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NMPEAUCAOBUE

TexHUUecKass TUAPABINKA — 9TO OJIUH M3 OCHOBHBIX Pas/iesioB Kypca IIPOIIeCCOB U all-
mapatoB xummdeckoi TexHossoruu (IImAXT). Ero poss B moaroToBKe MHIKEHEPOB-XUMUKOB
orpoMHa. be3 3HaHMiT 0CHOB TEXHHUYECKON THAPABIUKN HEBO3MOYKHO IMPABHJIHHO PACCUU-
TaTh, a II03Ke CIIPOEKTHUPOBATH TPYOOIIPOBOILI, TEILJIOOOMEHHIKM, MAaCCOOOMEHHBIE AIIla-
partel. Jucrmmmnaa ITnAXT o0bramO mpenofaerca Ha HAUAJIBHBIX Kypcax, II09TOMY B IIPeI-
JIaraeMoM IIOCOOMI aBTOPBI CTAPAJINCH MCII0JIH30BATDH IO BO3MOKHOCTH IIPOCTOM MaTEMATH-
YeCKHUI ammapaT. ITo SBJISIeTCS CYIIIeCTBEHHOM 0COOEHHOCTHIO JAHHOI0 YIe0HOT0 IT0COOHS.

B ocHOBY y4ueOHOro mocoOms MOJIOMKEHBI JIEKIIUH, YATaeMble aBTOPpaMU Ha IIPOT-
SKeHMH MHOTHX JIET B BestopycckoM rocymapcTBEHHOM TEXHOJIOIMYECKOM YHUBEPCUTETE
¥ BapirasBckoM TeXHOJIOTHYECKOM YHUBepcHUTeTe. ABTOPBI II0CTAPAJINCh MAKCHMAJIBHO
y4ecThb U COJIM3UTHh METOI0JIOTHUH U3JIOKEeHHUs MaTeprasia, UCIoJIb3yeMble B 9TUX ydupe-
SKIEHUAX 00pa30BaHMs.

YuebHoe mocobue mocTpoeHo B coorBeTcTBUU ¢ mporpammoit kypca ITuAXT. Ero
CTPYKTYpPa IMO3BOJISIET YUTATEI0 IIOZOMTH K PACCMOTPEHHIO KaKIOT0 KOHKPETHOTO
BOIIPOCA C 00IIeTeOPEeTUIECKUX 1 OOIeNHKECHEPHBIX ITO3UITHII.

VuebHoe 110co0HMe COCTOUT M3 ISTH IJIaB, B KOTOPBIX IIOCJIEeN0BATEeIHLHO pPaccMar-
puBaTCA (PU3UUECKHE CBOMCTBA BEIECTB M MaTepHasioB (rjasa 1), OCHOBBI I'HJIPO-
craTuku (r1aBa 2), OCHOBBI THAPOAUHAMUKY (TJIaBa 3), THAPOSUHAMUKA TBYX(A3HBIX
IMOTOKOB (Ty1aBa 4), a TaK:Ke IIepeMellleHIe JKUIK0CTeH 1 ra3oB (rJiasa b).

Kasxknas romaBa comep:KUT TeOpEeTUUECKYI0 YacTh, B KOTOPOMH IIPUBEIeHBI OCHOBHEIE
IIOHATHS, OIIpeIeJIeHNs, pacueTHbIe 3aBHUCHMOCTH, KOHCTPYKIIMK OCHOBHBIX aIlapa-
TOB, METOIbI IIPOBEIEHIS THIPABINYECKIX PACUETOB IIPOIleccoB u ammapaTtoB. Kpome
TOT0, TJIABBI BKJIIOYAIOT TUIIOBBIE IIPUMEPHI PACYETOB, KOTOPHIE ITO3BOJISIIOT 00JIee TI0JIHO
¥ OCMBICJIEHHO IIOHATH CYTh M3yYaeMBbIX IIPOIIECCOB, a TAKKe HAYUUTHCSI ITPAKTHUECKU
IIPOBOAUTH OCHOBHBIE T'MAPABINYECKHE PACUYETEL.

3aKaHYHBAIOTCS TJIABBI BOIIPOCAMH JIJIsI CAMOIIOATOTOBKH, YTO JOJISKHO IIOMOYD UH-
TaTeJi0 B CAMOCTOSTEJILHOIM padboTe HaL KyPCOM.

ABTOPBI BRIPAXKAIOT IVIyOOKYIO OJIAT0JaPHOCTD PEIEH3eHTaAM — Te€HEePATILHOMY JUPEKTOPY
Pecrrybmmkanckoro yaurapsaoro npemapusTtrsd «HayuHo-mpakrimuecknii 1ieaTp Harponas-
HOI akajeMun Hayk Besapycu 1mo ImposoBo/ILCTBIIO» JOKTOPY TEXHIYECKHX HAYK, Ipodec-
copy, WieHy-KoppecouaenTy HaimmonanpHoi akagemMun Hayk benapycu, 3acay:xeHHOMY
nesarero Haykn Pecyosmkn Benapycs JIoBrucy 3. B. u kadenpe TeXHOIOIMY TEXHIYECKO-
T0 oDecITeueH s IIPOITECCOB ITEPEePabOTKU CeTbCcKoxoasaticTBeH oM mpoaykimu BI'ATY (3ase-
nypolei kadeapoil KaHINIATY TeXHHYEeCKHX HAYK, noueHty Toprau A. B., sakcmepry ot
Kadeapsl JOKTOPY TeXHUUECKUX HayK, mpodeccopy ['pymamosy B. f.) 3a BHuMaHme, mposiB-
JIEHHOE IIPH PEIleH3NPOBAHMN PYKOIIHCH YIe0HOIr0 II0CO0MS, JOOPOKeIaTeIbHYI0 KPUTHKY
¥ I[IeHHbBIE 3aMevYaHusda. ABTOPEI HAJEIOTCS, YTO IIpeaiaraemMoe mocodrme 0ymer BocTpeOoOBaHO
CTYIEHTAMM, MATUCTPAHTAMI 1 ACIIMPAHTAMH, 00YUYAOIIIMICS 110 HAIIPABJIEHIIO 00pa30Ba-
HUsA «XVMIYECKAsT TPOMBIIILIEHHOCTE», 1 TIOJIE3HO IITMPOKOMY KPYTY UMTATESIEH, M3y IArOIIIX
KYypC IIPOIIECCOB M AIlIapaToOB XUMUYECKOM TEXHOJIOTHUH, 4 TAKIKe TeXHOJIOTMIECKOMY Iep-
COHAJIY IIPEOIPUATHNA XUMUYECKOM 1 CMEKHBIX ¢ Hell 0Tpacieil IIPOMBIIIIEHHOCTH.

Bce Bompoch! unraTeneit, 3aMeUaHus U IPeIJIOKEHII aBTOPEI BOCIPUMYT C 0J1aro-
JIaPHOCTHIO.

Munck — Bapwasa, ageycm 2020 e.



WPROWADZENIE

Hydraulika techniczna jest jednym z gléwnych dzialéw kursu z zakresu proceséow
1 urzadzen inzynierii 1 technologii chemicznej. Jego rola w ksztatceniu inzynierow
chemikow jest ogromna. Bez znajomos$ci podstaw hydrauliki technicznej niemozliwe
jest prawidlowe obliczenie 1 pdzniejsze zaprojektowanie rurociggéw, wymiennikow
ciepla, urzadzen do wymiany masy, reaktoréow chemicznych. Ksztalcenie z zakresu
Proceséw 1 Aparatury Technologii Chemicznej (PATC) jest zwykle prowadzone na
kursach podstawowych, dlatego w proponowanym podreczniku autorzy starali sie
uzywac mozliwie najprostszego aparatu matematycznego. Jest to istotna jego funkcja
jako materialu do samoksztalcenia.

Tres¢ podrecznika opiera sie na wykladach prowadzonych przez autoréw na
Bialoruskim Panstwowym Uniwersytecie Technologicznym i1 Politechnice Warszawskiej.
Autorzy starali sie uwzgledni¢ 1 polaczy¢é metodologie prezentacji materiatu
wykorzystywane w obu uczelniach.

