBOOOAEH OT IIOKPHITUS, paHee OBIAO IIOAYYEHO
u, = 9,684 m/c. TakuM 0OpPa3oM, YCTAHOBAEHO 3HAUUTEABHOE
BO3pacTaHVe 3HAUYeHUs U, B CAydae HNCIIOAB30BaHUS KEePHOIpPUEM-
HUKQ, IMTOKPBITOTO 3MAABIO.

9.3. ABUKEHHUE KREPHOIIPUEMHHUEKA

OJ TEVICTBUEM COBCTBEHOI'O BECA

1P IAMUHAPHOM U CTPYRKTYPHOM PERHNMAX
TEYEHUA KUAKOCTH B KOJBIIEBOM
ITPOCTPAHCTBE

ITpm opHOMEpPHOM TeueHUU BA3KOU >KUAKOCTU BAOAB OCH Z CO-
TAQCHO cucTeMe Au(depeHMaAbHBIX YpaBHeHn Hasbe — CTOKCa
nuMeeM

li(rdu) -1dp (9.70)

rdr\ dr wdz '
B pesyavTaTte pelteHusa ypaBHeHu4 (9.70) moayunm

u=L9%r2 ¢ In+c,. (9.71)

4u dz

HafIAeM IIPOM3BOABHEBIE IIOCTOSAHHBIE Cy B C, CXOAA N3 CACAY-
IOIMUX I'PAHUYHBIX YCAOBHfIZ

npur=r,u=0;

OPpAU I =TI, U = —U,.
3HaAYUT,
2_ 2
r’-r u
c=_1dph 7% | T (9.72)
U 4pdz | r
lnr— In—L
0 1,
(L,
r°-r u
| e 7
! lnr71 In-1
0 ro
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Torpa o (9.71) — (9.73) noAyuuM
( \

2 2
r°-r r In—
u=-LI 22 20 gl 1 (9.74)
4u dz 1ni T
T In—
0 IO

PaCXOA KUAKOCTHU B KOABILEBOM IIPOCTPAHCTBE

n
q= 2nfrudr. (9.75)

0

3Hauut, no (9.74) u (9.75)

[ r
4 4 2 2 2 2 2 2 1
q=—ndp O il 4 To | o lnr—frlndz -
2u dz 4 o2 r 2 !
In— .
Iy 0
( 22 gl )
2 r°-r
L SInr, - frlndr. (9.76)
lni .
I 0
B pesyabTaTe WMHTErpPUPOBAHUS PU —%=% MOJKHO 3alu-
Z
caThb:
( \ ( \
2 2 2 2 2 2
_mAp( o o\ 7Ty | T 7T || =%
q—zl—w(r1 ro) 5 ;| |-, 1 | (9.77)
2In—-L 2ln—L
r IO

VpaBHeHHe PaBHOBeCHUsI KEPHOIIPHMEMHHNKA 3allUIIeTCd B CACAY-
IOIIIeM BHAE!

T+nr;Ap-G=0, (9.78)

rae T — cuna TpeHudA Ha BHeIITHen IIOBEPXHOCTU KEPHOIIPpHUEMHHN-

Ka.
B cooTtBeTcTBUU C (9.74)
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( s o)

uduo _Aplop N 7l |, Wi

dr 41 n| pft
Iolnr0 0 I,
Torpa
ToA ( r’-r? 2nluu
T=-T02Plop 1 0|, ML (9.79)
2 T, ]ni lnﬁ
ot 0

I'lo BeIpaskenusam (9.78) u (9.79) nepenap AaBAeHUS IO KOHIIAM
KepHOIIpHMeMHUKa MOXHO HAaWTH Tak:

( \
AP-— 2 _Jp 0| 2w, G (9.80)

2 .2 I, r
n<r1 —IO> 0 In—L
To

Coraacuo (9.77 u (9.80)
r( \/ \ ( \

In—

omul 22 2_ 2
=4—r;) —LruT+G 2+r2-1 :0 _mu, | 4 ;0 -2 . (9.81)
" In’t In’L 2In 'L
To ) To

W3 PaBeHCTBA PACXOAOB JKUAKOCTH, YCTAHOBAEHHBLIX IIO BBI-

pakeHusaM (9.17) u (9.81), mOAYyYUM CAeAyIOUIYIO (POPMYAY AAS
OIpEAEAEHUsI CKOPOCTHU KEPHOIPUEMHUKa:!

<1+raz)lni—<1—ra2>

u, = G

(9.82)
2nul<1+ ra2>

CTPYKTYPHBIM DPEXHM TEYeHUS B KOABIIEBOM IIPOCTPAHCTBE
XapaKTepus3yeTcs HaAW4YHMeM sIApa IIOTOKa, B IIpepeAax KOTOPOTO
IPAAUEHT CKOPOCTH paBeH HYAIO, a Tak’Xe ABYMS I'DaAUEHTHBIMU
croaMuU. [TepBBIM TPAAUEHTHEBIM CAOM HAXOAUTCS MeXXAY ITOBepX-
HOCTSIMU, OTPAaHMYEHHBIMU BHYTPEHHUM PAaAWyCOM fdApa p; M pa-
AUYCOM KEPHOIIPUEMHUKA; 3AeCh I'DAAUEHTHBIM CAOU ITOAOXKU-
TEeABHBEIM. BTOPOM TI'DAAMEHTHBIM CAOM PACIHOAOKEH MeXKAy II0-
BEPXHOCTBIO, OTPAaHUYEHHON BHEIIHUM PaAUyCoOM sIApa P, U Papu-
YCOM KOAOHHBI TPYO Iy; 3Ae€Ch I'PAAUEHT CKOPOCTH OTPHUIATeAb-
HBIU.

CocTaBUM ypaBHEHHE AWMHAMHYECKOTO PaBHOBECHUS, IPOBOASL
OUAMHAPUYECKYIO IIOBEPXHOCTH BO BHYTPEHHEM TI'PAAUEHTHOM
chroe:
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anl(nﬂ+‘co\ —J'IZ<I2 —roz)y]—G+ nr’Ap=0, (9.83)
\ar ™)

rae Ap = p, — p, (p, ¥ p; — A@BA€HUe COOTBETCTBEHHO HIUJKHe-
rO U BEPXHETO TOPIIOB KEPHOIIPUEMHUKA).
PemmiB puddhepennuarsHOe ypaBHeHUe (9.83), moayunM

2
u1=—Ap_Y1 r2 Gy Inr-2Lr+c, (9.84)
4nl 2mn! n
NMpur=r, u, = —u,.
3HAYUT,
2
¢ =y, + 2P o Gomovl ) To (9.85)
1 0 2mn! 0" n o0

Toraa mmo (9.84) u (9.85)

_ - 2 T
1__Ap vi(p2_ 2\ G-mrovly T —O(r—r)—uT. (9.86)

i\ o) 2!
4| m rom

Ilpu r = p, CKOPOCTH >KUAKOCTH BO BHYTPEHHEM TIDajAUEHT-
HOM CAO€ CTAHOBUTCSI PaBHOU CKOPOCTH dApa U, CoraacHo (9.86)

u =_Ap—y](p2_1_2)+G—Jrfoz‘{lln&_T_o(p —I')—ll. (9.87)
0 4711 1 0 231:7]] IO n 1 0 T

CocTaBum YpaBHeHNe AWMHAMHWYECKOI'O PABHOBECUS], IIPOBEAs
OUAMHAPHUYECKYIO ITIOBEPXHOCTh BO BHEIIIHEM I'DAAMEHTHOM CAOe€!:

—2nr1(—~r]ﬂ +‘co\ —n(rz—roz)yI—G+ nr’Ap=0. (9.88)
e )

B pesyabraTe peutenusa puddepeHnnarbHOro ypasHeHus (9.88)
IIOAYYUM

- G-nrdyl
_Ap=l 2 GOy Topge,, (9.89)
4nl 2mnl n

Ipu r = r, u, = 0, Toraa

Ll2=

2
c, =8P 2 GoMov ) To (9.90)
4nl 2mn! Logt
CAepOBaTEABHO,
Ap-yl(.2 o2\ G-mrgyl, L 14
u, = r'-r’l-—29"In-t-9(5-1) (9.91)
4n1 \1 ) 2mn! r oM

Ipu r = p, u, = u, 3HAYUT,
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_Ap-yl({ 2 _ 2y _ Nt
%o anl \rl p2/ 2mm|l lnpz n(ﬁ p2)' (9.92)

Tak Kak 3HaueHUd U, HalAeHHEIe II0 opmyaaM (9.87) u (9.92)
PaBHEI MeJKAY COOOM, TO MOJKHO 3aIIUCATh:

Ap-yl G-mrdyl,_ P,
p == SRt 4 a p) ¢ TR I S0 (p, 1 -1+ p,)
(9.93)
CoraacHo (9.86) u (9.93)
__Ap-=yl( o 2 2 2 G-aurgyl w,
= —4n] (r P, r1+p2)+—2m|] lnpr
11
—%’(r—p1+r1—p2). (9.94)

AAS TOTO 4TOOBI YCTAHOBUTH CBSI3b MEKAY PAAUyCaMM fApPa, a
TaKXKe Ap u Tj;, COCTAaBUM ypaBHEHUA AMHAMUYECKOI'O PAaBHOBeCHUd
IO BHYTPeHHEeMY M BHeIIIHeMYy PajpuycaM sapa:

2mp,Jry + TP?Ap — n(pf - I02>Y] -G=0 (9.95)
—2mp,lt, + WpZAp - n(pg - roz)yz -G=0. (9.96)
PemB coBMecTHO ypaBHeHus (9.95) u (9.96), noaryunm:
2
Ap -yl = &=t (9.97)
TP1P2
_ G- J'Lr02y1 _ 9.98
2104041 (p2 pl) ' (9.98)

Toraa mo (9.97), (9.98), a Tarke (9.92), (9.94) u (9.96) MOXKHO
3aIl1nuCaTh.

G-y
| =T Bl — p] 4+ 200,02 - 2(p, — py )~ 25 (p, — py ) |

4rmlpp, i o,

(9.99)
o _ Gl 12 =2(py - py )i - 1)~ 2p,poIn 1t - 12 (9.100)
2 amnlpyp, | 2o 2y '
_Gomg [ 0 I N

0= Lonip s .rl +p;—2p,0,In o, 2r1(p1 pl) ZplpZ]. (9.101)
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Pacxop KHAKOCTH depe3 KOABIIEBOE IIPOCTPAHCTBO IO op-
MyaaMm (8.148) — (8.151), a Takxke (9.99) — (9.101) onpeperdgeTcs Tak:

=—i;}£izl [—é(p% -p?) +—p%1'2p? +01 (2 =p1 )+ 215 (p2 =) -
r (rlz_roz) PPy 2 2 27 ToP
_p1§2 <T12—I02> _?<p2_p1)+ 1 +1Tz(pz_p1)_p1pzrolnr0_pz]-
1P1
(9.102)

B cootBercTBUm c (9.93), (9.97) u (9.101) cCKOpPOCTbL ABMYKEHUS
KepHOIIpUEeMHUKA

_ G- m02y1

) (9.103)
dmnlpyp,

u

T

2plpzln§ﬂ+ I -5+ 2(L+ ) P2 - P1) - P35 +P7
270

3HaunT, coraacHo (9.17) u (9.103) pacxop >KMAKOCTHU B KOABIIe-
BOM HpOCTpaHCTBe MOJXHO BLIp&BI/ITb KakK
G—rcro2 vl

I,
[29192%2111&”02(%2 - i)+ 2054 1) x
0

dnlpp, P2To

x(p2-pi) =15 (05 =P} |- (9.104)

W3 paBeHCTBa pacxopo0B, HatipeHHBIX 110 (9.101) u (9.104), no-
AYIUM:
P53 =Pi = A1y + AIP; = 6p1p,17 +6p1p,15 — 4K () = py) +

+ 3r* +2p,p5 - 2p7p, - 315 =0
A

Pi=Pa—4r2(p, ~Pa)=60ap, (1-17) - 4p, —po) +3+

+2p,0,(p2 -p2) =31 =0, (9.105)
TAe
Pa = P1/Ti P/ 11

YpasueHue (9.105) coBnapaeT ¢ COOTBETCTBYIOUIEN 3aBUCHUMOC-
TBIO, TIOAYYEHHOU IPU PEUIeHUU 3aAa4H 110 ONIPEAEAEHHUIO CKOPO-
CTHM BCIABIBAHUS ITy3BIPbKa ITUAMHAPUIECKON (DOPMBI U THAPOAM-
HaMHUYECKOTO AABAEHUS IIPU CIIyCKe UAU IOABEeMe KOAOHHEI TPYO
B CKBa’kKUHe, 3alIOAHEHHOMN BSI3KOMAACTUYHOM >KMAKOCTBIO [9].
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Coraacho (9.98)
-1

pa=pB(M+1] . (9.106)

G — nrfrfy]
Breipaxxenue (9.103) npuBepeM K BUAY

G- rcrazrlzyl
4mnlpp s

2005 =Lt 1214+ 2(14+1, ), —pa) -2 +p2
pBIa

3HAUUT, pelllaeM 3apauy IIO0 cHCTeMe ypaBHeHu# (9.105) —
(9.107) Tak: mpu 3apaHHEBIX I Iy, ¥, I, G, 1 U T, IO COOTHOIIEHU-
am (9.105) u (9.106) HaxopmM p, U P, HOACTaBUB KOTOpPHIE B
dopmyay (9.107) onpeperseM u,.

HatipeM u, IpU CAEAYIOMIMX UCXOAHBIX AQHHEIX; I; = 0,0335 M,
r, = 0030 ™ y = 1,2110* H/M* 1, = 5TIa, n = 0,02 Iac, I =
= 13,71 M, G = 671 H. B pa"HOM caydae 1, = 1,/r;, = 0,89552.

Toraa mo (9.105) 1 (9.106) MO>KHO 3amKCaTh:

ps —pa—6:87267(p, —p,)-118826p,p, +

+ 1,07076+2pap3<p§ -pg) =0; (9.108)

- Ps 9.109
Pa=17 0,060383p, ( )

OueBunpHoO, uTo 1, < p, <I.
B pesyabraTe pacyeros 1o (9.108) u (9.109) noaryueHO

p, = 0,9214042, p, = 0,9757.
Torpa o dopmyae (9.107) cKOpoCcTb KepHOIIpUEeMHIKA

u, = S1= 4051068 095485727+ 0,80195607 - 1+ 0,205799639 -
3,0977654

— 0,95199049 + 0,849004128),
u, = 0,016948 m/c.

B paHHOM CcAydae MOAyYeHA He3HAYMTEeAbHas BeAWYMHA U,. AAT
TOTO YTOOBI OITPEAEAUTH BAMSHUE 1 U T, HA U, IIPOBEAEM aHaAO-
TUYHBIE PAcUeThl TPU PAa3AWYHBIX 3HAUEHUSX CTPYKTYPHOU BS3-
KOCTU ¥ AMHAMUYECKOT'O HAIpPS>KeHUs CABUTA.

CoraacHo (9.106) AAST MCXOAHBIX AQHHBIX IIPUBEACHHOTO BHIIIE
IIpuMepa uMeeM

Pa= By . (9.110)
1 + 0,01402013t,p,,
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ITo BeIpa>kenuto (9.107)

UT=M[Zpapsln"_a_o,1gso4393+
NP 089552,

+3,79104(p, —p,)-p> +pg]. (9.111)

PacueThl TPOBOASITCS C MCIOAB30BaHUEM ypaBHeHUs (9.108).

[MpeacTaBAsieT Tak)Ke HMHTepeC II0 PACCUUTAHHBIM 3HAYEHUSIM
U, YCTAHOBUTb PEXUM TeUeHUs BI3KOIAACTUYHON >XUAKOCTHU B
KOABIIEBOM IIPOCTPaHCTBeE.

Tak Kak CpepHsIsT CKOPOCTb ABUJKEHUS KUAKOCTA B KOABIIEBOM
IIPOCTPAHCTBe COraacHo (8.78) ompeaensercs Kak

K.IT
I —To2

TO napamerp PeliHoabAca
2
Re, = b (9.112)
(1 +1I, )ng
B pesyabTaTe annpoKCUMAaIlUM AQHHBIX TaOA. 8.8 moAydeHO

C(He,,)=-6740,7+29,05He{#. (9.113)

Toraa o (8.29) u (9.113)
0,4406

2 2
Jroni-r) Y| 110958,324r,. (9.114)

g,Y]Z

Re =-6740,7+29,05

Kp.K.II

B Taba. 9.3 mpuBepeHBI pe3yAbTaTHL PacueToB IO (opMyAaMm
(9.108), (9.110), (9.111), (9.112) u (9.114).

M3 Taba. 9.3 BEAHO, 4TO IIpU BCexX M U T, Re, < Re, o T.€.
BSI3KOIIAQCTUYHAS JKUAKOCTH B KOABIIEBOM IIPOCTPAHCTBE ABU-
JKETCSl TIPY CTPYKTYPHOM peskuMe. M3 TabAUIBI TaKKe CAEAy-
€T, 4YTO KEepHONPHUEMHUK AaKe IPU OTHOCUTEALHO MAABIX 1 U
T, ABUJKETCS C HE3HAQUUTEABHOU CKOPOCTBHIO. AaHHEBIE, IIPpUBE-
AeHHBle B TabA. 9.3, XOpOIIO COTAACYIOTCSI C BEAMUYMHOU U, =
= 0,358 M/c, yCTaHOBAEHHOM paHee IPU ABUKEHUM KEePHOIIPU-
€MHUKa B BOAE.

TakuM 00Opa3oM, BO3HUKAEeT HEOOXOAMMOCTD PELIeHUd 33Aa4U
IO OIIPEAEAEHUIO 3HaUeHUs U, IPU OAHOBPEMEHHOM 3akKadyKe Bs3-
KOIIAQCTUYHON >XKMAKOCTH BO BHYTPEHHIOIO IIOAOCTH OYPUABHOM
KOAOHHHI.
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Tab amia 9.3

n, 107° 1, = 0,5 ITa T, = 1,5T1a
TTa-c

p, = 0,946024, p, = 0,95234 p, = 0,93956086, p, = 0,95850
uT' M/C ReK.H ReK]J.K.H uT' M/C Re](.l'l Rer.K.ﬂ

4 0,2527 2191 3876 0,2053 1780 4377
6 0,1685 974 3635 0,1369 791 3985
8 0,1263 547 3509 0,1027 445 3781
10 0,1011 351 3431 0,0821 285 3654
12 0,0895 250 3378 0,0684 198 3568
14 0,0767 190 3339 0,0587 145 3505
16 0,0632 137 3310 00513 111 3457
18 0,0561 108 3286 0,0456 88 3419
20 0,0505 87 3267 0,0411 71 3388
22 0,0459 72 3252 0,0373 59 3363
24 0,0421 61 3238 0,0342 49 3342
% 0,0389 52 3227 0,0316 42 3323
28 0,0361 45 3217 0,0203 36 3307
30 0,0337 39 3209 0,0274 32 3204
32 0,0316 34 3201 0,0257 28 3281
34 0,0297 30 3195 0,0242 25 3270
36 0,0281 27 3189 0,0228 22 3261
38 0,0266 24 3183 0,0216 20 3252
40 0,0253 22 3178 0,0205 18 3244
42 0,0241 19 3174 0,0195 16 3237
44 0,0230 18 3170 0,0187 15 3230
46 0,0220 17 3166 00178 13 3224
48 0,0211 15 3163 00171 12 3219
50 0,0202 14 3159 0,0164 11 3213
52 0,0194 13 3156 00158 10 3209
54 0,0187 12 3154 0,0152 10 3204

Pemnum 3apady B IOABUJKHOM CHCTeMe KOOPAMHAT.

CocTaBuB YpaBHeHVe pPAaBHOBeCHsI BO BHYTPEHHeEM TI'DAAWEHT-
HOM CAO€, IIOAYYUM BeIpakeHue (9.84).

AASL opepeneHUs NMPOU3BOABHOM IIOCTOSHHOM C; BOCIIOAB3Y-
eMcsl ycaoBueM npu r = 1, u = 0.

Torpa
2,
c, = Ap=yl 2 Gomrovlyy e To (9.115)
1 0 0 0
4nl 2mnl n

ITo (9.84) u (9.115) noayuum

_ — 2 . T
u1=_M<r2-r02) +Mm_o__0(r_ro) ; (9.116)
4nl 2mnl I n

IMpu r = p, u; = u, Torpa
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2
u0=—AZ_YI<p12—r02>+Mln&—t—°(pl—ro). (9.117)
ml 2mn] M
W3 ypaBHEHUS AMHAMHUYECKOTO PABHOBECHS IIO0 BHYTPEHHEMY
IPAAUEHTHOMY CAOIO IoAy4uM (9.89).

Ipur = r, u, = u,. 3HAYUT,
Ap-yl o _ G-mrgyl Yo
c =u_+ - Inr -2r. (9.118)
2T 4ml 2mml gt

ChaepoBaTeAbHO, O (9.89) u (9.118)

u = Ap-yl

, = < Z_IZ)_G—nfozY]ln_l_T_O(rl_[)+uT, (9.119)

I

IMpu r = p, u, = u, Torpa

_Ap-yl{ o o G-yl 1, T
u0_4_n](,u1 —pz)——oln—:—?o(.rl—p2)+u,r . (9.120)

Coraacuo (9.117) u (9.120) moAyduM, UTO U, OUPEAEASEeTCS IO
(9.93).
Torpa B coorBeTcTBum ¢ (9.119) u (9.93)

_Ap-yl

G- 2
1 nrgyl In P
2 4n!

2 2 2 2
IF+pi-pi-r )+
(O P2=Pi 2mnl p.r

2°0

~S0(p, -1, +p, - 1) (9.121)

CoCTaBUB ypaBHEHUS AWMHAMUYECKOTO PABHOBECHUS 1O BHYT-
PEeHHeN U BHEIIHeH I'paHulle AApa, noaydum (9.97) u (9.98).

B cootBetcTBUHM c (9.97), (9.98), (9.116), (9.117) u (9.121) mox-
HO 3aIKCaTh:

—GLIOZW _ 2_ _ .2 |
4 o 2fo(pz pl)”o QT(P2 pl) r +Zplpzlnr0. (9.122)
G—mzyl
i, it 250, 0 )1 2o, -1
p1r 2 21,
F2P PR, P (9.123)
20
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_G—nrozyl 2 2 _ ( _ &\ B
0= Tl p;+1, 2p1p2(1 In T0J+2r°(p2 pl). (9.124)
Coraacao (8.148) — (8.151), a Taxxke (9.122) — (9.124)
G - gyl ;7
q: =—2n1g:gy [op1p fopz +I0p1 - Ipi + 11'0 _%_gpfpz"'
2
+%pf+—plp§f0 +pip,InfL| ; (9.125)
Io
G = nr2vl 2,2 2.2 o
=ﬁ[ﬁzfopz_ﬁzfopl_fop%+r0p1p%+%_%+§rﬁpz+%‘
2.3 r12 2 2 r14 Plpz r1 P1P2
— 257y - (3 - pi )+ Lpip3 - - PIE TP
+plpz{n21n"1—§-p%1n%) . (9.126)
270 0
G 1
q0 = WZEY [pi03 - pi + 1303 - 10} ~ 2013 + 207, +2(pip3 — Pl x
x In2L+21003 - 215p,p7 ~ 2100103 + 21003 | (9.127)
To
_G—MO2Y1 ry rf+rgd pipa Pl pip2(2_ 2 2
—m[ 3(9 pl)_T_T_E_ 2 (T1 —To)+f1fo(92—p1)+
2.2
+0 210y =y ‘f; n 2{p3-pl)+L plpz+nppzln§f] (9.128)
240

Ilo ypaBHeHHIO MaTepuarbHOro OanaHca (9.46) u dopMyae
(9.93)

Ap -+l
q=_”( f Y)(rlzplz_rozrl2+r14_rl2p%)+(; gyl r2n i P _
! 2l Palo
—ﬂno(rfpl -5 - 1+ 17p, ) - Q. (9.129)

3HauuT, coraacHo (9.97), (9.98) u (9.129) MOXHO 3aIUCATH:

a2 [ 2 2 4 2.2
=G argyl T1p1 T0T1 —i—rlp2+p1p21‘121n Pilq +
anlp;p, L 2 2 2 2 PaTo
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\
+IPIGP, + 1Py — I 1oP) — rfle -Q. (9.130)

Tak kakK pacxopbl, HalipeHHBIE IO opMyaraM (9.128) u (9.130),
PaBHEI MeXXAy COOOM, TO UMeeM

3 3
G- nrdyl _(92_91)(r1 +I0)+T14-T61+P1pz (p%—pf)—ﬁ—p1p2 (rlz_roz)_'_
Mipp, 3 4 6 127 2
+ ip% +Q=0
12
VAU
2 2
T T P . i A8
B a
<G—nrazr12yl>r12 4 4 6 12
PaP 2\, Ps
_PaPs (1_ Ps _
De(1-12)+22 20, (9.131)

3HAQUUT, pacyeThl II0 OIPEAEAEHNIO CKOPOCTU KepHOIpPUEeMHU-
Ka MPOBOAITCS coTrAacHO BhipaskeHusMm (9.106), (9.107) u (9.131).

IMpu Q = 0,001 M*/c, G =671 H, 1 = 13,71 M, r, = 0,0335 M,
r, = 0,89552 ypasuenue (9.106) npeoGpasyerca k Bupy (9.110), a
(9.131) mpumeTt BuUA

0,1187046mp 0, - 0,572722567(p, —p,)+0,089216615+
1 2 _ 2 _ﬁ _ ﬁ =
+€pap3(p5 02 2~ 0,0990219650p, +£2 = 0. (9.132)

Pacuets! o Belpakenusam (9.110) u (9.132) npu m = 0,04 Ila-c
IIO3BOAUAU IIOAYYUTE P, = 0,948353, p, = 0,96. Torpa B cooTBeT-
crBum ¢ (9.111) mavipem u, = 0,5549 m/c.

Ilpm npuHATBEIX UCXOAHBIX AaHHEIX Q = 0. CoraacHO TaOA.
9.3 umeem u, = 0,2527 m/c.

TakuMm ob6pazoM, B 3aBUCUMOCTU OT HEOOXOAUMOM CKOPOCTU
KePHOIIPIMHHUKA MOJKHO ITOAOOPAThH COOTBETCTBYIOIIee 3HaueHHe
pacxopa JKUAKOCTH Q.



9.4. THIPOTAHAMUYECKOE JABJIEHUE,
BO3HUKAIOINEE B CKBAJKUHE B ITPOI[ECCE
IIOIHEMA KEPHOIIPUEMHUKA

IIPY PA3JINYHBIX PEKUMAX TEYEHUSA
SKUIKOCTH

Pemrennto paccMaTprBaeMOM 3aAaud IPEALIECTBOBAAO H3yUeHUE
IPOOAEMEI OIIPEAEAEHUSI TUAPOAMHAMUYECKOIO AABAEHUd Ha 3a-
00e CKBa’KUHEI IIPU CIYCKE UAM NOABEME KOAOHHEI TPYO.

Brepsrle mpobaeMa M3MeHEHU AGBAEHUA Ha 3a00e CKBA’KUHEI
OblAa TTOCTaBAeHa B pabote [25]. Ilpu sToM aBTOpPHI pabOTHI HC-
XOAWUAU U3 TOTO, UTO TAWHUCTHIM PAcTBOP HaYHET ABUIAaThCS IIO-
CAe TOro, KakK OyAeT IIPEOAOAEHA CHAA CONPOTHUBAEHUS, OOYCAOB-
A€HHad HaAWM4YMEeM CTaTUYeCKOro HanpskeHud cppura 0. Tak, Ha-
IIPUMeEP, AAS TOTO YTOOBI IPUBECTU B ABUJ)KEHHWE TAMHUCTHIM pac-
TBOP, HAXOAAIIUNCA B TpyOe papuycoM R U AAMHOU I, HeoOxo-
AUMO IIPEOAOAETH AOIIOAHUTEABHBIM Ilepellajp A@aBAeHUs Ap, olpe-
AeAsieMBIM U3 YpaBHEHUS PaBHOBECHS

nR*Ap = 2nRIO.
OTcropa

Ap=28. (9.133)
R
[MTpu mopbeMe KOAOHHEBEI TPYO M3 CKBa’KUHBI OCBOOOKAAEMBIN
00 BEM AOKEH 3alOAHSATHCS JKUAKOCTBIO, HAXOASIIEHCS B KOABIle-
BOM IIPOCTPAHCTBE. AAST BOBHUKHOBEHUS TaKOI'O TeUYeHUS HeoO-
XOAMMO IIPEOAOAETH IIepelap AABAEHWS, KOTOPHIM aHAAOTUYHO
(9.133) onpepensieTcs o popmyae

Ap = RL (9.134)

ck ~ Tor

rae R, U Is, — PaAUyC CKBA’KUHBI U KOAOHHBI OYPHABHBIX TPYO
COOTBETCTBEHHO.

CooTtHotienue (9.134), ycTaHOBA€HHOe U3 CTaTUUYECKUX COOO-
Pa’KeHWH, He YIUTHIBAaeT TMAPOAVHaMUYecKre (PaKTOPHl, a WMEeH-
HO — BAWSHHUE CKOPOCTH U CTPYKTYPHOM BSI3KOCTH Ha BEAWYHHY
Ap.

Pemenne paHHOW HOPOOAEMBI B THAPOAMHaAMHWYECKOM IIOCTa-
HOBKe BIIEpBbIe OBIAO IIPEAAOIKEHO B paboTax [5, 6]; cmpaBepan-
BOCTb IIOAYYEHHBIX (POPMYA IHOATBEPKA€HA MHOTOYHCAEHHBIMU
9KCIEePUMEHTAABHBIMU HUCCAEAOBAHUSMU. PacueThl mOKaszaAM, dToO
MaBAeHVEe Ha 3ab0e CKBa’KUHBI B 3@aBUCHUMOCTH OT TeOMeTpHuYec-
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KHX pa3MepoOB KOABIIEBOTO IIPOCTPAHCTBA, CKOPOCTU ABMKEHUSA
KOAOHHBEI TPYO M PEOAOTHYECKHUX CBOMNCTB JKUAKOCTHU MOJXKET Cy-
IIeCTBEHHO M3MEHUTHCH, YTO MPUBOAUT K PA3AUYHOIO popa OC-
AOKHEHUSIM (BbIOpocaM, IIOTAOILIEHHUSM, KaTacTpoduiyeckomy
YXOAY TUPKYASLIMU U T.A.).

AnanrornYHas 3apava BO3HUKAeT U IPU NOABEMe KepPHOIPUeM-
HUKa U3 CKBa>XMHHI.

ITycTe I, — paccTossiHUe OT BEpPXHEro TOplla KepHOIPHUEeMHUKA
AO YCTbSI CKBA)KUHBI, | — AAMHA KepHOIpPHEMHUKa, H — obmasa
MVHA OYpPHUABHBIX TPy6. Toraa mpu nopbeMe KepHOIpPHeMHUKAa
Ha y4aCTKaX, UMeIoIUX AMUHHL [, | u H, BO3HUKaeT ABWJKeHUe
SKUAKOCTH, OOYCAOBAMBAIOIlEe OIIPeAEAeHHOe THAPOAMHAMUUec-
KOe A@BAeHUe Ha 3a00e CKBA)KUHBI D, OTAWYAIOIeecs OT T'MAPO-
cratudeckoro yH.

Hu>ke nIpuBOAATCS POPMYABL A OIIPEAEACHUS Dy, @ 3HAUUT, U
pasHocTu YH — p, IPU pPa3sAWuYHBIX peXXHMax TeueHUs BSI3KOU U
BSI3KOIIAQCTUYHOM JKUAKOCTH.

9.4.1. TN APOOUHAMHNYECRKOE JTABJEHUE,

TP IAMMHAPHOM PEXHMME TEYEHUSA JKHIKROCTH

B ROJBIEBOM ITPOCTPAHCTBE, OBPASOBAHHOM
KEPHOITPUEMHHKOM U KOJIOHHOU BYPUJIbHBIX TPYB
A TAKJKE BO BHYTPEHHEH IIOJIOCTH TPYB

N 3ATPYBHOM ITPOCTPAHCTBE

PaccMmoTpuM cHavanra y4aCTOK AAMHOU I, IIPEACTABASIONIEN COOOU
KOABIIEBOE IIPOCTPAHCTBO MeJKAY KepHONPHEeMHUKOM U KOAOH-
HOM TpyO. IIpym OAHOMEPHOM YCTAaHOBUBIIEMCS ABUKEHHU BAOAb
OCH 0Z COTAQCHO cucTeMe AU depeHIIUaAbHBEIX ypaBHeHHUM Ha-
Bbe — CTOKCa NoAy4YMM BeIpakeHue (9.71). ITpou3BOABHEIE ITOCTO-
dHHBIE C; U C, B BbIpaKeHUHU (9.71) HalpeM M3 IPAHUYHBIX YCAO-
BUI, COTAAQCHO KOTOPBIM CKOPOCTh KUAKOCTH U HA BHYTPEHHEU
IIOBEPXHOCTU KOAOHHBI TPyO paBHa HYAIO, @ Ha IIOBEPXHOCTHU
KepHOIIpUeMHHMKAa paBHA CKOPOCTH CaMOIr0 KepHOIpPHeMHHKA U,
T.€.

npur=r, u= 0;
OPUTI=T, U = —U,.

T

B pesyabraTe pentenusa puddepeHnuarbHOro ypasHeHusa (9.71)
IIpU YKA3aHHBIX I'PAHUYHBIX YCAOBUSIX ITIOAYUYUM!

205



2 2
cp=—tr _ 1dpTi"To. (9.135)

lnLl A dz lni
To Ty
( \
Ldp| o _ri-15 u
cy=——L|F-1LIng|-——Inr,. (9.136)
Awdz lni lnr—1
To Io

3Hauut, o (9.71), a takxke (9.135) u (9.136) MO>KHO 3amnucaTb
BBIPa’KeHUE AAST ONIPEAEAEHUSI CKOPOCTHU JKUAKOCTH B AIOOOU TOU-
Ke KOABIIEBOTO IIPOCTPAHCTBA!

2_ .2 I I
u=—L9Pl 2 N 7Tyt p2f e jpt (9.137)
4u dz n r n T
n— In—
To To

CAepOBATEABHO, Pacxop, >KHMAKOCTH B cooTBeTcTBUU C (9.137)
MOJKHO OIPEAEAUTH TaK:

2
2 2
n(p, +¥I-p,) (’1 'TO) ri-1g
=—1 24t —-nu S r (9.138)
sul ro I I
u In—L 2In-L

T, To
TA€ Py U P, — AAQBAEHHE COOTBETCTBEHHO y BEPXHEro U HUKHEro
TOPIIOB KepHoIpueMHUuKa (p; < p,).

[MopHMMaeMBI KepHOIPUEMHUK BBITECHSET CBOUM BEPXHUM
TOPIIOM OIIPeAEAeHHBIM OOBbEM U CO3AAeT pacxop Q) 4acTb >KUA-
KOCTHU yTeKaeT 4epe3 3a30p C PAacXOAOM (.

3HAQUUT, MOJKHO 3aIlUCAaTh CAEAYIOIlee ypaBHEHUE MaTepUaAb-
HOoro OaaaHca:

ndu, =Q, +q. (9.139)

Tak Kak AaBA€HME HajA BEPXHUM TOPIIOM KepPHOIPHUEMHUKA
COCTaBAdEeT p;, @ A@BA€HHE Ha YyCTbe PaBHO aTMocC(pepHOMY, TO,
OIIPEAEAUB IIOTEPU AABACHMS Ha y4aCcTKe AAMHOM [, COTAAcHO
dopmyae Ilyaszeilada 3anuireM:

p=vl +8““I—1fl. (9.140)

g

B pesyabTaTe moaneMa KepHOIPHMEMHHKA JKUAKOCTH C PacXo-
AOM @, IOCTyIaeT U3 3aTPyOHOro IPOCTPAHCTBA BO BHYTPEHHIOIO
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IIOAOCTh OYPHUABHEIX TPYO M, B YACTHOCTH, II0A HWJKHUN TOpeI]
KepHoOnpueMHHKA. CI0Aa JKe IIOCTYNAeT JKUAKOCTb C PACXOAOM Q.
Torpa B cOOTBETCTBUM C YPaBHEHHEM MaTepPUAABHOrO OaraHCca

Q, +q-nrgu, =0. (9.141)
[Mpy AAMMHAPHOM pe’XMMe TeYeHMs B 3aTPyOHOM IIPOCTPAHCT-

Be coraacHo opmyae A.C. AetibeH30Ha [18] moayunm
-1

2 2,2
P2=YH—% Rhﬁ-M , (9.142)
T 1n£
IH
TAe I, — HapYy’KHBIM PapuyC KOAOHHBEI OYPUABHBIX TPyO; R —

PaAUyC AOAOTa MAM CTEHOK CKBa’KMHEL
Coraacno (9.142)

2 2,2
Qz=_"(Y§f-Pz) Ri—pRZm) | (9.143)
wH lnﬂ

Iy

Takum o00OpazoM, AAd PelIeHud 3aAa4d paclioAaraeM IISAThIO
ypaBHeHuaMH (9.138) —(9.142) wmam (9.143) ¢ OATBIO HEM3BECTHEI-
MU — (, Py Py (Qy 1 Q,, T.e. UMeeM 3aMKHYTYIO CUCTEMY.

Coraacao (9.139)

Q =Y, - g.
Toraa (mo (9.140)
8,
D=yl + “‘141 <Jcr02u,r —q). (9.144)

ury
Coraacao (9.141)
Q,=mr¢u, -q. (9.145)
3HauuT, 1o (9.143) u (9.1495)

2 2,2
q=n.r02uT—M R“—.r;‘—u . (9.146)
Bur nk
L IH 4
B cooTtBercTBUU C (9.144) 1 (9.146) MOKHO 3amucaTh:
11 4_ 4 (Rf_ICZ)Z
Py=th+ =Py Ri=rf -= | (9.147)
IC

rae Ra = R/I'l, I. = rH/rl'
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[TpubaBuB K 00enM YacTAM BeIpakeHUd (9.147) Beanuuny yl —
— p, ¥ UMes B BUAY, 4TO | + I, = H, nmoaydum

N (R*-r}?
y]—p2+p1=(yH—p2) 1+E Ra—rC —%

In—&
Ie

(9.148)

W3 paBeHCTBa mpaBbix dacTed BbipakeHutt (9.137) u (9.145), a
Tak>Xe C TOMOINBIO (9.148) HmMOAyYMM CAepylolllee COOTHOIIEHUEe
M\ST OTIPEAEAeHUsST U3MEHEHUs TUAPOAMHAMHYECKOTO AABACHUS Ha
3ab0e CKBa>XUHBI:

( \

2
4uu (1-r°)H 1-12)? 22,2
YH—P2= T a H 1_I-a4_( a) 1+1_1 R;}_I.C4_(Ra ) +
Il ln% 1 lIlA H ln&
a L Ie
R2_ 22
+Ri -t Razr) | (9.149)
In—2%

Ie

TAE I, = I,/T;.

Mo dopmyae (9.149) mpoBepeM pacyeThl IPU CAEAYIOIIUX WC-
XOAHBIX AaHHBIX: r; = 00,0335 M, r, = 0,030 m, R = 0,0475 M,
H=1000»Mm1=9Mu = 107% I'la - c. 3HAYHUT, B AQHHOM CAy-
vae r, = 0,895522, r, = 1,19403, R, = 1,4179.

IMoacTaBuB UCXOAHBIE AaHHEBIE B (9.149), moAayunm

vH — p, = 0,35025 - 10° u,. (9.150)

Hwxe npuBepeHBl 3HaueHuss Ap = YH — p, IpU Pa3sAUYHBIX
u,, MoAy4deHHBIe II0 opMyAae (9.150).

Uy M/C i 1 2 3 4
Ap, 10° Ta ...... 0,3502 0,7004 1,0506 1,4004
IMpu nmpoumx paBHBIX ycAroBusaAX M H = 4000 M coraacHo
(9.149) moayumM
YyH — p, = 0,35025 - 10° u,. (9.151)

Huxe mpuBepeHBl 3HaueHUS Ap, pacCUUTaHHBIE IO (DOPMYyAe
(9.151) npu pa3AUYHBIX U,.

Uy M/C e, 1 2 3 4
Ap, 10° Ia ....... 0,3808 0,7616 1,1421 1,5232
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PacyeTsl IIOKa3bIBalOT, YTO C yBEAMYEHHEM TIAYOUHBI CKBa’kU-
HBI IIPOMCXOAUT He3HAUYUTEABHOEe IIOBBINNIEHHe Ap.

OmpeAeArM peXUM TedeHUd KUAKOCTU B NPOCTPAHCTBE MeXK-
Ay KepHOIIPHEMHUKOM M OYpUABHBIMU Tpybamu. C 3TON IeAbIo
HEOOXOAUMO PAaCCYUTATh YTEUYKU JKUAKOCTH (g, T.e. PEIInuThb 3a-
AQ4y B NOABMI)KHBIX KOOPAUHATAX.

B 3TOM cAyyae NIpPOU3BOABHBEIE IIOCTOSHHEBIE C; U C, B BHIpa-
KeHUM (9.71) OIpPEAeAdIOTCa M3 CAEAYIOIIMX TIPAaHUYHBIX YC-
AOBUI:

npur=r,u =0;
Ipu r =1, U = U,

Torapa B cooTBeTcTBUHU C (9.71)

2 2
u r°-r
e _1dphih, (9.152)
1 r 4w dz Is
In—L In—L
TO IO
( \
2_ 2
r°-r u
¢, =191 " ogny _p2{- " Inr, (9.153)
2 4udz r o0 r 0
" In—L In—L
Ty Ty

3uaumT, o (9.152), (9.153) u (9.71) MOXKHO 3amUCaTh:

( \

1.dp r12—102 r_ 2, .2 u r
=-——| 1 —2In—-r'+r’ +——In-. (9.154)
4u dz lni I 1nr1 Iy
To Ty

Coraacno (9.137) u (9.154), OAOKUB q = @y, TIOAYYUM CAEAY-
IOlllee BBEIPAKEHUE AAS OIIPEAEAEHUS YyTeueK JKUAKOCTHU:

2 2 T —1'2 2 T 2
q,= e N B UM A B (9.1595)
T
8wl Int 2InL
To o

ChepoBaTeAbHO, 10 (9.148) u (9.154)
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Tabauma 9.4

u, M/c Ap, 10° Tla q,. 1077 Re,,
M*/c
1 0,3502 0,001349 13529,6
2 0,7004 0,002699 27059,3
3 1,0506 0,004049 405889
4 1,4004 0,005397 54107,2

nr14(1—r;)( , 1-12 L[ ps_ 4
= 1+r*——=a|\yH- 1+-L|R* -} -
o
2
(R2-r2) T
- |+ mru, | 1-—=|. (9.156)
lnﬁ 21ni
T, Ta

[TapameTp PeliHOABACA B KOABIIEBOM MPOCTPAHCTBE

Re, =D (9.157)
ary(l+r,)v
Ipu r, = 0,0335 M, r, = 0,030 M, R = 0,0475 M, H = 1000 ™,
I=9Mm v = 107° M*/c coraacuo (9.156) u (9.157) MOXHO 3amu-
caThb
g, = 0,00805302 - 10~°(yH — p,) + 0,00036191,; (9.158)
Re., = 10,0255 - 10°,,. (9.159)

Kputnueckoe 3HaueHue napameTrpa PeliHOAbaca, T.e. Re
onpeaeasierca no gopmyae (8.27).

Kp.K.IT

B aanmom cayuwae, T.e. mpu r, = 0,895522, Re,, ., = 3072,7.

C momomplo HaWAEHHBIX paHee 3HaueHUl Ap = yH — p, u
corracuo (9.158) u (9.159) OwirM BhIUMCAEHBHL gy, U Re,, (Taba.
9.4).

M3 Taba. 9.4 BUAHO, 4TO BO BCeXx caydasx Re,, > Re,, .. T.e.
ABVJKeHHEe MeXKAy KEepPHOINPUEMHHUKOM M KOAOHHOM OYPHUABHBIX
TPyO OPOUCXOAUT IIPU TYPOYAEHTHOM pe’kKuMe.
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9.4.2. OIIPEAEJIEHUE THAPOJUHAMUYECROTO JABJEHUA

HA 3ABOE ITPHU IIOABEME KEPHOIIPUEMHHEKA

B CJYYAE TYPBYJEHTHOI'O PE;SKUMA TEYEHHHSA FHKHIKOCTH
B KOJBIIEBOM ITPOCTPAHCTBE 1 JJAMHHAPHOM PEKHNME

B 3ATPYBHOM IIPOCTPAHCTBE, A TARKE

BO BHYTPEHHEH IIOJIOCTU BYPHUJIBHBIX TPYB

Pemtum 3apady, IOAB3YSICh 3aKOHOM KOPHS CEABMOM CTelleHU U
MEeTOAOM ‘‘cIIMBaHUusA".

CKOpOCTh B ATOOOM TOUYKe IMEepBOM M BTOPOM oOAacTed ompe-
Aeastetcsa o popmyaam (9.1) u (9.2).

AAS TIAGBHOTO CMBIKAQHUS IIPOPUAEN PEArU3YeTCs YCAOBHE
(9.3). Torpa mo (9.1) —(9.3) moayumum (9.4).

Apyma ceuenusamu [—II u [I—1II orpaHnYuM OTCEK >KUAKOCTH,
HaXOAAIIeNCs B KOABIIEBOM IIPOCTPAHCTBe. BHYTpM yKazaHHOIO
OTCeKa IPOBeAEeM IIMAVHAPUYECKHe IIOBEPXHOCTH 110 BHyTpeHHeU
IIOAOCTH KOAOHHBI OYPHUABHBIX TPYO, @ Tak’Ke IO HeWTPaAbHOU
IIOBEPXHOCTU U COCTABUM CAEAYIOIlee YpaBHEHHE AWMHAMUYECKOI'O
paBHOBeCHUS:

2
—2nrnlt, + :rc[r12 -(p+a) ](y] -py+py)=0. (9.160)
Tenepnb cOCTaBUM ypaBHEHHE AMHAMHYECKOTO PABHOBECHS], BhI-
AGAUB AASL OTOTO BCIO JKUAKOCTB, HAXOAAIIYIOCSI B KOABIIEBOM
IIPOCTPAHCTBE:

~2mn e, -2k, + w5 - (41 - p, + py ) =0, 9.161)

I'lo ypaBHenuaMm (9.160) u (9.161) noaryuum

(rg +a)? -1 .

7, =0 “To o] O (yl-p,y+py); (9.162)
r? = (ry +a)?

T, = #(y]—p2 +Dy) (9.163)

ITo (9.1), (9.2), (9.162) u (9.163) mOAYYUM CAepyIOllIMie BBIpayke-
HUS AASI OTIPEAEAEHUsI CKOPOCTU B AIOOOM TOYKe IIEepBOU M BTO-
po¥ obaacTelt:

SIS
N -

2 2
u =874 102D 10 gy _p, 1))

21071 (247 - (9.164)
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4

7(ﬂ);. (9.165)

v

i - (rg + a)?

u; =874
2ryl

g(Y] - Pt P1)

Pacxop, sxxuapkoctu no (9.8), (9.164) u (9.165) MOXHO oIpepe-
AWUTH TaK:

4 4 y 4 8
_2n-874(g\7(vl-py+p1)7||(rg+a)"-1g 7 7 7 -
g=—7 (2) ( vl ) 'H I ] (8fo+15a)a +
v7
4
8[.2_ 217
+(r-1-a)7 rl(r_?w)} [(an—z_s)(n—ro—a)] . (9.166)
I'o ypaBHenuam (9.139) u (9.141)
Q, = Q,. (9.167)
Coraacno (9.167), (9.143)
( 2)
(RZ—rIf)
q=nr T—M R-rf-—n| (9.168)
SuH mn

B cootBercTBuu c (9.140), (9.167) u (9.143)

2
] YH-p (Rz‘ff)
P+ 2| R -rf | (9.169)

L lnr£
H

W3 paBeHCTBa pacxXOAOB XMAKOCTH, HAaMAEHHBIX IIO BEIpaKe-
HuaM (9.166) u (9.169), ¢ ucnoaszoBanueM Gopmyasl (9.169) moay-
YuM

2 3 5
4 2 =7 7
2 R -r) 11,76316g 7 7(H— )
_ A 0H-py) R4_r4_( "), L T
suH(r+a")?| *© ¢ R, 134 2
In— x
u7y717<ra+a>

212



2 4
(Rg—rcz) w2 2] % %
—ri- {[“ﬁm] _ra} (%ra+17—5a*)a* +(1—ra—a*) x
lana fa
[C
4

217

X 1—(ra+a*) [Z—i(l—ra—a*)], (9.170)
8 15

rae a° = a/r,.
Coraacuo (9.162), (9.163) u (9.4

Nasws

4 4
u _874( yl-py+p; 7 (f0+¢1)2-f()2 7x
B 1 21 Iy
v7
1 2_ 2 1
X a7 _ mjl(rl_lb_a)?}' (9'171)
n
IMoactaBus (9.169) B (9.171), moAyuum
4
53 4 ’ 4
u _2881657g 7 (vH - py)” 14| ga_po - (RE-1? (ra+a*?-r2 7a*%—
' 134 H| " e Ry I,
M7Y717 n[C
215 !
—[1—(ra+a*) ]7(1—ra—a*)7}. (9.172)

Tak kak npaBwele yacTu BeIpakeHuu (9.170) m (9.172) paBHBI
Me>KAy COOOM, TO MOJKHO 3aIlllCaTh

4
7 1 3
7992,809gu’H3 (r, +a*) 3 2 2.2
1 R2-
YH-p,= ( ) 1+L R;‘—rf——( a—fc) X
In—2
I,
R2_2)2 c
Ri_pt-RaZI)7 | sy

In—

Ie
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(Ia +a*) _Ia P 2 % 1
X a’?-|1-(r,+a* l-r,-a*)7 -
: ()| 1on
4
*ﬁ * 2 2 7
r,+a | -r;
— < ) (Zra+1a*)
o 2 T, 8% 15
<Ia+(1')
2
8 3
«\ 7 4
2(1—Ia—a 217
- [1—(r +a*> ] [1-1(1-r —a*)] . (9.173)
2 a 8 15 a

3HAQUUT, A pellleHUs 3apaud HeOOXOAMMO IIPU 3aAaHHBIX U,
H, r, vy, I, R, r. no dopmyae (9.173) moCTPOUTH 3aBUCUMOCTH
YyH — p, = f(a"), mopcTtaBuB KoTOopyio B (9.172) Haitn u;=q¢(a*);
COBMelllag 3TU KpPUBHIE, MOKHO YCTaHOBUTL YH — p, = Y(u,).

IMpoBepem pacuets: npu r; = 00335 M, r, = 0040 M, 1, =
= 0,030 M, R = 0,0475 M, H= 1000 M, I =9 M.

Takum oOpa3oM, IIOACTABUB UCXOAHBIe AaHHBIE B (9.173) u

(9.172), COOTBETCTBEHHO IOAYUYUM:
4

- 1
(0,895522+a")? - 0,80196]7 *-
a -
0,895522

14
vH - p, =111,0233-107(0,895522 + a*)?[

4

- [1—(0,895522+a*)2]7(0,104478—a*); -

2 7 (0,895522+a")?-0,80196 |7 9
(0,895522+a*)? 0,895522

8

sy 7 é
x 07835817+ o) - XUMI=0) 1y _ (0,895522+.')] x
15 (0,895522 + a*)?

i
x[1—1(0,104478—a*]} *l; (9.174)
8 15
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4

1

4 )2 7 4l
=0,0206140(vH - p, )7 (0,895522+a”)“ -0,8019596 .
- O<Y pz) [ 0,895522 a

4

- [1—(0,895522+a*)2]7(0,104478—a*); . (9.175)

B Taba. 9.5 mpuBepeHBI pe3yAbTATEl pacueToB mo (9.174) u
(9.175) pm pa3AMYHEBIX d'.

Taba. 9.6 copep>XUT pe3yAbTATBEL PACYETOB IIO OIPEAEAECHUIO
3aBUCUMOCTA THAPOAMHAMUYECKOIO AABACHUSA OT CKOPOCTH
mopbeMa KepPHONIPUEMHUKA, IIPOBEAEHHEBIX IO (hopmyaam (9.172)
u (9.173) npu npouux paBHBIX ycaoBuax u H = 4000 m.

M3 Taba. 9.5 mu 9.6 BUAHO, 4YTO IIOABEM KEPHOIPHUEMHHKA B
CKBa’KMHE C OTHOCUTEABHOM OOABIIEN TAYOMHBI COIIPOBO’KAQETCS
yBeAnMueHHeM Ap, BO3pacTalollUM C IIOBBIIIEHHWEM CKOPOCTH
IIoABbeMa KepHOIIpHMeMHUKa. Tak, HanmpuMmep, ecau npu H =

Tab Aamita 9.5

a* Ap, 10° Tla u, M/c a* Ap, 10° Tla u, M/c
0,0590 0,028 0,0754 0,0640 2,667 1,6680
0,0595 0,080 0,1461 0,0650 3,111 1,9010
0,0600 0,164 0,2333 0,0660 3,678 2,2823
0,0605 0,284 0,3373 0,0670 4,049 2,6160
0,0610 0,443 0,4582 0,0680 4,525 2,9655
0,0615 0,643 0,5956 0,0690 5,045 3,3455
0,0620 0,872 0,7431 0,0700 5,488 3,7104
0,0630 1,487 1,1008 0,0710 5978 4,1068

Tab6 Aauia 9.6

a* Ap, 10° Ta u, m/c a* Ap, 10° Ta u, M/c
0,0585 0,1315 0,1712 0,0597 3,4425 1,2853
0,0586 0,2233 0,2347 0,0598 3,9724 1,4111
0,0587 0,3439 0,3044 0,0599 4,5409 1,5408
0,0588 0,4947 0,3797 0,0600 5,1532 1,6752
0,0589 0,6775 0,4603 0,0602 6,5119 1,9581
0,0590 0,9018 0,5490 0,0604 8,0548 2,2600
0,0591 1,1444 0,6371 0,0606 9,4873 2,5806
0,0592 1,3124 0,6976 0,0608 11,7141 2,9201
0,0593 1,7563 0,8347 0,0610 13,8408 3,2787
0,0594 2,1187 0,9399 0,0612 16,1727 3,6604
0,0595 2,5211 1,0496 0,0614 18,7118 4,0535
0,0596 2,9491 1,1629 0,0616 21,4649 4,4698

0,0618 24,1811 4,8764
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= 1000 m 1 u, = 1 M/c U3MeHeHNe TUAPOAMHAMUYECKOTO AaBAE-
Hug Ha 3a6oe Ap = 1,487 - 10° Ila, To mpu H = 4000 M ¥ mpak-
TUUYEeCKU TOU >Ke cKopocTu (T.e. u, = 1,1 M/c) umeem Ap = 2,9 x
x 10° TMa. C NOBBILIEHHEM CKOPOCTH MOABEeMa KepPHOIIPHEeMHHKA
A0 U, = 2,62 M/c npu H = 1000 M Ap cocraBasger 4,049 -10° ITa,
ampu H=4000 M Ap = 10 - 10° ITa.

IMpuHnunuareHO 3aBUCHUMOCTE Ap = f(H) oOBACHAETCA TeM,
YTO IIPW COCTAaBAEHHMHU YpPaBHEHUS MaTepHaAbHOro OanaHca yIu-
TBIBAETCSL PACXOA JKUAKOCTH (J,, MOCTYyHAIOUleM U3 3aTpyOHOro
IIPOCTPAHCTBA BO BHYTPEHHIOIO IIOAOCTH KOAOHHBI OYPHUABHBIX
TpyO; BeAnunHa (J, B CBOIO OuepeAb 3aBUCHUT OT H (cM. opMyAy
(9.143)).

PacueTsl, pe3yAbTaTEl KOTOPEIX NIPUBEAEHHI B TabOA. 9.5 u 9.6,
OBIAW BBITIOAHEHBI IIPM A@MHWHApHOM pe’KHMMe TeueHHUs B 3aTpyo-
HOM IIPOCTPAHCTBE M BO BHYTPEHHEU IIOAOCTUA OYPHUABHBIX TPYO.

AAS TIDOBEPKM CIIPABEAAUMBOCTU IIPUHSTOTO IIPEAIIOAOKEHHUS
HavipeM TlapaMeTp PeriHoabAca Re, , Tpu TedyeHUM >KHUAKOCTH B
3aTPyOHOM IIPOCTPAHCTBE!

Re,  =—22 (9.176)
(R+ 1)V
3HauuT, 1o (9.143) u (9.176)
2 2)2
Re. = Yfls(YH— p2) Ri—r4_ (Ra ~ e ) . (9177)
“UalgHR, +r)| ¢ R

Ie

Tak kak coraacHo (9.167) pacxoabl >KUAKOCTM Hap BEPXHUM
TOPILIOM ABHJKYIIErocsd KepHONpHUeMHUKA (J; M NOCTYIAIoIIero U3
3aTpyOHOro IPOCTPAHCTBa (), PAaBHBEI MEXKAY COOOM, TO MOJKHO
COCTaBUThH BHIDAKEHHE AASL OIlpepereHud Ilapamerpa PeltHoabaca
BO BHYTPEeHHeM NOAOCTH OYPHUABHEIX TPYO:

2 2 2
Ra_rc>

In—2%

T

3
Re, =Y 0H=Do) R;‘—rc“—( (9.178)
4u2gH

Cc

Kputnueckoe 3HaueHue napamerpa PeliHOAbACA NIPU TedeHUU
SKUAKOCTU B KOABIIEBOM IIpOCTpaHCTBe Re OIIPEeAEAsieTCsI 110
dopmyae (8.27).

Haiipem Re,, u Re, mpmy = 10* H/M® uw = 107 °*Tla- ¢, R =
=0,0475 M, r, = 0,040 M, r;, = 0,0335 M. B paHHOM caAyyae R, =
= 1,4179, r, = 0,895552, r. = 1,1903. OTmMeTHUM, 4TO NPU ITUX
UCXOAHBIX AAHHBIX COCTaBAE€HHBI TabA. 9.5 u 9.6.

3Hauut, o (9.177) u (9.77)

KP.K.II
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Tab auia 9.7

H = 1000 m H = 4000 m
u,, M/c Ap, Re,, Re, u,, M/c Ap, Re, . Re,
10° Ma 10° Ta

0,0754 0,028 211,0 550,3 0,1712 0,1315 2477 646,1

0,1461 0,080 602,9 1572,4 0,2347 0,2233 420,7 1097,2
0,2333 0,164 1235,9 3223,4 0,3044 0,3439 647,9 1689,8
0,3371 0,284 2140,2 5582,0 0,3797 0,4947 932,0 2430,8
0,4582 0,443 3338,4 8707,1 0,4603 0,6775 1276,4 | 3329,0
0,5956 0,643 48552 | 12638,1 | 0,5490 0,9018 1698,9 | 4431,2
0,7431 0,872 6571,2 | 17139,1 | 0,6371 1,1444 2156 0 | 56232
1,1008 1,487 112052 | 29226,8 | 0,6976 1,3124 2472,5 | 64488
1,6680 2,667 20098,0 | 52419,6 | 0,8342 1,7563 3308,8 | 8630,0
1,9640 3,111 234439 | 61146,4 | 0,9399 2,1187 3991,5 | 10410,7
2,8223 3,578 26963,1 | 702352 | 1,0496 2,5211 47496 | 12388,0
2,6160 4,049 30512,5 | 79582,6 | 1,1629 2,9491 5556,0 | 14491,1
2,9650 4,525 34099,5 | 889384 | 1,2853 3,4425 64855 | 16915,5
3,3456 5,045 38018,2 | 991590 | 14111 3,9724 7483,8 | 19519,3
3,7104 5,488 41356,5 | 107866,1 | 1,5408 4,5409 8554,8 | 223127
4,1068 5,978 45049,7 | 1174970 | 1,6752 51532 9708,4 | 253214

Re,, =75358122; (9.179)
H
Re =196,45922, (9.180)
H

I'Tpu pacuete o (8.27) HeOOXOAUMO IIOAOKHUTE I, =%‘j= 0842105,
TOTAQ

Re = 2487/4.

B Taba. 9.7 npuseaens snavenus Re,,, u Re, aaa H =1000 m
u H = 4000 m. CooTBeTCTByIOIIME U, U Ap B34THL U3 TabA. 9.5 u
9.6.

N3 Taba. 9.7 BHUAHO, YTO ABWKEHUe KEepPHOIPHUEMHUKA IIpHU
CcKOpoCTAX U, < 0,2 M/C IPOUCXOAUT IPW AAMHUHAPHOM PE’KUME
ABIDKEHUSI CTOADOB KUAKOCTH B KOAOHHEe OYPHUABHBIX TPyO U B
3aTpyOHOM mpocTpaHcTBe. [Ipu u, > 0,2 M/c KepHOIPUEMHUK
ABVJKETCS IIPU TYpPOYA€HTHOM peKHMe TedeHUsl >KUAKOCTH B
KOABIIEBOM M 3aTPyOHOM IIPOCTPAHCTBE, & TaK)Ke BO BHYTPEeHHEMU
IIOAOCTH OYPUABHEIX TPYO.

Kp.K.IT



9.4.3. TUAPOANHAMUYECKOE JABJEHHUE

ITPH ITIOA'BEME KEPHOITPUEMHHUKA B CJIYYAE
TYPBYJIEHTHOI'O PE;KUMA TEYEHUA KHAKOCTHU

B KOJIBIIEBOM M SATPYBHOM IITPOCTPAHCTBE ,

A TAKKE BO BHYTPEHHEM ITIOJIOCTU KOJIOHHBI TPYB

PaccmaTpuBas cTOAO >KHMAKOCTU Ha) KepPHOIPUEMHUKOM IIPU
TypOYA€HTHOM pe’KHMMe TeueHUs B OOAACTH AEMCTBUSA 3aKOHA
Baasuyca, B coorBeTcTBUU C (popmMyAron Aapcu — Beiicbaxa moay-
YUM:

4
7

175 075 475
_[1503421 g% Prt 7 —Yh) : (9.181)

Q= D1
1025, 075 1, \

Y

025, 075 175
0,0665151%%y 971, Q!
7t L75g0,75rl4,75

(9.182)

p,=vl+

CocTaBUB ypaBHEHHE AMHAMUUYECKOIO PABHOBECHUS >KUAKOCTH,
ABIDKYIIIEUCS B 3aTPYOHOM IIPOCTPAHCTBE IIPU TypOYAEHTHOM pe-
>KUMe, IIOAYIUM

0,066515u°'25y 0757 oh?5
p,=vH- — (9.183)
n1'75g0'75(R—rH) ' <R2 —Tp?)
A
4
175
15,0342n1'75g°'75(R-rH)1'25<R2 -r?) (vH-ps) ’
Q,= . (9.184)

m 0,25Y 0,75H

3HaueHre (J, MOKHO Tak’kKe HAWTH U3 ypaBHEHUS MaTepUaAb-
Horo Oananca (9.145). VM3 paBeHCTBa NpPABBIX YaCTEW BHIPA)KEHUM
(9.145) u (9.184) caepyerT:

4

)1,75 7

(YH - py)| - (9.185)

RZ—rg

15,03421 "7 g% (R-1,)
m O,ZSY 0.75H

1,25(

= iy —
q=mnru,

CoraacHO ypaBHEHHUIO MaTepuarbHOro 6asaHca (9.139) u dop-
Myae (9.182)
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0,066515u%%% 075], 175

- 20
p1_Y11+ 7175075475 (JUOUT q) ' (9.186)
3HauuT, coraacHo (9.185) u (9.186) noayuum
1 175
p,=Yl, +El(yH—pz)(Ra —rC)I'ZS(R: —ICZ) . (9.187)
[TpubaBuB K IpaBo¥ U AeBOU 4YacTaM Yyl — p,, MOJKHO 3alu-
CaTk!

vI-p,+p,=(1H-p,)

1+4(R, - 1) (R = 1?) ”5]. (9.188)

W3 paBeHcTBa pacxopoB q no dopmyaaM (9.166) u (9.185), a
Taxoke (9.188) moayunm

g 1
u, =1176316

4
x (r, +a _,5\7(1r +ia*\a*7+<1—r—a*)s{1—(r +a')2\§x
l r, J kSa 1 } : L : J
(V7 (7 )
2_7(1-r —a'\||+04/ LY (R —r):[R* =7}, 9.189
X(S 15( g a))+ LH}< IH"’ TCJ ( )

ITo Beipaskenusim (9.171) u (9.188)

4

35 7 4
g’r’\yH-p 4 I 175 |7
u =5,8816M(yH—p2)7 1+—1(R —r)m R*-r? x
T 1 3 4 H a C a c
Wy 117
4
= 4
((Ia+a* 2_[2\7 *_1 . 27 1
X l '"‘J a’- 1—<g—a) (1—ra—a*)7 . (9.190)
ra
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Tak kak 3HaueHuqd u,, paccuuTaHHble 110 (9.189) u (9.190), pas-
HBl MeJKAYy COOOM, TO IIOAYYMM CA€AYIOIlee TPaHCIEHAEHTHOe
YpaBHEHHE AAST OIIPEAEAEHUS d':

4 7
175 |7

2 8
1+I—1(R —r)LZS(RZ—rz) 2 w (lr +ia*\a*7+
H a C a C ra L8 a 15 J
4 4
217 2_ 2|7
+2(1—ra—a*) 1—(r +a*) [7—1( - )}— rra) -1, a’+
a g 15 a r
4 4 5
2]7 : [ \7 7
+ 1-(4-(1*) (1—r -a*) +O,8LLJ R, -1 (RZ—I2)=O. (9.191)
a H a C a C

CoraacHO (9.185) MOXKHO IIOAYYUTB CA€AYIOILIEee BEIpA)KEHUE
AN OIIpepAeNeHUsI M3MEHEHUd TUAPOAMHAMHWYECKOI'O AABAEHU HaA
3aboe:

4

3 4
4 7 L

1
4y

7
u IuTz 1 1,25 17577 (ry +a*)? -r2
YH_p2=j 1+E1(Ra—1'c) (Raz—fc) ] HT a’ -
22,213g 4r/*
_7
4 4
217 1

- 1—(ra—a*) (1-r,-a) (9.192)

3HAYUT, 3apa9a MO OIMPEASACHUIO TUAPOAMHAMUIECKOTO AABAE-
Hug coraacHo (9.191) u (9.192) pemaercsa Tak: IIpU 3aAaHHBIX I, 1,
H, R r, r, r, a 3Hauut, R, r, u r. nmo ypasHeHuto (9.191)
OlIpepeAseTcsl @, YTO IO3BOASET HPU M3BECTHBIX W U Y HaNTU
o BelpakeHuto (9.187) Beanuuny yH — p,.

Mo (9.191) m (9.192) ObBIAM TIPOBEAEHBI pacyeThl IIpU
CAEAYIOIIVUX MCXOAHBIX AaHHBIX: I, = 0,0335 M, r, = 0,030 M,
r, = 0,040 M, R = 0,0475, ] =9 ™ u AByx 3HaueHusax H — 1000 u
4000 M. Pe3yabTaThl CBeAeHBI B TaOA. 9.8.

B Taba. 9.9 mpuBepeHBI pPe3yAbBTATHL PACUETOB, IIPOBEAEHHBIX
IIpU NIPOYUX PABHBIX YCAOBUAX U [ = 6 M.

N3 cpaBHeHUs1 AAHHBIX, IIPUBEAEHHBIX B Taba. 9.8 u 9,9,
BUAHO, YTO C YMeHBIIEHNEM AAMHBI KePHOIIPHUEMHHKAa OT I = 9 M
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Tab6 Auma 9.8

TabAamira 9.9

u, m/c |H = 1000 m,|H = 4000 », u, M/c YH — p, 10° I1a
@ = 0,05967a° = 0,05846 = 1000 | H = 4000 s

05 0,637 0,809 05 0,469 0,590

1.0 2,142 2,720
1.0 1,576 1,985

15 4354 5529
15 31204 4037

20 7,204 9,148
20 5301 6,678

25 10,645 13,518
30 14,647 18,599 20 7,834 9869
' ' ' 30 10,778 13,578

(cM. TabA. 9.8) po I = 6 M (cM. TabA. 9.9) IpPOUCXOAUT 3aMeTHOe
yMeHbllleHue YH — p,.

[TpuBepeHHEBIE 3824l OBIAM PEIIeHBl AAS CAyYas, KOTAa BHYT-
PEeHHsSA IIOAOCTh KOAOHHEI TPyO COOOIIaeTcsl C 3aTPyOHBIM IIPO-
CTPaHCTBOM.

AomnycTuM, 4TO 3aTpPyOHOE IIPOCTPAHCTBO IIOAHOCTBIO H30AU-
POBaHO OT BHYTpPEeHHelN IOAOCTU OYPHUABHBIX TPyO. Toraa aaBae-
HHe y HIJKHero Toplia IIOAHUMAaeMOTO KepHOIpHeMHUKa OyAeT
OIIPEAEASITECS MO (POopMyAaM, OTAMYAIONIUMCS OT IIPUBEACHHBIX
BHIIIIE.