Zawarto$¢ ksiazki jest zgodna z programem kursu PATC. Jej struktura pozwala
czytelnikow1 analizowaé¢ kazde z prezentowanych zagadnien wychodzac z ogélnych
podstaw teoretycznych i inzynierskich.

Podrecznik sklada sie z pieciu rozdziatow, w ktorych po kolei oméwione zostaja:
wlasciwosci fizyczne ptynéw 1 materiatéow (rozdzial 1), podstawy hydrostatyki (rozdziat 2),
podstawy hydrodynamiki (rozdziat 3), hydrodynamika przepltywow dwufazowych
(rozdzial 4) oraz przeplyw cieczy i1 gazoéw (rozdziat 5).

Kazdy rozdzial zawiera czes$é teoretyczna, w ktorej podane sa podstawowe pojecia,
definicje, zaleznoéci liczbowe, konstrukcje podstawowych aparatéw oraz metody
przeprowadzania obliczen z zakresu zagadnien hydrodynamicznych. Ponadto rozdziaty
zawileraja przyktady typowych obliczen, co pozwala na pelniejsze 1 tatwiejsze zrozumienie
istoty rozwazanych proceséw, a takze pokazuje, w jaki spos6b mozna przeprowadzié¢
podstawowe obliczenia z tej tematyki.

Rozdzialy koncza sie pytaniami, ktére powinny pomoc czytelnikowil w samodzielne)
nauce 1 praca nad kursem.

Autorzy skladajg gorace podziekowania recenzentom — Dyrektorowi Generalnemu
,Centrum Naukowo-Praktycznego Narodowej Akademii Nauk Biatorusi ds. Zywnoéci”,
doktorowi habilitowanemy nauk technicznych, profesorowi, cztonkowi korespondentowi
Narodowej Akademii Nauk Biatorusi, zastuzonemu naukowcowi Republiki Biatorus,
Z. V. Lovkisowi oraz Katedrze Technologii 1 Wsparcia Technicznego Proceséw
Przetworstwa Rolnego w BPATU (kierownik katedry doktor nauk technicznych docent
A. B. Torgan, ekspert katedry doktor habilitowany nauk technicznych, professor
V. Y. Grudanov) — za uwazne przeczytanie manuskryptu podrecznika, przyjazna krytyke
1 cenne komentarze. Autorzy maja nadzieje, ze niniejszy podrecznik znajdzie uznanie
wsrod studentéw 1 doktorantéw ksztatcacych sie w obszarze przemystu chemicznego,
bedzie przydatny dla szerokiego kregu czytelnikéw interesujacych sie przebiegiem
procesOw 1 budowa aparatow technologii chemicznej, a takze dla personelu
technologicznego przedsiebiorstw przemystu chemicznego 1 pokrewnych.

Autorzy sa otwarci na pytania, komentarze 1 sugestie czytelnikow.

Minsk — Warszawa, sierpien 2020



PREFACE

Technical hydraulics belongs to the basic courses in teaching of chemical
engineering (chemical technology) processes and apparatuses. The role of this course
in chemical engineers training is enormous. Without the knowledge of the basics of
technical hydraulics, it is impossible to correctly design pipelines, heat exchangers,
mass transfer devices, chemical reactors, etc. Education in the Processes and
Apparatuses of Chemical Technology (PACT) is usually done during the courses of
the basic level, hence the proposed handbook uses the simplest possible mathematical
apparatus. This is the important function of this textbook as a material for self-study.

The content of the textbook is based on lectures given by the authors at the
Belarusian State University of Technology and at the Warsaw University of Tech-
nology (Poland). The authors tried to include and combine the educational materials
and methodologies used at both universities.

The content of the book is consistent with the program of PACT course. Its
structure allows the reader to analyze each of the presented issues on the ground of
the general theoretical and engineering foundations.

The textbook consists of five chapters, which discuss: physical properties of fluids
and materials (chapter 1), basics of hydrostatics (chapter 2), basics of hydrodyna-
mics (chapter 3), hydrodynamics of two-phase flows (chapter 4) and the flow of
liquids and gases (chapter 5).

Each chapter contains a theoretical part which present basic concepts, defini-
tions, derived equations and relationships, basic apparatus designs, and methods of
calculations of hydrodynamic problems. In addition, the chapters contain examples
of typical calculations, which allows a more complete and easier understanding of
the essence of the processes under consideration, and also shows how to perform the
basic calculations.

The chapters are concluded with questions that should help the reader self-
learning and working on the course.

The authors would like to acknowledge the reviewers — the Director General of
the “Scientific and Practical Center for Food of the National Academy of Sciences of
Belarus”, DSc (Engineering), Corresponding Member of the National Academy of
Sciences of Belarus and distinguished scientist of the Republic of Belarus, Professor
Z. V. Lovkis, and the Department of Technology and Technical Support of Agricultural
Processes at BSATU (Head of the Department PhD (Engineering), Associate Professor
A. B. Torgan, Expert of the Department, DSc (Engineering), Professor V. Y. Grudanov) —
for careful reading the manuscript of this textbook, friendly criticism and valuable
comments. The authors hope that this textbook will be positively accepted by students
and PhD candidates in the field of chemical industry, and will be useful to many readers
interested in the chemical engineering processes and apparatuses, as well as to the
technological staff of chemical industry and related branches.

The authors will eagerly accept all questions, comments and suggestions from
readers.

Minsk — Warsaw, August 2020






BBEAEHMUE
WSTEP
INTRODUCTION

B xypce «IIporiecchr u anmmapaThl XUMHYECKON TEXHOJIOTUID HU3y4al0T TEOPHIO OC-
HOBHBIX XMMHKO-T€XHOJIOTMYECKUX IIPOIIECCOB, YCTPOMCTBO M IIPUHITHUIILI JeHACTBUS all-
HapaToB ¥ MAIIWH JJIS UX IIPOBEIEeHHs, a TAKKe METOIbl pacueTra U MOIEJIMPOBAHMS
YKa3aHHBIX IIPOIIECCOB M AIIIIapaToB.

Ora gucrHILInHA 0a3upyeTcss Ha TAKUX (PyHIaMEHTAJbHBIX 1 OOIETeXHUUYECKUX
HayKaxX, Kak MaTeMaTHUKa, (pU3uKa, TepMOANHAMUKA, MEXaHUKA, PU3NYeCKasi XUMUI,
THUIPABJIMKA, 4 TaKMKe HeIIOCPeICTBEHHO CBSI3aHA C d9KOHOMMKOM, IIPHPOIOII0IL30BA-
HHeM, 0e30IIaCHOCTRIO KHU3HEeIeITeJIbHOCTA U APYTHUMU JUCIIUIIINHAMU.

B coBpeMeHHOM XMMHMYECKOH ITPOMBIIILJIEHHOCTH OCYIIECTBIISIOTCS Pa3HOOOpa3HBIE
mporiecchl. IIpoBegerIie Takmux mporeccoB HepaspPhIBHO CBI3AHO C UCIIOIH30BAHNEM Pa3JIid-
HBIX TEKYYHX CPeJ, BRIIOYAIOIINX KHUIKOCTH, Ta3bl M KX CMECH, a TAKIKEe CMECH KHIKOCTEH
¥ Ta30B C TBEPIBIMI MaTepraiaMmu. M3yduernrem cBOMCTB 1 3aKOHOMEPHOCTEIH TEKYUHX CPeT,
IIPEsK/Ie BCEro CBA3AHHBIX C UX IBHMKEHMEM, B paMKaX IIPOIECCOB M AIIapaToOB XHMITJUe-
CKOM TeXHOJIOTHH 3aHUMaeTCs HayKa, ITOJIyIHBIIAd HasBaHNe TeXHIYeCKas: THAPaBInKal.

Texuuueckass THAPABINKA — 9TO HAyKa, U3ydalollas 3aKOHBI PABHOBECHS U [IBU-
SKeHU sKUIKocTel. B oTiimdme oT TeopeTuueckoil TuIpoMeXaHuKH, KOTOpas OIlepUpPyeT
CJIOKHBIM M CTPOTMM MATEeMATHUYECKUM aIllIapaToM, TeXHUYeCKasa THIPAaBINKa IIPH pe-
IIeHUH PA3JINYHBIX IPAKTUIECKUX 3a0aY HUCIO0JIb3yeT Te HJIKM MHBIE YIIPOIIAIIINe I0-
IYyIIeHUs 1 IPEeIII0I0OKeHNs, OTPAHNYNBAsICH BO MHOTHX CJIyYasaxX aHaJII30M OJHOMED-
Horo aBmxkeHnsd. [losToMy rumpaBanyecKkiie pelleHns 3a4acTyi0 HOCAT IIPUOJIHKEeHHBIN
xapaxrep. OueHb YacTo OHM OCHOBBIBAIOTCSI HEIIOCPEACTBEHHO HAa pe3yJIbTaTax JKcIIe-
puMeHTOB (J1a00PATOPHBIX M HATYPHBIX), II09TOMY B TEXHHYECKOMN THIPABJINKE IPHBO-
JUTCS MHOI'O PA3/JIMYHBIX 9KCIIEPHMEHTAJIbHBIX 3aBucumocTei. Ilpu pemrennn 3amau
TEeXHUYECKON T'UIPABJIMKN CTPEMATCI K OIEHKE TOJIbKO I'IABHBIX XapPAKTEPUCTHK H3Y-
YaeMOoro SIBJICHUS U YaCTO OIIEPUPYIOT TEMHU HJIM HHBIMU OCPEIHEHHBIMHU BeJINYNHAMH,
KOTOPEIE JAI0T JOCTATOUHO HANEKHYIO (IJIs pellleHrusI TeXHUYECKHX 3aa4) XapaKkTepu-
CTHUKY paccMaTpPUBAEMOTrO SIBJICHHS; HAIIPHUMep, YacTO MOJb3yIOTCSI CPEeIHUMU CKOPO-
CTSAMU IBUKEHUS YACTHUIL JKUJIKOCTA B TOM WMJIM MHOM CEUYEeHHHU IIOTOKA.

Onmako B HacTosIee BpeMsi B HAYYHBIX pacdyeTax, a TaKiKe MHOTIa U B TeXHUYe-
CKHUX He IPUMEHSIIOT BBIIIEYIIOMSIHYTHIX VIIPOIIIEHUH, a THAPaBINYECKHEe PACYETHI IIPO-
BogaTr metomamu CFD (Computer Fluid Dynamics), TeopeTnuecKrMH 0CHOBAMI KOTO-
PBIX SBJISIIOTCSA AHAJIUTHYECKNE YPaBHEHU TEOPETHYECKOM I'MIPOMEeXaHuKH.

Onuncanme XapakTepPUCTHK M 3aKOHOMEPHOCTEH TEeKy4YMX Cpel HEeBO3MOKHO 0e3
3HAHU UX OCHOBHEIX (pu3mdeckux cBoiicTB. IlosTomy B m1epBoii rizase mocodust «Duau-
yecKue ceolicmaea 8ew,ecma U Mamepuasios» IpuBeIeHbl Pa3/IMYHbIe 3aBUCUMOCTH JIJIsI
ompejieJIieHHsI TAKUX BasKHBIX CBOMCTB KHIKOCTEM M ra3oB, a TAKiKe MX CMeceil, KakK

1 Hydravlikos (rped.) — BOISHOIL.
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ILJTOTHOCTD U YAeJIbHBIHN Bec, TUHAMUYECKAas U KHHeMaTHYeCcKas BI3KOCTh, IIOBEPXHOCT-
HOe HaTSsKeHHe M 00beMHOe pacCIInpeHle, TeIJIOEMKOCTh U TEILJIOIIPOBOIHOCTD.

Bo BTOpOIt rmaBe kuuru «I uopocmamuka» U3yv4arnTCs XapaKTePUCTUKN U 3aKO0-
HOMEPHOCTH TEKYYUX CpeJl B COCTOAHUM ToKos. [Ipu aTom ocoboe BHUMAaHUE yIIeJIeHO
IIPAKTUYECKOMY IIPUMEHEHU0 M3y4yaeMoro MaTepuasia JIJis OnpeaeIeHus JTaBJIeHMUs
¥ CHJIBI JaBJIEHUS, CO3JaBaeMbIX TEKydel cpeIoi Ha CTeHKH COCYOOB M allllapaTos,
JIJIST OIIMCAHUSA pPab0Thl HEKOTOPEIX IPHUOOPOB, THAPABINIYECCKHIX MAIINH U YCTPOMCTB,
paboTa KOTOPBIX OCHOBAaHA Ha 3aKOHAX TMAPOCTATHKHN. 3aKOHBI TUIPOCTATUKY OJHUHA-
KOBO YHHUBEPCAJIbHBI KAK IJIS MOKOAIINXCS, TAK ¥ IJIS IBIKYIITUXCSI TEKYYHX CPeI, YTO
3HAYMUTEJIbHO IIOBBIIIAET AKTYAJIbHOCTh MaTepruasia, IpeICTaBIeHHOr0 B JaHHOM! IJIaBe.

BosbIMHCTBO COBpEMEHHBIX XUMHUKO-TEXHOJIOTMUYECKUX IIPOIIECCOB IIPOTEKAET B IBU-
SKYIIIAXCS TIOTOKAX. JDTO 00YCJIOBJIEHO He TOJIBKO HEIIOCPEeICTBEHHOM HeO0OXO0IHNMOCTHIO
IIepeMeIeHN TeKYInX CPe/l M3 OJJHOI0 MeCTa B IPYToe, HO M BO3MOYKHOCTBIO 3HAUNTE IHHOMN
MHTEHCH(PUKAITNN THIPOMEXaHNYECKUX, TeILJIOMACCOOOMEHHBIX ¥ XUMIYECKHX IIPOIIECCOB
IyTeM H3MEHEHUs THIPOJNHAMUYECKUX YCJIOBHUM WX IIPOTEKAHUS, YTO II03BOJISET CYIIe-
CTBEHHO YMEHBIIIUTE rabapUThI 000PYI0BAHMS, YBEJIMYNTH €I0 IIPOU3BOIUTEILHOCTD 1 YIe-
IIIeBUTDH IIPOM3BOACTBO. V3yueH0 OCHOBHBIX 3aKOHOMEPHOCTEHN IBIKEHNS TEKYUNX CPe/l
ToCBsIIeHa riaBa 3 mocodust «OcHosvl eudpoouramurkw». B aroit riiaBe mmpuBeqeHbI BbI-
BOIBI OCHOBHBIX YPABHEHHUM TMAPOJMHAMUKHM, II0KA3aHO HX IIPAKTHYECKOe IPHMeHEHIe
IIPH OIMCAHUK PaO0ThI HEKOTOPBIX YCTPOMCTB, HMCIIOJIb3yEeMbIX IJISI OIPEIesICeHNIs Pacxoaa
u cropocTH. Takike paccMOTPEHBI OCHOBHBIE XaPAKTEPUCTUKH JIBUKEHUN KUIKOCTA B TPY-
0ax u ammaparax. Jlasbl 0CHOBEI TEOPHHU OZ00MS, SHAHMSI KOTOPOM IIO3BOJISIOT HCCJIEI0BA-
TEJII0 BHIOPATH OITHMAJIBHBIN METOJI IIPOBEIEeHUSI dKCIIEPHMEHTA, CIIOCO0BI 00PabOTKI pe-
3yJIBTATOB C MX ITOCJIEIYIOIIIM HCIIOJIH30BAHKIEM B PACUETHOM IIPAKTHKE U IIPOSKTHPOBAHMIIA.