9.44. TUAPOOIUHAMUNYECRKROE JABJIEHUE

Y HUGKHET'O TOPITA KEPHOITPUEMHHUEKA

B CJIYYAE HN30JA11UN 3ATPYBHOI'O ITPOCTPAHCTBA
OT BHYTPEHHEN IIOJIOCTH

BYPUJIbHBIX TPYB

OcCBOOOAMBIINNCA OOBEM BO BHYTPEHHEN IIOAOCTA OypPUABHOMU
KOAOHHEI B pe3yAbTaTe IIOAbeMa KePHOIPUEMHHKA 3aIlOAHSETCS
JKAAKOCTBIO, CTeKalollleld depe3 3a30p IpuU pacxope q. [NosTtomy
B AQHHOM CAy4Yae BEIIIOAHSIETCSI ypaBHeHMe MaTePUAaAbHOIO OaraH-
ca (9.17).

IMpuanMaem
py = vl

CAepOBaTEALHO,

YI —p, + pp = yH — p,.

Pacxopbl >KHMAKOCTH, HalpeHHBIe 1o (9.166) u (9.17)), paBHE
Mexxpy cobont. Toraa no (9.166), (9.17) u (9.183) moayuum
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[18—1<1—r —a*)]}. (9.194)

- {1—(% +a*)2r(1—ra +a*);]. (9.199)

Tak xak mpasble yacTu (9.194) u (9.195) paBHBEI MeXAy cobO0H,
TO IIOAYYHM CAeAyIOlllee TPaHCIEHAEHTHOe ypaBHeHUe AAS OIlpe-
AeAeHus a”:

<fa+“*)2‘f§ ! |7 1
- . a’ 1—(18ra +17—5)a* + 1—(ra+a ) (1—Ia—a*>7x
x(1—ra—a*)[%_f_S(1—ra—a*)]+1 -0. (9.196)

PacueTtsl 1o ypaBHeHH:o (9.196) MO3BOAWAM HAWUTH 3HAUeHUS
a’, TpUBEAEHHBIE HUKeE.

N 0,80 0,83 0,86 0,89 0,93
[« TR 0,110 0,0925 0,0750 0,0583 0,0375
B pesyabTare annpoKCUMauy IOAYYEHO
* 1-
a =0,52905-—1a (9.197)
0,174

Ta

PacxokpeHme MeXAy 3HAUYEHUAMU @°, IIOAYYEHHBIMH IIO
ypasHeHuto (9.196) u dopmyae (9.197), He npeBbIIaeT 2 %.

CoraacHo (9.190) paBAeHHe Yy HUJKHEro TOplia ITOAHMMAaeMOro
KepHOIIpUEMHUKA OIpeAeAseTCsT KaK
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YH-p, =

1 7
o y]\/;uTz
= 7 (9.198)
4 4
2 4
S (e, +a?) =227 2 = 1
22,2134gr * ( ) a 7-[1-(ra+a*)2r(1-ra-a*)7
ra
U3 dopmyasr (9.198) BuapHO, uTO 3HaueHwme YH — p, He

3@BUCHUT OT TAYOUHBI CKBa’KUHHI.

Haitpem YH — p, npu r;, = 0,0335 M, v = 10* H/M%, 1 = 9 u,
v = 107° M%/c ¥ pa3sAMYHEIX 3HAYEHUSX U, a TAKXKe I,

IMpu yKaszaHHBIX MCXOAHBIX AAHHBIX GopMyAay (9.198)
IIepenuIneM Tak:

vH - p, = 911,2813u, . (9.199)

—
w“!
+
Q
*
S~———
|
sl
S
N =

S Bk [ww (1-r, -a)

B TabA. 9.10 mpuBeAeHBl pe3yABTATHL PacyeTOB IO BEIPA’KEeHU-
aMm (9.197) u (9.199).

W3 cpaBHeHUsS PEe3yABTAaTOB PAcYeTOB, NPUBEAEHHBIX B TaOA.
9.8 m 9.10, BUAHO, YTO IpU IPOYHUX PABHBIX YCAOBUIX 3HAUEHUA
P, B CAy4ae IIOABeMa KepHOIPUEeMHUKa, COOTBETCTBYIOIIEro cxe-
Me 3aKpBITOI'O 3aTPyOHOTO IPOCTPAHCTBA, IPUBOAUT K 3aMeTHO
OoAbllIel BeAWunHe YH — p, OTHOCUTEABHO AaHAAOTMYHOTO 3Haue-
HHS, IIOAYYaeMOTO IIpU IIOAbeMe KePHOIPUEMHUKA, KOTOPBIN

Tab6 awuma 9.10

YH — p, 10° ITa

Iy M u, = 05 u, = 1,0 u =15 u =20| u =25]| u =30

M/cC M/c M/c M/c M/C M/C
0,0290 1,589 3,177 4,766 6,354 7,943 9,532
0,0295 2,047 4,095 6,142 8,190 10,237 12,285
0,0300 2,703 5,406 8,109 10,812 13,515 16,218
0,0302 3,080 6,161 9,241 12,322 15,402 18,483
0,0304 3,453 6,906 10,359 13,812 17,265 20,718
0,0306 3,926 7,853 11,779 15,706 19,632 23,559
0,0308 4,511 9,022 13,533 18,044 22,555 27,066
0,0310 5614 11,229 16,843 22,458 28,072 33,687
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COIIPOBOJKAQETCSI IIE€PETOKOM JKHUAKOCTH M3 3aTPyOHOTO IIPOCT-
PaHCTBa BO BHYTPEHHIOIO IIOAOCTh KOAOHHEI OYpPHUABHBIX TpPyO. C
YBEAUUEHUEM CKOPOCTU ABMJKEHUS KEPHOIIPMEMHUKA YyKa3aHHOe
pacxosKAeHre YMeHbIaeTcs.

HccrepoBaHUS IPOBOAMAUMCE IIPU MCIOAB30BAHMH B KauecTBe
IIPOMBIBOYHOU KUAKOCTH BOABL. [IpeacTaBaseT UHTepeC IIPOBeAe-
HUe QaHAAOTMYHBIX MCCAEAOBAHMN B CAydYae, KOTAa IIPOMBIBKA
CKBAQ’KMHBI OCYIIECTBASIETCS TAMHUCTBIM PACTBOPOM.

9.45. TUAPOOUHAMHNYECRKOE JABJEHUE ITPU IIOABEME
KEPHOIIPUEMHHUEKA B CJYYAE CTPYRTYPHOI'O PE:KHMA
TEYEHHUA B KOJBINEBOM ITPOCTPAHCTBE U U30JAIINH
3ATPYBHOI'O ITPOCPAHCTBA OT BHYTPEHHEN IIOJIOCTH
BYPUJBbHOU KOJOHHBI

AAS pelleHUs 3apauu HEOOXOAMMO HAMWTHM 3aKOH paclpepereHUd
CKOPOCTEN B KOABILIEBOM IIPOCTPAHCTBE M COOTBETCTBYIOIEE BEI-
pakeHUe AAST OTIPEAEACHUST PacXopa q.

Aanree onpepeaseTcss pacxop JKUAKOCTH BO BHYTPEHHEH IIOAOC-
T OYPUABHBIX TPyO (Q;, MHUIUUPYEMBINH NOABEMOM KEepHOIPHU-
eMHUKa, M Pacxop XKUAKOCTA (), B 3aTpyOHOM IIPOCTPAHCTBeE.
Pemienue 3apauy MPOBOAUTCS C UCIOAB30BAHMEM YpaBHEHHH Ma-
TepuaAbHOTO OanraHca (9.139) u (9.141).

CocTaBUM ypaBHEHUE AMHAMUYECKOTO PAaBHOBECUS, IIPOBEAS
IUAUMHAPUYECKYIO IIOBEPXHOCTb IIO BHYTPEHHEMY TI'PapAleHTHOMY
CAOIO:

anl(n% +1:0) + n(rz - roz)y] +G-nar¥(p,-p,)-F=0.

OTciopa
2
1 - + F + nrgyl - G T
w o= - P2 TPz of Inr--Lr+c, (9.200)
4nl 2mn! n
INpu r =ry u = — u,. Torpa

] —
u1=_v P2+P1(I.2_1.02)+

4nl
F+nrozyI—G r To
+Tmln;—w(r—r0)—u.r. (9.201)
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Ipur=p, u, = y, (4, — CKOPOCTH fApa MOTOKA). Toraa mo
(9.201)

YI-py+pPi(2_ 2
=L B27 0 (p2_r2) 4
Uy 4l <p1 O)
2
+Mln&_r_0(pl_[0)_u_r. (9202)
27nl o "M

CoraracHO ypaBHEHUIO AMHAMUUYECKOTO PABHOBECHSA IO BHEI-
HeMy (OTpHUIIaTEABHOMY) IPAAUEHTHOMY CAOIO

du, 22 2 _
0 =0. .
—23‘(1’](—7]?+’17 )+rc(r -5 )y]+G—m Ap-F=0 (9.203)

B pesyabrare pemenusi aAud@epeHIIMarbHOTO  YpaBHEHUS
(9.203) moAyumMm

2
u2=—yl Po*Pypa  Frargyl Glnr+1—°r+c2. (9.204)
4nl 2mn! n

IMpu r =r, u, = 0. OupepeAus c,, TOAYIUM

2
uf%(rf_ﬂ) —Mlnﬂ—r—o(q—r). (9.205)
"

Ipu r = p, u, = u, 3HAYUT,

2
UO=Y1—P2+P1 (le—p%) _ F+”T0Y1—G1ni_r_0(rl_p ) (9.2006)
il " 2

W3 paBeHcTBa 3HaueHUH u, 1o (9.202) u (9.206) moryuum

__WM-=py+pi/ o o 2 9

Uy = =T (0] - 1y 1 - p3) +

F+mrlyl - pir

B L N T T (9.207)
2l Palp M

ChaepoBatenbHO, coraacHo (9.201) u (9.207)

__Y-py+p

4
4l

(Iz—pf—r12+p§>+
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2
+F”"”I'Gln%-t—o(r—pﬁn—pz)- (9.208)
2mn! Py M

CocTaBUM ypaBHeHHEe AWMHAaMHWYeCKOTO PaBHOBECUS IIO BHYT-
peHHel 1 BHEIHEeN TpaHulle SApa:

2mp I, + n(pf - .roz)y] +G - npf(p2 - pl) -F=0 (9.209)

_2mp, T, + n(p§ - roz)yl +G-np3(p, - p)-F=0. (9.210)

B pesyabpTaTe coBMecTHOro pelleHus ypaBHeHuH (9.209) u
(9.210) moayumM

YI-p,+p, = —0 (9.211)
P2 =Py
2 2mpp kg
F +ayl - G = ———. (9.212)
P2 = Py

Coraacuo (9.211) u (9.212) Bripakenus (9.203), (9.205), (9.2006)
u (9.207) mepemnuiieM Tak:

To

u =
Znipz—pl

1‘12—21‘1(p2 =P ) +

P, I
+p§—pf—2[(p2 —pl)_ﬂ +2p1p21npir ; (9.213)
11
To 2
u,=—r—"—\r"-2r(p,-p, | +
2 27](92-91)[1 1( 2 1)
+2(92 -p, )r—r2—2plp21n% ; (9.214)
I
to=> (“’ ff—qu(pZ -, ) =2p,p,=2p p,In—L+p3 ; (9.215)
npz—pl) Py
= o 2 0, =P+
2*1(92—91)
2 P1ly
+ I +2p1p2lna}. (9.216)
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3HAUUT, PACX0p, JKUAKOCTH B Ka’KAOM OOAACTH KOABIIEBOTO
IIpOCTpaHCTBa coraacHo (8.148)—(8.151), a Takxke (9.213) — (9.215)
HauAeM o (popMyaam:
7 2.2 4 2.2
q= =1y} +5p7 2 pip, + PP BL 200 4

o [th%
2 12 2

TI(pz - pl) 2

2 2 2.2
2 2 _ToP2 , ToP1 , 2.3 2.3
+5P,I5 — hP1Ig Ty +—+§fopz—§fopl+

2
oy ( \
+i+w+plp2 rozlni—pflni ; (9.217)
4 2 L pZIO pZ}
([ .22 3 3
—_ ™o _hP2_ NPy NP1, .43 . 2_5454,75 03,
q, 71(92—91)L 9 3 3 1P2 =P P2 1292 6p1p2
rt r rzpp
+L+p1p2]n_1_—1 rai. (9.218)
4 , 2
2 2 4 r2p?
qo=——2—| P2 _rpdinp, p3-p,pd-ppdin-t+ 2 srp 0P
n(pa-pi)| 2 pp 2 2
3,43 3 h 91292\
—qpl+plpz+ppoIH——TJ. (9.219)
p2

Chep0OBaTEeABHO, CYMMapHBIM PacxXxop >KUAKOCTH B KOABIIEBOM
MPOCTPAHCTBE

[ 3 ) 422 rzpz
T P1pP
B T Y
n(pa-pi)| 6 6 12 2 2
292 2 T TZPP
+ L Zr3(p,—p )+ L+ 2
2 3 4 2
p.r r3p I3p % r2p p r4\
+p.p r2]n1_1_¥+#+p__#+L . (9220)
2o 3 3 12 2 4

20
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Pacxop KHAKOCTH B KOABIIEBOM IIPOCTPAHCTBE OIPEAEASETCS
o chopmyae (9.17). 3gauur, no (9.216) u (9.17)

2.2
Como [ e Yo, o)
1 n(p2 - p1) 2 5 (1 + 1) (P2 = 1)
ri(p3-pf 4
"M”—Mr&mpzln—pl” . (9.221)
2 2 P2l

W3 paBeHCTBa 3HAYEHUU (, PACCUYUTAHHBIX II0 BBIPAKEHUIM
(9.220) u (9.221), noayuum ypaBHeHue (9.106), T.e. p, = f(p,).
IMo Beipaskenuto (9.206) nmpu p; = yl, MOXHO 3aIlUCaTh!

2h
H-p,= L— 9.222
Y =P —MPB o ( )

Coraacsao (9.216)

Toly

U= ~1+2(1+1, p, =pa)-p? +p2+12+2p,p In

pa
" 2n(ps—pa pr

(9.223)

B a

TakuM o00Opa3oM, AAd pelIeHUd 3aAa4d pacloAaraeM TpeMsa
ypaBHeHusamMu — (9.105), (9.222) u (9.223) ¢ TpeMsaA HeU3BeCT-
HBEIMU — P, P, 4 YH — p,. [Ipu 3apandoMm r, mo (9.105) Haxopum
P, = f(py), uTO mo3BOAgeT corracHo (9.222) manttu YyH — p, =
= f(p,). 3aTeM 1o BeIpakeHUIO (9.223) BeIUUCASIEM U, = §(p,).

CoBmeniast 3TU ABe 3aBUCUMOCTH, HaXOAUM U3MeHEHUe TUAPO-
AMHAMHUYECKOTO AABACHUS IIPU PA3AWYHBIX CKOPOCTSAX IIOABEMA
KepHOIpueMHUKa, T.e. YH — p, = o(u,).

[TpoBepeM pacueThl IIPU  CAEAYIOUIMX MCXOAHBIX AQHHBIX!

r, = 00335 M 1, = 0030 M I = 1371 M, H = 2000 M, T, =
= 5Tla,n = 30 - 107°Ila * c. 3HAUUT, B AAHHOM CAydae 1, =
= 0,895522.

ITpy DpUHATBEIX UCXOAHBIX AQHHBIX ypaBHeHUe (9.100) nepenu-
1IeTCd Tak:

P, —Pa—6:87269(p, —p,) -
-1,188242p p, +1,07058 +2p p, (0> —p>) =0. (9.224)

PesyapTaTel pacyeToB IO ypaBHeHUIO (9.224) mpuBepAeHBI B
Taba. 9.11.
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IMpy DpUHATBEIX HCXOAHBIX AAHHBIX COTAacHO (9.222) 3anu-
eM:

YH —p,= 4092,5373. (9.225)
Pg —Pq
B Taba. 9.12 npuBeapeHHI 3HaueHUsa YH — p,, oIpepeAeHHEBIe IO
(9.229).

IMpu pacyerax mo (9.225) OBIAM HCIIOAB30BaHEI AQHHBIE, IIPU-
BepAeHHBIe B TabOa. 9.11.

AAST MCXOAHBIX AQHHBIX HAlllero IpuMepa coraacHo (9.223)
MO>KHO 3aIlUCaTh:

u, = 279187 |0 198040348+ 3,79104(p, —p,) - p> +p> +
Pp —Pq

P
+2 In————|. 9.226
P, Ing e (9.226)

B Taba. 9.13 npuBepeHBI 3HAUYEHUS U, BBIUMCAEHHBIE 1O
dopmyae (9.226), pacyeThl BBIIOAHEHBI C IIOMOIIBI) AAQHHBIX
Taba. 9.11.

CoBMelllasi paHHBIe, TIpUBeAeHHBIe B Taba. 9.12 u  9.13,
IIOAYYMM 3HaueHUd YH — p, IpU pa3AWYHEBIX u, (Taba. 9.14).

W3 craTndyecknx cooOpa>keHuil uMeeM

2k
YH-p,=—-2 (9.227)
n—rI
HpI/I IIPUHATEIX MCXOAHBIX AAHHBIX
2-1371-5
YH -p,==—"—=.
0,0035
Tab6 amira 9.11 Tab auia 9.12
Pa Ps Pa Ps Pa YH — p,, Pa YH — p,,
10° I'la 10° I'la

0,900 | 0,99570 0,9400 | 0,95790

0,905 0,99100 0,9450 | 0,95318 0,900 0,4276 0,9400 2,2863
0,910 0,98630 0,9460 | 0,95220 0,905 0,4759 0,9450 5,0031
0,915 0,98156 0,9465 | 0,95176 0,910 0,5364 0,9460 6,6009
0,920 0,97683 0,9470 | 0,95128 0,915 0,6149 0,9465 77805
0,925 0,97258 0,9475 | 0,95080 0,920 0,7201 0,9470 9,5620
0,930 0,96737 0,9480 | 0,95034 0,925 0,8601 09475 | 12,4020
0,935 0,96264 0,9485 | 0,94986 0,930 1,0951 0,9480 | 174890
0,935 1,4807 0,9485 | 30,0922
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Tab auia 9.13 Tab auia 9.14

Py u, M/c Pa u, m/c u, Mm/c YHs_ Dy || Up M/cC YHs_ Do
0,900 | 00002 || 09400 | 0,0932 10° I'a 10° I'a
0905 | 00011 || 09450 | 0,2424 0,0002 | 04276 || 00932 | 22863
0910 | 00029 || 09460 | 0,3270 0,0011 | 04759 || 02424 | 50031
0915 | 00058 || 09465 | 0,3947 0,0029 | 05364 || 03270 | 6,6009
0920 | 00104 || 09470 | 0,4915 0,0058 | 06149 || 03947 | 77805
0925 | 00204 || 09475 | 0,6458 0,0104 | 07201 || 04915 | 95620
0930 | 00260 || 09480 | 0,9273 0,0204 | 08601 || 06458 | 12,4020
0935 | 00497 || 09485 | 1,6158 0,0292 | 10951 || 09273 | 17,4890

0,0497 | 14807 || 1,6158 | 30,0922
159\ % 1

YH - p, =0,3917-10° Ia.

Takum obpasoMm, npu u, = 0 3T0 3HaveHue YH — p, Xopouo
COTAACyeTCd C BeAMYWHaMHU, IIPUBEAEHHEIMU B TaOA. 9.14.
INepenumem BeipaskeHue (9.222) u (9.223) B CAepyIOLIEM BUAE!

Ap™=—2—; (9.228)
Pp = Pq
;" = |1+ 2(1+ 1, )(p, - p,) - p2 +pE 412+ 20,0, In-L2 |, (9.229)
2 pB _pa) Ia B
rae Ap”=SPL; M
k Toh

3aBUCUMOCTB P, = f(p,) onpeperderca o ypasHeHu:o (9.105).
B Taba. 9.15 mpuBOAATCS 3HAUEHUS P, IPU PAa3AUYHBIX P, U I,,
BBIUMCAEHHBIe IO ypaBHeHUIo (9.105).

Tab6 auia 9.15

Ta Pa Ps I Pa Ps Ta Pa Py

0,4 0,410 | 0,99366 0,5 0,51 0,99306 0,6 0,610 | 0,99225
0,450 | 0,96817 0,53 | 0,97875 0,630 | 0,97674
0,500 | 0,93594 0,55 | 0,96454 0,650 | 0,96120
0,550 | 0,90335 0,57 | 0,95006 0,670 | 0,94564
0,600 | 0,87037 0,60 | 0,92880 0,700 | 0,92226
0,650 | 0,83706 0,63 | 0,90725 0,730 | 0,89883
0,700 | 0,80342 0,65 | 0,89284 0,750 | 0,88318
0,710 | 0,79666 0,67 | 0,87839 0,770 | 0,86751
0,720 | 0,78990 0,70 | 0,85666 0,780 | 0,85967
0,730 | 0,78309 0,75 | 0,82026 0,800 | 0,84397
0,740 | 0,77630 0,76 | 0,81295 0,810 | 0,83612
0,750 | 0,76948 0,78 | 0,79840 0,814 | 0,83297
0,755 | 0,76607 0,79 | 0,79100 0,820 | 0,82825

0,7 0,710 | 0,99165 0,8 0,81 0,99106 09 0,910 | 0,99052
0,730 | 0,97488 0,82 | 098211 0,916 | 0,98485
0,750 | 0,95813 0,83 | 097317 0,922 | 0,97912
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[Tpopoaxenue Tab . 9.15

T Pa Ps I Pa Ps I Pa Ps

0,7 0,770 | 0,94136 0,8 0,84 | 0,96422 09 0,928 | 0,97343
0,800 | 0,91619 085 | 095526 0,932 | 0,96965
0,810 | 0,90779 0,86 | 0,94631 0,936 | 0,96585
0,830 | 0,89099 0,87 | 0,93736 0,940 | 0,96206
0,840 | 0,88259 0,88 | 092841 0,944 | 0,95827
0,850 | 0,87388 0,89 | 091946 0,948 | 0,95446

IMTo paHHEBEIM, NIpUBEAeHHBIM B TaOA. 9.15, popmyaam (9.228) u
(9.229), 6biAu HaMpeHBI Ap™ u u;” (Taba. 9.16).

OcHOBHasl TPYAHOCTb IIPU peIIeHUM 33apauUd TUAPOAWHAMHKU
BSI3KOTIAACTUYHOM JKUAKOCTHU IIPU CTPYKTYPHOM pe’KUMe TedeHUST
CBsI3aHa C HAaAUYHUEM SIAPQ, T.e. OONACTH, ABVIKYIIEHUCS IIPU TPAAU-
€HTe CKOPOCTH, PAaBHOU HYAIO, MAU KaK TBepAOe TeAo. 'poMO3A-
KOCTb IIOAYYaeMBIX IIPU 3TOM BBIPa’KeHHUU 3aTPYAHSET pacueThl U
IIOCAEAYIOLINIM aHAaANU3, HEOOXOAUMBIN AAS MCCAEAOBAaHUS IIpoliec-
ca M pa3pabOTKU IPOTPECCUBHBIX TEXHOAOTHUUYECKUX MepOoIpus-
Tuti. CAepOBaTEeABHO, BO3HUKaeT HEOOXOAMMOCTH B pa3paboTke
NPUOAMIKEHHOTO CII0Cc00a, TMOAB3YSICh KOTOPLIM MOJKHO peliaTh
33794 TUAPOAWHAMUKH ¥ TOAYYaTh OTHOCUTEABHO IIPOCTHIE BHI-
paskeHHs, Aaolliyie He3HAUYUTEABHYIO IIOIPEIIHOCTh 10 CPaBHEHUIO
C TOYHBIMHM (POpMyAaMHA.

Tab6 Aawuia 9.16

r, | Ap” w1, | Ap uy’ r, | Ap” u;”
04| 34266 100002481 0,5 | 4,403 | 0000232 || 06 | 52322 | 0,000219
38597 | 0,006600 44568 | 0,002156 57680 | 0,002101
45878 | 0,029201 48246 | 0,006287 64267 | 0,006268
56601 | 0,075399 52623 | 0,012977 72558 | 0,011549
73973 | 0,154159 60827 | 0,020292 89985 | 0,031930
10,6918 | 0,340694 72137 | 0,055922 11,8462 | 0,066906
19,3386 | 0,820507 82359 | 0,082241 150173 | 0,108328
23,0787 | 1,029093 95074 | 0119023 20,5107 | 0,182073
28,6123 | 1337820 12,7665 | 0.208111 251035 | 0244417
37,6719 | 1842755 28,4657 | 0662651 45485 | 0522654
550064 | 2:814409 37,7715 | 0933413 76,5697 | 0,047905
102,604 | 5465847 108,6056 | 3,000054 1054206 | 1342611
180,6685 | 9,812728 2000 | 56,559742 242,4242 | 3216598
07 | 71010 | 0000216| 08 11,0461 | 0000216 | 09 | 248385 | 0,000272
81673 | 0,002124 12,3381 | 0,000934 29,0487 | 0,000680
96094 | 0,006622 13,9694 | 0,002300 350140 | 0,001449
11,6713 | 0,014999 16,1005 | 0,004542 440238 | 0,002821
17,2132 | 0,041737 19,0006 | 0,008055 53,1208 | 0,004320
20,4520 | 0,058375 23,1723 | 0013605 67,0017 | 0,006670
32,7923 | 0123506 29,6912 | 0022786 90,6618 | 0,010779
16,0594 | 0,199177 413138 | 0,039708 140,1542 | 0,019479
837521 | 0392371 67,8887 | 0,079047 309,5975 | 0,048964
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9.4.6. IPUBJNKEHHBIN CIIOCOB PEIEHUA 3AJAY
THIPOTUHAMHUKH BA3KOIIJIACTHYHOM SKATKOCTH.
YIPOIIEHHAS ®OPMYJIA IJIA OIIPEAEJEHUS JABJEHHUS
HA 3ABOE IIPH IOJ'LEME KEPHOIIPUEMHHKA

M3BecTHO, YTO NPH yCTAHOBUBIIEMCS ABU’KEHUU BI3KOIIAACTHY-
HOM >KUAKOCTH B TpyOe papnycoM R u AAMHOM I pacxop, >KUAKOC-
TH corAaacHoO opMyae ByknHraMa HaxopuTcs Tak [21, 26]:

4
1_ 8o 1(2110)

3Ap 3\ ApR

_ nR*Ap

q ol

YacTo moABb3yIOTCS yIpoIleHHON opMyAaor Bykunrama:

=50 " "3ap)
OTciopa
Ap=3nla , 8t (9.230)
R* 3R
W3 Boipakenus (9.230) BuapHO, uTto Tipu T, = 0 wuUMeeM

dopmyry Crokrca—Ilyaszelinsi, COpPaBEAAUBYIO ITIPU AaMUHAPHOM
peXkuMe TeueHUsT BSI3KOM J>KUMAKOCTH. [IracTHMUecKue CBOWCTBA
YUIUTBLIBAIOTCS BBIpaXKeHUEM

8l
Do =%. (9.231)

[ToTepu paBAeHUSI, HEOOXOAMMEIE AAS CABUTA BS3KOIIAQCTHY-
HOM JKUAKOCTH, Ap,,, HAUAEM, COCTAaBHUB CAEAYIOILee ypaBHEHME
paBHOBeCHUS:

TR*Ap,, =270,

rae 6 — craTmyeckoe HATpsKeHUEe CABUTA.
3HaUUT,

210

A

3aMeHuB 0 = T;, IOAYYHM

(9.232)

CAepOBaTEABHO,
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Ap,.. =§Apm. (9.233)

OueBupHO, uTO Ko3dhduumeHt 4/3 B dopmyre (9.233) 3za-
BHUCUT OT (POPMBI IOIEPEYHOTO CedeHMs KaHara U TPaHUYHBIX
YCAOBUM.

B nmepBoM npuOAM>XKeHUHN OyAeM CUMTaTh, 4TO opmyaa (9.233)
SIBASIETCSI YHUBEPCAABHOM. 3HAQUUT, B K&KAOU KOHKPETHOM 3apade
HeOOXOAUMO VyKasaTh IpeAeAbl NPUMEHHMOCTH IIpepAaraeMbIX
BBIpa’KEHUUW M MaKCUMAaABHBIM INPOIEHT IOTPEIIHOCTU OTHOCHU-
TEeABHO Pe3yAbTaTOB, IIOAYYAaeMBIX IO TOUYHBEIM (DOPMYyAaM.

Teneps, MOAB3YSACE METOAOM Pa3pAEABHOTO ydeTa CUA BA3KOCTU
U IIAQCTUYHOCTHU, PACCMOTPUM HECKOABKO 33Aad.

HatiaeM moTepu AaBAEHUSI IIPU ABUDKEHUU BSI3KONAACTUYHOU
SKUAKOCTH MeXXAY ABYMSI HEIIOABUJKHBIMM ITUAWHAPAMMU.

IMpu ABM)KEeHMH BSI3KOM >XMAKOCTH MeXAY ABYMS HENOABUK-
HBEIMHM IIMAMHAPaMHU NOTepH AaBAeHUd Ap = Ap,, oOyCAOBAeH-
Hble HAaAWYMEM BI3KUX CBOMUCTB, MOKHO HAaUTHU Kak

Ap, = Sulg . (9.234)
2,2
arf|1-rd _4=r)”
lni

Ta

®opmyaa (9.234) Buepshle 6bira moAydeHa A.C. AeiibeH30HOM
[18]. Beipaxenue (9.234) Mo>kHO noAyumnTh u3 (9.77) npu u, = 0.
IToTepy AaBAeHUS, 3aTpayMBaeMble Ha HPEOAOAEHHE IAAaCTHYeC-
KHUX CBOUCTB, HAUAEM, COCTABUB yYpaBHEHUE

n(rf - rOZ)Apm = 2n(r1 + .rO)IG.

Toraa
Ap,, =20 (9.235)
h—Ty
IMoaw3ygace coorHOmeHUeM (9.233) M NpUHAB B (QOPMyAe
(9.235) 6 = T, mOAyUMM

8 hy

8_hy (9.236)
3r(l-ry)

Ap AMH —

CoraacHo METOAY PAa3AEABHOI'O y4deTa CHUA BSAI3KOCTU M IIAAC-
THUYHOCTHU

Ap=Ap,+Ap,,.. (9.237)
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Torpa mo (9.229), (9.231) u (9.232) npu w = M HOAYYUM

Ap= Bnlg +8_ T (9.238)
3I1(1_ra)
2,2
! 1—r;—7(1_ra)
lni
ra
nAm
Ap'= 4 4 9.239
p ST ( )
a1 ptmra)
lni
Id
r_Apry, ,_ 4dng
rae Ap'=2P0. g1 =9
Ae Ap'=o ki g o

ML.IT. BorapouueM u A.M. I'yTKUHBIM OBIAO IIOAYYEHO pellle-
HUE AQHHOM 33aAQ4M B BUAE CAEAYIOIEN CUCTEMBI TPEX YPaBHEHUU

[4]:

pap, In-Le=1(p —pf+1-17) = (141, )P, ~pa) (9.240)

ar~' B

Ap'=—1 (9.241)
P —Pq

q'=mp| (0 =03+ + 20 (07 =p2) <200, (1-17) -

4 3
3(pE pa)(1+ra). (9.242)
B Taba. 9.17 mpuBepeHB! 3HaYeHMsT Ap’, paccumTaHHBIE IIO
TOUYHOM cucreMe ypaBHeHuU (9.240)—(9.242), a Takke mO IpHU-
OAmKeHHOU hopMmyae (9.239).
W3 Taba. 9.17 BuaHO, uto npu r, = 0,6 u g' = 0,05 morperi-
HOCTB IIpU pacueTe 1o popmyAre (9.234) He npessiliaeT 11 %.
Tenepr BEIBepeM NPUOAMIKEHHYIO (DOPMYAY AAS CAYYad ABHKe-
HU4 BA3KOIIAAQCTUYHOM JKUAKOCTH MEKAY ABYMSA IIAACTHUHAMU
(mrockas TpyOa), pPACIOAOKEHHBIMM HA PACCTOIHUM 2h ApyT
OT ApyTa.
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Tab auta 9.17

Ap' o dopmyaram
q P, P, (9.240) — A, %
(9.242) (9.239)

r, =006
0,02 0,625 0,968 2,924 - -
0,05 0,640 0,950 3,215 3,565 10,9
0,10 0,655 0,932 3,610 3,798 9,2
0,15 0,666 0,920 3,952 4,030 2,0
0,20 0,675 0,910 4,273 4,262 03
0,40 0,698 0,884 5,376 5,190 35
0,80 0,722 0,859 7,353 7,047 4,2
1,60 0,746 0,835 11,236 10,762 4,2
3,20 0,763 0,818 18,182 18,190 1,4

r, =07
0,02 0,725 0,969 4,098 - -
0,05 0,740 0,953 4,695 4,963 57
0,10 0,753 0,939 5,376 5,482 2,0
0,15 0,763 0,928 6,061 6,001 1,0
0,20 0,770 0,920 6,667 6,520 2,2
0,40 0,788 0,901 8,845 8,597 2,8
0,80 0,809 0,881 13,889 12,749 8,2
1,60 0,823 0,867 22,727 21,053 7.4
3,20 0,832 0,856 41,667 37,662 10,6

r, =08
0,02 0,828 0,970 7,042 - -
0,05 0,840 0,957 8,547 8,323 2,6
0,10 0,850 0,946 10,417 9,980 4,2
0,15 0,855 0,940 11,765 11,636 1,1
0,20 0,862 0,933 14,084 13,293 56
0,40 0,873 0,922 20,408 19,919 2,4
0,80 0,884 0,911 37,037 33,170 10,4
1,60 0,889 0,906 60,606 59,674 1,5
3,20 0,893 0,902 111,111 112,682 1,4

[MoTepu AaBAEGHUS TIPU ABUKEHUM BSI3KOM JKUAKOCTH uYepes
IIAOCKYIO TPYOY OIPEAEASIOTCS IO (DOPMYAe

_3uq

Apy ===
2h°B

AAS BBIUMCAEHMSI TIOTEpPb AABAEGHHS Ha IIPEOAOAEHHE TIAAC-
TUYHBIX CBOMCTB COCTABUM CAEAYIOIlee YpaBHEHUE PaBHOBECHS:
2hBAp,, = 2(B + h)k,,

TA€ B — IIMPHHA IDAACTUHHI (IIIeAn).
IMpu b >> h MOXHO 3anucaTh:

Tol
Apy, ===

235



Coraacno (9.233)

4l
=

3HAQYUT, B COOTBeTCTBUH C (9.237) npu u=m

Ap=23ni , Avol (9.243)
2n%g 3k

nAn
3

g 2Uhn(_ dmel) (9.244)
3n! 3hAp

B pesyapTaTe TOUHOrO pelleHUs 3aAauM NoAy4uuM [21, 27].