IIpoBegenme OOIBIIMHCTBA MPOIIECCOB XUMUUIECKON TEXHOJIOTUH CBSA3aHO C HCIIOJIh-
30BaHMEM He YHCTHIX "KHIKOCTEeH HJIN ra30B, a MHOIO(A3HBIX CHCTEM, 3aKOHOMEPHOCTH
JIBUKEHUST KOTOPBIX 3HAYUTEJIBHO CJI0KHEee, ueM 0aH0(a3HbIX cucTeM. VIMeHHO 9TO 110-
CJIYSKIJIO OCHOBAHMEM IIOSABJICHHS OTHEJIbHOM IJIaBhI IIpeaiiaraeMoi KHuru «I uopoou-
HAMUKQ 08YXDA3HLIX NOMOK08», COIepsKaIeil MaTepuaJll, KOTOPHIH JInO0 OTCYTCTBYET,
J00 He B TIOJTHOM Mepe IIPeCTaBJIeH B KJIACCHYECKUX YUeOHNKAX U YIeOHBIX TIOCOOMSIX
10 TUIpaBnKe. B o9Toil rimaBe paccMaTpUBAIOTCS TAKKE IIMPOKO PacIpOoCTPaHEeHHEBIE B
XMUMHAYECKON TeXHOJIOTHH IIPOIIECChI, KAK IBIKEHNE TeJI B "KUIKOCTIX, IBUMKEHIEe Ia3a
yepes 3epHUCTHIE CJION, 0ap0oTask, IJIEHOYHOE TeUeHNe U TUCIIePTUPOBAHME KUTKOCTEH.

[Tepemertienre TeKyUnX Cpel ABJISIETCS IIEJIEBBIM, T. €. TJIABHBIM IIPOIIECCOM IIPU UX
JIBUZKEHUM 110 TPYOOIPOBOIHEIM ceTaM. KpoMe Toro, TpaHCIIOPTHPOBKA TEKYUHX CPE/T CO-
IIyTCTBYET MHOT'HM JPYTHM IIPOIECCAM XUMUYECKOM TeXHOJIOTHHY, ITPOTEKAIOIINX, HATIPH-
Mep, B CMECHUTEJISAX M celapaTopax, TeIJIOMACCOOOMEHHEBIX almnaparax (TerIo00MeHH-
KaxX, MAacCOOOMEHHBIX KOJIOHHBIX allllapaTax, CYIIHJIKaX, aJcopOepax, saKCTpaKTopax),
XUMUYECKHUX peakTopax u ap. [Ipmuem obImas CkopoCcTh THIPOMeXaHUIECKUX, TeILJIOMAC-
COOOMEHHBIX ¥ XMMHYECKUX IIPOIIECCOB B 3HAUMUTEIJILHOM CTEIIEHH 3aBUCUT U OIIPeIesIs-
€TCsI CKOPOCTBIO IIePeMeIeHUsT TeKyUnuX cpeld. BoIlpockl, CBI3aHHBIE C IIepeMelleHueM
TEKyJYHX CPeJ II0 TPYOOIPOBOMHBIM CETSIM PACCMOTPEHBI B IyiaBe «1parncnopmuposka
acuorocmelti u eazos». B aToii riiaBe IpuBeIEeHBI OCHOBEI pacuera TPyOOIIPOBOIOB, OIIH-
CaHBI KOHCTPYKIIMH MAIIHUH JI IIepeMeIleHNsI Ta30B U KUIKOCTeH ¢ YKa3aHueM uX I0-
CTOMHCTB, HEJ0CTATKOB, 00JIacTel IIPUMEHEeHUsI ¥ OCHOBHBIX Pa00YMX XapaKTePUCTUK.
Yneneno BHUMaHMe TAKMM BasKHBIM IIPHKJIAIHBIM BOIIPOCAM, KAk COBMeCTHAas pabora
HACOCOB Ha TPYOOITPOBOIHBIE CETH, OIIpeesieHre PabounX XapaKTePUCTHK MAIIMH I
TepeMeIeHnsa TeKyJIux cpes. Jlamsr pasHoodpasHbie IpUMepPhl PACYETOB.



I'l\aBa 1
PUSUYECKUE CBOUCTBA
BELLUECTB U MATEPUANOB

B rnaBe pacCMOTpeHbl OCHOBHbIE MOHATUSA U ONPEAEAEHUS, XapaKTepU3ytoLLMe TeKyumne
CpeAbl - KaneAbHble WU YyNpyrne XMUAKOCTU, CMECU KaneAbHbIX M YMPYrMx XXUMAKOCTEN, a Takxe
CYCMNEH3UMU.

MpuBeAeHbl pa3AMUHbie METOABI pacyeTa NAOTHOCTU, YAEAbHOIO BeCa, AMHAMUUYECKOMN U KK-
HEMaTUYECKOM BA3KOCTEN, KOIDOULMEHTOB 0OBLEMHOIO PacLUMPEHHUS, YAEABHON TEMAOEMKOCTH
M TENAONPOBOAHOCTM YUCTbIX KaneAbHbIX U YNPYIrUX XXMAKOCTEN, @ TakKe CMecen KaneAbHbIX U
YMPYrmux XMUAKOCTEN, CYCNEH3UMN.

Takxe B rhnaBe AaHbl TUMOBbIE NPUMEPBI PAacUYETOB.

) ) Rozdziat 1
WLASCIWOSCI FIZYCZ‘NE
SUBSTANCIJI | MATERIALOW

W rozdziale wprowadzono gtdéwne pojecia i definicje charakteryzujgce wiasciwosci
fizykochemiczne ptynéw (czystych cieczy lub gazéw, mieszanin oraz zawiesin). Wskazano rézne
metody okreSlania gestosci, ciezaru wiasciwego, lepkosci dynamicznej i kinematycznej,
napiecia powierzchniowego, wspotczynnikdéw rozszerzalnosci objetoSciowej, ciepta wtasciwego
i przewodnictwa cieplnego ptynéw. Rozdziat zawiera réwniez przyktady typowych obliczen ww.
wiasciwosci.

Chapter 1
PHYSICAL PROPERTIES
OF SUBSTANCES AND MATERIALS

In this chapter we introduce basic terms and definitions that characterize the properties
of fluids (pure liquids and gases, mixtures, suspensions). The methods of determination of
fluid density, viscosity (dynamic/kinematic), surface tension, volumetric coefficient of thermal
expansion, specific heat capacity and heat conductivity are presented. The chapter also con-
tains examples of the calculation of these properties.
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[Tpu mpoBeIeHNY TUIPABIIMYECKUX PACUETOB IIPOIIECCOB U AIIIIAPATOB XUMHUYECKOMN
TEXHOJIOTUH II0JIb3YIOTCA JAaHHBIMU O (PU3UKO-XUMUYECKUX CBOMCTBAX BEIIECTB U Ma-
TepuaJioB (IIJIOTHOCTh, BSI3KOCTh, IIOBEPXHOCTHOE HATsKeHUe, 00beMHOe pacCIIupeHre
U T. [1.), & TAK:Ke 3HAUYCHUAMU PA3JIUIYHBIX ITapaMeTPOB, XapaKTePUIYIOITUX COCTOSTHUS
9TUX BEIEeCTB (IaBJieHHe, TeMIepaTypa, CKOPOCThb, PAcxXo U Ap.). Bce aTu BeTMIMHEI
OTIPEeJITIOTCS UCXOs U3 CBOEH (PU3UKO-XUMHUUECKOH CYIITHOCTH, a JIJI UX IpaKThde-
CKOT'0 ITPUMEHEHHUS MOTYT UCII0JIb30BATHCS PA3JIUYHbBIE eIUHUITHI N3MEePEeHU.

Ha narHOM ypoBHE pa3BUTHUA HAYKU, TEXHOJIOTUHU U TEXHUKU IPEIITOYTHUTETHHON
IIPY IPOBEIEHUH pacdyeToB saBysgerca Mexayuaponuas cuctema eguuutl (CU), mpuws-
tas 11-i 'eHepabHOM KOH(EpPEHIIHEl IT0 MepaM U BecaM B OKTa0pe 1960 r.

B CH 3a emuHHUIBI 13MepEeHUST OCHOBHBIX BEJIMYHH IIPUHSATHI € TUHUIIHI TUHEHHOTO
pasMepa, Macchl, BpeMeHH!, KOJIMYeCTBA BeIlleCTBa, TeMIepPaTyPHL.

JIuneniubpiii pasamep L (paccrosHwme, MJIMHA, IMIUPUHA, BBHICOTA, TOJIIMHA, TJIY-
OwHA ¥ Op.) ABJIAETCS OCHOBHOI XapaKTePUCTUKON (PU3UIECKOTO MPOCTPAHCTBA.
Knaccudeckoe usmdeckoe mpoCcTpaHCTBO TpexXMepHOe, JI0as ero TOYKa OIIpesIesis-
eTcs TpeMsI He3aBUCUMBIMHU KOOPIMHATAMHU, HAIpUMeED, B TeKaPTOBOM IIPOCTPAHCTBEH-
HOM cucTeMe KOOPJIWHAT 9TO KOOPIWHATHI X,Y,2. KIuHUIEeN m3aMepeHUs JIMHEHHOTO
paamepa B CU sBistercss metp. Taksxe mpu pacuerax IIUPOKO HUCIIOJIB3YIOTCS Pa3JInd-
HbIe BHECHUCTEMHbBIE eIUHHUIIHI (TeI[iMeTPhl, CAHTUMETPhI, MUJIJITUMETPHI):

1mMm=10 gm =100 cm =1000 mM.

Macca m — aT0 BeIWYMHA, XapaKTepU3yMOIas MaTepHaJIbHOCTh 00BEeKTa, ero
WHEPITMOHHEBIE CBOMCTBA U TOJIHYIO dHeprun. EnmauIell n3aMepeHnss Macchl B CUCTEME
CU sapisiercss kuirorpaMm. JacTo HCIIOIB3YIOT W BHECHUCTEMHBIE €IMHHUITBI MaCChI
(TpaMMBI, TOHHBI):

1xr=1000r =0,001rT.

Bpemsa T — popMma mporekaHus pU3MUECKHUX IIPOIIECCOB, YCIOBHE BO3MOKHOCTH H3-
MeHEeHHsI. JTO OHO M3 OCHOBHBIX IOHATHUI TEXHUKN, MePa JJINTeIbHOCTH CyIIIeCTBOBAHMSI
BCeX 00BEKTOB, XapaKTEePHUCTHUKA II0CIeI0BATEILHOCTH CMEHBI MX COCTOSTHHM B IIPOIIECCax
¥ caMUX IporieccoB. Enunmuiieit mamepenus spemenu B CU spiisiercs cekyuaa. Kpome
TOr'0, UCIIOJIb3YIOTCSA BHECHUCTEMHBIE €IMHUIIEI BpeMEHU — MUHYTBI, YaChl, CYTKH U JIP.:

1 cyTtru = 24 ¥ =1440 muH = 86 400 c.

KomuuecTBO BemecTBa LV — 3TO BeJIMYHHA, CBA3aHHASA C YUCJIOM MHUKPOYACTHIT
BemecTBa. EnmHuIieit namepenus xosmdectsa BemiectBa B CU aBiisgercs MoJib — aT0
KOJIMIECTBO BeIecTBa, comepskarmee 6,02214076-10%° ameMeHTAPHBIX CTPYKTYDPHBIX
eIMHHUII, B KAYEeCTBE KOTOPBIX MOT'YT BHICTYIIATH ATOMBI, MOJIEKYJIBI, HOHBI, 9JIEKTPOHEIL,
a TaksKe JIIObIe APyTrHe YacTUIIBl UJIN TPYHIITEI YacTull. VIMeHHO ¢ 9TUM CBA3aHO II0SB-
JIeHHe TakK HasblBaeMoro uncia Asoragpo N, =6,02214076- 10?3 moss . B pacuerax
YaCTO MCIIOJIL3YIOT BHECUCTEMHYIO €IUHUILY KIJIOMOJIb:

1 xmoJsb = 1000 MoJIb.

Temneparypa T (ot jat. temperature) SBJIAeTCSI MepOil KMHETHUYECKON dHEePTUH
MUKpoudacTull BerrecTBa. OCHOBHON eqUHHUIIEH H3MEpPEeHHs TeMIIepPaTypbl B CHCTEMeE
CHU sasnsercsa Kempsun (K). Cucremoit CU momyckaercs mpuMeHeHHe IBYX TeMIlepa-
TypHbIX miKka: mraael Kenpsuna u mrass! Hemascus (°C). [Ipu atom K =°C+273,15.



16 Masa 1. PU3NYECKUE CBOMCTBA BELLECTB M MATEPMAAOB

JlaBnenue p (0T J1aT. pressire — 1aBjeHne) HA TOBEPXHOCTD — (PU3UIECKAST BEJIU-
YHHA, YWCJIEHHO PaBHAS CHJIe, AEeHCTBYIOIIEH HA eQUHUILY ILJIOIIAIH II0BEPXHOCTH
MepIeHIUKYJIIpHO aToi moBepxHocTH. B cucreme CU mamepsiercs B mackaiax (Ila).
[Iackanp paBeH JaBJI€HHUIO, BHI3BIBAEMOMY CHJIOM, PABHOI OJHOMY HBIOTOHY, paBHO-
MEPHO pacHpejieJ;IeHHON 110 HOpMaJbHOM K HeM IIOBEPXHOCTHU ILJIONIaabio 1 m%. B Tex-
HUYECKHX pacueTax TAK:Ke HCIIOJIb3yITCA PA3/INUHbIe BHECUCTEMHbBIE eJMHUIIBI H3Me-
peHusd maBjeHua: 0ap, MHJIIMETDP PTYTHOI'O CT0JI0a, MIJLIMMETP BOMSHOIO CTOJI0A,
KIJIOrpaMM-CHJIa Ha KBAJAPATHBIA CAHTHMETp, TeXHU4YecKas armocdepa u ap. (bosee
HOAPOOHO cM. IoATJI. 2.3).

Kpome ocHOBHBIX (pr3nUecKUX BEJIMYNH KCIIOJIb3YIOTCS MIPOU3BOIHBIE PHU3MUe-
CKHM€ BeJIMYMHBI, II0OJIyYeHHbIE IIyTeM IIPeo0pPa30BaHMUsS OCHOBHBIX (PHM3MUYECKUX BeJIH-
yuH. K HuM oTHOCATCS:

ILnomaas mOBEPXHOCTH S — 9TO KOJIMYECTBEHHAS Mepa OIeHKH JII000# ITOBEPXHOC-
TH, B TOM YHCJI€ YCJIOBHBIX ITOIIEPEYHBIX CEUeHUH 1 PA3JIMUHBIX IPOEKITUH 00 bEMHBIX TeJT.
IL1ommams MoBEPXHOCTH SIBJISIETCS BEJIMYMHOM, IIPOM3BOIHOM OT JIMHEMHOro pasmepa. B cu-
creme CU pasMepHOCTBIO IIOIIAAN IOBEPXHOCTH SIBJISIETCSI METP KBAAPATHEIN (M2).

O6wem V sBisgeTcst OCHOBHOI MepOi OITeHKH (PU3UIECKOTO IIPOCTPAHCTBA, 3AHU-
MaeMoTo0 JII0OBIM paccMaTpuBaeMbIM o0bekToM. Eaunureit mameperus oobema B CU
ABJIseTcs MeTp Kyomdeckmit (M°). Takixe UCIOIB3YIOTCI BHECHCTEMHBIE €IUHUIIBI 00b-
eMa — JIUTPHI (JerMeTpsl KyOnJyecKre) 1 MUJLIAJINTP6L:

11=1000 M1 =1 ,I[M3 =0,001 Mo,

CROpOCTB W SBJISIETCS OJHOMN 13 OCHOBHBIX KMHEMATHMYECKUX XapaKTepPUuCTHUK JIBH-
JHKeHHud U I1peJcTaBJIdeT B O6H.I€M cJiydae IIpOru3BOJHYIO JIMHETHOTO pasMepa L 10 Bpe-

MEHH T. W = T Pasmepnoctreio ckopoctu B CU saBiisiercss meTp B ceKyHmy (m/c).
T

Ycexopenue a (ot s1aT. acceleration — yCKOpeHMe) — 9TO (pU3MUecKas BeJIMYUHA, OIIpe-
JIeJISTIoINTasi OBICTPOTY M3MEHEHHI CKOPOCTH TeJIa, T. €. 9TO IIPOU3BOIHA S CKOPOCTH II0 Bpe-

dw 2
MEHH: a = T PasmepHocTiio yerkopenus B CU asiisiercss meTp B cekyHIy B KBaapare (M/c”).
T

Hampumep, Tesa, cBoOOIHO magamoInue II0 BEPTHKAJIN BOJIU3U MTOBEPXHOCTH
Bemitn, B cy4yasx, KOra HCIIBITHIBAEMOE MU COIPOTHUBJIEHHE BO3IyXa MAJIO, YBEJIH-
YHBAIOT CBOI CKOPOCTH IIpUMepHO Ha 9,81 M/c 3a KamIyio CeKyHIY, T. €. HX yCKOpeHue
mpuMepro pasao 9,81 M/c?. JlaHHAS BeJMdMHA HASHBAETCS yCKOPEHHEM CBOGO-
HOTIO MaJIeHUs, a ee cpeiHee 3HAYeHne, paBHoe g = 9,81 M/ ¢?, IIHUPOKO HUCIIOIb3YeTCs
B TeXHUYECKUX Pacyerax.