3 3
q=2r8ply g 5ol 1l ol ) (9.245)
3n! hAp BLAphJ
ChaepoBaTeAbHO, 13 popmya (9.244) u (9.245)
A=_ 17133338 (9.246)

1-1,56+0,333p3

Tol . A 99249
hAp' q(9.245)

3aech q (9.244) u q (9.245) — pacxop, XKUAKOCTH, OIIpereAsie-
MBIN 110 popMmyram (9.244) u (9.24)5).

B Taba. 9.18 mpuBepeHBI pe3yABTATHI PACYETOB IO (DOPMYyAE
(9.246).

Tenephb pelInM 3apauy IO ONPEAEAEHUIO TUAPOANHAMUYECKOTO
MABAEHUS IIPU IIoABeMe KepHOIpUeMHUKa B CKBa’kiHe, 3allOA-
HEeHHOW TAMHUCTHEIM PacTBOPOM.

V3menenve paBraeHHWsT Ha 3aboe, WHUIMHAPYEMOE IIOABEMOM
KEepHONPUEMHHUKA, [IPU yIeTe TOABKO BSI3KUX CBONCTB >KHMAKOCTHU
HaxopuTcsa 10 (popmyae C.M. Tapra—A.M. TTupsepasHa

rae B=

Tab Aamia 9.18

p A p A
0,01 0,0016 0,20 1,0280
0,04 1,0065 0,24 1,0316
0,08 1,0078 0,28 1,0339
0,12 1,0184 0,32 1,0347
0,16 1,0236 0,36 1,0335
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Ap, = Anlu, 1

* r12 (1 + rf)lni—(l—ré?)‘

(9.247)

3Havyenue Ap,,, onpepessdercsa o dopmyae (9.236). Toraa mo
(9.236), (9.237) u (9.247) n3MeHeHUE TUAPOAMHAMUYECKOI'O AABAE-
HUS B CKBaXMHe, 3alIOAHEHHOM TAWHUCTBHIM PacTBOPOM, IIPU ABU-
KEeHUU B HeM KepHOIpMEeMHHKa CO CKOPOCTBIO U, HalpeM IIo
CAeAyIolIel IPUOANIKEeHHON hOopMyAe:

Ap =00t L + L (’To 1 (9.248)
(14 r2)int—(1-r2 n(l-r
1 < + ra> nra < ra> 1 0
BeiparxeHue (9.248) mpeACTaBUM B CAEAYIOIIEM BUAE:
(1+raz)lni—(1—raz) 8 1
wE Iy w9
o = s (Ap 31_ra)' (9.249)

Mo dopmyare (9.249) mpu 3HaueHUsAX Ap**, NPUBEAEHHBIX B
TabA. 9.16, OLIAM BBIIIOAHEHBI PACYeThl II0 ONPEAEAeHHUIo U,
(Taba. 9.19).

Tab Aaumira 9.19

Ap** uy” A % Ap™* uy A %
r,=04 r, =05
73973 0,164546 6,738 6,0827 0,021813 2,5533
10,6918 0,348130 2,182 7,2137 0,054735 2,1232
19,3386 0,829967 1,142 8,2359 0,084489 2,7338
23,0787 1,077851 4,738 9,5974 0,124121 4,2828
28,6123 1,346737 0,666 12,7665 0,216368 3,8163
37,6719 1,851577 0,479 28,4655 0,673348 1,6143
55,0964 2,822545 0,289 37,7715 0,944226 1,1584
102,6694 5473518 0,140 108,6956 3,008720 0,2588
180,6685 9,819964 0,074 2000,0000 58,061743 2,6556
r,= 06 r,=07
8,9985 0,031901 0,090 11,6713 0,014918 0,543
11,8462 0,070860 5,900 17,2132 0,044630 6,932
20,5107 0,189396 4,022 20,4520 0,061995 6,200
45,4856 0,531071 1,610 32,7923 0,128156 3,765
76,5697 0,956323 0,888 46,9594 0,204112 2,478
242,4242 3,225331 0,271 83,7521 0,401373 2,294
r,=028 r,=09
16,1005 0,004120 9,293 35,0140 0,001466 1,178
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[Tpopoaxenue Tab A.9.19

Ap* e A % Ap* u A %
19,0006 0,008438 4,752 44,0238 0,003048 8,064
23,1723 0,014649 7,125 67,0017 0,007084 6,209
29,6912 0,024354 6,884 90,6618 0011240 4,274
41,3138 0,041659 4913 140,1542 0,019932 2,327
67,8887 0,081225 2,755 309,5075 0,049692 1,487

N3 Taba. 9.19 caeayer, uro mpu 1, = 0,4 u mpeperax u.’,
00O3HAUEeHHBIX B AAHHOW TaOAUIle, MOTIPEIIHOCTh 10 MNpHuo-
AVDKEeHHON (DOpMyAe B CpaBHEHHUU C pe3yAbTaTaMM, IOAyYaeMbIMHU
II0 TOYHOU cucTeMe, He mpeBrimiaeT 10 %.

Ipu r, = 0,0335 M, r, = 0,030 M (r, = 0,895522) u I = 13,71 ™M
o popmyae (9.248) HalipeM BAUSHUE U, M U T, Ha Ap.

ITpy DpUHATHIX UCXOAHBIX AQHHBIX U (hopMmyAe (9.248)

Ap = 608,4061-10° nu, + 0,10445675-10° T,

B Taba. 9.20 npuBepeHBI pe3yAbTATHl PACUETOB IIO OIIPeAeAe-
HUIO Ap TIPU Pa3AWYHBIX 3HAYEHUSX U, M U T,

Tab6 auia 9.20

n, Iac |, Tla Ap, T, Ila Ap, T, Ila Ap, T, Ila Ap,
10° ITa 10° TTa 10°ITa 10°ITa
u, = 0,56 M/c
0,010 2 3,2509 4 3,4599 6 3,6688 8 3.8777
0,015 4,7719 4,9809 5,1898 5,3987
0,020 6,2930 6,5019 6,7108 6,9197
0,025 7,8140 8,0229 8,2318 8,4407
0,030 9,3350 9,5439 9,7528 99617
0,035 10,8560 11,0649 11,2738 11,4828
0,040 12,3770 12,5859 12,7949 13,0038
0,045 13,8981 14,1070 14,3159 14,5248
0,050 15,4191 15,6280 15,8369 16,0458
0,055 16,9401 17,1490 17,3579 17,5668
u, = 0,8 M/c

0,010 2 5,0762 4 5,2851 6 5,4940 8 57029
0,015 7,5098 77187 7,9276 8,1365
0,020 9,9434 10,1523 10,3612 10,5701
0,025 12,3770 12,5859 12,7949 13,0038
0,030 14,8107 15,0196 15,2285 15,4374
0,035 17,2443 17,4532 17,6621 17,8710
0,040 19,6779 19,8868 20,0957 20,3046
0,045 22,1115 22,3205 22,5294 22,7383
0,050 24,5452 24,7541 24,9630 251719
0,055 26,9788 27,1877 27,3966 27,6055
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[Tpopoaxenue Tab A 9.20

n, Iac |, Tla Ap, T, Ila Ap, T, Ila Ap, T, I1a Ap,
10° ITa 10° TTa 10°ITa 10°ITa
u, = 1,0 M/c

0,010 2 6,2929 4 6,5019 6 6,7108 8 6,9197
0,015 9,2305 9,5439 9,7528 99617
0,020 12,3770 12,5859 12,7949 13,0038
0,025 15,4191 15,6280 15,8369 16,0458
0,030 18,4611 18,6700 18,8769 19,0878
0,035 21,5031 21,7120 21,9209 22,1299
0,040 24,5451 24,7541 24,9630 251719
0,045 27,5872 27,7961 28,0050 28,2139
0,050 30,6292 30,8381 31,0470 31,2560

W3 Taba. 9.20 BupHO, uto ipu r; = 0,895522 Ha Beamuuny Ap
3HQUUTEABHOE BAWSHME OKAa3bIBAIOT WM3MEeHeHWe v U U, Hu3Me-
HeHUe T, OT 2 A0 8 Ila HecymeCTBeHHO BAUSET Ha Ap.

AAsT TOTO YTOOBI TOAYYUTH BO3MOJKHOCTH IMOAHWMATH KEpPHO-
IIPUEMHVK IIPU OTHOCUTEABHO BBICOKMX CKOPOCTSX (Hampumep,
u, = 1 M/c), HeoOXOAMMO IOAAEP)KUBATh 3HaueHUe CTPYKTyp-
HOM BSI3KOCTU TAMHHUCTOTO pactBopa n < 0,010 TTa-c.

9.4.7. IIOTEPU JABJIEHUS B IIPOCTPAHCTBE
MEXIY KEPHOITPUEMHHUKOM U KOJIOHKOBOH TPYBOU
B ITPOITECCE ITPOMBIBKEHA

AAsT pacueTa IOTepb AABAEHUS HeOOXOAMMO 3HATh PeKUM
TeUeHHs BI3KOM U BSABKONAACTUYHON >KUAKOCTU B KOABIIEBOM
ITPOCTPaHCTBeE.

CocTaBuM (pu3u4eCKOe ypaBHEHUE AASI OIPEAEAeHUSI Kpu-
TUYECKOM CKOPOCTH V,, TPU TEUEHUH BI3KOU >KUAKOCTH B
IPOCTPAHCTBE MEXKAY ABYMSA KOHIIEHTPUYHO PACIOAOKEHHBIMU
OUAMHApPaMU pAuamerpamu d u D:

Vip = fiD —d, w p, d),
raAe U HpP — AMHAMHYECKasi BA3KOCTH U IIANOTHOCTH JKHUAKOCTH.

Tak kak D — d, p ¥ W — BEAWYMHE], UMeIOlINe He3aBUCUMEIE
pa3MepHOCTH, TO COTAACHO T-TeopeMe

v

Kp =P
X
(p-d)"wp*
HNs3BecTHO, uTO

d
(D—d)X1MY1pZ1

, (9.250)
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(]2 [o-don

H-c H-c?
[u]- 55 [p]- 5
M2 e

TOI‘Aa 13 YCAOBHUSA PABEHCTBA pa3MepHOCTefI YUCAUTEeNd W 3Ha-
MeHaTeAsI CAeAYeT:!

M _ M¥HY ¢V H%c*

[ MZyM4z

CocTaBuUM TpU YpaBHEHHUS C TpPeMs HEU3BECTHBIMU, PacCMar-
puBas MOKAa3aTeAW CTeIleHW [PU OAHOMMEHHBIX OCHOBAHHAX B
AEBOUM W PABOM YaCTIX.
=x—2y— 4

1
0
1

y
Toraa B AeBOM yacTu (hu3nudeckoro ypaBHeHuda (9.250) uMeeM:

VKp(D - d)p
u

Xp
v

(D-d)
PaccmaTpuBas aHaAOTMYHO IIPaBYIO 4YacTh ypaBHeHusa (9.250),
TIOAYYUM

x, =1 y, =02z =0.

3HAUYUT, B Ae€BOM 4acTu ypaBHeHUd (9.250) umeeM

Takum 06pa3oM, MOKHO 3alUCATh:

Veoll=d) _ g1y, (9.251)
\4
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AeBas yacThb BeIpakeHud (9.251) mpepcTaBageT coOOU KpPUTHU-
YeCKUM IapaMeTp PeMHOABACA B KOABLIEBOM IIPOCTPAHCTBE, T.€.

Re,n = (1) (9.252)

Hwke npuBepeHBI Pe3yAbTaThl SKCIEPUMEHTAABHBIX WMCCAEAO-
BaHWM NAOHCAEAS IO ONPEACACHUIO Re, .. MPU ABUXKEHUH >KHUA-
KOCTH B KOABIIEBOM IIPOCTpPaHCTBe [28].

KP.K.IT

0,315 0,418 0,514 0639 0,683 0,719 0,758 0,803
1400 1460 1350 1320 970 990 1220 1040

C neanto omnpepereHust Re, ., OBIAM IIPOBEAEGHBI CAEAYIOIIHE
3KCIepuMeHTHL. B ckBakunry aumamerpoM 0,059 M, IpOBEeAEHHYIO B
I'PDAHUTHBIX NIOPOAAX, OBIAM CIIyLIEeHBl OypHUABHBIE TPYOBI AMaMe-
TpoM 0,054 M, pamnOM 100 M. 3aTeM 3aKauWBaAW BOAY IIPU pas-
AWYHBIX PAacXoOAaX M U3MepsSAU COOTBETCTBYIOIlee AaBAeHHe Ha
CTOsIKe UAM A@BA€HHe HarHeTaHus p,. Hike mokKasaHO, 4TO NIpHU
TAaKOM COYETaHWU AMAMETPOB CKBa’KMHBI M OYPUABLHBIX TPyO IO-
TepU AABAEHUI B OYPHUABHEIX TPyOax HpPeHeOPeXUMO MAaAbl II0
CPaBHEHMIO C MOTEPSIMU B KOALIIEBOM IIPOCTPAHCTBe Ap, . T.e. C
BBEICOKOM TOYHOCTBIO MOYKHO IIPUHATH p, = Ap, ..

[MpoBeapeHHBIE 3aMephI TO3BOAMAM IIOCTPOUTH IpadUK 3aBUCH-
MoctH Ap,, = f(q). Tlo 3HaueHUIO PacxoAad, COOTBETCTBYIOIIEMY
TOYKe IIepexopad IIPSIMOAMHENHOIO y4acTKa B KPUBOAWHEWHBIM,
OBIAO YCTAHOBAEHO, YTO B AQ@HHOM CAy4ae, T.e. npu r, = 0915
umeeM Re,, ., = 3286.

Ha cripaBeapAMBOCTE IIOAYYEHHOTO 3HaueHUs Re
TaK’Ke CAeAYIOIIHe 0OCTOSTEeAbCTBA.

Hcxops U3 TPAAUIIUMOHHOTO NIPEACTABAEHUS O TOM, UYTO IIPHU I,
= = 0,0915 Rey, «, = 1000, ObIAM IIPOBEACHBI PACYeTHl 1O OIpe-
AEAEHMIO p, Ipu 3HaueHWsX 10 A/MmH <= g < 20 A/MUH B CAydYae
OypeHus ckBaXuH pAuamerpoM 0,059 M OypuABHEIMU TpyOaMu AM-
amerpoM 0,054 M @Ipu yCAOBHHU, UYTO B KaueCTBe IIPOMBIBOYHOM
SKUAKOCTH UCIOAB3YETCS BOAQ.

B sTOM caAy4ae IPUXOAUM K BEIBOAY, YTO pacueThl HeoOXo-
AUMO TIDOBOAWUTH TIpW  TYPOYAEHTHOM peXXuMe TedeHUs B
KOABII€BOM IIPOCTPAHCTBE U PACCUUTAHHBIE 3HAUEHUS P, CYIIECT-
BEHHO OTAHWYAIOTCS OT (PAKTUUYECKUX.

Ecam pacueThl IPOBOAWTE, IIOAOXKHUB Re,, . . 3286, To Ap, .
HeOOXOAUMO OIIpPeAeAsTh IIPU AAMUHAPHOM peXUMe TeueHUs B
KOABIIEBOM IIPOCTPAHCTBE M COOTBETCTBYIOLIMEe 3HAUEHUS AAB-
A€HMd HarHeTaHUd HE3HAUUTEABHO OTAWYAIOTCSA OT (haKTUdec-
KHX.

Ecam ydecTs, uto npu r, = 0 momepedHoe cedueHUe KaHAAQ U3

YKa3bIBaIOT

KP.K.II
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KOABIIEBOI'O CeYeHHd IIpeBpAlllaeTCs B HUAMHAPUYECKYIO TPyOy U
npu 3ToM Re, ., = 2320, a TakKe UMeTb B BUAY AQHHBIE AOHC-
AeAst v 3Havenwue Re,,,, = 3286 mpu r, = 0,915, To MOXHO 3a-
MeTUTh, YTO Ha ydacTke O =< r, = 0,683 HabArOpaeTCs yMeHbIlIeHUe
KPUTHUUECKOTO napaMerpa PeliHoabAca. K TakoMy BEIBOAY MOJKHO
NIPUUTH, HUCKAIOUMB U3 PACCMOTPEHUS AAHHBIe /\OHCAEAS, IIOAY-
yeHHble nipu 1, = 0,315 u r, = 0,803.

ITo nmoAy4eHHBIM AGHHBIM OBIA TIOCTPOEH rpadUK 3aBUCHUMOC-
™ Re, . n f(r,), anmpokcuManusg KOTOPOU MO3BOAUAA IIOAY-
yuTh (popMyAsl (8.26) u (8.27).

YTBep>KAeHUe O TOM, UTO IpH I, —> 0 KOABIleBOe IPOCTPAHCT-
BO CTPEMUTCS IIepelTH B TPpyOy, MOKHO AOKAa3aThb TakK.

W3BecTHO, 4TO IIOTEpPU AABAEHHS IPU AAMHUHApPHOM peXXuMe
TEeUEeHMs B KOABIIEBOM IIPOCTPAHCTBE OIPEAEATIOTCS IO (hOpMyAe
A.C. AeiibeH30Ha

lni

Ap, =2 - . (9.253)

4 2
T <1—ra4>lni—<1—ra2>

Ia

TAe I} — PapuyC BHEUIHero HMAMHApPA (B AQHHOM CAydYae 3TO pa-
AUYC CKBA’KUHBI).

IMpu TeueHUU >XUAKOCTH depe3 TpyOy pPapuMycoM I; B COOT-
BeTCTBUU C opmyaoi [lyazeiirg

Ap, =29, (9.254)
wury
CAepOBaTEABHO,
lni
APin _ Ta . (9.255)
Ap, 4\ 1 2\ 2
(1 ra>lnz—<1—ra>
) TR 107! 101 10=%0 107% 1079
Ap, JAD, . 139 1,045 1,000 1005 1,004

Hwuxe npuBepeHbl 3HaueHUsT Ap, ./Ap, TpYU Pa3AWMYHBIX T,

A
Orcropa caepyet, uro npu 1, —> 0 SPen s 1, 3Hauwr, YTBEPK-

Ap,
AeHHe O ToM, uTo npu r, = 0 MOXHO NpUHATH Re 2320
cumTaeM IIPaBOMEPHEIM.

I[lpy TeueHMH BA3KONAACTUYHON >KUAKOCTH B TpyOe KpH-
TUYEeCKOe 3HaueHUWe IapaMeTpa PeNWHOAbACA OIPEAEAIeTCs 10

dopmyae (1.38), a Ipu ABUJKEHUU B KOABIIEBOM IIPOCTPAHCTBE —

Kp.K.IT.
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no BeIpakeHudaM (8.28) m (8.29); B cayduae BHA3KOM >XUAKOCTU
pacdeTsl BeAyT 1o (8.26) u (8.27).
Teneps BEIBepeM (POPMYABL AAST OIIPEAEAEHUS IIOTeph AABAEHUS
B KOABI[€BOM IIPOCTPAHCTBE IIPU Pa3AMYHEBIX Pe’KUMax TeUeHUS.
[Tpu ycTaHOBUBIIEMCSI A@MUHAPHOM TeUEeHHUH JKUAKOCTU BAOAB
OCH 0Z COTAACHO cucTeMe AuQ@OepeHINarbHBIX —YpaBHEHUH
HaBre — CTOKCa M ypaBHEHHIO HepPa3phIBHOCTU MOJKHO 3allMCaTh!

CAepOBaTEALHO,

u=_L9P;2 c,Inr+c,. (9.256)
4u dz

[Tpon3BOABHBIE NIOCTOSIHHEIE C; M C, HAXOAUM M3 TI'PAHUYHBIX
YCAOBUM:

npur =r,u = 0;

npur =r,u = 0.
3HAYUT,
1 dprf-rg
Ci=-
wdz lni
Iy
( , \
CZ__LQ I Ty lIlI'l—I'lz .
4u dz InfL
To

Torpa cKOpOCTB B AIOOOM TOYKe KOABIIEBOTO IIPOCTPAHCTBA
MOJKHO HAUTHU IO POopMyAe

2 2
u= _L@ u]nL+I'12 —-r?|, (9257)

Pacxop >xmarkocT
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n

q= 2nfrudr. (9.258)
o

Mo dopmyaam (9.257) u (9.258) mnoaydumM, dUTO ILIOTEpPHU
AABACHUS B KOABIIEBOM IIPOCTPAHCTBE OIPEAEASIOTCS COTAACHO
(9.253).

IMTpoBepeM pacueTsl o dopmyae (9.253) npu r;, = 0,0335 M,
r, = 0,0300 M, T.e. r, = 0,895522, ] = 13,71 M B cAy4ae, KOrpa B
KaueCcTBe IIPOMBIBOUYHOM KUAKOCTHU HCIIOAB3YeTCS BOAR, T.e. U =
= 107* ITa-c. Torpa popmyay (9.253) MOXKHO IEepenucaTh Tak:

Ap,., = 192,2924-10° q.

B Ttaba. 9.21 npuBepeHBl 3HaueHua Ap, , IIPU Pa3ANUYHBIX (.
Hamipem napaMmerp PeliHoAbACa O opMyAe

Re _ ZVK,H(Il — rO)Y .

K.II

ug
Tak Kak
VK o= Lv
. J'I:<I12 - roz)
TO
Re,,-—L (9.260)
nug(l + ra)
VAW AAS IPUHSATBIX UCXOAHBIX AQHHBIX
Re,., = 1021968,33 q. (9.261)

PesyapTaTel pacuetoB no gopmyae (9.261) nmpu 3HaUeHHAX (,
IPUBEAGHHEIX B TabA. 9.21, B comocraBrenmu ¢ Reg,,, IO
dopmyae (8.29) mokaspIBAIOT, UTO BO BCEX CAydasax Re,, >
> Reyyxm T.e. ABHKEHHE JXUAKOCTH IPOUCXOAWUT MpU TypOy-
AEHTHOM pPe’KMMe.

Tenepb BBIBEAEM pacyeTHBIE 3aBHCHMOCTH AAS OIPEAEACHUS
IIOTEPh AABAEHUS IIPH TypOYAEHTHOM pe’KHMMe TeueHUs B
KOABIIEBOM IIPOCTPAHCTBE.

AAS pellleHUSA 3apQ4M BOCIIOAB3YEMCS METOAOM ‘CIIMBAHUA"
[7.8].

Tab aumma 9.21

q, 1073 M3/c | Ap, 10° [Ta q, 1073 M3/c | Ap, 10° ITa

0,6 0,1154 1,4 0,2692
08 0,1538 1,6 0,3077
1,0 0,1929 1,8 0,3461
1,2 0,2307 2,0 0,3846
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Pemmm 3apa9y COTAACHO 3aKOHY KOPHS CEABMOU CTENeHU.
CKOpOCTh B AIOOOM TOYKe IMEePBOM M BTOPOM OOAACTed olpe-
AeAsieTcsa o PopMyAaM

4
7

PR

=874/ 19\ T(y1) 7, (9.262)
) (V)
4 1
u, =874 197 ( Y2} (9.263)
) (V)
rAe T, Hu TZ — KaCaTeAbHbIe HaprDKeHI/IH Ha CTeHKaXxX BHyT'
PEHHErO W BHEIIHEro IUAMHADPOB; ¥; — PAaCcCTOSTHUE OT BHYTPEH-

Hero IJUAWHApPA AO paccMmarpuBaeMod Touku (0 < y, < a); a —
paccTossHHe OT BHYTPEHHeM IIOBEPXHOCTU AO HeWUTPaAbBHOU
IIOBEPXHOCTH; ¥, — PACCTOsIHHE OT IIOBEPXHOCTH BHEIIHETO
IMAMHApPA A0 paccMaTpuBaeMmold Toukd (0 = y, = 0 — a); 0 —
3a30p MEeXAY ABYMS IUAWHApaMH, 0 = 1, — I,.

Tak Kak Ha HEUTPAABHOU NIOBEPXHOCTH, T.e. IIPU

y: =auy, =98 — q,

mmMeemM
u; = Uy

a 3HAQYUT, coraacHo (9.262) u (9.263) MOKHO 3aIUCaTh:

1

12=rl(6 2 a)? (9.264)

CocTaBUM ypaBHEHHE PABHOBECHUSA KOABIEBOTO CAOSI MEKAY
BHEUIHUM IIUAUHAPOM U HEUTPAABHOU IIOBEPXHOCTHIO:

21, + )k, - n[(ro +8)" - (1 + a}z](Ap ~y1)=0. (9.265)

3anuiiieM ypaBHEHHEe PaBHOBECUS JKHAKOCTH, HaXOAANIEHCS B
IIPOCTPAHCTBE MEXKAY ABYMS IIMAMHAPAMHU:
Zn(ro + 6)]172 +2nnht, -m

(ro+9)’ —(ro +a) (Ap-v1)=0. (9.266)

W3 ypaBHeHm# (9.265) m (9.2606) HIOAYYMM CAEAyIOIINE COOT-
HOIIIEHUS A OIIPEAEAeHUS KaCaTeAbHBIX HaIPSIKeHUM:

a(Zro +a)
T,=——Ap; (9.267)
2ryl
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2 2
- (21’0 + a)
T, = T Ap. (9.268)

I'o BeIpaskeHUaM (9.264), (9.267) u (9.268) moaryunm caepyroliye
COOTHOIIIEHUS AAS OIPEAEACHUS d, T.e. PACCTOSIHUS A0 HeHUTpaAb-
HOU IIOBEPXHOCTH:

<2r +a > (1-r —a*

1

) (9.269)

T I+(1

a

rae @& = a/r,.
Hu>xe nOpuBeAeHBEI pPE3YABTATHI pPACYeTOB IO YPABHEHUIO
(9.269).

) TR 0,2 0,3 0,4 0,5 0,6 0,7 0,8

[ A 02737 0,2688  0,2457 0,2155 0,1795 0,1393 0,0956
CoraacHo [29] umeeMm

a" = 051 — r)r,. (9.270)

ConocTaBreHHe 3HAUYeHUM @, IMOAyYEHHBIX IO (OpMyAe
(9.270) u ypaBHeHuto (9.269), moxkas3blBaeT, YTO PACXOXKAEHUE
Me>KAY HUMU IIPaKTUYeCKU OTCYTCTBYET.

W3 BrIpaskenuit (9.262), (9.263), (9.267) u (9.268) moayumM:

a(Zro +a)

=874
2ryl

(_) : (9.271)

;=874 7] apg (YZ) : (9.272)
2r11 Y

Pacxop >KupkocTtu qyepes3 KOAbIleBOe IMPOCTPAaHCTBO

d-a
q= 2IcfuI Iy +y,)dy, +2nf 1o+ -y, )uydy,. (9.273)
ChaepoBaTeAbHO, 10 (9.271) — (9.273) MOXKHO 3aIluCaTh:
4 4 %( 8 15\
q=ﬁ(g)7(£)7 2r0+a Zroa7+—a +
el i)
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n 8
OTciopa
4
7 12 «\ 7 B
AP _59984-1075 7 4]a Hor a1y at)
vl L r, J |8 "15)
27 8/ K
7 =2 _ _ *
+ 1—<Ia+a*> (1—ra—a")7Ll8—l T15a . (9.274)
TAC
1
~__u’qg
1= 51
Y7g7r17

ITo dopmyre (9.274) u ypaBHeHuto (9.269) OBIAM BBIYMCAEHEI
A—Ip M PSiAA @ U I, (TabA. 9.22)
Y

CoraacHo opmyae Aapcu — BelicOaxa, 3alMCaHHOM C IIO-
MOIILIO THAPABAWYECKOTO PapUyca, B 00OAACTM AEMCTBUS 3aKOHa
Brasuyca mOAyuMM cAepylolilee BHIpa)KEHHE AAS  OIPEASACHHUS

II0TEephb AABACHUA!
7
Ap _  0,008972q 4

L 7 5
<1—raz) 4(1—ra)4

Tab Aumira 9.22

(9.275)

Ap/yl npu r, = ||Ap/yl npur, = 06| Ap/yl npur, = Ap/yl npur, =

= 0,5 o no gopmyaam = 0,7 o = 0,8 mo

q dopMyram dopMyram dopMyram
(9.274) | (9.279) (9.274) | (9.275) (9.274) | (9.279) || (9.274) | (9.275)
0,1 | 0,00064 | 0,00063 || 0,00111 | 0,00109 || 0,00237 | 0,00233 || 0,00725 | 0,00712
0,2 | 0,00214 | 0,00211 || 0,00374 | 0,00368 || 0,00798 | 0,00785 || 0,02440 | 0,02398
0,3 | 0,00435 | 0,00429 || 0,00761 | 0,00749 || 0,01623 | 0,01596 || 0,04960 | 0,04875
0,4 | 0,00720 | 0,00710 || 0,01259 | 0,01239 || 0,02686 | 0,02641 || 0,08206 | 0,08066
0,5 | 0,01065 | 0,01049 || 0,01860 | 0,01831 || 0,03969 | 0,03903 || 0,12126 | 0,11919
0,6 | 0,01465 | 0,01444 || 0,02559 | 0,02519 || 0,05460 | 0,05370 || 0,16684 | 0,16400
0,7 | 0,01918 | 0,01891 || 0,03352 | 0,03299 || 0,07150 | 0,07033 || 0,21850 | 0,21478
0,8 | 0,02423 | 0,02390 || 0,04234 | 0,04168 || 0,09034 | 0,09948 || 0,27602 | 0,27318
0,9 | 0,02978 | 0,02936 || 0,05203 | 0,05122 || 0,11102 | 0,10918 || 0,33920 | 0,33342
1,0 | 0,03581 | 0,03531 || 0,06256 | 0,06159 || 0,13349 | 0,13129 || 0,40788 | 0,40093
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B Taba. 9.22 nmpuBepeHBI Tak>ke 3HaveHus Ap/yl, paccuuran-
Hbele 110 (popmyae (9.275). M3 3TOM TAOAUIIEI BUAHO, YTO 3Haue-
Hust Ap/yl, onpepeaennsle o (9.274) u (9.275), mpakTUYeCKu He
OTAMYAIOTCS MexXXAy coboit. OpHako dopmyaa (9.275) Ooree mpo-
CTa, U ee MOJKHO PEKOMEHAOBATb A MMPAKTUYECKUX PAacyeToB.

Takum obpaszoMm, o gopmyae (9.275)

|~

\
q J : (9.276)

=

(
0008972yl | u
7 5 1
(1—r§>4(1—ra)4 179
Ipu y = 10* H/M®, w = 107° IMac, | = 13,71 ™, 1, =

= 0,0335 m u r, = 0,895522 popmyry (9.276) MOKHO Ilepenucarb
TaK:

Ap=

19
7
f

1w

7

Ap = 1,1458714 - 10" q. (9.277)

B Taba. 9.23 npuBepeHBl 3HaueHUs AP, BBIYUCAEHHBIE IIO
(9.277) npu pasAUUHBIX (.

W3 Taba. 9.23 BUAHO, UYTO B CAydae UCIOAB30BAHUS B KaueCTBe
IIPOMBIBOYHOM KUAKOCTH BOABI mpu ( = 0,002 M*/c moTepu paB-
AEHUSI Ha y9aCTKe MEeKAY IIOBEPXHOCTBIO TPYO M KepHOIPUEeMHU-
KOM HeCYIIeCTBEeHHEL. [Ip1 MCHOAB30BAaHUM B KadyecTBe ITPOMBI-
BOYHOU JKHUAKOCTM TAWHHUCTOTO pPAaCTBOpPa ITOTEpPU AABACHUS B
KOABIIEBOM IIPOCTPAHCTBE B CAydYae CTPYKTYPHOTO peXuMa Teue-
HUS ONpeApeAsdioTcsd 1o opMyae (8.57).

IMpu r;, = 0,0335 M, r, = 0,895522, | = 13,71 M coraacHo
(8.53) mmeem p* = 0,9472808.

Toraa
Y(r,) = 14,242444 — 14,39412817 = —0,15168417%,
¢(r,) = 78,956835 - 0,03922(1,8019596 — 1,7946818) = 0,02253%;
(r,) = 12,5663706 - 0,1980403(1,8013596 - 1,7946818) =
0,018112.

3HAUUT, TOAOKUB B (8.57) r; = I, IPU TPUHSITHIX UCXOAHBIX

AAQHHBIX U HaMAeHHBIX Y (I,), ¢(r,) ¥ @(r,) MOKHO 3alucaTh:

Tab aumira 9.23

a, Ap, a, Ap, a, Ap, a, Ap,
10-3m¥/c| 10°Ta ||19-3um3/c| 10°Ta ||10-3m3/c| 10° IMa ||10-3m3/c| 10° Tla

06 0,2636 1,0 1,1459 1,4 1,1611 18 1,8024

08 0,4361 1,2 0,8865 16 1,4667 20 2,1674
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Ap=45191,4456-t, (-0,15168417-21279292,13M+

To

I
I 2

+ \ (—0,1516840 - 212792,13 ﬁ) ~0,022537]. (9.278)

To

B Taba. 9.24 nmpuBepeHBI Pe3yABTAThl PacyeToB IO (hOPMyAe
(9.278) npu pasAMYHBIX (, M U T,.

CoraacHo gopmyae (8.29) kpuTHuecKoe 3HaueHVe IlapaMeTpa
PeliHOABACA MOYXKHO HAaWTU TaK:

Tab Aauia 9.24

q, Tor Ap, Tor Ap, Tor Ap, ||ty Ap, Tor Ap,
10-3m3/c| Tla | 10° Ia||ITa| 10° ITa || ITa |10° ITa||T1a] 10°ITa || ITa| 10° ITa

n = 0,010 TTac
0,6 2 1,4151 || 4| 1,6579 6 |18888|| 8| 21112 10 | 23271

08 1,8026 2,0511 2,2888 2,5184 2, 7417
1,0 2,1891 2,4415 2,6841 29191 3,1480
1,2 2,5750 2,8303 3,0766 3,3159 3,5492
1,4 2,9606 3,2181 3,4674 3,7100 3,9469
1,6 3,3459 3,6052 3,8573 4,1022 4,3422
1,8 39235 3,9918 4,2454 4,4931 4,7357
2,0 4,1163 4,3781 4,6334 4,8830 51278
n = 0,020 ITa-c
0,6 2,5750 2,8303 3,0766 3,3159 3,5492
0.8 3,4374 3,6052 3,8569 4,1022 4,3422
1,0 4,1163 4,3781 4,6334 4,8830 51278
1,2 4,8863 5,1499 5,4078 5,6606 5,9089
1,4 5,6561 59211 6,1809 6,4362 6,6873
1,6 6,4258 6,6919 6,9519 6,9532 7,4638
1,8 7,1954 7,4623 7,7249 7,9837 8,2389
2,0 7,9650 8,2325 8,4962 8,7562 9,0130

n = 0,040 Tla-c
0,6 2 4,8956 || 4| 5,1500 6 | 54078|| 8 5,6606 10 | 5,9089

0,8 6,4258 6,6919 6,9530 7,2104 7,4638
1,0 7,9650 8,2315 8,4962 8,7562 9,0130
1,2 9,5040 9,7726 10,0378 10,3000 10,5591
14 11,0429 11,3122 11,5786 11,8422 12,1033
1,6 12,5817 12,8516 13,1189 13,3837 13,6462
1,8 14,1205 14,3909 14,6589 14,9246 15,1882
2,0 15,6592 15,9300 16,1980 16,4651 16,7297
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Tab auna 9.25 Tab6 Aauna 9.26

Re, , IpY Pa3sAMYHEBIX 1), Re,, ., TPY Pa3AMYHBIX 1,

q. 10~° IMa-c T, 10~ IMa-c

1073 M%/c 10 20 30 Ila 10 20 30
0,6 735,8 367,9 2453 2 37329 3431,1 3323,4
038 981,1 490,5 327,0 4 3968,3 3559,1 3413,0
1,0 1226,4 613,2 408,38 6 41439 3654,3 | 3479,5
1,2 1471,6 735,8 490,5 8 4288,6 37329 | 3534,5
1.4 1716,9 858,4 572,3 10 4414,3 3801,1 3582,2
1,6 1962,2 981,1 654,1
1,8 22074 1103,7 7358
2,0 24527 1226,3 817,6

4 9 . 2 0,4406
Re . =—6740,7 + 29,05[M} +
an
+10958324 1, (9.279)

UAW AAS TIPUHATEIX MCXOAHBIX A@HHBIX 1 y = 1,2:10* H/M?

0,4406

Re =3072,7202+ 8,4063(1—2] . (9.280)
n

Kp.K.II

Tak Kak

29
Re, ,=—F"—"—.
= J.[rl(l + ra )'ﬂg

3Ha‘-II/IT, IIOACTABAAA IIPUHATHEIE 3HAUYEHUA Y, I U [, IOAYUYUM

12263,62
Re, - 1220362

(9.281)
n

B Taba. 9.25 u 9.26 npusepensl 3Hauenust Re u Re,, mpu q, M
U T, WUCIOAB30BaHHLIX AAS pacyeTa TabOA. 9.24. PacueTwhl mpoBO-
MUAUCH TIO hopMmyaaMm (9.280) u (9.281).

W3 comocTtaBrenus 3Havenuii Re,, u Re,, ., TPUBEACHHBIX B
TabA. 9.25 u 9.26, BUAHO, UTO IIPU BCEX MCXOAHBIX AQHHBIX ((, M,
Ty), AA KOTOPEIX COCTaBA€HA TaOA. 9.24, HaOAIOAQETCS CTPYKTYyp-
HBIA pe’XUM TEUEeHWUI.
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AaHHBIEe TabA. 9.24 CBHAETEABCTBYIOT O  3HAQUUTEABHOM
BAUSHUU PEOAOTMYECKHUX CBOMCTB Ha IIOTEPU AABAEHUT B
IPOCTPAHCTBE  MEXKAY KEepDHOIPUEMHHUKOM ¢  BHYTPeHHel
IIOAOCTBIO KOAOHHBI OYPUABHBIX TPYO.

Ecau yuecTh, UTO AaBA€HUe HarHeTaHus P, (OpMHUpPYeTCs U3
CyMMBI TUAPaBAMYECKUX COIIPOTUBAEHUM BO BCel
IUPKYASIIIUOHHOM CHUCTeMe, TO IIPU OIPEAEA€HHBIX YCAOBUAX
MOJKeM MMeTh 3HauuTeAabHoe pP,. Ha BeamuuHy p, pelnaroliee
BAMSIHME OKa3bIBAeT PACXO0A >KUMAKOCTH. 3HAYUT, I[eAeco00pasHo
pa3paboTaTh CHUCTEMY YpaBHEHUN, YAOBAETBODSIOUIYIO OIIPeAe-
AEHHBIM YCAOBMSIM, IIO KOTOPOM MOXKHO OIPEAEAUTb (, M U T,.
Takyro cucreMy ypaBHeHUM OyApeM HasblBaTh TMAPABAWYECKOU
IPOTPaMMOM.
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~

OPATEE NEAAZETU
ATLTUI

E AOPEEUITE

~

10.1. AEADAAEE<ACEAR TOTADAT TA
ThE AOPATEE NEAAZEITU
NT NUATTUT EADTTIDPEATTEET

™~

Pacuetsl mo dopmyae (9.248) mokasanu, 4TO IIpU IIOABEME Kep-
HOIIpHEMHUKa N3MeHeHHe AABAeHUS Ha 3aboe MO’KeT AOCTUTaTh
BBICOKUX 3HauYeHU.

B pesyabTaTe pacueToB IO BEIpaKeHMIO (8.57) OBIAO yCTaHOB-
A€HO, 9TO IPU ABVM)KEHHWHU ITPOMBIBOYHON JKMAKOCTH B IIPOCTPAH-
CTBe MeXAYy KEpHOIPMEeMHWKOM W BHYTPEHHEN IIOAOCThIO Oy-
PUABHBIX TPYO MOTYT BO3HUKHYTL 3HAUMTEAbHBIE IIOTEPU AaBAe-
HUA.

W3 npakTukm OypeHHsI U3BECTHO, YTO MHTEHCUBHOCTBH Paspy-
IIIeHUs TOPHBIX IIOPOA, a 3HAYUT, U MeXaHuueckasd CKOPOCThb
IIPOXOAKHU V., TeM BEHINlle, YeM HWJKe IpPeBHIIIeHne 3a00WHOro
AABAEHUS Ha) THAPOCTATUYECKUM.

Takum 0O6pa3oM, PeOAOrHUEeCKUEe CBOMCTBA, T.€. BEAUYUHEL 1 U
T;, @ TAK)Ke PACXOA JKUAKOCTH OYAeM OIIPEAEASITb U3 CAEAYIOIINX
YCAOBUU:

1) u3aMeHeHUe TUAPOANHAMUYECKOIO AaBAEHUS Ha 3aboe uMeeT
CTPOTO OIpeAeAeHHOe 3HaueHWe IIPU MOABeMe KepPHOIIPHMeMHHKa
C 3aA@HHOU CKOPOCTHIO U,

2) moTepu AABAEHUS B IIPOCTPAHCTBE MEKAY KEpHOIPHUEMHU-
KOM M BHYTpPeHHelN IIOAOCTBIO OYPHUABHBIX TPYO COCTaBASIOT AP
(mampuMep, Ap = 2-10° ITa);

3) oTHoOIIeHMe 3a00MHOTO AABA€HUS K T'MAPOCTAaTUYEeCKOMY M3-
BECTHO U COCTaBAsieT P,./yl (Hampumep, p..o/yl = 1,05).

CoraacHo (9.248) MO>KHO 3alIUCATh:
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2

_ N
1 4l u,

(1+rf)lnr—i—(l—rf)HAp—gﬁ}. (10.1)

B cootBercTBUU C (8.57)

‘ 2

2l T 8 8
Ap, = _—x%0 _ona i, _O9 L )L, 10.2
pKﬂ (P(ra)rl ) ‘[OI'13 +V lp(l'a) 'Cor13 ¢( a) ( )

[Moab3ysichk BeIpaskeHHeM (8.57), cocTaBUM (POPMYAY AASL OIpe-
AeAeHMs NIPeBBINIeHNsT 3a00MHOTO A@BAEHUS Hap THAPOCTaTHYeC-
KUM:

Psac =1+ 217O

—— v + |
vl Yo(ra )R

|

rae |, 1 | — AAMHA COOTBETCTBEHHO KEPHOIIPUEMHHKA U KOAOH-
HBI OyPUABHBIX TPYO; I, = ry/r; r,, = r/R; r, u R — HapyxX-
HBII PAAUYC KOAOHHEBEI OYPHUABHBIX TPYO U PAAUyC CKBAKUHEI
COOTBETCTBEHHO.

O1leHuM, KakKUMH MOIYyT OBITH I, U I, ,. VI3BecTHO, 4TO AAA
kepHonpueMHuka KCCK-95 papnyc BHelIHeM NOBEPXHOCTH [, =
= 0,030 m. Torpa npu BHYTPeHHEM papUyce KOAOHHBI OyPHUABL-
HBIX TpyO I, = 0,0335 M umeem r, = 0,895522. TIpuHuUMaeM, 4TO
TOAIIMHA CTEHKH KOAOHHBI OYPHUABHBIX TPYO COCTaBAsIET 5 MM.
Torpa r, = 0,0385 M. I'Tpu papuyce ckBa)KUHBIR = 0,0475 M 1, =
= 0,810526. Ara obaeryeHusa pacueToB IO BhIpaskeHusaM (10.2) u
(10.3) meaecoobpa3Ho paccuuTaTh 3HaueHus @(r,), Y(r,) u ¢(r,),
KOTOPBIE OTAMYAIOTCA OT Y(I, ), P(la) ¥ ¢(F.x) TOABKO 3HaUeHUH-
MU I',. B Taba. 10.1 npuBepeHEl 3HaueHud @(r,), Y(r,) u ¢(r,) B Au-
anazone r, = 0,700—0,950.

- w(ra K)_ fng

10R3

w(ra K)_ Sng

TOR3

~¢(Fau) b (10.3)

Tab6 auma 10.1

ra Y(r.) o(r,) @(r.) I, P(r,) $(r) P(ry)
0,699 —1,1293 | 1,2498 | 0,3890 0,700 —1,1225 1,2348 0,3858
0,701 —1,1156 | 1,2198 | 0,3817 0,702 —1,1088 1,2050 0,3781
0,703 —1,1021 1,1903 | 0,3745 0,704 —1,0953 1,1757 0,3710
0,705 —1,0885 | 1,1611 0,3674 0,706 —1,0818 1,1469 0,3689
0,707 —1,0751 1,1327 | 0,3604 0,708 —1,0684 1,1186 0,3569
0,709 —1,0617 | 1,1046 | 0,3535 0,710 —1,0550 1,0907 0,3501
0,711 —1,0483 | 10770 | 0,3457 0,712 —1,0417 1,0634 0,3433
0,713 —1,0351 1,0499 | 0,3399 0,714 —1,0285 1,0366 0,3365
0,715 —1,0219 | 1,0233 | 0,3332 0,716 —1,0153 1,0102 0,3299
0,717 —1,0087 | 09972 | 0,3266 0,718 —1,0022 0,9843 0,3233
0,719 —0,9957 | 09715 | 0,3201 0,720 —0,9892 0,9589 0,3169
0,721 —0,9827 | 09463 | 0,3137 0,722 —0,9762 0,9339 0,3105
0,723 —0,9698 | 09216 | 0,3073 0,724 —0,9633 0,9094 0,3042
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[Tpopoaxenue Tab A 10.1

o) e e || | w6 | el
0,725 —0,9569 | 0,8973 | 0,3011 0,726 —0,9505 0,8854 0,2979
0,727 —09441 | 0,8735 | 0,2949 0,728 —0,9378 0,8618 0,2918
0,729 —09314 | 08501 | 0,2888 0,730 —0,9251 0,8386 0,2857
0,731 —09188 | 0,8272 | 0,2827 0,732 —0,9125 0,8159 0,2797
0,733 —0,9062 | 0,8047 0,2769 0,734 —0,8999 0,7936 0,2738
0,735 —0,8937 | 0,7826 | 0,2709 0,736 —0,8875 0,7718 0,2680
0,737 —0,8812 | 0,7610 | 0,2651 0,738 —0,8751 0,7503 0,2633
0,739 —0,8689 | 0,7398 | 0,2594 0,740 —0,8627 0,7294 0,2566
0,741 —0,8566 | 0,7190 | 0,2538 0,742 —0,8505 0,7088 0,2510
0,743 —0,8444 | 0,6986 | 0,2482 0,744 —0,8383 0,6886 0,2455
0,745 —0,8322 | 0,6787 | 0,2427 0,746 —0,8262 0,6689 0,2400
0,747 —0,8202 | 06591 | 0,2373 0,748 —0,8141 0,6495 0,2347
0,749 —0,8082 | 0,6400 | 0,2320 0,750 —0,8022 0,6306 0,2294
0,751 —0,7962 | 0,6212 | 0,2268 0,752 —0,7903 0,6120 0,2242
0,753 —0,7844 | 06029 | 0,2216 0,754 —0,7785 | 10,5938 0,2190
0,755 —0,7726 | 0,5849 | 0,2165 0,756 —0,7667 0,5761 0,2140
0,757 —0,7609 | 0,5673 | 0,2115 0,758 —0,7551 0,5587 0,2090
0,759 —0,7493 | 0,5501 | 0,2065 0,760 —0,7435 0,5416 0,2041
0,761 —0,7377 | 0,5333 | 0,2016 0,762 —0,7320 0,5250 0,1992
0,763 —0,7262 | 0,5168 | 0,1968 0,764 —0,7205 0,5087 0,1945
0,765 —0,7148 | 0,5007 | 0,1921 0,766 —0,7092 0,4928 0,1898
0,767 —0,7035 | 04849 | 0,1875 0,768 —0,6979 0,4772 0,1852
0,769 —0,6923 | 04696 | 0,1829 0,770 —0,6867 0,4620 0,1806
0,771 —0,6811 0,4545 0,1784 0,772 —0,6755 0,4471 0,1761
0,773 —0,6700 | 0,4398 | 0,1739 0,774 —0,6645 0,4326 0,1717
0,775 —0,6590 | 04255 | 0,1696 0,776 —0,6535 0,4184 0,1674
0,777 —0,6480 | 04115 | 0,1653 0,778 —0,6426 0,3046 0,1631
0,779 —0,6372 | 03978 | 0,1610 0,780 —0,6318 0,3911 0,1589
0,781 —0,6264 | 03844 | 0,1569 0,782 —0,6210 0,3779 0,1548
0,783 —0,6157 | 03714 | 0,1528 0,784 —0,6104 0,3650 0,1508
0,785 —0,6051 | 0,3587 | 0,1488 0,786 —0,5958 0,3525 0,1468
0,787 —0,5945 | 0,3463 | 0,1448 0,788 —0,5893 0,3402 0,1430
0,789 —0,5841 | 0,3342 | 0,1409 0,790 —0,5789 0,3283 0,1390
0,791 —0,5737 | 0,3224 | 0,1371 0,792 —0,5685 0,3167 0,1352
0,793 —0,5634 | 0,3110 | 0,1335 0,794 —0,5582 0,3053 0,1315
0,795 —0,5531 | 0,2998 | 0,1298 0,796 —0,5481 0,2943 0,1278
0,797 —0,5430 | 0,2889 | 0,1260 0,798 —0,5380 0,2836 0,1243
0,799 —0,5329 | 0,2783 | 0,1225 0,800 —0,5280 0,2731 0,1207
0,801 —0,5230 | 0,2680 | 0,1190 0,802 —0,5180 0,2629 0,1173
0,803 —0,5131 | 0,2579 | 0,1156 0,804 —0,5082 0,2530 0,1139
0,805 —0,5033 | 0,2482 | 0,1121 0,806 —0,4984 0,2434 0,1105
0,807 —0,4935 | 0,2387 | 0,1089 0,808 —0,4887 0,2340 0,1073
0,809 —0,4839 | 0,2294 | 0,1057 0,810 —0,4791 0,2249 0,1041
0,811 —04731 | 0,2204 | 0,1029 0,812 —0,4696 0,2160 0,1009
0,813 —0,4649 | 0,2127 | 0,0994 0,814 —0,4602 | 0,2075 0,0879
0,815 —0,4555 | 0,2032 | 0,0963 0,816 —0,4508 0,1991 0,0948
0,817 —0,4462 | 0,1950 | 0,0933 0,818 —0,4415 0,1910 0,0919
0,819 —0,4369 | 0,1870 | 0,0904 0,820 —0,4324 0,1831 0,0890
0,821 —0,4278 | 0,1793 | 0,0875 0,822 —0,4233 0,1755 0,0861
0,823 —0,4188 | 0,1718 | 0,0847 0,824 —0,4143 0,1681 0,0834
0,825 —0,4098 | 0,1015 | 0,0820 0,826 —0,4053 0,1610 0,0806
0,827 —0,4009 | 0,1575 | 0,0793 0,828 —0,3965 0,1540 0,0780
0,820 —0,3921 | 0,1506 | 0,0767 0,830 —0,3878 0,1473 0,0754
0,831 —0,3834 | 0,1440 | 0,0741 0,832 —0,3791 0,1408 0,0728
0,833 —03748 | 0,1376 | 0,0716 0,834 —0,3705 0,1345 0,0703
0,835 —0,3663 | 0,1314 | 0,0691 0,836 —0,3620 0,1284 0,0679
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[Tpopoaxenue Tab A 10.1

fa Y(ry) o(r,) @(r,) Iy Y(ry) $(r,) P(ry)

0,837 —0,3578 | 0,1254 | 0,0667 0,838 —0,3537 0,1225 0,0655
0,839 —0,3495 | 0,1197 | 0,0643 0,840 —0,3454 0,1168 0,0632
0,841 —0,3412 | 0,1141 | 0,06203 0,842 —0,3371 0,1113 0,0609
0,843 —0,3331 | 0,1087 | 0,0598 0,844 —0,3290 0,1060 | 0,05867
0,845 —0,3250 | 0,1035 | 0,0576 0,846 —0,3210 0,1009 0,0565
0,847 —0,3170 | 0,0984 | 0,0554 0,848 —0,3130 0,0960 0,0544
0,849 —0,309 0,0936 | 0,0533 0,850 —0,3052 0,0912 0,0523
0,851 —0,3013 | 0,0889 | 0,0513 0,852 —0,2974 0,0867 0,0503
0,853 —0,2936 | 0,0844 | 0,0499 0,854 —0,2897 0,0822 0,0484
0,855 —0,2859 | 0,0801 | 0,0474 0,856 —0,2822 0,0780 0,0464
0,857 —0,2784 | 0,0759 | 0,0455 0,858 —0,2747 0,0739 0,0446
0,859 —0,2710 | 0,0719 | 0,0437 0,860 —0,2673 0,0700 0,0428
0,861 —0,2636 | 0,0681 | 0,0419 0,862 —0,2600 0,0662 0,0410
0,863 —0,2564 | 0,0644 | 0,0401 0,864 —0,2528 0,0626 0,0393
0,865 —0,2492 | 0,0608 | 0,0384 0,866 —0,2456 0,0591 0,0376
0,867 —0,2421 | 0,0574 | 0,0368 0,868 —0,2386 0,0558 0,0360
0,869 —0,2351 | 0,0542 | 0,0352 0,870 —0,2317 0,0526 0,0344
0,871 —0,2283 | 0,0510 | 0,0337 0,872 —0,2248 0,0495 0,0329
0,873 —0,2215 | 0,0480 | 0,0321 0,874 —0,2181 0,0466 0,0314
0,875 —0,2148 | 0,0452 | 0,0307 0,876 —0,2115 0,0438 0,0300
0,877 —0,2082 | 0,0425 | 0,0293 0,878 —0,2049 0,0411 0,0286
0,879 —0,2017 | 0,0398 | 0,0279 0,880 —0,1985 0,0386 0,0272
0,881 —0,1953 | 0,0374 | 0,0266 0,882 —0,1921 0,0361 0,0259
0,883 —0,1890 | 0,0350 | 0,0253 0,884 —0,1858 0,0338 0,0246
0,885 —0,1827 | 0,0327 | 0,0240 0,886 —0,1797 0,0316 0,0234
0,887 —0,1766 | 0,0306 | 0,0228 0,888 —0,1736 0,0295 0,0222
0,889 —0,1706 | 0,0285 | 0,0216 0,890 —0,1677 0,0275 0,0211

0,891 —0,1647 | 0,0266 | 0,0205 0,892 —0,1618 0,0256 0,0200
0,893 —0,1589 | 0,0247 | 0,0194 0,894 —0,1560 0,0238 0,0189
0,895 —0,1530 | 0,0229 | 0,0184 0,896 —0,1503 0,0221 0,0179
0,897 —0,1475 | 0,0213 | 0,0174 0,838 —0,1447 0,0205 0,0169
0,899 —0,1421 | 0,0198 | 0,0164 0,900 —0,1392 0,0190 0,0159
0,901 —0,1365 | 0,0183 | 0,0154 0,902 —0,1337 0,0175 0,0150
0,903 —0,1313 | 0,0169 | 0,0146 0,904 —0,1286 0,0162 0,0141

0,905 —0,1260 | 0,0155 | 0,0105 0,906 —0,1036 0,0105 0,0102
0,907 —0,1210 | 0,0143 | 0,0129 0,908 —0,1184 0,0137 0,0124
0,909 —0,1159 | 0,0131 | 0,0120 0,910 —0,1132 0,0126 0,0116
0,911 —0,1109 | 0,0120 | 0,0113 0,912 —0,1085 0,0115 0,0109
0,913 —0,1060 | 0,0110 | 0,0105 0914 —0,1036 0,0105 0,0102
0,915 —0,1014 | 0,0101 | 0,0098 0,916 —0,0991 0,0096 0,0095
0,917 —0,0966 | 0,0091 0,0091 0,918 —0,0946 0,0088 0,0089
0,919 —0,0922 | 0,0083 | 0,0085 0,920 —0,0899 0,0079 0,0082
0,921 —0,0878 | 0,0076 | 0,0079 0,922 —0,0857 0,0072 0,0076
0,923 —0,0836 | 0,0068 | 0,0073 0,924 —0,0816 0,0065 0,0071

0,925 —0,0792 | 0,0061 | 0,0068 0,926 —0,0713 0,0059 0,0065
0,927 —0,0750 | 0,0055 | 0,0062 0,928 —0,0732 0,0053 0,0060
0,929 —0,0713 | 0,0050 | 0,0058 0,930 —0,0694 0,0047 0,0056
0,931 —0,0674 | 0,0044 | 0,0053 0,932 —0,0655 0,0042 0,0059
0,933 —0,0636 | 0,0040 | 0,0049 0,934 —0,0618 0,0037 0,0047
0,935 —0,0600 | 0,0035 | 0,0045 0,936 —0,0582 0,0033 0,0043
0,937 —0,0563 | 0,0031 | 0,0041 0,938 —0,0556 0,0030 0,0040
0,939 —0,0529 | 0,0027 | 0,0037 0,940 —0,0511 0,0025 0,0035
0,941 —0,0495 | 0,0024 | 0,0033 0,942 —0,0478 0,0022 0,0032
0,943 —0,0458 | 0,0021 | 0,0030 0,944 —0,0446 0,0019 0,0029
0,945 —0,0432 | 0,0018 | 0,0027 0,946 —0,0417 0,0017 0,0026
0,947 —0,0402 | 0,0016 | 0,0024 0,948 —0,0387 0,0015 0,0023
0,949 —0,0372 | 0,0013 | 0,0032 0,950 —0,0356 0,0012 0,0020
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ITo BeipakenuamM (10.2) u (10.3) MOKHO 3amKcCaTh:

2
e R L Y
q- 2R? ﬂ(@_l) 19(ra xR ’ N
Psa il x
&P(rax)nY(Tﬁ_ 1) ’
+ (Bae1] —Y‘P<LZ“)Rw(raK)+¢(raK)}- (105

W3 paBeHCTBa 3HauYeHWHN (], BLIYMCAEHHBIX TIO BBIPa’KEHUSIM
(10.4) u (10.5), moAyuumM

At +Br,+C, =0.

3HAYUT,

T = -B; + m (10.6)

? 2, ' :
TAE
A RZ(P("“) IKr12¢(ra) _

1= - '

sfra (P Ol

Bl - Raw(Bra K) _ r13wE£ra);
& = R4¢(rax) M—l _ I’14cp(ra)ApK_H

) ( 9l ) 32A,

TakuM o0Opa3soM, oIpepeAuB T, o popmyae (10.6), MOXKHO co-
raacuo (10.1) HaviTu v, uTto mo3BoasgeT mo (10.4) u (10.5) BBIUmC-
AUTB PacXop KUAKOCTH.

HalipeM M, Ty ¥ ( IPH CAEAYIOIIUX HUCXOAHBIX AQHHBIX: R =
0,0475 m; r; = 0,0335 ™, 1, = 0,0300 M, r, = 0,0385 ™, |, =

13,71 m, | = 2500 M. 3HaumuT, B AQHHOM cAydae , = 0,895522,
r.. = 0,810526. Toraa coraacHo Taba. 10.1 y(r,) = —0,1530,
¢o(r,)) = 0,0229, ¢(r,) = 0,0184, ¢(r,) = 0,2249, o(r,,) = 0,1041,
y(r,,) = —04791.
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ITpoBepeM pacueTsl IO QOPMYAE IPU PA3AMYHBIX 3HAUYEHUAX

p3a6/Y|‘
Taxkum obGpazom,

A = 0,0050776-107° _0,0023936
! Paas /YI -1 ApK.H. ’
= -0,5698988 - 10°;

C, = 0,0017-10°(p,,, /41 - 1) - 0,5282 107

iy
|

B Taba. 10.2 npuBepeHBl 3HAUEHUS T, HaWAeHHEIE IO (DOpMyAe
(10.6) mpu PasAUYHBIX P/l 1 APy

N3 Taba. 10.2 BupHO, uro mpu 1-10° Tla = Ap = 4-10° Tla Ha-
OArop@eTCsl He3HauUTeAbHOe HM3MeHeHUe T,. [1o3ToMy B AarbHeH-
IIeM AAS IIPOCTOTHI OYA€M OPUEHTHPOBATBhCS Ha CPeAHUe 3Haue-
HUA T, T.e. Ha T, Opu Ap = = 2,5:10° Ia.

AAS TPUHATHIX UCXOAHBIX AQHHBIX IIO0 opmyae (10.1) Mo>kHO
3aInuCcaTh:

-5
- DRI (ap - 10445,67549 - 7, ). (10.7)

u

T

B Taba. 10.3 mpuBepeHBI 3HAYEHUS 1), PACCUYMTAHHBLIE TTO Op-
MyAe (10.7) Ipu pasAMyYHBIX U, AP U P,../Yl.

Tab6 auma 10.2

Pyas”/ Yl Ty [1a, IpY pasAMYHBIX 3HAYEHUsIX Ap, ., 10° ITa
1 1,5 2,0 2,5 30 3,5 4,0

1,030 4,443 4,157 4,149 4,144 4,140 4,138 4,136
1,035 4,770 4,747 4,736 4,729 4,725 4,722 4,719
1,040 5,366 5,336 5,321 5313 5,307 5,303 5,300
1,045 5,962 5,924 5,906 5,895 5,887 5,882 5,878
1,050 6,559 6,513 6,490 6,476 6,467 6,460 6,455

1,055 7,158 7,101 7,074 7,057 7,046 7,040 7,032
1,060 7,758 7,691 7,657 7,660 7,625 7,615 7,608
1,065 8,360 8,281 8,242 8,244 8,203 8,192 8,058

1,070 8,965 8,872 8,827 8,830 8,782 8,769 8,760

Ta6 auma 10.3

ppaB/yl n, 1073 [Na'c, Ipy pasAUYHBIX 3HAYEHUSX U, M/C
0,5 0,6 08 1,0 1,2 14
Ap = 2:10° ITa
1,030 5151 4,292 3,219 2,576 2,147 1,840
1,035 4,940 4,125 3,094 2,475 2,062 1,768
1,040 4,750 3,958 2,969 2,375 1,979 1,696
1,045 4,550 3,792 2,844 2,275 1,896 1,625
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[Tpopoaxenue Tab . 10.3

Ppas’Y 1, 1073 [a-c, 1pu pasAUYHBIX 3HAYEHUsX U, M/C
0,5 0,6 08 1,0 1,2 1,4
1,050 4,351 3,626 2,719 2,175 1,812 1,554
1,055 4,151 3,459 2,594 2,076 1,730 1,483
1,060 3,944 3,287 2,465 1,972 1,643 1,409
1,065 3,743 3,119 2,339 1,872 1,560 1,337
1,070 3,542 2,952 2,214 1,771 1,476 1,265
Ap = 4-10° Ta
1,030 11,726 9,772 7,239 5,863 4,886 4,188
1,035 11,526 9,605 7,204 5,763 4,802 4,116
1,040 11,324 9,437 7,077 5,662 4,718 4,044
1,045 11,124 9,270 6,952 5,562 4,635 3,973
1,050 10,926 9,105 6,829 5,463 4,552 3,902
1,055 10,726 8,938 6,704 5,363 4,469 3,831
1,060 10,518 8,765 6,574 5,259 4,382 3,756
1,065 10,318 8,598 6,449 5,159 4,299 3,685
1,070 10,116 8,430 6,322 5,058 4,215 3,612
Ap = 6:10° Ia
1,030 18,300 15,250 11,437 9,150 7,625 6,536
1,035 18,100 15,083 11,312 9,050 7,542 6,464
1,040 17,900 14,917 11,187 8,950 7,458 6,393
1,045 17,700 14,750 11,062 8,850 7,375 6,321
1,050 17,500 14,583 10,937 8,750 7,292 6,250
1,055 17,300 14,417 10,812 8,650 7,208 6,179
1,060 17,094 14,245 10,684 8,547 7,122 6,105
1,065 16,892 14,077 10,557 8,446 7,038 6,033
1,070 16,692 13,910 10,432 8,346 6,955 5,961
Ap = 810° Ia
1,030 24,874 20,728 15,546 12,437 10,364 8,884
1,035 24,674 20,562 15,421 12,337 10,281 8,812
1,040 24,474 20,395 15,296 12,237 10,197 8,741
1,045 24,274 20,228 15,171 12,137 10,114 8,669
1,050 24,074 20,062 15,016 12,037 10,031 8,598
1,055 23,874 19,895 14,921 11,937 9,947 8,526
1,060 23,668 19,723 14,792 11,834 9,862 8,453
1,065 23,468 19,556 14,667 11,734 9,778 8,381
1,070 23,266 19,388 14,541 11,633 9,694 8,309
Ap = 10-10° TTa
1,030 31,450 26,208 19,656 15,725 13,104 11,232
1,035 31,248 26,040 19,530 15,624 13,020 11,160
1,040 31,048 25,873 19,405 15,524 12,937 11,089
1,045 30,848 25,707 19,280 15,424 12,853 11,017
1,050 30,648 25,540 19,155 15,324 12,770 10,946
1,055 30,450 25,375 19,031 15,225 12,687 10,875
1,060 30,242 25,202 18,901 15,121 12,601 10,801
1,065 30,042 25,035 18,776 15,021 12,517 10,729
1,070 29,840 24,867 18,650 14,920 12,433 10,657
Ap = 12:10° Ta
1,030 38,024 31,687 23,765 19,012 15,843 13,580
1,035 37,824 31,520 23,640 18,912 15,760 13,509
1,040 37,622 31,352 23,514 18,811 15,676 13,436
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[Tpopoaxenue Tab . 10.3

Ppas’Y 1, 1073 [a-c, 1pu pasAUYHBIX 3HAYEHUsX U, M/C
0,5 0,6 08 1,0 1,2 1,4

1,045 37,422 31,185 23,389 18,711 15,592 13,365
1,050 37,224 31,020 23,265 18,612 15,510 13,294
1,055 37,024 30,853 23,140 18,512 15,426 13,223
1,060 36,816 30,680 23,010 18,408 15,340 13,149
1,065 36,616 30,513 22,885 18,308 15,257 13,077
1,070 36,414 30,345 22,759 18,207 15,172 13,005

Pacxop, KHUAKOCTH pPacCUMTaeM, MOACTABUB MCXOAHBIE AQHHBIE
B popMmyay (10.5):

2
10-6.-2
q= 02261075 29,6685/ Psas _ 1) _28,42836/p366_1\+0'22 191 (10.8)
To k ' To L vl J

,n{ Psas _ 1\
vl

B Taba. 10.4 mpuBepAeHBI PE3YABTATHl PACYETOB IO (DOPMYAE
(10.8); 3HayeHus T, B3ATEL U3 TabA. 10.2 mpu Ap,, = 2,5 10°IIa,
a 3HaueHusa | — u3 Taba. 10.3 nIpu pasAUUHBEIX Ap.