Cuna F (;ar. fortis — cUIbHBIN) — pu3NUeCKasa BeJIMYNHA, ABJISIONIASICA MEPOM
BO3IEMCTBHA HA JAHHOE TEJIO CO CTOPOHEI APYIUX TeJI UJIX MoJIei. PasMepHOCTHIO CHIIBI
B cucreme CU asnsiercsa uproron (H).

OOBIYHO B TeXHHYECKOH T'HIPABJINKE HCIOJIb3YIOT CJIEIVIONLYI0 KJIACCU(PUKAIIIIO
CHJI: MaccoBble (00beMHBIE), TIOBEPXHOCTHEIE, JIMHEMHBIE.

MaccoBbIiMu HA3BIBAOT CHUJIBI, JEHMCTBYIOIINE HA KAaMKIYI0 YACTHUILy BHYTPH JTAH-
HO# Maccel (00bema) pabouero Tesia. IlprmMepomM MacCOBBIX CHJI MOTYT CJIYKHTDH CHJIBI
BCEMUPHOTO TATOTEHUS (B YaCTHOCTH — BeC), MHePIIMOHHEIE CHJIbI. Ecau nerounmnk mac-
COBBIX CHJI JIEKHUT BHE TeJIa, TO TOBOPSAT O BHEIIHUX CUJIaX (MCTOYHHK Beca Tejia — IIPH-
TSIPKEeHMEe 3eMJIN); €CJIN CUJIBI IIPOSIBJIAIOTCSI He3aBUCHUMO OT BHEIIITHUX BO3IEMCTBUM, TO
9TO BHYTPEHHIE MACCOBBI€ CHJIEI (CHIbI MHEPI). MaccoBble CHIIBI IIPOIOPIIMOHAIBHEL
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Macce pabodero Teja, OHU MOTYT OBITH IIPEICTABJIEHBI KaK IIPOU3BEIeHNEe MACCHI TeJia
Ha YCKOpeHUe:

F =ma. (1.1)

HOBerHOCTHLIMI/I Ha3bIBAOT CHIJIBI, ﬂeﬁCTBymH[He Ha IIOBEPXHOCTH H IIPO-
IIOPIIMOHAJIBHBIE eti. Pasimuaror HOPpMAaAJIbHBIE€ I TAHI'€HIIMAJIBHBbIE€ IIOBEPXHOCT-
HbI€ CHUJIBI. HepBHe ,Z[efICTBYIOT HOPpMAJIBHO K IIOBEPXHOCTH — 3TO CHJIBI JaBJI€EHUNA
(CHC&TI/IH). Nx IIPOIIOPIIMOHAJIBHOCTD BeJIMYHMHE IIOBEPXHOCTH BbIpaKaeTCd COOTHO-
nIeHueM

F. =pS, (1.2)

H

roe p — JaBJIEHUE.

Broons moBepxHOCTH (TAHTEHITMATIBHO) JEHCTBYIOT CHUJIBI CABHUra (B TEXHUYECKOM
THUIPABJINKE — CHUJIBI TpeHus). [IpomopiimonaabHOCTE CUJIBI M IIOBEPXHOCTU 31eCh BBI-
paskaeTcs COOTHOIIIEHUEeM

F. =18, (1.3)

T

r7Ie T — KacaTeJbHOe HaIlpsasKeHUe.

[Tprmepom TMHEHHBIX CUJI SIBJISIETCS CUJIA IOBEPXHOCTHOTO HATSI:KEHUS, JIEHCT-
ByloIas 1mo nepumetpy 11 u mpomopiitmonanpHaa emy. J{J1st TOJTHOM CHIJIBI TOBEPXHOCT-
HOT'O HATSYKEeHUS IPOIOPIIMOHAIBHOCTD IIEPUMETPY BBIPA3UTCS KaK

F, =oll, (1.4)

r7e 6 — K03(P(PUITMEHT ITOBEPXHOCTHOTO HATSIKEHUS.

Crienyer y4uTBIBATh, YTO CKOPOCTH, YCKOPEHHE U CHUJIA SIBJISIOTCS BEKTOPHBIMHU
BeJuuYuHaAMU. B oT/iue oT CRAJIAPHBIX, OHU XapaKTePU3YIOTCA He TOJIbKO MOIYJIeM
(4rcIeHHBIM 3HAYEeHWeM), HO 1 HAIlpaBJIeHHeM, 1 TOYKOM ITPUJIOKEeHHU.

Jlpyrue pusnyeckre BeJIUYHHEL OYIyT PAcCMATPUBATHCS B IIOCIEIYIOMINX IJIaBax
10 Mepe HeoOXOTUMOCTH.

Bsemem HekoTopbie IIOHATHSA, TpeOyeMble JIA aHaJIn3a U MATEeMaTHYeCKOTO OIIH-
CaHUSA THAPOMEXaHUIECKUX IIPOIIECCOB.

Conomuasa cpena. Kax ussectHo, Bce Tesia (00bEKTHI) COCTOSAT U3 MUKPOUYACTHI],
BeIeCTBa: aTOMOB, MOJIEKYJI, TOHOB, CBOOOIHBIX JIEKTPOHOB U JIPYTUX JUCKPETHBIX Ya-
CTHII, 00JIAJAIOIINX MACCOH.

B Texumueckoit rugpaBiInKe U JPYIUX (PHU3MIECCKUX M XUMHUYECKHUX HAYKAX HCIIOJIh-
3ytor roustue yrcyia Kuymacerna Kn, BerrmdamrHA KOTOPOTo OIIpeae IseTcs U3 3aBUCHMOCTH

Kn = %, (1.5)
rme L — cpemHee pacCTOSHEE MeKIy MHKPOYACTHIIAMHE, 4 B CJIyUae Ia30B — CPEIHSII
JIMHA IIyTH CBOOOJHOrO IIpobera MOJIEKYJI WJIN JJIMHA IIyTH MEKIY IBYMSI Odepes-
HBIMHU UX COyIapeHuaMu, M; L — JTuHeHHBIN padMep TPpyOOIpoBoaa, amapaTa Wik 00-
TeKaeMOro TBeP0T0 Tesa, M.

Hanpuwmep, 114 rasa, korna uncsio Kayncena maso (Kn < 0,01), MOHO He y4uTEI-
BATb €70 MOJIEKYJIIPHYIO CTPYKTYPY, 4 TPAKTOBATDH KAaK CILIOIITHYIO cpeay (continuum?).
OTo 03HAYAEeT, YTO OH 3AMOJIHSET IIPOCTPAHCTBO HEIIPEPBIBHO, MOJIHOCTBIO0, 0€3 IIyCTHIX

1 Ot jyat. continuum — HeIIpephIBHOE, CILJIOIITHOE.
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MecT. B mpoTuBHOM ciiyyae ra3 SBJIAETCS HACTOJIBKO pPa3pesKeHHBIM, YTO MOKET pac-
CMATPHUBATHCS TOJIBKO B PAMKAX TaK HA3hIBA€MOUN MOJICKYJISIPHON A9pOSUHAMHUKH HA
OCHOBE METOH0B CTATUCTUYECKOM MEXaHUKH.

Hampuwmep, nas Bosayxa mpu temiepatype 0 °C u nasmenuun 101 325 Ila, 4ato co-
OTBETCTBYET HOPMAJIbHBIM YCJIOBUAMZ, CPeIHSSA JJIMHA IIyTA CBOOOJHOTO IIpobera Mo-
sexys cocraBiser L =0,06 mem =0,06-10° M. A Ha Bbicore 200 KM OT IIOBEPXHOCTH
3emun, roe oueHb HHU3KOe JaBJIeHIe, a COAep KaHne MOJIEKYJI He3HAUNTEJILHO, 9Ta JKe
BeJIMYIHMHA CocTaBiIsgeT L =18 M.

CrnenoBaTe ibHO, B OOJIBIIIMHCTBE CJIyYaeB KUIKOCTH (ra3) MOMKHO pacCMaTPUBATH
KaK HeIPephIBHYIO CPe/Iy, KOTOPAas COCTOUT He 13 MOJIEKYJI, a U3 IIPUJIETAIOININX IIJIOTHO
IPYT K APYry 3JEMEHTOB, UMEIOIINX, HAalIpUMep, BUJ IPAMOYTOJILHBIX KYOHUKOB dJIie-
menTapHoro oobema dV =dxdydz. Takum obpasom, Bo3HHMKAET 00IMee IMOHSATHE dJIe-
MEHTAa KHIKOCTH, KOTOPOE IITUPOKO HCIIOJIb3yeTCsI B TEXHUYECKOH ' IPaBJIHKE.

JJIeMEeHT KUIKOCTU — 3TO 00bEeM C pa3MepaMH, ropas3io MeHbIINMU Pa3MepoB
ammapara, TpyOOIIpoBoaa, 00TEKAaeMOro TBEPIOro Tesa, HO OJHOBPEMEHHO Iopasio
OOJIBIIIIMU, YeM CpedHssa JIJNHA CBOOOTHOro mpobera MosekyJa. Ilpu KoMHATHEIX HaB-
JIEHUW U TeMIepaType Jaxe OdeHb MAIEHBKUI 00beM TeKydeil cpenbl 1 MEM® comep-
SKAT OFPOMHOE YHCJIO0 MOJIeKyJI. Hampumep, 171 Bo3ayxa UHCI0 9TO COCTABJISIET OKOJIO
2,7 -107, vy 27 MJIH. MOJIEKYJI, a IJIS BOABI JaHHOe 3HaYeHre HaMHOTO 00JIbIIIe,

[loHsiTHE CILIOIIHOM Cpenbl esiaeT BO3MOKHBIM MCIIOJIb30BAHIE [IJI Hee TAKHX
mapaMeTpoB, Kak TemmnepaTtypa 1, maBjeHue p, ILJIOTHOCTD P, K0dPPUIIHEHT JTUHAMIU-
YEeCKOM BASKOCTH |l ¥ KOI(P(PUITMEHT TEILJIOIPOBOTHOCTH A.

MopesIb CILIOIIHOM Cpeabl IT03BOJISIET OIINCHIBATH MAKPOCKOIIMYECKHE CBOMCTBA JKI/I-
KOCTH KaK (PYHKITUH ITOJIOKEHUS TOUYEeK B ITPOCTPAHCTBE Y BPEMEHH U PacCMaTPUBATh UX
KaK I10JI1. OTO CO34AeT BO3MOKHOCTh BBEICHMSA MATEMATHYECKHX YIIPOIIEHNI B MCCIIEI0-
BAHUSAX JBUKEHUS KUIKOCTA U IPUMEHEHHS 00X TeOpeM TEOPHHU II0JIS B MeXaHUKe
skuakocTr. Hampumep, 1J1s 1105151 JaBIIEHUE 3TO MOYKHO BEIPA3UTD CJIEAYIOIINM 00pa3oM:

p=f(tx, 3 z2).

OTo 03HAUAET, UTO JaBJIEHHE p SBJIAeTCA PYHKIMEH BpeMeHH T 1 IIPOCTPAHCTBEH-
HBIX KOOPJMHAT (X, y, 2).

Mogesb CILTOIIHOM Cpe/Ibl IT03BOJISIET OIMMCATh, KAK BeJeT ce0s oJIEMEHT JKUIKOCTH
0/ IeMICTBUEM PAa3JIMYHBIX CHAJI, KAK M3MEHSIOTCS CKOPOCTDb 9TOr0 dJIeMEHTa BO Bpe-
MEHH U IIPOCTPAHCTBE, a TAKKe [TaBJIeHNe, TeEMIIepaTypa Wik KOHIIEHTPAIIUS OTIe Ib-
HBIX 3JIEMEHTOB, €CJIM 9TO MHOIOKOMIIOHEHTHAS CMECh.

Taxas MomgesIb IT03BOJISIET Y€TKO C(POPMYJIMPOBATE 3AKOHBI, OIIMCHIBAIOIIINE II0BEIEHIE
SKUIKOCTH C IIOMOIIBIO ajIreOpandeckux 1 quddepeHIInaIbHbIX YPaBHeHIH.

B xuMudecKkoi TeXHOJIOIMH HPUHATO *KHUIKOCTH, radbl, IIaphbl, X CMECH, a TaKKe
CMeCH KHUIKOCTEH, Ta30B M IIaPOB C TBEPILIMI YACTHUIIAMH HA3LIBATH KHIKOCTIMHN
(*KUOKHMU cpegaMmu).

OT0 00BACHAETCS TEM, UTO B OIIPEIEJIeHHBIX I'PAHUIIAX N3MEHEHN JABJIEHUS Ias3hbl
MOSKHO PacCMaTpHBATh Kak Hec:kmmaemble (p = const ). Takne maMeHeHus: qaBJIeHUs
MMEIOT MeCTO, HAIIpUMep, BO BPpeMsI [IBUKEHIS Ia30B C YMEPEeHHBIMU CKOPOCTSIMH, IIPH-
JeM 3a BePXHIOI0 IPaHUILy IpHuHHUMAaeTcsa drcsao Maxa, ompemesisseMoe Kak OTHOIIIEHIE
CKOPOCTH II0TOKA I'a3a K CKOPOCTH 3BYKA B 3TOH cpele, paBHoe mpubiusuTessbHo Ma = 0,3.

2 O MOHATHUY «HOPMAaJIbHEIE YCJIOBUSD CM. ITOATI. 2.3.



1.1. NMAOTHOCTb 1 YAEAbHBI BEC 19

OT10 3Hauenme umcyaa Ma B cirydyae ABHKeHUs Bo3ayxa mpu temieparype 15 °C coor-
BeTcTByeT ckopoct w =100 m/c. B xuMuueckoil nHKEeHEePUHU, UHKEHEPUN OXPAHBI
OKPYKAIOIIEeH cpeabl X OOJIBIMHUHCTBE APYTUX 00JIacTe TeXHUKN TAKKe OOJILIINE CKO-
POCTH B OCHOBHOM He BCTPEUAIOTCS, HEe CUMTAS OTAEJIbHBIX CJIydaeB, HAIIPUMED JBHUKe-
HHUE SKUIKOCTA B CTPYMHBIX HacocaxXx. OOBIYHO CKOPOCTh I'a30B 3HAUYUTEILHO MEHBIIIE,
HAIIpXMep, CKOPOCTh BO3/IyXa B BEHTHJIAIIMOHHEIX YCTAHOBKAX COCTABJISIET IOPSIIKA He-
CKOJIbKUX JECSATKOB MeTPOB B ceKyHy. [loaToMy Bo Bcex riiaBax ypaBHEHUS, OITMCHIBA-
IOIlYie OBMKEHNEe SKIIKOCTH 1 ra3a, OyIyT UMeTh OJHHAKOBYIO (hopMy.

Bormpocs! gBusxeHIs CKATHIX Ta30B OyAyT 3aTPOHYTHI TOJIBKO B IJI. D.

[Ipu BBIBOZIE OCHOBHBIX 3aKOHOMEPHOCTEH B XUMUYECKON TeXHOJIOTUU BBOJAT II0-
HATHE UAEAJIbHOM KHUIKOCTH, KOTOPAs B OTJIMNYME OT PeaJIbHOM (BA3KOM) JKUIKO-
cTH a0COTIOTHO HeC:KUMaeMa II0/ JeHfCTBHUEeM JAaBJIeHUs, He H3MeHsIeT IIJIOTHOCTH IIPHU
M3MEHEHHH TeMIIepaTyphl 1 He 00JI1aJaeT BIA3KOCThIO.