Tab6 auma 10.4

piiilﬁ g, 1073 M%/c, Ipu pasAMUHBEIX 3HAUEHUSX U, M/C
0,5 0,6 0.8 1,0 1,2 1,4
Ap = 2-10°Tla
1,030 1,6381 1,9660 2,6214 32757 2,6639 3,1084
1,035 1,8332 2,1954 2,9227 3,6591 3,0625 35717
1,040 2,0521 2,4628 3,2832 4,1043 3,6400 4,2323
1,045 2,2867 2,7439 3,6585 4,5735 4,3235 5,0445
1,050 2,5435 3,0520 4,0701 5,0881 52155 6,0814
1,055 2,8275 3,3932 4,5247 56537 6,3479 7,4051
1,060 3,1459 3, 7747 5,0335 6,2919 8,8133 91110
1,065 3,4988 4,1986 5,5990 6,9958 9,6600 11,2712
1,070 3,8928 4,5942 6,2779 7,7857 12,0117 14,0152
Ap = 4-10°Tla

1,030 0,7196 0,8635 1,1657 1,439 1,7270 2,0149
1,035 0,7857 0,9428 1,2571 1,5714 1,8859 2,2002
1,040 0,8608 1,0329 1,3774 1,7216 2,0661 2,4104
1,045 0,9353 1,1224 1,4966 1,8707 2,2445 2,6188
1,050 1,0129 1,2154 1,6205 2,0257 2,4311 2,8361
1,055 1,0943 1,3132 1,7508 2,1885 2,6263 3,0645
1,060 1,1852 1,4222 1,8963 2,3704 2,8448 3,3034
1,065 1,2692 1,5232 2,0307 2,5385 3,0163 3,5511
1,070 1,3630 1,6356 2,1810 2,7261 32713 38174
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[Tpopoaxenue Tab . 104

p3a6 3.3
T(l g, 107° m*/c, npu pa3AUYHBIX 3HAYEHUSX U, M/C
0,5 0,6 08 1,0 1.2 1,4
Ap = 6-10°TIa
1,030 0,4611 0,5533 0,7378 0,9222 1,1967 1,2910
1,035 0,5003 0,6004 0,8006 1,0007 1,2008 1,4010
1,040 0,5446 0,6535 0,8713 1,0891 1,3070 1,5247
1,045 0,5878 0,7054 0,9406 1,1757 1,4108 1,6460
1,050 0,6324 0,7589 1,0118 1,2650 1,5176 1,7706
1,055 0,6784 0,8139 1,0856 1,3569 1,6283 1,8995
1,060 0,7258 0,8710 1,1613 1,4517 1,7421 2,0324
1,065 0,7753 0,9309 1,2405 1,5496 1,8608 2,1707
1,070 0,8260 0,9912 1,3217 1,6519 1,9825 2,3131
Ap = 8-10°Tla
1,030 0,3392 0,4071 0,5428 0,6785 0,8142 0,9498
1,035 0,3670 0,4404 0,5873 0,7341 0,8801 1,0277
1,040 0,3983 0,4779 0,6373 0,7966 0,9559 1,1152
1,045 0,4286 0,5144 0,6858 0,8573 1,0287 1,2002
1,050 0,4597 0,5516 0,7355 0,9194 1,1032 1,2871
1,055 0,4916 0,5899 0,7866 0,9832 1,1800 1,3776
1,060 0,5242 0,6291 0,8388 1,0485 1,2581 1,4678
1,065 0,5580 0,6697 0,8929 1,1161 1,3393 1,5626
1,070 0,5926 0,7112 0,9482 1,1853 1,4224 1,6595
Ap = 10-10°Tla
1,030 0,2683 0,3220 0,4293 0,5366 0,6439 0,7513
1,035 0,2898 0,3478 0,4637 0,5796 0,6956 08115
1,040 0,3140 0,3767 0,5023 0,6279 0,7535 0,8790
1,045 0,3373 0,4047 0,5397 0,6746 0,8305 0,9689
1,050 0,3611 0,4333 0,5777 0,7222 0,8666 1,0110
1,055 0,3855 0,4625 0,6167 0,7709 0,9251 1,0790
1,060 0,4103 0,4923 0,6564 0,8205 0,9846 1,1487
1,065 0,4356 0,5231 0,6975 0,8719 1,0602 1,2206
1,070 0,4621 0,5544 0,7393 0,9242 1,1368 1,2938
Ap = 12-10°Tla
1,030 0,2219 0,2663 0,3551 0,4438 0,5326 0,6214
1,035 0,2394 0,2873 0,3831 0,4789 0,5746 0,6703
1,040 0,2591 0,3109 0,4145 0,5182 0,6218 0,7255
1,045 0,2780 0,3336 0,4448 0,5561 0,6673 0,7785
1,050 0,2973 0,3568 0,4757 0,5946 0,7135 0,8324
1,055 0,3107 0,3804 0,5072 0,6340 0,7691 0,8876
1,060 0,3370 0,4044 0,5392 0,6740 0,8088 0,9436
1,065 0,3577 0,4292 0,5723 0,7153 0,8584 1,001
1,070 0,3786 0,4544 0,6058 0,7573 0,9088 1,060

IMoxka>xkeM, KaK HCHOAB3yIOTCA Taba. 10.2—10.4. Ilycts mo
TEeXHOAOTUUYECKUM cooOpakeHusM P../yl = 1,05, morepu aaBae-
HUS B KOABIIEBOM IIPDOCTPAHCTBE MeXXKAy KEePHOIPUEMHUKOM U
KOAOHHOM Tpy6 cocTaBasitor 4-10° [Ta, CKOPOCTh MOABEMa KEPHO-
npueMHUKa U, = 1 M/c, a U3MeHeHHe THAPOAUHAMWYECKOTO AAB-
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AeHHS Ha 3a6oe Ap = 2:10°Tla. Torpa coraacuo Taba. 10.2 au-
HaMUUeCKOe HalpsoKeHWe caBuUra t, = 0,451la, cTpykTypHasa
BA3KOCTh B COOTBETCTBUM C TabA. 10.3 n = 2,175-10%Ilac, a
pacxop, KupKocTH ( = 5,088-107° m*/c. EcAM mpu TpouMx pas-
HBIX YCAOBUSIX COXPaHSETCs H3MeHeHHe THAPOAMHAMUYEeCKOTo
AABAeHMS Ha 3aboe Ap = 4-10°Tla, TO, KakK M OpeXxae, T,
= 6,45T1a, 1 = 0,005463-10 *Tla'c, pacxop >KHUAKOCTH (|
= 2,1885-10* m*/c.

Tak Kak CpepHsIsI CKOPOCTb JKUAKOCTH B IIPOCTPAHCTBE MEXKAY
BHeIITHe} ITOBEPXHOCTbIO KOAOHHBI OYPUABHBIX TPYO U CTeHKaMHU
CKBa’KUHBI

9
n(R“-r
(7=

TO AAS YCIIEIIHOTO BBIHOCA BBIOYPEHHOMN IOPOABI AOAKHO CO-
OAIOAQTBECS YCAOBUE, IPU KOTOPOM V OOABIIlEe CKOPOCTU CBOOOA-
HOT'O OCa>XAEHU4 V.

IMoaaraem, uTo OoOTeKaHHWe YACTHUIEI AnamMeTpoMm d, mpoucxo-
AWT TIDU CTPYKTypHOM pexkume. [lpu y, = 2,64-10*H/M° ¢y =
= 1,2'10* H/™m* 1, = 6,45T1a coraacuo ¢gopmyae (2.20)

d, = 0,00599 m.

Torapa npu pAuamerpe dactuniel d, = 0,010 m

4 _1,6671.
d

0

Tak Kak

oOTeKaHUe NPOUCXOAUT IIPU CTPYKTypHOM pexume. CoraacHo
dopmyae (2.17) cKopocTb CBOGOAHOTO OCa’KAEHUS

V. = 0,00146854 '

S

n
3uaunt, mpu 1 = 2,175-1073Tla:c m m = 5,463 - 10 *Tla-c
umeeM V,, = 0,675m/c n v, = 0,2688 m/c. Pacxop >RupKOCTH

opu M = 2,175-1073Tlac coctaBasieT g, = 5,088 107 3m%/c, a
opu n = 5,463-103Tlac g, = 2,1885-107°m*/c. Toraa coort-
BETCTBYIOIIVE 3HAUEHUsI CpepHel ckopocTtu V, = 2,092 m/c, v, =
= 0,900 m/c.
Tak kak Vv, > V,; U V, > Vg, TO B pPacCMaTpPUBAEMBIX CAy4Yagx
BLIOypEHHBIE YAaCTULBI OYAYT BBIHOCUTBCS.
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10.2. AEADAAEE<ANEAR TDTAPAT TA
'!"D\lf:__AAQE')AiEE NEAAZETU AATEITE AOPEEUTTE

EIEINNIE

10.2.1. AEADAAEEXANEAR TOTADAT TA A NEOxAA,
ETAAA DPACAODATTAR TTDTAA
TTNOOTAAO AT ATOOPAT TP TTETNOU

Tak kak cymecTByeT ycAoBue (3.23) (MUHUMYM NOTEPh AABACHUS
B 3aBUCHUMOCTU OT PacXOAad >KUAKOCTH), TO AOTHYHO IIOAATaTh,
YTO M A@BA€HHe HarHeTaHUs P, TakXe UMeeT MUHUMYM OTHOCHU-
TEeABHO PacXopa >KMAKOCTU.

[MTycTs MexaHUYeCKasi CKOPOCTh HPOXOAKH COCTaBAGET V., =
= 400 m/4, papmyc cKkBaXHHBEI R = 0,042 M, papnyChl BHYTpPEH-
Hel IIOAOCTU IEHTPAAbHOM M BHEIIHEM KOAOHHBI COOTBETCTBEH-
HO I = 0,021 M, r; = 0,0305 M, HAPY’>KHBIU PAAUYC II€HTPAABHOU
KOAOHHHEL I, = 0,024 M, mopucTocTh pa30bypHUBaeMOM IIOPOAEI
m = 0,2, BA3KOCTb >XMAKOCTH U AMHaAMHUUYECKoe HamlpsKeHue
caBura coorBercTtBeHHO M, = 0,015Tlac, T, = 3 Ila, yAeAbHBIN
BeC IOPOALI M IPOMEBEIBOYHOM >KHAKOCTH Y, = 2,6-10*H/M?
y = 1,2-10* H/M®, AAMHA KOAOHHBI TPyOBI (TAyOMHA CKBA’KWHBI)
I = 200 m.

Torpa pacxop, BEIOYyPeHHON IIOPOABI

, 400 - 0,8

q, = RV, (1 - m) = x- 0,042 = 0,000492 M° /c.

3HAQYUT, COTAACHO (6.5) BA3KOCTH CMECH IpPU NPUHATHIX HC-
XOAHBIX AQHHBIX OIPEAeAsieTcs Kak

2
New = 0,015 T4 2% 10’05(M\ +
0,0004926 + 0 10,0004926 + q,, )

+ 0,00273exp 20081772 | (10.9)
|'0,0004026 + ¢ )

Mmeem Takxke r, = 0,787. Coraacuo T1aba. 10.1 vy,
= —0,5945, ¢, = 0,3463, @, = 0,1448.
Toraa o BeIpaskeHuto (8.61)

D, =M+271714,5186[(0,5945+ 430,,)+
g« +0,0004926
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+ (0,5945+ 430, - 0,3463 | +100{13, 09372 x

x 10°(q,, + 0,0004926)n,,, + 400,9429 +

+ ,J[13,O9372-106(q,,< +0,0004926)n,,, + 400,9429] - —

—> 285951, 02}. (10.10)

B Ttaba. 10.5 mpuBeAeHBI 3HaUEeHUS P,, BBIUMCAEHHBIE IO OPp-
MyaaM (10.9) u (10.10) npu pa3sANYHBIX J,.

W3 Taba. 10.5 BUAHO, UTO P, MMeeT MUHHUMYM OTHOCHUTEABHO
Oy, T.€. BEIIIOAHSIETCS YCAOBUE

9P _ o, (10.11)
90,

3HAuuT, coraacHo (8.61) u ycaoruro (10.11)

8nxa
] ()2
_ qT(Y'I‘ Y>K2)+ 167|>K4 1-— Tol3 +i4 Mey (q)K_'_qT)_'_nCM x
(q)]( + qT) (p(ra)r3 | 81,9 2 T 90
| r) - K MK —ofr
()22 | —ote)
.
8”@1(%1{4 QT) +2 8066"50
x 11+ i m . (10.12)
2 2
n
MAI%) +2,80662| - 4,211{1)\
7y n N )
Taob auia 10.5
g, M*/c p, 10°Tla g, M/c p,. 10°Tla
0,0010 22,22 0,0040 20,42
0,0020 19,70 0,0050 21,48
0,0022 19,60 0,0060 22,72
0,0024 19,55 0,0090 26,94
0,0030 19,68 0,0100 28,43
0,0034 19,92 0,0110 29,93
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3HaueHHe 0V./ 00, ompepeArsdercs 1o gopmyae (6.9), a M.,
coraacHo (6.5).

[MpuHuMas BO BHUMaHWE TeOMETPUIO TOINEpPEeYHBIX CeYeHuH
KaHaAOB, MOJKHO NPUUTH K BEIBOAY, UTO peIlleHme AQHHOM 3apa-
Yl 1eAeco00pa3HO MPOBOAUTH TIPH COYETAHUSIX PEKUMOB Teue-
HUS, IPUBEAEHHBIX HIKE.

LlenTparbHas KoaslieBoe
TpyOa MIPOCTPAHCTBO
C C
T C
T T

3aeck C m T — COOTBETCTBEHHO CTPYKTYPHBIM U TypOyA€HT-
HBIM Pe’KUMBI TeUeHUS.

INpu TypOyAeHTHOM peXXUMe TedeHUsS AaBAeHUe Yy HIDKHEro
TOpIla IJeHTPaAbHON KOAOHHBI

0,75
e VG |+0,0089724712'55(YX%KWTQT) 1(q, +9,)"". (10.13)
K T . *

U +0r g%7r 47 U +0r

p Gamr

3HaueHue Pg,,, MOKHO OIPEAEAUThH M3 BhIpakeHus (8.59), co-
CTaBAEHHOTO AAS CTPYKTYPHOT'O pe’KUMa TeueHUs >KUAKOCTH B
KOABIIEBOM IIPOCTPAHCTBE:!
2kt

Psaw = Pu +Yx<| - X
QL.

= ¢(r.) L. (10.14)

e

3
Tol3

W3 3uHaueHu Pg,,, Ha¥ipeHHBIX 110 popmyaaMm (10.13) u (10.14),
TIOAYYUM

0,75

Vo=V 010089724*1355(&%”&1 s 2k,
= + (g, + +——L2—x
P =Gy o gO7rt U +0r (@x+a) (ra)rs
[
| ang. 1’
8
x I=|w(r ) = =z fp(r,) - ==t - g(r, )1 (10.15)
Tol3 \‘ Tol3

Coraacuo ycroBuio (10.11) u Beipakenuto (10.15)

075
_qT(YT_Y)K)+0'008974(Y)Kq)K+YTQT) {(qX‘FqT)

0,25Mex _
aq

075,475 475
K

(C|T+q)K)2 g rl Nem
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OV7ST]CM<YT - Y)K)qT

16m
- + 1, 7ML+
(Yol + 74001 (0 + 1) ora)rs
w(ra - 8qu;3;<
x 11-— W; =0. (10.16)
| 8
J _90x | _
(|t | ot

Pacuetns o ypaBHenuto (10.16) BepyTcsa ¢ momolbio (GOPMyA
(6.9) u (6.5). Temmepb cocTaBUM BEIpa)KEHUE AN OIPEAEAeHUS AaB-
AeHUs HarHeTaHWs NIPHU TypOyA€HTHOM pe’KHUMe TeueHUsS B IeHT-
PaABHOM KOAOHHe TpyO UM B NIPOCTPAHCTBE MeXKAY BHEIIHENW U
BHYTPEHHelN OyPUABHOU KOAOHHEL

JAaBAeHUe y HUJKHEro TOpIla KOAOHHBI U3 PACCMOTPEHUS Te-
YeHHs CMeCHU B TpyOe oIlpepeAseTcs IO BeIpakeHuio (10.13).

CocTaBUB ypaBHeHHe AMHaMHUUECKOI'O PaBHOBECHUSI >KUAKOCTH,
ABVJKYILIENCS B KOABIIEBOM IIPOCTPAHCTBE, C IMOMOIIBIO (QPOPMyA
Aapcu — Beticbaxa 1 baasuyca moayduum

0,00897241°%% %71 47 (10.17)

7 .
2 2\ 125 075
(r3 -r ) (r3-15)""q

p6am=pH+Y>K|_

W3 paBeHCTBa 3HAUEeHUM  Pg,, HANUAEHHBIX IO (POPMyAaM
(10.13) u (10.17), MO>KHO COCTABUTBH CAEAyIOIlee BBIPA’KEHUE AAST
OIIPEAEAEHUSI AABAEHWST HarHETaHUS:

_ Pu(V =)l . 0,00897241| ngi ¢
U +0y o |ri?

P, Yl +1400) (G +)+

0,25, 1,754 1,75

+ 0 Y x| (10.18)

175
e

ITo ycaoButo (10.11) u dopmyae (10.18) noryumm

qT(YT _Y)K) 0,0089724 0'19(Y)Kq)K +YTqT)O'75(q)K +qT) Menr
(q +q )2 + e 0,75, 475 90 +
K T

oM rl
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ngﬁs 0,7‘5y,K(q,K +qT)+y,Kq)K +v.Qr N 1'75n0,25Y?[,<75q2275

r14,75 175

- 0. (10.19)
(Y)Kq)K+YTqT)OVZ5 <r32—r22>

HatipeM, Kakoe U3 3THUX TpeX COYeTaHUY PE’KMMOB TeueHHS B
TpyOe M KOABIIeBOM IIPOCTPaHCTBe HauboAee YacTO BCTPedYaeTcs
B IIPaKTHKe OypeHUs ABOMHOM KOAOHHOIM.

I[TpoBepem cHavana pacdersl npu r; = 00305 M, r, =
= 0,0174 ™, r, = 0,0240 M.

Bce pacuersl npoBepeM mpu y = 1,2+ 10* H/™>.

OueBUAHO, UTO AAS PElIeHUs 338Ul HEOOXOAMMO OIIPEAEAUTH
napameTp PeliHoAbACa B TpyOe M KOABIIEBOM IIPOCTPAHCTBE, T.€.
Re, m Re., a TakKXe KpuTHYecKHe 3HAYeHUs IlapaMeTpa Pemn-
HOABACA Re,, u Re

Taxkum obGpazom,

Kp.K.IT*

Re,  =—2V9x__ _1428889x, (10.20)
J'c(r3 + rz)ng n

Re, = 2%x _ 4475572 %x (10.21)
nrmg n

B mpakTuke OypeHUs ABOMHOM OypPUABHOM KOAOHHOM IIpeA-
CTaBAsIeT MHTepeC CAydau I, = Tr,/r; > 0,7. Torpa mo dopmyae
(8.29) kpuTHUeckoe 3HaueHUe MapaMeTpa PelHOAbACA B KOABIIe-
BOM IIPOCTPAHCTBE OIPEAEASIETCS TaK:

0,4406

4 -
Re, .. = —6740,7 +29,05 M +10958,324 ..
an

KP.K.IT

Tak kak r, = r,/r; = 0,78688, To
0,4406

Re =1882,19+14,50477(‘—g) . (10.22)

Kp.K.II
n

CoraacHo dopMmyae (1.38) KpuTHUeCcKOoe 3HaUYeHHMe IapameTpa
Pertnoanaca

0,33498 0,33498

- 166,3619(‘—3) . (10.23)
n

/ 4r12170y \

gn

Re,,, = 145,842

B TabA. 10.6 mpuBeAeHBI Pe3yABTATHl PAcYeTOB IO (POPMyAaM
(10.20) u (10.21) mpu pa3AWUYHBIX O, U 1.
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Tab6 au1ma 10.6

Re, , IpU Pa3AUYHBIX 1), Re, TIp¥ pasAMYHEIX 1),
U 10~ % IIa-c 10 3Iac
10~3m%/c 10 20 40 10 20 40

0,4 571,5 285,7 1429 1790,2 895,1 4475
0,5 714,4 357,2 178,6 22378 11189 559,4
0,6 857,2 428,6 214,3 2685,3 1342,6 671,3
0,7 1000,1 500,0 250,0 31329 1566,4 783,2
0,8 1143,0 571,5 285,7 3580,4 1790,2 895,3
09 1285,9 642,9 321,5 4028,0 2014,0 1007,0
1,0 1428,7 714,3 357,2 4475,5 22377 11189
1,1 1571,6 785,8 392,9 4923,1 2461,5 1230,8
1,2 1714,5 857,2 428,6 5370,6 2685,3 1342,6
1,3 1857,4 9287 464,3 5818,2 29091 1454,5
1,4 2000,2 1000,1 500,0 6265,7 3132,8 1566,4

B Taba. 10.7 mpuBepeHbl 3Hauenus Re,, ., 1 Rey, .,
o popmyaam (10.22) u (10.23) npu pasAuuHBIX T, U 1.

AHaNOTUYHBIE paCUYeThl 10 ONPEAEAeHUI0 pe’kKUMa TedeHUs
mpoBepeM 1ipu r; = 0,0480 M, r;, = 0,0284 M, r, = 0,0375 M.

3HauuT, coraacHo (10.20), (10,21), a takxke (10.22) u (10.23)

HaliAeHHBIe

Re,, = 9108,07 x,
n

Re, = 27420,159%x,

n
{ 0,4406
Re,,,. = 1820,4906 + 22,1332L‘_3J :
n
( \0,33498
Re,,, = 230,994 L‘_gJ
n

Tab6 auma 10.7

Re,, x TPH PABAMUHBIX 1), Re,,, TTPH Pa3AHYHBIX 1),
T, Ia 1073 T1ac 1073 Iac

10 20 40 10 20 40
1 2721,5 23378 2129,6 3638,9 22872 1437,5
2 3021,2 2500,6 22179 4590,0 2884,9 1813,2
3 3244,0 2621,6 2283,6 5257, 7 3304,6 2077,0
4 3428,1 2721,5 2337,8 3428,1 2721,4 23378
5 35878 2808,2 23849 35878 2808,2 2384,9
6 3730,4 2885,6 2427,0 3730,4 2885,6 24270
7 3860,3 2956,2 2465,3 3860,3 2956,2 2465,3
8 3980,2 3021,2 2500,6 3980,2 3021,2 2500,1
9 4092,0 3081,9 2533,5 4092,0 3081,9 2533,5
10 4197,0 3138,9 2564,5 4197,0 3138,9 2564,5
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B Taba. 10.8 u 10.9 npuBepeHbl 3HaueHus Re, ,, Re, a Takke
wpxm R€pr TPU PASAUYHBIX (,, M U Tp.

W3 cpaBHeHUs AQHHBIX, HIpUBEAeHHBIX B Taba. 10.6—10.9,
BHUAHO, UTO BEPOSTHBIM COUETAHHEM PE’KUMOB TeUeHUS SBASIIOTCS:
1) CTPYKTYPHBIM pe’kUM ABUKEHUS TAMHUCTOTO PAcTBOpPa B KOAb-
IIeBOM IIPOCTPAHCTBE M BO BHYTPEHHEN IOAOCTH IIeHTPaAbHOU
KOAOHHBI; 2) CTPYKTYPHOE TedueHHe B KOABIIEBOM IIPOCTPAHCTBE U
ABVJKEHME IIpM TYpOYAEHTHOM pe’KMMe TeYeHHs BO BHYTpPeHHEeH
IIOAOCTH IJ€HTPAAbHOM KOAOHHHEI.

B uncae BBIpa)KE€HMY, COCTABAAIOIIUX TMAPABAWYECKYIO IIPO-
rpamMMy, HeOOXOAUMO HCIIOAB30BaTh ypaBHeHusa (6.10) mam (6.11),
IIOAy4YeHHBIe M3 yCAOBUS MUHHMyMa IIOTEPh AABAEHUS B I€HT-
ParbHOM KOAOHHE.

O4eBHAHO, YTO 3aKayuMBaeMas >KHUAKOCTb AOAKHA oOOecledu-
BaTh yCIIEIIHBIA BBIHOC BHIOYPEHHOU IIOPOABL.

Re

Ta6 au1a 10.8

Re, , IpU pa3AMYHEIX M), Re, Ipu pasAnYHBIX 1),
U 1073 Ila-c 1073 Ila-c
1073m%/c 10 20 40 10 20 40
04 364,3 182,1 91,1 1096,8 548,4 274,2
0,5 4554 2277 113,8 1371,0 685,5 3427
0,6 546,5 2732 136,6 1645,2 8226 411,3
0,7 637,6 318,6 159,4 1919,4 959,7 479,8
0.8 728,6 364,3 182,1 2193,6 1096,8 548,4
09 819,7 409,8 204,9 2467,8 12339 616,9
1,0 910,8 4554 2277 2742,0 1371,0 685,5
1,1 1001,9 500,9 250,5 3016,2 1508,1 754,0
1,2 1093,0 546,5 273,2 3290,4 1645,2 8226
1,3 1184,0 592,0 296,0 3564,6 1782,3 891,1
14 1275,0 637,5 318,7 3838,8 1919,4 959,7
Tab6 auma 109
Re,, «n IPX PA3AUYHEIX 1), Re,,, IPX PasAMYHBIX 1),
T, Ia 1073 T1ac 1073 Iac
10 20 40 10 20 40

1 3101,2 25158 2198,0 50527 31757 1996,0
2 3558,6 2764,1 2332,8 6373,2 4005,7 25177
3 3898,6 2948,7 2433,0 7300,4 4588,5 2884,0
4 4179,4 3101,2 25158 8038,9 5052,7 31757
5 4423,1 3233,5 2587,6 8662,9 5444,8 3422,2
6 4640,8 33517 2651,8 9208,4 57877 36377
7 4839,0 3459,3 2710,2 9696,4 6094,4 3830,5
8 5021,9 3558,6 2764,1 10140,0 6373,2 4005,7
9 5192,5 3651,2 2814,4 10548,1 6629,7 4167,0
10 5352,7 37382 2861,6 10927,0 6867,9 4316,6
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OTAMYUTEABHOM OCOOEHHOCTBIO OypeHHs CKBA’KUHBI ABOWHOU
OYPHUABHOM KOAOHHOU SBAFIOTCA 3HAQUUTEABHBIE PAaCXOAHBIE KOH-
LEeHTpanuu BEIOYPEHHOU IIOPOABI B IIEHTPAABHOU KOAOHHE. Ael-
CTBUTEABHO, €CAU PACX0p BBHIOYPEHHON IIOPOABI

q'r = J-lszvMex(:l - m)'
TO pacxXxoAHasi KOHI[EHTpaIus

aR% Mex(l - m)

o, (10.24)

- nszMex(1— m)+q,K .

ChaepoBaTeabHo, ipu R = 0,042 Mm u m = 0,2

_0,0044334v
0,0044334v

0
Mex + q)K

B Ttab6a. 10.10 mpuBepeHBI 3HAUEHUS O, MPU PA3AMUYHBIX (, U
VMBX'

N3 taba. 10.10 BHAHO, UTO O, MOJKET AOCTUTATh OOABIINX
3HAQUEeHUM, U [IOITOMY CAEAYeT YUUTHIBATL (PAKTOP CTECHEHHOTO
ABIVKEHUSI BEIOYPEHHBIX YaCTUI B IPOMBIBOYHOM >KUAKOCTH.

IMpu o6beMHON (MUCTMHHOM) KOHIIeHTpAIlMKd BBIOYPEHHOU IIO-

POAEI B HpOMBIBOqHOﬁ KUAKOCTH Oy abcoaroTHas CKOPOCTBb ABH-

KeHus1 J>KUAKOCTHU pPaABHA % , a abCcoArOTHAas CKOPOCTBb
- oy
1 n q T
maAaMa ———.
f(l-oy)

CAeAOBaTeABHO, OTHOCUTEABHYIO CKOPOCTHL OCAXXAEHUI 4aCTU-
IObI MOJXHO HAUTHU KakK

v, = 9= G (10.25)
fll-ay) f(l-ay)

rae f — maoIaab momepevyHoro ceyeHwust eHTPAALHOM KOAOHHEL.
W3 ompepeneHUss pacXOAHOM KOHIIEHTPAIIUU

q. =209 (10.26)

T 1-0yp

Ta6 au1a 10.10

Qi Oy TIPH PA3AUYHBIX V., M/C

1073 Mm% ¢ 100 200 400 600 800
0,6 0,17030 0,29103 0,45085 0,55187 0,62156
0,8 0,13340 0,23540 0,38109 0,48015 0,55187
1,0 0,10965 0,19763 0,33003 0,42492 0,49627
1,2 0,09307 0,17030 0,29103 0,38109 0,45085
14 0,08085 0,14961 0,26028 0,34546 0,41305
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3HauwmT, 1o (10.25) u (10.26)

— 9% oy — O
v, f —ax(1_30)(10_ax)' (10.27)

PazpeAuB AeBylo U IIpaByIO dacTu BbIpakeHus (10.27) Ha cko-
POCTb CBOGOAHOTO OCA’KAECHUS V,, ITOAYIUM

% Oy — O

B=q ——x"0 (10.28)

ax(l—ax)(l—ao)

V. o« _ Q
rae |3=_r’ Ow =7

VS fVS

OKCIEepUMEHTAaAbHBIMU UCCAepOBaHuAMM A.M. MuHia wu

C.A. Illly6epra [20] mO M3y4EeHHIO BOCXOAAIIUX MOTOKOB CYCIIEH-
3Ul, COCTABAEHHBIX U3 BOABI U TBEPABIX YACTHUI], ABWKYIIUXCA
yepe3 BepTHKaAbHBEIE TPYOBI, OBIAO IIOAYUEHO CAeAyIOlllee BhIpa-
JKeHue:

2
24z0. ( 24z, \ 3
s SR kil b 1- . 10.2
P Rec, +\/ ReCOJ +( O(X) (10.29)
rae Re = Vsdiy ;
ng

(ve =) g
z=45+0019 | ———~-—=, (10.30)

V' oogm® 6

3AeChb C; — KOI(PPUIIMEHT COIPOTUBAEHUS.

3HaueHUe C OIPEeAEAsieTCsa B 3aBUCHUMOCTU OT peXuMa o0Te-
KaHUs 4acTUIIBI; (DOPMYABI, IIPUBEAEHHBIE HUJKe, BBIBEAEHBI CO-
TAQCHO 3JKCIHEPUMEHTAABHBIM HCCAepoBaHuaM npod. P.U. 1lu-
IIIeHKo [26, 27].

INpu cTPpyKTypHOM pe>kuMe OOTeKaHUI

3,0609g(y ., — y n?
gy = 200l (1031)

- 4

rpae d, — AMaMeTp HeTOHYIEeM YaCTHUIIEl, OIPEASAEHHBIN IO BHI-
pakenuto (2.20).

KoaddunuenT conpoTuBAeHUA IIPU OOTEKaHUU B CAydYae Typ-
OyAEHTHOI'O peXKHMa W pPe’XMMa TypPOyA€HTHOUM aBTOMOAEABHOCTH
B 3aBUCHUMOCTH OT (DOPMBI HYACTHUIIEI HAaXOAUTCS IO (POpMyAaM
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(2.22) — (2.25), a pexuMm OOTeKaHHUS YCTAaHABAWBAETCS COTAACHO

HepaBeHCTBaM (2.26) — (2.28).
V3 paBeHCTBa 3HaueHUM [, Ha¥MAeHHEBEIX 1Mo dopmyaram (10.28)
u (10.29), MO>XKHO 3amucaTh:

_ 2470, “( 24Z(xx) +(l-ay) - Belox-a0) _ ¢
ReC |\ ReC ax(l—ax)(l—oco)
OTciopa

ax(l—ax)(l—(xo)
Oy — O

(10.32)

_ 2470, +\/(24zax)2+(1_ax)3 .

O = ReC ReC

IMTo popmyare (10.32) HaiipeM 3aBUCUMOCTBL O, = f(q*, ao) npu
Y. = 2,64-10*H/M% vy = 1,2-10*H/™? d, = 0,01 M, 1, = 2T1a,
n 0,010 I'Ta-c.

AAsT oTipepeneHUs peskuMa OOTeKaHUsT BBIUUCAUM 110 (DOPMYyAe
(2.20) pAnaMeTp HETOHYIIEN YaCTHUIIBI

0,82559

o= (254420 0 002281 .
\ 14200

3HAYUT,

4 _ 33878,
d

0

Tak Kak

3,0=% .70,
do
TO peXXUM OOTeKaHUs CTPYKTYPHBIM M COTAACHO dopMyae (2.17)
CKOPOCTBH CBOOOAHOTO ocaXkpeHus V, = 0,6625 m/c.
ChaepoBaTeAbHO, mapamMeTp PetiHoAbACA

. . . 4
_ Vst _ 0,6625-0.01-12:10' _ g1 39
ng 0,01-9,81

Coraacuo (10.19) rkoacpuriment obrekanus C = 1,419684.
ITo (10.29) z = 10,270109.
Toraa mo (10.20)

Re

g, = &xl=axi-a0) —0,2142417ax+\/O,0458995a§+(1—ax)3 . (10.33)
Oy =0
B TabA. 10.11 mpuBeAeHBI 3HaueHUS () TPU PA3AUUYHBIX O, U
oy.
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Tab auia 10.11

Q5 TpH Q5 TpH Q5 Tpu 5 TpH

% lqy =01 % |, =02 % |a, =03 O lq, =04
0,105 13,95 0204 | 21,69 0,305 15,36 0,405 11,00
0,110 7,19 0206 | 1449 0,310 7,64 0,410 5,42
0115 4,94 0210 874 0,315 507 0.415 3.57
0,120 3.80 0215 586 0,320 378 0,420 264
0,125 3.12 0,220 442 0,325 3,00 0,425 2,08
0,130 2,66 0,225 3.55 0,330 2.88 0,430 171
0,135 233 0230 2.97 0,340 1,84 0,435 1,44
0,140 2,08 0,240 1,61 0,350 1,44 0,440 1,24

W3 tabda. 10.11 BuAHO, 4TO IpU AQHHOM O, CYIIeCTByeT OIIpe-
AereHHOe (° =(,,, BbIIIE KOTOPOTO OTMeYaeTcsi craboe yMeHb-
* *
IeHue o, T.e. ¢ =(,, MOXXHO IPUHSTH, YTO IPOUCXOAUT BBI-
HOC TBEPAOU YaCTHUIIHI.
Huxe npuBepeHBl 3HAYEHUsS (,, TIPH PASAMYHBIX O

0 010 020 0,30 0,40
1 150 20 2,5 30

B pe3yAabTaTe O6pa6OTKI/I OnIna IIOAYY€Ha CAEAYIOIad 3aBUCHU-
MOCTB.

q° =1+ 50,. (10.34)

ViMesa B BUAY BEIpa)Ke€HHE MM O, HepenuiieM gopMmyay (10.34)
TaK:

Qup 5TRAV e (1- M)

-1=0. (10.35)

Vg aRW o (1-m)+q,,

3HauUT,

+

v, {fvS — RNV oy (1-m)
q, =—=

2 v,

fvg —-aR ., (1-m) N 247R% . (1-m) _
fVS fVS

+

(10.36)

M3BecTHO, YTO CKOPOCTL CBOOOAHOTO OCAKAEHUS Vg OIpeae-
Asgercsa 1o dopmyae (2.21), a KO3(pPUIUEHT CONPOTUBAEHUS B
3aBHCUMOCTH OT pe’KKMMa OOTeKaHMs — COTAAQCHO OAHOMY U3
COOTHOIIeHuM (2.22) — (2.24).
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Ilpu cTpyKTypHOM OOTeKaHMM IO COOTHOoWeHuaAM (2.17) u
(10.31)

(L)

Coraacuo (1.38) uam (10.23) MakCMMaAbHO BO3MOJKHBIM PaCXOA,
JKUAKOCTH, IIPU KOTOPOM ellle COXPAHAeTCs CTPYKTYPHBIM pe-
JKHM, OIIpepeAsdeTCs Tak:

v, =0,66d, -*
n

(10.37)

2
0,82559 l

364, 4957 167 0,335, 0,665, 0,33
Ox =0 N T 9 M. (10.38)
Y

Takum 06pa3oM, AAS COCTABAEHUSI TMAPABAMYECKOMN IIpOrpaMm-
MBI pacrnoaaraeM TpeMd ypaBHeHusmu — (6.10), (10.36) u (10.37)
C TpeMs HEU3BECTHBIMU — (,, N U T,. YKa3aHHas CHUCTEMa pe-
IIaeTCs TaK: [0 YpaBHEHUIO (6.11), IOAYyYeHHOMY U3 YCAOBUSI MU-
HUMyMa IIOTePb AABACHUSA B IJeHTPAABHOM KOAOHHE, OIpeAeAsieM
3aBHCHMOCTD

A = f(nTo) (10.39)

AHaNOTMYHYIO CEepUI0 KPUBHIX pacCYUTBIBaeM coraacHo (11.38)
U 10 COTBETCTBYIOIIUM TOYKaM IlepeCedeHUs] 3aBUCHUMOCTBIO
(10.38) u (10.39) HaxopuM

M = (). (10.40)

ITpupaBHgB npasele yacTu BelpakeHu (10.38) u (10.36), moay-
UM

? N 247R%V 0 (1- M)

|
fy, fvg —TERZVMex(l— m) . “\ fvg —nszy,ex(l— m) B
v, \ v, v,
_ 7289914 [[667 0335 066517033 _ (10.41)

1
06615
Y

IMpu R = 0,042 M, m = 0,2, v, = 400 m/4, r, = 0,0174, y, =
= 2,64-10* H/M* y = 1,2-10* H/M® 1 pasAWuHBIX T, B PE3yAb-
TaTe COBMECTHOTO pellleHUd ypaBHeHu# (6.10) 1 (10.38) OviAm mo-
Ay4YeHBl 3HAUEeHUd M U T, IpUBeAeHHEIe B TaOA. 10.12.

IMpu d, = 0,010 m u d, = 0,005 M, a Tak)Ke MPOYUX PABHBIX
HCXOAHBIX AQHHBIX IO ypaBHeHuio (10.41) ompepereHBI 3HaYeHUSA
1| OpU 3aAQHHBIX T, (Tadba. 10.13).
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Tab6 amia 10.12

T, Ila N, INa-c T, Ila 7, Ia-c
1,0 0,0675 3,0 0,0405
1,2 0,0612 4,0 0,0364
1,4 0,0570 6,0 0,0315
1,6 0,0532 8,0 0,0284
1,8 0,0498 10,0 0,0266
2,0 0,0472 150 0,0230
2,5 0,0434 20,0 0,0206

Tab auma 10.13
d, =001lwm d, = 0,005 m
T, Ila N, Ia-c T, Ila n, Ila-c
50 0,0280 1,0 0,0450
55 0,0290 12 0,0480
6,0 0,0300 1,4 0,0500
6,5 0,0308 1,6 0,0520
7.0 0,0317 1,8 0,0550
75 0,0324 2,0 0,0560
8,0 0,0330 2,5 0,0590
8,5 0,0339 3,0 0,0620
9,0 0,0347 4,0 0,0653
95 0,0353 50 0,0675
10,0 0,0360 10,0 0,0770
Tab6 auima 10.14
d, m T, n g, M/c
0,010 6,5 0,0308 0,00221
0,005 1,5 0,0530 0,00161

ITo pauHBIM TabA. 10.12 1 10.13 OLIAM TOCTPOEHBI KPUBHIE 3a-
BucuMocTH 1 = f(t,) ¥ MO TOuKe TepecevyeHUsT HAWACHBI 1 U T,
npu d, 0,01 u 0,005 M, uro mo3BoAuAO IO opmyae (10.38)
BBIYUCAUTH COOTBETCTBYIOIIUM pPACXOpA JKUAKOCTH. Pe3yAbTaTel
pacyeToB IpuBeAeHH! B TaOA. 10.14.

10.2.2. AEADAAEEXANEAR T1DI DA‘l
ETAAA AEADAAEExACEAR TID
A OATOPAEUTOP ETETITO A AEAA EADTA

Pacxop, KUAKOCTH, HEOOXOAMMBIM AAST BHIHOCA KepHa, oIlpe-
penstercsa mo opmyae (8.179), m mpu aToM Ap® M P PACCUUTHI-
BaroTcd coraacHo (8.176) u (8.180). M3BecTHO, 4TO TypOyA€HTHBIU
Pe’KUM TedeHHUs XapaKTePU3YeTCs HaAWdMeM IIyAbCAIlUM CKOPO-
274



CTH U AABAEHHS, aMIAUTYA@ KOTOPHIX MOJKET OBITh 3HAUUTEAb-
HOU. VIMeqa B BHAY 3TO OOCTOSATEABCTBO, COXPAHHOCTbH KEpHA OT
0OAOMOB OyAeT OOAee BBICOKOU, €CAU NOAAEPKUBATH CTPYKTYP-
HBIM peXuM TeueHUs B TpyOe. Toraa MakCHUMaAbHO BO3MOJKHBIN
pacxop, IpU KOTOPOM ellle COXPAHSETCs CTPYKTYPHBIN pPesXUM,
omnpeaeasieTcs o popmyae (10.38).

W3 ycAOBUS MUHHUMyMa AABAEHUS y HUJ)KHEro Toplia OypoBOTO
CHapsgAa UAM MHHHMyMa IIOTEPh AABAEHUS B IeHTPAABHOM KO-
AOHHe OYpHABHBIX TPyO pacmnoaaraeM ypasBHeHueMm (6.10), Bas-
KOCTb CMECH TBEPAOU (pa3bl U JKUAKOCTH HAXOAUTCA IO (opMmy-
Ae (6.5).

ChaepoOBaTeABHO, 3aAada II0 OIPEAEAEHUIO N, T, Q, a crepoBa-
TEeABHO, M U, pellaeTcd Tak. 3apaeMcd V., M, R, Iy, r;, a 3Hauwur,
u r,(r, = ry/r)). o dopmyre (8.180) maxopum p;. [NpuHmmaem
KaKoe-AubO T, @ CAEAOBATEABHO, U T, W IO BeIpakeHuro (8.176)
OIlpepeAsieM COOTBETCTBYIOLlee 3HaueHWe Ap*. Aanee, paccmar-
puBas coBMecTHO BhIpakeHus (8.179) u (10.38), meTopAOM TIOCAE-
AOBATEABHBIX IIPUOAMPKEHMN HAXOAWUM 1). AHAAOTHMYHBIE PACYETHI
BBIITIOAHSEM IIPU PA3AWYHEIX T, U ONPEeAEAdeM 3aBUCUMOCTh 1| =

= f(t,). KpuByto 3aBucuMocT; M| = ¢(T,) PaCCUUTHIBAEM TaKXKe
no BeIpakeHuaM (6.5), (6.10) u (10.38). Ilo Touke mnepecedeHUsa
KpuBeix = f(t)) @ M = ¢(1,) ycTaHaABAMBaEeM EeAMHCTBEHHEIE

N U T, 4YTO NOo3BoAgeT o dopmyae (10.38) HaNTH pacxop >KUA-
KocTH, a 1o (8.177) — CKOpPOCTh ABUJKEHUSI KepHa.



T'NIPABJIMYECRUE PACUYETDI
ITPU BYPEHHUHU CRBAKRHNH
HA TBEP/JBIE ITIOJIESHBIE
HNCROITAEMBIE

Ansg OypeHUS CKB&)XKUH Ha TBePABIE IIOAE€3HBIE MCKOIAeMble Xa-
pakTepeH HeOOABIIOM 3a30p MeXAy CTEHKaMU CKBA’KUHBI U KO-
AOHHOM OYpUABHBIX TPyO. IT03TOMYy OCHOBHBIE IIOTEPU B IIUPKY-
AAIIMOHHOM CHCTeMe OyAyT (DOPMHUPOBATHCSI NPU TEUEHUU >KUA-
KOCTH dYepe3 3aTpyOHOe IIPOCTPAHCTBO. [IpaBUABHOCTH TaKOTO
NIPEAIIOAOSKEHUS IMOATBEPIKAAETCS pe3yAbTaTaMU CPaBHUTEABHBIX
pacueTos.

I[lpu HaAWMYMHU AOCTOBEPHBIX KOAMYECTBEHHBIX COOTHOIIIEHUU
MST OTIPEAEAeHUs MOTePh AABAEHMS B KOABIIEBOM IIPOCTPAHCTBE
AdBAeHUe Ha 3ab00e CKBa’kKUHBI MOJKHO OIPEAEASITh IO AABAEHUIO
Ha Hacoce, MpPeAHa3HAaUEeHHOM AAd MPOKAYKM IIPOMBIBOYHOM
JKUAKOCTU. 3HAUUTEAbHBIE THUAPaABAUYECKHE COIPOTUBAEHUS B
KOABIIEBOM IIPOCTPAHCTBE, YBEAWYMBAIONIWECS C IOBHIIIEHUEM
pacxopa JKUAKOCTH, M COOTBETCTBYIOIINE M3MeHeHHUsd 3a00MHOro
AABAEHHUSI MOTYT IIPUBECTHU K TaK Ha3bIBA€MOMY I'MAPABAMYECKOMY
IIOAIIOPY, IPU KOTOPOM KOAOHHA TPyO AMOO 3aBHCAET B CTBOAE,
AMOO BBITAAKMBAETCS U3 CKBa>KUHHIL.

IMpeacTaBAsieT ©HTEpeC HAUTU MaKCUMAAbHO BO3MOJKHBLIU pac-
XOA, JKUAKOCTH, BBIIIIe KOTOPOIO OYAET HaOAIOAQTBECA THUAPABAWYEC-
Kui nmoapunop. MccaepoBaHus MOKA3aAM, YTO BpalljeHMe KOAOHHEBI
[P POTOPHOM OypeHUU IPUBOAUT K YBEAWUEHHIO IIOTePb AaBAe-
HUSI TI0 CPaBHEHUWIO C AABAEHHEM Ha Hacoce IIPpU IIPOMBIBKE
CKBa)XXMHEI. OUeBUAHO, UYTO YCTA@HOBAEHUE COOTBETCTBYIOIIUX
PacueTHBIX COOTHOIIIEHUMN PEACTaBASIET MPaKTUUEeCKUM UHTepecC.

11.1. COOTHOHNIEHU A MEKIY IIOTEPIMU
ITABJIEHUSA B PA3JINYHBIX 3BEHBAX
IMAPKYJIAITNOHHON CUCTEMBI

HeobxopuMasa MOIIHOCTE HACOCOB, YCTAHOBAEHHBIX Ha OYpPOBHIX,
3aBUCUT OT BEAWUMHBI IOTEPH AABAEHUSI IPOMBIBOYHOU >KHUAKOC-
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TH, BO3HUKAIOIIUX NPU TEUYEeHUU ee 4Yepe3 pa3AnudyHble MeCTHHIE
COIIPOTUBAEHUA (0OBSAA3KAa HACOCQ, CY’KEHMSA M PACLIMPEHUd IIPU
IIPOXOKAEHUHU d4epe3 My(TOBEIE COEAWHEHUS, NPOMBIBOYHEIE OT-
BEPCTUSI AOAOTA U T.A.), @ TaKKe IIOTepb AABAEHUSI B AVMHEWHOU
YacTH, T.e. B IIpollecce IPOXOKAEHUS KUAKOCTU BHYTPU OYPHUAB-
HBIX TPyO M B 3aTPyOHOM IIPOCTPAHCTBE.

[Toro)keHHMEe O IPEBAAMPOBAHUU NOTEPH AABACHUS B KOABIle-
BOM IIPOCTPAHCTBE HAaA TUAPABAMYECKUMHU CONPOTUBACHUIMHU B
OCTAABHBEIX 3BE€HBAX IJUPKYAAIIMOHHOU CUCTEMBI IIOATBEPIKAAETCSA
CPaBHUTEABHBIMU pacueTaMu. B o0llleM caydae B KauecTBe IIPO-
MBIBOYHOM >KMAKOCTH MO>KHO MCIIOAB30BATh BOAY (BSI3Kas >KUA-
KOCTB), TAMHHUCTBIE PACTBOPHI (BSI3KOIAACTUYHBIE CPEABI), 3MYAB-
CUU U a3pUPOBAHHEBIE CMECH.

ITocTaBAeHHYIO 3apauy OYAEM pellaTh A CAydasd NpUMeHeHUd
B KayeCcTBe IIPOMBIBOYHOM J>XMAKOCTH BOABI, TaK KaK IIOAyYae-
Mble IIPX 3TOM THMAPaBAWYECKMe COOTHOIIEHUS OTAUYAIOTCS CpPaB-
HUTEABHOM IIPOCTOTOU. OUEeBUAHO, UYTO €CAU NIPU HUCIOAB30BAHUU
BSI3KOM JKUAKOCTA IIOTEPH AABAEHUS B KOABIIEBOM IIPOCTPAH-
CTBE OK&XyTCS 3HAUUTEABHO OOABIIE CYMMBI BCEX OCTAABHBIX
TUAPABAUYECKUX CONPOTUBAEHUM, TO NPU NPUMEHEHUM APYTUX
IPOMBIBOUHEBIX JKUAKOCTEU (TAMHUCTBIE PACTBOPHL, a3pPUPOBaH-
Hble CMeCH, BMYABbCHUM) 3TOT “AncbaraHc” oOKakeTcsl ellle OOAb-
IIUM.

AAS oIIpepeAeHUsl IIOTePh AABAEHUSA B TPyOax BOCIOAB3YeMCS
BeIpakeHueM (9.71), NIPOU3BOABHEIE MOCTOSSHHBEIE B KOTOPOM
HalAeM M3 TPAHUYHBIX YCAOBHU: Ha CTEHKEe TPyOBI PAAAYyCOM I,
CKOPOCTB KUAKOCTH U paBHA HYAIO, @ HA OCH IIOTOKa U AOCTHUTa-
eT MaKCuUMyMa, T.e.

apur =r, u = 0;
npur =0 u=u

max"*

Tak Kak AorapudM HyAsST HEBO3MOXKEH, TO COTAACHO BTOPOMY
rpaHUYHOMY ycAoBUIO €, = 0.
W3 nepBOro rpaHUYHOIO YCAOBMA M BEIpakeHud (9.71)

1dp »
=———r5. 111
C, 10 dz Iy ( )

3Hauut, o (9.71) u (11.1) UMeeM CAepyIOIIUM 3aKOH paclpe-
AEAEHUSI CKOPOCTeN:

- _L%(rg_ rz), (11.2)
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HMmeeM Tarke

_dp_Ap,
dz I’

Torpa

u= ﬂ(rﬁ -r?),
4ul

rAe Ap, — IOTepu AaBAEHHUS B TpyoOe.

Pacxop, >XxupkocTu B TpyOe

ra2

q =2nfrudr.
0

INo BeIpaskenuio (11.4) u (11.5) noayuum

q= AP, Ty
8ul

A

Ap, = 09,

airy

(11.4)

(11.5)

(11.6)

(11.7)

®opmyasl (11.6) u (11.7) m3BecTHHI TIOA Ha3BaHWEM (DOPMYABI

IMyaszeting.

AASL pacueTa TOTepb AABAEHUS B KOABIIEBOM IIPOCTPAHCTBE
BOCIIOAB3yeMCs TakykKe BhIpakeHHeM (9.17), ompepeass IpuU 5TOM
pou3BOAbHBIE TOcTOosTHHBIe C; m C, M3 TrpaHUYHBIX YCAOBHUH,

COTAACHO KOTOPBIM CKOPOCTM HaA IIOBEPXHOCTH KOAOHHBI

Oy-

PUABHBIX TPyO PAAUYCOM I, M CKBa’)KUHBI PAAWUYyCOM I, PaBHEI

HYAIO, T.€.
nmpu r =r, u = 0;
mpur =r, u = 0.
Torpa
c, = — Ldpri-rg,
4 T
h dz lni
fo
(

2 2
C,= — L2 li-% —% Inr, .
4u dz InL

To

(11.8)

(11.9)

Coraacuo cdopmyaam (9.71), (11.8) u (11.9) MOKHO 3amKcaTh:
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-
U=s———"{r2-r2-1 -2 n1|, (11.10)
u InfL r

To

Mo (9.75), (11.3) m (11.10) mOAyYMM CAeAyIOIlee BBIpasKeHUe
AAS OIIPEAEAEHUS NIOTePh AABAEHUSA B KOABIIEBOM IIPOCTPAHCTBE:!

Ap, . = Sudl o . 11.11
pKAl'l - ('14_ r(;i)ln:il_(rlz B r02)2 ( )
0

ITo dpopmyram (11.11) u (11.7)

c41 L
APn _ S (11.12)
AP, (1—r§)1ni—(1—r§>

la

A F, = F/I T = 1,/1.

B Taba. 11.1 nmpuBepeHBI pAMaMeTphl OYPUABHBIX TPyO M CKBa-
JKUH, NPEACTaBASIIONINX HHTepec AAS OypeHHs Ha TBepAble IIO-
Ae3Hble UCKOIlaeMble.

B Taba. 11.2 mpuBepeHBI oTHOUIeHUs Ap, ./Ap, OpU pa3Amnd-
HBIX I, U I, AASL CKBa’KUH AMaMeTpaMu 46 m 59 MM U OyPHABHBIX
TPyO, YKa3aHHBIX B TabA. 11.1.

B Taba. 11.3 npuBeaeHBI oTHOWEHUS AP, /AP, IPY 3HAYEHUSIX
r, 4 . AASL CKBA)KUHBI AMAMETPOM 76 MM.

W3 taba. 11.2 u 11.3 caepyeT, UYTO TOTEPU A@BAEHUS B KOABIe-
BOM IIPOCTPAHCTBE HAMHOI'O OOABIIle IIOTEPh AABAEHHS B TpyOe.
ToabKO IIpU ABYX 3HaueHHUAX I, (cMm. Taba. 11.3) Ap, > Ap,,. Oa-

Tab6 auma 11.1

Tun Ha- |Toa- AyaMeTp CKBa>XMHBI, MM
O0y- | pyX- |mu- 46 59 76
PUAB- | HBIM | Ha
HBIX | AWA- |[CTEH- r r r r r r
TpyO | MeTp, | KH, a c a c a c
MM | MM

CBTH| 42 50 | 09130 0,6956 0,7119 0,5424 0,5524 0,4210
CBTH| 50 55 — - 0,8475 0,6610 0,6579 0,5132
CBTH| 50 50 - - 0,8475 0,6780 0,6579 0,5663
CBTH| 54 50 — - 0,9152 0,7458 0,7105 0,3684
ABTH| 42 70 | 09130 0,6087 0,7119 0,4746 0,5526 0,3684
ABTH| 54 9,0 - - 0,9152 0,6102 0,7105 0,5000
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Tab auma 11.2

r, r. Apkn ry re Apk,n
Ap.. Ap,

0,9130 0,6956 278,9 0,9130 0,6087 163,5
0,8475 0,6610 43,8 0,8475 0,6780 48,3

0,9152 0,7458 4019 0,9152 0,6102 155,3
0,7119 0,5424 3.2 0,7119 0,4746 1,8

Tab6bauma 11.3

r, r. ApKAH ry r. Apl(,n
ApT ApT

0,5524 0,4210 0,337 0,6579 0,5263 1,729

0,6579 0,5132 1,600 0,7105 0,5789 4,000

0,5526 0,3684 0,197 0,7105 0,5000 2,200

HAKO pacyeT IIOTePb AABAECHUS B 3THUX CAy4YadX He MPEACTaBAdeT
IIPAKTUYeCKOI'0 MHTepeca, Tak KaK IIPU yKa3aHHBIX 3HAueHUsX I,
U r. pAKe CyMMapHble NOTepH, COCTaBA€HHBIe M3 AP, U AP,
IIpeHeOPe>XUMO MAaAHbI.

B TabA. 11.4 npuBeapeHBI 3HaueHUud AP, Ap,, 1 Ap, + Ap..
npu AAMHE OypuABHBEIX TPpyO | = 100 M. OueBUAHO, UTO TIPU APY-
rux | 3HaueHUS M3MEHSIOTCS B KpaTHOe YHMCAO pa3. B aroit Tab-
AUlle TIPUBOASTCS Tak’kKe IapaMeTphl PeliHoabpca B Tpybe Re, u
KOABIIEBOM IIPOCTPAHCTBe Re, , @ TaK)Ke COOTBETCTBYIOIIHWE KpPU-
TUYeCKHEe 3HAYEHUs B KOABIIEBOM IIPOCTPAHCTBE Rey, ., KOTOpLIE
CBUAETEABCTBYIOT O TOM, UTO PEeXMM TeYeHUS B YKAa3aHHBIX IIO-
AOCTIX AUCTBUTEABHO A@MUHAPHBIU.

Kak BupHO M3 Taba. 11.4, moTepsMU AQBA€HUS HAa TPEHUE B
MDAHHOM AMalla30He PAacXoAd >XKMAKOCTH IIPU IIPOXOXKAEHUM ee
yepe3 TPyOy M KOABIIeBOe IIPOCTPAHCTBO MOJKHO IIpeHeOpedb
paske 1ipu rayomse 2000 — 3000 .

B Taba. 11.5 npuBeAeHBI IOTEPU AABAEHHS B KOABIIEBOM IIPO-
CTPAHCTBe U TPyOe AAA IIeCTU 3Ha4eHuU I, u .. PacueTsl nposo-
auanch mpu | = 100 m.

M3 Taba. 11.5 BUAHO, UTO HOTEepPU AABAEHUS B KOABIIEBOM
IIPOCTPAHCTBE MOTYT OBITH CYIIleCTBEHHBIMH, OCOOEHHO IIPU TAY-
oune 1000 m u 60Aee. [ToMUMO 3TOTO 3AECH MOTEPU AABAECHUS B
OYPUABHEIX TPyOax MpeHeOPeKUMO MaAbl II0 CPaBHEHUIO C AP, .
ITpu pa3mMepax OYPUABHBIX TPYO M CKBa>XUHEI, AT KOTOPEHIX CO-
craBAeHa TaOA. 11.5, meaecooOpa3HO IIPOBECTU pacyeThl MO OIl-
PeAeAeHHIO IIOTeph AABAEHUS Ha TPeHUe.
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Tabautma 11.4

r, = 0016 M, r, = 0,0295 m, r, = 0014 M, r, = 0,0295 m,
r, = 0,7119, r. = 0,5420, r, = 0,7119, r. = 0,4746,
q, Re, ., = 1060 Re,, ., = 1060
A/MUH Ap, + Ap, +
APy T APy | THr
R Re, . Ap,, I3 K.t Re Re, . Ap,, Ilal ?FPxn
€y en AP Ha | TAP., ' en AP Ha | +AP
IMa TTa
1 663,1 | 210,1 60 190 250 | 7579 | 210,1 110 200 | 310
2 1326,2 | 420,3 | 130 420 550 |15158 | 4203 | 220 400 | 620
3 1989,3 | 630,3 | 190 610 800 |22736| 630,3 | 330 590 | 920

[Tpopoaxenue Taba. 11.4

r, =0016 M, r, = 0,038 M, r, = 0,0195m, r, = 0,038 M,
r, = 0,5526, r, = 0,4210, r, = 0,6579, r. = 0,5132,
q, Re,wn = 1228 Re,xn = 1020
AMEE| oo Re  Ap., TTal Ap, . | 2P= | Re | Re | Ap, |Ap. ., AP
T K.II T K.IT + Apx.n' T K11 T K.IT + ApK.n'
ITa o ITa | Tla
a ITa
1 663,1 | 179,8 | 600 20 80 544,1 | 1684 | 30 50 80
2 1326,3 | 359,7 130 40 180 |1088,2| 336,8 | 60 100 160
3 1989,4 | 539,5 190 60 250 |1632,3| 5052 | 90 140 230
[Tpopoaxenue Taba. 11.4
r, =0014 M, r, = 0,038 M, r, =0020 M r, = 0032w,
r, = 0,5526, r. = 0,3684, r, = 0,6579, r. = 0,5263,
q, Re,wn = 1228 Re, . = 1020
AMEE| oo Re  Ap., Tla Ap,, | 2Pr | Re | Re. | ap, |Ap. ., AP
T KL T l_i(.n. +Apx.n, T KL HT Hx.n. +Ap1{.n'
a IMa a a IMa
1 7579 | 179,8 110 20 130 | 530,5 | 1684 | 30 50 80
2 15158 | 359,7 | 220 40 260 |1061,0| 3368 | 50 90 140
3 2273,6 | 539,5 | 330 60 390 |1591,5| 5052 | 80 140 220

[Tpopoaxenue Taba. 11.4

r, = 0022 M r, = 0,038 w, r, = 0,018 M, r, = 0,038 M,
r, = 07105, r, = 0,5789, r, = 0,7105, r. = 0,500,
a, Re ., = 1045 Re, ., = 1045
AMEE| oo Re lap.Tial Ap, . | 2Pr | Re | Re | ap, | Ap,.. | AP T
T KT T K.I1 + Apx.n T KT T Ka' | Apkn'
Ia Ma IMa ITa
a IMa
1 482,3 | 163,3 20 80 100 | 589,5 | 1632 | 40 90 130
2 964,6 | 326,5 40 160 200 | 11789 326,5 | 80 180 260
3 1446,9 | 489,7 50 200 250 | 1768,4 | 489,7 | 120 | 260 380
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Tab6au1ma 11.5

r, = 0,016 », r, = 0,023 u, r,= 0014, r, = 0,023 u,
q, r, = 09130, r, = 0,6956 r. = 09130, r, = 0,6087
AMEE| oo Re lap.Tia Ap, ., | 2Pr | Re | Re. | ap, |ap. .| AP
T K.II T HK.H + ApK.n, T K.IT T l_[K.II + Ap]{_n‘
a ITa Tla a ITla
1| 6631 | 241,1 | 60 | 18060 | 18120 | 7579 | 241,2 | 110 | 18060| 18170
2 13263 4823 | 130 | 36120 | 36250 | 15158 | 4824 | 220 | 36120, 36340
3 119894 | 7234 | 190 |54180 | 54370 | 2273:6 | 7238 | 330 | 54180, 54510

[Tpopoaxenue Taba. 11.5

r, = 0,016 M, r, = 0,023 M, r, = 0,014 M r, = 0023 M,
a, r, = 09130, r, = 0,6956 r, = 09130, r, = 0,6087
AMEE|po | R |ap.Tia Ap, ., | 2Pr | Re | Re. | ap, |Ap. ., AP
T K.IL T HKAH —+ Apx.n, T K11 HT Hk.n + ApK.H‘
a IMa a a IMa

530,5 | 194,7 26 1280 | 1306 | 544,1 | 1947 | 30 | 1280 | 1310
1061,0 | 389,4 53 2560 | 2613 |1088,2 | 2894 | 58 | 2560 | 1618
1591,0 | 584,1 80 3840 | 3920 |1632,3 | 584,1 | 88 | 3840 | 3928

WK =

[Tpopoaxenue Taba. 11.5

r, = 0,020 M, r, = 0,0295 u, r, = 0018 M, r, = 0,0295 u,
a, r, = 09152, r, = 0,7458 r, = 09152, r, = 0,6102
MM pe | e |Ap,TTal Ap,, | 2P T Re | Re.. | Ap, | Ap,.,| AP
KIL T HKYI] —+ Apx.n, T K11 T Hk.n + ApK‘n‘
a ITa Tla a Ila

482,3 | 1878 18 7200 | 7218 | 5894 | 1878 | 40 | 7200 | 7240
964,6 | 3756 36 14400 | 14430 | 1178,4| 3756 | 80 | 14400/ 14490
1446,8 | 563,4 54 | 21600 | 21654 | 1768,4 | 563,4 | 120 | 21600 21720

W N =

OpHako HebOOAbBIIMe 3HaYeHUs (, OOYCAOBAUBAIOIIME AdaMU-
HapHBIM PEeXXUM TeueHUsS B TPyOe U KOABIIEBOM IIPOCTPAHCTBE,
IIPEeACTaBASIOT OTpaHUYeHHBIN IIpaKkTHdeckui nHTepec. C yBeAu-
yeHVeM ( >XMAKOCTH BO BHYTPEHHEM IIOAOCTH TPYOBI ABUKETCS
Ipy TYpOYAEHTHOM pe’>XKUMe, a B KOABIIEBOM ITPOCTPAHCTBE —
IIPY A@MHUHAPHOM.

[MosTOMy HpeACTaBASIETCS LeAeCOOOPAa3HBIM OIIPEAEAUTH IIO-
TepH AABAEHUS IIPU AAMHHAapPHOM TeUYeHHU B KOABI[EBOM IIPOCT-
paHCTBe U TYpOYAEHTHOM pe’KuUMe BO BHYTPeHHEeM IIOAOCTH Oy-
PHUABHBIX TPYO.

IMorepu paBAeHUI B TpyOe coraacHo dopmyaam Aapcu —
BelicOaxa u baazuyca onpepeAsroTcs TakK:
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25,, 07514 175
vy~ "lg

0,
Ap, = 0,0089723 % (11.13)

0,75.4,75
g r

ChaepoBaTteabHO, 1o hopmyaam (11.11) u (11.13)

A (urg)"” -
Ap =283,8156; L19) 147 o —. (11.14)
P 1 (1-r) 1ni—<1— r2)
r

a

B Taba. 11.6 mpuBepeHBI 3HaueHUS AP, AP, U AP../Ap, Arsd
psAa ¥ Pas3sAWUYHBIX 'eOMeTPUYeCKUX pa3MepoB KOAOHHEI TPYO
U CKBaKMHBIL. PacueTsl mpoBopuAuchk npu | = 100 M u ycaoBuy,
YTO IIPOMBIBKA OCYIIECTBASIETCS BOAOM.

W3 Taba. 11.6 caepyet, 9To AP, , HAMHOTO OOABIIe Ap,.

OAHAKO MOMHUMO IIOTEPh AABAEHUS IO AAWHE B IJUPKYASAIIUOH-
HOU CHCTeMe UMEIOTCSI TaKVe MeCTHBIe COIPOTHBAEHUS, KakK IOo-
Tepu AABAeHUS B 00BsI3Ke AP, IPOMBIBOUHBIX OTBEPCTHUSIX AO-
AoTa Ap,,, CYKEHHSIX My(PTOBBIX coepMHeHMN Ap,. PacueTwl mo-
Ka3aAW, 4TO BBUAY MAAOCTH AP.s, AP, B Ap, cymma Ap, +
+ APy + AP, + AP, TaKXKe CyLIECTBEHHO MeHbIle AP, ..

11.2. OIPEJIEJIEHUE BECA KOJIOHHBI TPYB
HA KPIOKE, A TAKKE MAKCUMAJIBHOT'O
PACXOJA KUIKOCTH, 3SAKAYNBAEMON
B CKBAJKUHY U NCKJIOYAIONIEN
THIPABJUYECKUA ITIOAIIOP

Permrum 3dAQ4y IIPpW AAMHUHAPHOM peXHnMe TedeHUd BSI3KOM JKUA-
KOCTH B KOABIIEBOM IIPOCTPAHCTBE.

CocTaBuM YpaBHeHUEe AWHAMHUYECKOI'O PABHOBECUSs], IIPOBEAs
IIpu 3TOM DIUAMHAPUWYECKYIO IIOBEPXHOCTH B KOABIIEBOM IIDOCT-
PaHCTBE PApAUYCOM I

2nrkt + wr’p, - n(r2 - roz)yl - rc(ro2 - rj)yTI -
-yl —qr)p, + F =0, (11.15)

TAe P, ¥ P, — A@BAEHHE HarHETAHUS W y HUKHEro Toplla KOAOH-
HBI TPyO COOTBETCTBEHHO;, T — KaCaTeAbHOE HaIpsDKeHWe IO
OOKOBOM IOBEPXHOCTH IMAMHApA papuycoMm r; F — Bec koaoH-
HBI Ha KPIOKe.
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CoraacHo 3akoHy HrploTOHA

T=u—. 11.16
h (11.16)
Torpa mo BeIpaskeHuaMm (11.15) m (11.16), moAb3ysAChk TpaHUY-
HBIM YCAOBHEM, COTAACHO KOTOPOMY CKOPOCTBb JKMAKOCTH HA IIO-
BEPXHOCTU TPYO paBHA HYAIO, IIOAYUUM CAEAYIOUIYIO (DOPMYAY AAS
OIpeAeAeHUsI CKOPOCTU B AFOOOU TOYKEe KOABIIEBOTO IIPOCTPAHCT-
Ba!

ar2p, +n<r02—r22>l(yT—y)—F

u=-P2=tl (2 oy 4 It (11.17)
4ul 2mul ro
Tab6bau1a 11.6
r, = 0016 M r, = 0,023 M, r, = 0014M r, = 0,023 M,
r, = 0913, r. = 0,6956, r, = 0913, r, = 0,6087,
q, Re,xn = 3264 Rey,xn = 3264
A/MUH APy APxn

Re, | Rey,; |Ap, ITa AP,

KII

Re, Re AP, | APy

T KII

IMa APy ITla | Tla APy

1 3979 | 1445 | 980 |108300| 110,5 | 4547 | 1447 | 1840 (108300 58,8
8 5305 | 1929 | 1610 |144400| 89,7 | 6063 | 1929 | 3040 (144400 47,4
0 6631 | 2411 | 2380 |180640| 759 | 7579 | 2411 |4500 180600 40,1
12 7957 | 2893 | 3280 |216700| 66,0 | 9095 | 2893 |6190 (216700 35,0

[Tpopoaxenue Taba. 11.6

r, = 0,020 M, r, = 0,0295 n, r, = 00195, T, = 0,0295 m,
r, = 08475, r. = 0,6780, r, = 08475, r. = 0,6610,
q Re,,,, = 2546 Re,,, = 2546
A
MU e, | Rey, AP TIaAD, .| B2 | Re, | Re,, | Ap, | Ap,, | SPes
Ia B ITa | Ia Ap,

6 3184 | 1168 | 340 | 7690 | 22,6 3265 | 1168 | 380 | 7690 20,2
8 4244 | 1557 | 560 |10250, 18,3 4353 | 1557 | 630 | 10250 | 16,2
10 5305 | 1947 | 820 |12820, 156 5441 1947 | 930 | 12820 | 13,7
12 6366 | 2336 | 1130 15380, 13,6 6529 | 2336 | 1280 | 15380 | 12,0

[Tpopoaxenue Taba. 11.6

r, = 0022 m r, = 0,0295 M, r, = 0,018 M, r, = 0,0295 M,
r, = 09152, r. = 0,7458, r, = 09152, r. = 0,6102,
q, Re,xn = 3288 Re,xn = 3288
A/MUH Re, | Re., |Ap, T1a Ap,,, APy Re, | Re,, |Ap, | Ap,, APy
Ia AP, INMa | Tla AP,
6 2894 | 1127 210 | 43200 | 2057 | 3537 | 1127 | 550 | 43200/ 78,5
8 3858 | 1502 | 360 | 57600 | 161,8 | 4716 | 1502 | 920 | 57600, 62,6
10 4823 | 1878 | 530 | 71980 | 137,0 | 5895 | 1878 | 1360 | 71980, 52,9
12 5787 | 2254 | 740 | 86380 | 120,0 | 7073 | 2253 | 1870 | 86380 46,2
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Tak Kak CKOPOCTb KHMAKOCTHU Ha CTEHKe CKBAa)XKUHBI pPaBHA HY-
AfO, Te. mpu ' = rp u = 0, To B cooTBeTcTBUU C (11.17) moay-
quM

aap(r? - rd
F=m‘22pH+n<r02—r22>|(yT—y)—M. (11.18)
21n 1L

fo

B cootBercTBuU ¢ (11.7), (11.11) m (11.18) MO>KHO COCTaBUTH
CAEAYIOIlee BBIDAKEHUE AAS ONPEASAeHHMsT BeCa KOAOHHBI Ha

KpIOKe:

( \

2 2
Fomal gz 1o +n(r§—r§)l(vT—Y)+@v (11.19)
r 2n 'L 2
fo
TAE
lni
f(r)=2 r (11.20)
7T

(1- r;)lnri-(l- raz)2 '
AaBrenue HarHetanud o (11.7) u (11.11)
8ulq ln% 1
W o
P, =—+ =+ | (11.21)
S [ e

W3 ypaBHeHHs AMHAMHUYECKOTO DABHOBECUs JKUAKOCTH, ABU-
JKYILIeHcs BO BHYTPEHHEM IIOAOCTH KOAOHHBI TPyO IIpu TypOy-
AEHTHOM pe>KHMe Te4eHHUs], MOJKHO 3aIllHUCaTh:

0,75
0,3164u%2°g ™1 [ v\
n1'75r24'75 29

P =Ap+ (11.22)

Torpa nmo cdopmyaam (11.11), (11.22) u (11.18) moAydmM CAeAy-
I0Illee BBIPA)KEHUE AAST ONPEAEAEHMST Beca KOAOHHBI IIpU TypOy-
AEHTHOM TeYEeHUU >XUAKOCTH B KOAOHHE TPyO M AaMHUHApPHOM
ABVDKEHUHU B KOABIIEBOM ITPOCTPAHCTBE:

( \
R PRI

r
N 2In-L
fo

+a'c<ro2 - rf)l(yT —y)+
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0,75
+0,3164p07( 11 947
' \ong) 127

(11.23)

Tenepr HalipeM BeC KOAOHHBI Ha KpPIOKe IIPU TyPOYA€HTHOM
peXuMe B KOABIIEBOM IIPDOCTPAHCTBE M KOAOHHe TpyO. Cunha
TPeHHUs Ha BHeIIHelN MOBEPXHOCTU KOAOHHBI TPYO

T = 2aryle,. (11.24)

CoraacHo [14] kacaTeAbHOe HaIpsSKeHME Ha BHEITHEW II0-
BEPXHOCTV KOAOHHBI OYPHUABHBIX TPYO OIPEAEASeTCS TaK:

a(2r, +a)ap

AT 11.2

w= (11.25)
3HauUT,

T = na(2r, + a)Ap. (11.26)

W3 ypaBHeHHS AMHAMHYECKOTO PABHOBECUS IIO BHEIIHEU IIO-
BEPXHOCTH KOAOHHBI TPyO mMeeM

nrzsz+n(r02—r22)(yT—y)l—rcrosz—T—F=0. (11.26%)
Toraa (mo 11.22), (11.26) u (11.26%) moayuum:

F = Jr(r02 - rzz)(yT - y)l - (ro + a)2 - rzz]Ap +

0,25 1,75 075
+O,3164#( Y ) . (11.27)

r22,75 8J'Eq

B cootBeTctBUU; C [10, 11, 14]

1 19
Ap=f(r, a) (711) g (11.28)
g4
4
f(r.a )=5,998377-10—5{a*7LZFar’fa*] 7(@#}‘;) +
7
1 . RE
+[1 (rra)] (1w - a*)?(é - HT“"‘J , (11.29)

rae 8 = a/r, (& — paccTosHMe OT CTEeHKHU TPYyOBI A0 IIOBEPXHO-
CTH B KOABIIEBOM IIDOCTPAHCTBE, HA KOTOPOM KaCaTeAbHOE Ha-
HIpsSKeHUE PABHO HYAIO).
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3HaueHue a” OIIpeAensieTCA U3 YPAaBHEHUs

1
4

a’(2r, +a%) =/1—ra—a*} . (11.30)

£

2 a

r, 1—<ra +a*>

Takum ob6pazoMm, o opmyaam (11.27) u (11.28)

7
- 3

F= J'c(r02 - rf)(yT -y —%yil{f(ra,a*)%x

4 4
s r

~ =

x [(r0 +a) - r,f] - (())f%‘}% . (11.31)

Tenepr HalipeM BeC KOAOHHBI Ha KpIOKe IIPU CTPYKTYPHOM
pe’kuMe TeueHUs B KOABIIEBOM IIPOCTPAHCTBE M KOAOHHE TPYO.

CocTaByUM ypaBHeHHEe AMHAaMHUUYEeCKOTO PAaBHOBECHSI CHUA, IIPO-
BepsS MBICA€HHO HWAWHAPHUYECKYIO IIOBEPXHOCTH BO BHYTPEHHEM
I'PaAMEHTHOM CAOE€!

anl(n%+ ro) - rc(r2 - roz)yl - rc(ro2 - r;)yTI —ar/ly +F —qr/p, +7r’p, =0,
r

TAe U; — CKOPOCThb B AIOOOM TOUKe BHYTPEHHEro rpapzueHTHOTO
cAo4.

AnddepeniiuarbHOe ypaBHeHHe pellaeTcsl IPU COOAIOAEHUU
CAEAYIOIIEro IPAHUYHOTO YCAOBHS: CKOPOCTB JKHMAKOCTH Ha IIO-
BEPXHOCTU TPyOBl paBHA HYAIO, T.e. Ipu I = r, U, = 0.

Torpa moayuum

F —n(roz - r22>|(YT —Y)—TEI'QZPH h’lL _T_o(r _ ro), (11.32)
n

u, = —ﬂ(rQ— rOZ) -

4l 2m| ro

Ha IIOBEPXHOCTU sIAPA CKOPOCTH JKHUAKOCTH BO BHYTPEHHEM
I'PapAMEHTHOM CAO€ CTAHOBUTCA paBHOfI CKOPOCTH CaMOro 4gdApaQq,

T.e. IPU I = p; U, = u,.
CAepOBaTEALHO,
F—n(ré—r%)l(y —y)—m’fp
™ =£(p%-r§) - ’ “InfL-To(p —r ) (11.33)
4nl 2m| rhb, m'U!
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CocTaBUM YypaBHEHHWE AWMHAMUYECKOTO PABHOBECHS, IIPOBEAS
IIUAMHAPUYECKYIO TIOBEPXHOCTb II0 BHEIIHEMY T'PAaAUEHTHOMY
CAOIO:

—23”(—”]% + 1:0) - Jr(r2 - rZZ)yI - rc(ro2 - rzz)yTI -yl +
r

+ar’p, + F —arZp, = 0. (11.34)

YpaBHeHue (11.34) peltaeTcd OpU YCAOBUH, YTO CKOPOCTh
JKMAKOCTA BO BHeEIIHEM T'PAAUEHTHOM CAOe Ha IIOBEPXHOCTH
BHEIIHETO [UAWHAPA (CKB&)XUHBI) CTAHOBUTCS PABHOU HYAIO, T.e.
mpu r = r, u, = 0.

B pesyabTaTe pellleHUs OAy4YaeM

.- Ap(rf—r2> . F-n(rg—r%>|(YT—y)—ﬂ|’%PH lni—T—O(ﬁ—r)' (11.35)

4nl 2mn| r m

Ha moBepxHOCTH siapa CKOPOCTb JKUAKOCTH BO BHEIITHEM TI'pa-
AMEHTHOM CAO€ TIePEeXOAUT B CKOPOCTb CaMOTO SIApPa, T.e. IIpHU
r=p, U, = U,

3Hauut, 1o (11.33)

Foa(rd-r3)i(ve-v)-rip, Inf-To(r—p)  (11.36)

Ap (2 _ 2
Up=—(T{—pP2) +
|< ) 27| P2 M

4n

CocTaBum YpaBHeHNe AWHAMHWYECKOI'O PAaBHOBeCHdd, IIPOBEAS
OUAMHAPUYECKYIO IIOBEPXHOCTBH IIO BHYTpeHHefI I'paHuIe sApa
IIOTOKaA:

2mp, b, - n(pf - rOQ)yI - Jc(ro2 - rzz)yTI - aryl +
+mpip, + F —ar/p, = 0. (11.3%)

AHanroTHYHOE ypaBHEHHEe COCTaBUM, IIPOBEAS IUANHAPUYECKYIO
TMOBEPXHOCTDL IO BHEIIHEMW TpaHUlle siapa:

— 27p,lt, - n(pg - rOQ)yI - Jc(ro2 - rzz)l\(T - quryl +
+mpap, + F —ar/p, = 0. (11.38)
IMo ypaBHenuam (11.37) u (11.38) moayuum:

2l

—0 . 11.39
(oo -] N

p, -yl =
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F a2 - 2y, - v) - arlp, = —%. (11.40)

ITo Beipaskenusm (11.39) u (11.40) MOXXHO 3alUCaTh:
F=nep, + (v~ t2)l(v, ~v)-p,p, AP, (11.41)

Tak Kak 3HaueHud U, HalpAeHHBle IO QopmyaaM (11.33) u
(11.36), paBHEI MeyKAy COOOM, TO IIOAYYHM CAeAyIOlllee ypaBHe-
HUe, YCTaHaBAUBAIOIIee CBA3b MEKAY PaAMyCaMU SIApa:

pap In-22- = L{p? —pZa1-r2) (141, o, ~po) (11.42)

r.p.
TAE P, =P/ P, =P/ T}
Pacxop, JKUAKOCTH

P1 n

q=23'l', rudr+np2—pzu + 27w (ru,dr. (11-43)
J; 1 (2 1) o !; )

IMo Bwipaskenusm (11.32), (11.33), (11.35), (11.40) u (11.43) mo-
AYUHUM CAEAyIOlllee COOTHOIIEHWE AAS  OIPEACACHHS PacxXopa
SKUAKOCTH B KOABIIEBOM IIPOCTPAHCTBE:!

4
_ wur, Ap

B [é(pi‘—p§)+1—rg‘+%pap,(p?—pi)—2pap,(1—r£)—

.- iv)

CoraacHo yupoieHHOU (popMyae BykuHrama AaBAeHUe HarHe-
TaHUA P, IPU CTPYKTYPHOM pe’kuMe TedeHUsI B KOABIIEBOM IIPO-
CTPaAHCTBE MO>KHO HAWTHU TaK:

. (11.44)

p, = Ap+3ma , 8ol (11.45)

arg 3

3HauuT, 1o popmyaam (11.41) u (11.45) BeC KOAOHHBI COCTABUT

F =rc(r02 - rj)l(y ) —v)+% +§nr2'col - Jrrlep(pap, - rf), (11.46)

rae . = r,/r,.
3HAUUT, B TOYHOM MOCTAHOBKE 3ajaya peIlaeTcsl TaK: MpPU 3a-
AAQHHEBIX 3HAUEHUSX T, |, Ap, r, u r, mo BelpakeHusm (11.39) u
(11.42) nHaxopuM py U P, IOACTABUB KOTOpHle B (11.46) ompeaensi-
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eM F; coOTBeTCTBYIOMMM pacxop >KUAKOCTH BEIYHCASIEM IO (QOp-
Myae (11.44).

OAHAKO TAakKOM MYyThb CBSA3aH C IIPOBEACHUEM OOABLIIOrO OOBbe-
Ma BBEIYUCAUTEABHBIX OIlepaliiii.

AAS TIPUOAMKEHHOTO pellleHUs 3apauu AP OyAeM OIIPeAeAdThb
o popmyae (8.57), a papuycCHl fapa Kak

2
pa= |1fa Tl (11.47)
21n L AP
ra
1-r2 I
-l To
Pp = + . (11.48)
\/21111 nAp
ra
ITo (11.46) — (11.48) MOXXHO 3amMCaTh:

8nl 8
F = n(r02 - rzz)l(yT - y) + n—zq + —an,lt, - wr’Ap x
ry 3

1—%2 ‘l70| ’ 2
x| o[ T g (11.49)
fa

ITo dopmyaam (8.57) u (11.49) HalipeM F mpu CAepyroOIIUX HC-
XOAHBIX AaHHBIX: I = 0,0295 M, r, = 0,018 M, r, = 0,027 M,

|l = 1000 M, m = 10-107® Tla‘c, t, = 3Tla, y =
= 1,2-10*H/™* y = 7,85-10* H/M’. Tak Kak B AQHHOM CAydYae
r, = ry/r; = 0915 To coraacHo Taba. 10.1 umeem ¢ (r) =

—0,1014, ¢(r,) = 0,0101, ¢(r,) = 0,0098.
Torpa o popmyaam (8.57) u (11.47)

Ap = 207 54 - 105[0,1014 +1038,73q +

+\/(o,1014+ 1038,73q)2 - 0,0101}. (11.50)

F =85063,329 + 246913, 58q - 0,00273397Ap x

2
x [o, 544143 - (101694' 9) l (11.51)
Ap

B Taba. 11.7 npuBeAeHEBl pe3yABTATEL PACYETOB II0 BEIPA’KEHU-
aM (11.50) u (11.51).
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Tab auta 11.7

q, A/MUH F, H AF, H q, A/MUH F, H AF, H
2 78042,4 7020,9 11 67639,0 17424,3
3 76765,8 8297,5 12 66542, 1 18521,2
4 75552, 7 9510,6 13 65445,2 19618,1
5 74376,5 10686,8 14 64356,8 20706,5
6 732238 1186,42 15 63268,8 21794,5
7 72987,8 12975,5 16 62183,3 22880,0
8 70963,8 14099,5 17 61101,4 23962,0
9 69848,9 152144 18 59451,2 25612,1
10 68741,6 16321,7 19 58933,6 26129,7
B Taba. 11.7

AF = n(r02 - rj)(yT - y)l -F,

T.e. PA3HOCTb MEXXAY BECOM KOAOHHBI B HaXOASIIENCs B IIOKOe U
ABIDKYILENCSA JKUAKOCTH.

SHaueHusa F u AF popmupytoTca 3a cueT r'HAPOAMHAMUYECKUX
CHA, BBI3BAHHBIX IIPOXO’KAEHHEM ITPOMBIBOYHOMN >KHUAKOCTHU depe3
KOABIIEBOE IIPOCTPAHCTBO.

O4eBHUAHO, YTO Ha NOBEPXHOCTU KOAOHHBI OYPHUABHBIX TPYO
MO>KeT 00pa3oBaTbCAd NAEHKAa TOAmMHOU 1—1,5 MM, 00ycAOB-
AeHHas AMOO HaHeCeHMeM CMa3KM, ANOO HaAMIIaHHEeM BBIOYypeH-
HOM IIOPOABI, TAMHHCTOTO pacTBopa. B 3ToM cayuae 3HaueHus F
u AF MOTyT CyllleCTBEHHO U3MEeHUThC.

Ecam 0603HAUUTH TOAIIMHY HAAWUIMIIETO CAOS 4epe3 A, TO co-
raacHo (11.49)

8nlg

F=n(r02—r22)l(yT—y)+ 2 +§nr2l1:0_nr12Apx
2

2 2
Ao ol V| (11.52)

oL \rAp
TAe Iy = (fp + A)/ry.

3HaueHUe Ap omnpeaeaseTrcsa 1o (8.57) Ipu yCAOBUH, 4TO F, =
= r,. IIpoBepeM pacueTsl 1o onpeperennto F u AF npu npuns-

TBIX paHee UCXOAHBIX AaHHBIX U A = 0,001 M, Te. r, =
= 0027+0001 _ 494315 Torpa p° = 0974464, w(r) = —
0,0295 °

0,036946, ¢(r,) = 0,0013384, @(r,) = 0,00214916.
Coraacto (8.57) u (11.50) MO>XHO 3amuCaTh:
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Tab6au1a 11.8

q, A/MUH F. H AF, H q, A/MUH F,. H AF, H

2 62147,5 22915,8 7 29455,2 55608, 1

3 55451,1 29612,2 8 23025,0 62038,3

4 48878,7 36184,6 9 16608,9 68454,4

5 42373,1 42690,3 10 10145,7 74917,6

6 35902,5 49160,8 11 3756,3 813071
Ap = 97,0673 - 1070,0369461 + 1214,7716q +
+,(0,0369461 + 1214,7716q) - 0, 0013389}. (11.53)
F = 85063,329 + 246913,58q — 0,00273397Ap x

2

x 0,577274-(%) . (11.54)

B Taba. 11.8 nmpuBepeHBI pe3yAbTaTHl PacueToB IO (opMyAaM
(11.53) u (11.54).

B aAomoaHeHHMe K AQHHBIM, IIPUBEAEHHBEIM B Taba. 11.8, yka-
xeM, uyTto ipu = 13 A/mMuH umeem F = —2601,83 H, T.e. BeC
Ha KPIOKe PaBeH HYAIO U TPYOBI ABUJKYTCA BBepX. M3 rpaduka
3aBucuMocTtu F = f/((), IOCTPOEHHOIO IO BCEM 3TUM AAQHHEIM,
caepyet, yto ipu q = 11,5 A/mMun F = 0.

Takum obOpaszoM, ecAu npuHATh B (8.57) m (11.52) F = 0 u
r,= I, , TO MOXXHO HaWTH YCAOBUs (J, A), TP KOTOPLIX KOAOH-

Ha TpyO OyAeT IMOAHOCTBIO B3BellleHa.

Ananrornuno no cgopmyaam (11.19) uam (11.23) u (11.27) B 3a-
BUCHUMOCTH OT PEXUMOB TeUeHUs B TpyOe M KOABIIEBOM IIPOCT-
PaHCTBe MOJKHO HaWTH MaKCHUMaAbHO BO3MOJKHBIM pacxop ( u
TOAIIIMHY AOIYCTHMOTO CAOSL A, IpPM KOTOPBIX BeC KOAOHHBI
TpyO Ha KPIOKe CTAHOBUTCA PaBHBEIM HYAIO B CAydYae, KOTAQ IIPO-
MBIBKA CKBa’KMHBI OCYIIECTBASIETCS BOAOH.

11.3. IIOTEPU JABJIEHUA, OBYCJIOBJIEHHBIE
BPAIIIEHUEM KOJIOHHBI BYPUJBbHBIX TPYB

ITycTbh KOABIIEBOE IPOCTPAHCTBO, OOPA30BAaHHOE ABYMsI KOHIIEHT-
PHUYHO PACIOAOKEHHBIMM LUAMHADAMH, 3AIIOAHEHO BSI3KOM JKUA-
KOCTBIO. BHYTpEeHHUI IUAWHAD BpAIIAeTCs C IOCTOSHHOU YTAO-
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BOU CKOPOCTBIO . TpeOyeTcs ONpeAeAUTH AABAEHHE B AIOOOU
TOYKE TIOTIEPEYHOT0 CEeYEeHUsI KOABITEBOTO ITPOCTPAHCTRA.
PaccmoTpuM 3apady B OMAMHAPUYECKOM CHUCTEME KOOPAWHAT
z, 1, . OUeBHUAHO, UTO TPAEKTOPHUSIMU ABUIKEHMS UaCTHUI] KUAKO-
CTH SIBAJIOTCS KOHII€HTPUYHBIE OKPYJKHOCTH; COCTABASIOIINE
CKOPOCTH IO OCSIM I ¥ Z OTCYTCTBYIOT, & CyIeCTByeT AMLIL U, =
U, 3aBucsmas ot . Ecam ry m Iy, — papMychbl KOAOHHBI OypPUAB-
HBIX TPYO M CKBa’kKWHBIL, TO Fy < I < I,.
CoraacHO ypaBHEHHIO Hepa3pBIBHOCTH
M. (11.55)
I

AaBAeHMe BO BCEX TOYKAX AAHHOM OKPYKHOCTH, COCTABASIIO-
IeN TPaeKTOPUIO ABMJKEHUs, OyAeT OAMHAKOBBHIM, TaK KakK Ha
TIPEOAOAEHUME CHA COMPOTUBAEHUS 3aTPayrBaeTcs He IOTeHIH-
aAbHasI SHEPTrusl >KUAKOCTH, a& MeXaHWdecKas, MPUBOAAIIAS IU-
AWHAD BO BpaileHue. [103TOMy B IAOCKOCTHU [ A@BAEHUE H3Me-

au
HSIeTCSI TOABKO 1O papuycy, T.e. p = f(r) u — = 0.Toraa B cooT-
9o
BETCTBUU C cucTeMOU Au(ddepeHIIMarbHBIX ypaBHeHUN HaBbe —
Crokca

e (11.56)
2

du 1du_u _g (11.57)
dr? rdr 2

Breipaskenue (11.57) mpeacTaBasieT cobodt audepeHiiarbHOe
ypaBHeHHe Tulla OWAepa, M ero 4YacTHBIe pelleHUs CAEAyeT HUC-
KaTb B popme

u=rk (11.58)
W3 ypasrenuit (11.57) u (11.58) noayuum
K(k=1)rk-2 4+ krk-2-r*-2 =0,

OTcropa
k(k—1)+k—1=0.
CAepOBaTeABLHO, UMeeM ABa sHaueHua ki k = 1, k= —1 n
1
COOTBETCTBEHHO YaCTHBLIE pelleHus U, = ru u, = —.

r
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TakuM oGpa3oMm, ofliee pellleHHWe ypaBHeHHs (11.57) MOXXHO
3amMCaTh B CACAYIOIIEM BHAE:

u=Ar+2, (11.59)
r

[Tpon3BoAbHEIE NOCTOSIHHEIE A U B B ypaBHeHuu (11.57) Haxo-
AHMM H3 IPaHUYHEIX YCAOBHH!

NpE I = I, U = I,
npu r =1 u =0

Toraa
2
A = __0)1’1 ; 11.60
I'lz—.r()? . ( )
2.2
B = 2l (11.61)
1'12—1'02

U3 Bupaxxenuit (11.59) — (11.61) noayaum

1'2 - 1'2
u=oof A——. (11.62)
r(r,2 - roz)
Takum o6pa3oM, pemasi ypaBHeHue (11.56} ¢ noMoIinbio BHI-
pakeHus (11.62), moayunm

2.4 2 4
p:ﬂfﬁ—.[r_—ﬂ—hlzlnrJ-{-c. (11.63)

IIpu r = r, p = vYh. Toraa

p = p, + vh (11.64)
TAe
2.4 o 2 2 |
=_PO% |91 _ & Apnl I 20
23 (52_162)2 {2[162 r2]+21', In ++ 5 } (11.65)

O4eBHAHO, 9YTO IIPH I' = I, BEAMUMHAa p AOCTHIHeT HauGoAb-
IIero 3HaveHms. Toraa

2.4 rf Z-rd
P B ) VO LMY S| (11.66)
(rt-rg) [ 2L nol
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B Tab6A. 11.9 nmpuMBeAeHHl PE3YABTATHl PAacyeToB IO ¢opMyAe
(11.66), BHMOAHeHHEIX Opu 1, = 0,027 M, 1, = 0,0295 m u pas-
AMYHEIX N.

B Taba. 11.10 IIpUBEAEHB pe3yAbTaTHl 3aMepPOB AABACHUS HA
Hacoce p, IPH PA3AMYHBIX PAcXOAAX >KHMAKOCTH M YacToTe Bpa-
[IeHHUs] KOAOHHEI GYPHABHBIX TPYO. DKCIIEpUMEHTHl IIPOBOAUAKCH
B ckBakuHe AHamerpoMm 0,059 M, B KOTOpPYO OBIAM CITyUIEHBI
Tpy6nl Amamerpom 0,054 M npu aause 100 M.

W3 conocTaBAeHUsS AQHHBEIX TabA. 11.9 u 11.10 BHAHO, YTO AO-
A p, B (DQOPMHPOBAaHUHU D, NOAYYEeHHass IO 3amepaM, HaMHOro
BBHILIE COOTBETCTBYIOIIEH BEAMYMHBI, PAaCCYMTHIBAEMOH COTAACHO
dopmyre (11.66). OTO OBCTOATEALCTBO OOGBSICHAETCS TeM, 4UTO
IIpH BPAIllEHUM KOAOHHBI C OAHOBPEMEHHOH 3aKa4Kod HeobXo-
AMMO CKA3ABIBATh MOTEPH A@BAEHHUsI TPH OCEBOM ABIDKEHHU C Dy,
BO3HHMKAIOIEM B CAyYae AAMHHApHOTO MAM TypOYAeHTHOTO Bpa-
LIeHHs] C HEM3BECTHBIM 3KCIEHTPUCUTETOM.

Ta6Aannpa 119

n, o6/MHuH p, Tla n, 06/MHH py. Ma
100 1900 240 10947
120 2737 250 11878
140 3725 260 12847
150 4276 280 14900
160 4865 300 17104
180 6158 320 19461
200 7602 340 21970
220 9184 350 23280
Ta6 ampa 11.10
qr pll' 102 I-Ia
1074 n=20 n = 150 n = 200 n = 250 n = 300
m¥/c 06/MHKH 06/MuH o6/MuH 06/MUH
1,333 400 847/875 1055/1145 140/1370 1705
1,500 457 905/980 1230/1240 —/1612 -
1,750 517 985/1140 1330/1465 1740/1855 2135
1,933 590 1145/1320 1635/1630 — /2060 —
2,333 667 1405/1440 1835/1855 221072315 2770
3,750 1412 2540/2740 3360/3490 4025/4200 4850
4,583 2002 3475/3630 4250/4225 5250/5235 6200
6,000 3545 4250/5720 5960/6440 735077275 8500
7,500 5557 6250/6050 7290/8620 9950/9550 11350
9,333 7835 8600/8270 1011/11310 | 12800/11850 1400
10,667 11450 114500/ 11075| 12350/12300 | 14800713900 13600
12,500 14750 147500/ —~ | 15300/14700 | 17100/16850 18600
Ilpumevyasue. B YHCAHTEAE U 3HAMEHATeAe APOOH YyKa3aHBl pe3yAb-
TaTsl 3KCIIEPUMEHTOB, MPOBEASHHHIX B Pa3HOe BpeMs.
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- Ilo BCcel BUAMMOCTH Takoro poaa 3apaud Leaecoobpa3HO pe-
IIaTh METOAOM Pa3MepHOCTEH.
Duanveckoe ypaBHeHME B AQHHOM CAy4ae MOJXXHO 3allUCaTh
Tak: ’

P, =f(v,,.d,/D—-d, pWln), (11.67)
TA€ Vyin — CPEAHSSl CKOPOCTh TeUeHHs JKUAKOCTH B KOABIIEBOM
IIPOCTPAaHCTBE,

Ilpy OpuUHATOM ugHCAe 060poTOB n TPyG AMaMeTpoM d, =
= 0054 M u Anamerpe CKBaXKMHEI D = 0,059 M ypaBHeHue
(11.67) Mo>xHO mepenucars B CACAYIOLIEM BHAE:

Py =f(v.,, D—d_p,nli). (11.68)

B KkadecTBe BeAMUHH, MMEIOIMX He3’aBMCHMEIe Pa3MepHOCTH,
BeIGepeM v, ., D—-d,, p.
Toraa B cooTBercTBHU C T-TeOPEMO

R . . . \ (11.69)
v (D-dy)'o” | v¥(D-d,)"o% v¥2(D-q, )%

Cobaropass mpuHLMN paBeHCTBa Pa3sMepHOCTeH YHCAMTEA U
SHAMEHATeA? B KOKAOM KOMIAEKCE YpaBHeHHs | 11.69), a Takxke
UMes B BHAY, YTO COHNPOTHBAEHHE B KOABLIEBOM NPOCTPaHCTBe
(4TO IO CyTH M ompeaeAsieT 3HadeHue Px) mpsAMO mpomopnHo-
HaAbHO I/(D — d,), noayuum

M = ¢(Re,y), (11.70)
TAE
w(0?-a2) p,g(D-a,)

n= T ;. (11.71)

Re, . =-—w-q——.
o n(D+d,()v

INo AaHHEIM TabA. 11.10 6BAM HaWAEeHHI 3HaYeHus I1 npHA co-
OTBETCTBYIOMINX D, U ¢. Pe3yAnTaThl pacueToB CBeAEHHI B TabA.
11.11. 3Havenus 1 BBIYHCAEHE Kak CpeAHeapH(pMeTHIeCKME W3
COOTBETCTBYIOIMUX p,, NIPHBEACHHHIX B TabA. 11.10. Mo 3aMepeH-
HBIM 3Ha9eHUsM 1 6bIAM mOCTpOeHH! rpacguku 3aBucuMoctu I1 =
= fi(Re) NIpPH pPAa3AMYHEIX N, Ha OCHOBAHMH KOTODHIX CAeAaH

296




Tabamnma 11.11

q. n = 150 06/mun n = 200 06/Mun
10° Re M10*mo | M10*mo | T10'mo | 11.10¢ mo
M*/c dopMyre saMepam | Popmyre 3aMepam

(11.74) (11.74)
1,333 1502 416 442 547 587
1,500 1690 380 385 500 539
1,750 1972 338 320 444 437
1,933 2161 315 318 414 388
2,333 3286 287 291 377 377
2933 3286 229 227 300 297
3750 4225 189 176 248 233
4,583 5164 162 145 212 203
6,000 6760 132 115 173 161
7,500 8638 109 103 144 128
9,333 10516 94 9 123 115
10,667 12018 85 92 1 107
12,500 14084 75 91 99 96
1,333 1502 678 — 810 -
1,500 1690 620 — 740 -
1,750 1972 551 566 658 690
1,933 2161 514 - 613 -
2,333 2441 468 465 557 630
2,933 3286 3713 355 445 435
3750 3225 308 285 367 335
4,583 5164 264 245 315 285
6,000 6760 214 195 256 230
7,500 8638 178 170 212 185
9,333 10516 153 135 183 165
10,667 12018 138 120 165 -
12,500 14084 122 110 146 -

BEIBOA, 4TO 3TH KpPUBHIE IleAaecooOpa3HO anllpOKCUMHPOBATH IO
thopmyae

I = B(n)/Re’. (11.72)

B Buipakenum (11.72) ¢ = 0,765 u He 3aBucur oT n. Ilpu
Ka>KAOM n OBIAM HaWAeHLI 3HaueHHss B(n) M ToCTpoeH rpadHK
3aBUCHMOCTH B(n) = f(n), KOTOPYIO MO>XHO NpPEACTABUTL B BUAE
IpsIMOM

B(n) = 0,6 + 0,07007n, (11.73)

rAe n — YHCAO 060pPOTOB B MHUHYTY.
TaxuM obpazom, opmyaa (11.69) npuHEMaeT BHUA

I = (0,6 + 0,0707n)Re®™? (11.74)

HAH




Ta6aupga 11.12

q, 06/MHuH o6/MuH 06/MHUH 06/MHuH

J;}‘C Re | mio*| A% | T110° | A% | T110* | A % | T110*| A %
1,500 | 1600 | 277 | 152 | 372 | 00 | 648 | 47 | 779 | 30
1750 | 1972 | 270 | 76 | 3% | 98 | 594 | 25 | 706 | 08
1,933 | 2161 | 266 | 00 | 348 | 110 | 565 | 00 | 667 | 00
2333 | 2441 | 233 | 119 | 336 | 49 | 58 | 35 | 617 | 1,5
2033 | 3286 | 216 | 150 | 264 | 172 | 447 | 110 | 511 | 75
6000 | 6760 | 212 | 41 | 254 | 91 | 299 | 14 | 324 | 42
7500 | 8638 | 219 | 34 | 238 | 13 | %1 | 12 | 27| 20
9333 | 10516 | 205 | 00 | 225 | 40 | 234 | 06 | 245 { 00
10667 | 12018 | 212 | 56 | 217 | 00 | 217 | 49 | 25| 21
12500 | 14084 | 197 | 05 | 208 | 36 | 199 | 36 | 204 | 26

1,235,,0765
=MV (06+0,0707n). (11.75)
n'®¥(D-d, ) (D+d,) " g

I'No dopmyae (11.74) 66iAu HakipeHBl 3HadeHus I1 mpu pasAmu-
HHIX 1 U q. PesyabrraTel cBepeHH B Taba. 11.11, u3 KoTopo# cae-
AYeT, YTO NOTPEILIHOCTL A NPH BHIYKUCAEHHMH 10 cdopMmyae (11.74),
a cAepoBaTeABHO, U (11.75) He npeBrilaer 15 %.

AHarOTHYHEIE MCCAGAOBAHUA OHIAM TIPOBEACHH NpH GypeHHH
CKB&)KHHH GYPOBHIMH CHAPSAAMH, BHEIIHSSI IMOBEPXHOCTh KOTO-
poro nokpkhiTa cMa3zkoii KABC. B taGa. 11.12 npuBeAeHEl 3Hade-
Hus 1, noaydeHHBle No (aKTHUYECKOMY AABAECHHIO HA HACOC Ha
CTEHAOBOM CKBa)KHHe TIPDH Pa3sAMYHBIX ¢ ¥ n. B cooTBercTBHMH C
AQHHRIMH TabA. 11.12 mocrpoen rpaduk 3aBucuMoctd I1 = f(Re,
n), o6paboTKa KOTOPOro IO3BOAHAA BRIBECTH CAEAYIOUIYIO (hop-

MYAY:

n=-2. (11.76)
Re*

IMpu 100 < n £ 400 06/MuH

a = 0,11605 - 0,0680337 - 10n + 0,0209002 - 107*n? +

+ 0,028533 - 10°°n?; (11.77)

x = 0,0475+ 0,1155- 10%n. (11.78)
Ipu 400 < n £ 700 06/MuH

298



a=225-10"n — 725 (11.79)

x = 0,367 + 0,338 - 10™°n. (11.80)

W3 TabA. 11.12 caeayer, uto npu 100 £ n £ 700 o6/MuH u
1700 < Re < 14 000 pacyeTsl AASl OIIPEAEAEHHs] AQBACHHUS Ha HACOC
B CAydYae POBOAKH CKB&KMHEI GypOBEIM CHApsIAOM, NOKPHITHIM
cMa3koil KABC, MOXHO BEIIOAHATE N0 dopMyae (11.74) nan

- 16ylg” . (11.81)
nzg(D—dH)(Dz—dE) Re

3HadeHHS] @ ¥ X OIpeAeAsiorcsi no dopmyaam (11.77) —
(11.81).
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