PeanpHbIe sKHUOKOCTH OeISTCA HA KaledbHbIe U yipyrue. KamenbHbIe sKHUIKOCTH
UMEIOT KUIKOe arperaTHoe COCTOsIHYe, IPaKTUIeCKH HeCKUMaeMbl U 00J1a1al0T OYeHb
MAaJIBIM K03(ppuirmeHTOM 00BbeMHOro pacituperus. O0beM yIpyrux sKHuIKocTel (ra3oB
¥ IIaPOB) CUJIBHO U3MEHSIEeTCS IPU H3MeHEeHUH TeMIIePaTypPhl UJIH JaBJICHUI.

Paccmorpum ocHOBHEBIE pH3HUECKIe CBOMCTBA KUIKOCTEH M IMapaMeTPhl, HCIIOJIh-
3yeMble IIPU OIIMCAHUU M pacyeTax T'MIPOMeXaHUYeCKHX IIPOIeCCOB, IPOTEKAIOIINX B
TIOKOSIIEeNC U ABMIKYIIENCS sKUIKOCTH.

1.1. MAOTHOCTb U YAEAbHbIW BEC

Macca m emuauMIEl 00BbeMa V Ha3bIBaeTCd MJIIOTHOCTBIO.

p=—. (1.6)

PasmepuocTs mioTHOCTH:

)| 2]

Bec G CIMHHUITBI ob0bema FKHUJIKOCTH HAa3bIBAETCA yaAeJIbBHBIM BECOM. Ecin yaeJib-
HEBIN BeC eCTh BeJIHYHHA IIOCTOAHHAadA, TO

mg
= = = 5 1.7
Y=y= =P8 (1.7)

roe g =9,81 M/ ¢? — ycrOpeHue CBOGOIHOrO [IAeHMUs.
PasmepnocTh yoenpHOTO Beca:

- |- 5

OTHOCUTEJIPHOI MIJIOTHOCTHIO HA3BIBAETCSA OTHOIIEHHE IIJIOTHOCTH BEIEeCTBA P
K IIJIOTHOCTH Boxel p, mpu +4 °C:

p=", (1.8)

rae p, =1000 RI‘/MS.
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I1;10THOCTD KameIbHBIX sKUIKOCTEM MAaJIO 3aBUCUT OT N3MEHEHUS TaBJICHUS U TeM-
mepatypsl. [1pu HeoObxoquMOCTH M3MeHeHHe IIJIOTHOCTH KUIKOCTHA OT TEMIIePaTyPhl MO-
sKeT OBITH yuTeHO ¢ rmomoIbo gopmyJiel . . Menneneesa:

P: =Py — O, (£ —20), (1.9)

rae P, — IJIOTHOCTD KUIKOCTH IIPY JAHHOU TeMIleparype, RI‘/ M, Pgo — ILJIOTHOCTD KM
Koctu 1pu teMmieparype ¢ =20 °C, RF/ M, 0L, — IOIIPABOYHBIN K0o(p(pHITHEeHT, YUUTHI-
BAIOIINI H3MeHeHNe IJIOTHOCTH ¢ u3MeHeHneM TeMirepatypsl Ha 1 °C.

J171s TBe pABIX BEeIIECTB ILIOTHOCTh IIPAKTUYECKH He 3aBHUCHUT OT TeMIIepaTypPhl U B
pacdeTHOU IIPAKTHKe ee MOKHO CYUTATh IIOCTOSHHON BeJIMIMHOA. SHAYeHU ., KT M3,
HPUBOLATCS B CIIPABOYHOM JIUTepaType B BuAe Ta0aull. IlprmyemM a1 CBIIIyYnX BeIIecTB
HapAAy ¢ IJIOTHOCTBIO MaTepuaja P, IIPUBOJATCA CPeIHNe 3HAYCHN S HACBIITHOM IIJIOT-
HOCTH P, ., KT M

m
\%

CJI

, (1.10)

pHaC =

IZle m — Macca YacTHI B cJIoe, KTI; V. — o0BeM cJiod, M°.
3HauyeHne HACKHIIIHOM ILJIOTHOCTH MEHbIIIe, YeM IIJIOTHOCTh MaTeprasia, IIOCKOJIbKY
00BeM CJIOSI BKJIIOUAET He TOJBKO CYMMAPHBINA 00beM dacTuil V, HO 1 00beM IIyCTOT

MEXAYy HUMH, UYTO YYUTHEIBAE€TCA HOpO3HOCTbIO3 CJIOA €, MS/MSI

Vv
l-g

3HaueHN IJIOTHOCTHA MarepuaJia i HACBIITHOM IIJIOTHOCTH CJIOS CBSI3AHBI COOTHOIITEHIIEM

(1.11)

Prs = Dase (1.12)
1-¢

Jlns umeanpHBIX Ta30B4 cirpaBeqyinBo ypasHeHue Knameiipona — Mengesieesa:

m
pV =—RT, (1.13)
M
rIe p — maBieHue rasa, Ila; V — 3aHmMaeMeri razom oobeM, M°; m — macca rasa, Kr;
JIox
M — monapHas macca rasa, Kr/kmosb; R=8314 oK MOJIIpHAs Ta30Bas IIOCTO-
KT -

saHasd; T — rtemmeparypa rasa B KemsBunax (71 =t+273,15, rme t — Temieparypa

rasa B rpaaycax llembcus).
Jlia noeanpHBIX ra30B ypasueHue (1.13) MOKHO 3aIrcaTh B BUIE

m pM
=P 1.14
P V. RT ( )
nim

T p, 22,47T p,

3 BoJtee 11oapo0HO 0 IOPO3HOCTH CM. IJI. 4.

4 I/I,E[eaHBHBIﬁ ras3 —uaecaJiIndaupoBaHHAaA MOEJIb PeaJIbHBIX I'a30B, MCIIOJIb3yeMad OJIA BEIACHEHIA
3aKOHOMEPHOCTEM, KOTOPBIM ITOIUNHSIETCS II0OBEIeHIe BEIlleCTBA B ra3000padHOM COCTOSHUHU. Y Heallb-
HOT0 ra3a MOJIEKYJIB pACCMATPUBAIOTCI KaK MaTepHUAJILHEIE TOUKH, He B3AUMOIeHCTBYIOIIME APYT C IPY-
TOM HA PACCTOSTHHUM, HO B3aUMOAEHMCTBYIOIINE IPYT ¢ JPYTOM M CO CTEHKAMHM COCYIa IIPH CTOJIKHOBEHHUSIX.
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r7Ie p — IJIOTHOCTH rasa, KF/ M°; pp — ILJIOTHOCTBH ra3a IPU HOPMAJBHBIX yCJIOBUAX
(1T, =273,15K u p,=1013251Ia), RI‘/MS; M — monspHas Macca rasa, Kr/KMOJIb;
22,4 M3/RMOJIL — 00beM, 3aHMMAaeMbId OJHUM KHJIOMOJIEM ras3a IIPU HOPMAaJbHBIX
YCJIOBUSIX.

ITomo0HO maeaJbHBIM BemyT ce0s peasibHBIE radbl M IIaphl (HO HEe KaleJIbHbIe
JKHUIKOCTH), €CJIM X TeMIIepaTypPhl BBIIIIE TEMIIEPATYP CHKMKeHUs (KOHIeHCAIINH), a
JIaBJICHUS He IMPEBRIIIAI0T coTeH aTMocdep. B mporuBHOM citydae 6ojiee TOUHOE OITICa-
HUE COCTOSTHHS peaJIbHOro rasa (Irapa) MOKHO ITPOM3BECTH C IIOMOIIBI0 YpPaBHEHUS
Bau-nep-Baanasca:

2
v,a

p+ 2 (V-v,,0)=RTv,, (1.16)
rme v, — KOJIMYecTBO BeIlleCTBA, MOJb; p — OaBJyeHue rasa, Ila; V —obwem raaa, M°;
Ia-m° m°
T — remmeparypa raasa, K; a,——, " b,——, — mocrostHHLIe B ypaBHeHuHn BaH-
MOJIb MOJTb

nep-Baasnca.
ITocTostHHBIE @ ¥ b MOKHO OIpeaeIUuTh 110 POPMyJIaM:

27RT,,
Kp
27bRT.
a=— P (1.18)

rne T, , K, n p,,, Ila, — kpuTrdeckune TemiepaTypa u JaBjaeHHe COOTBETCTBEHHOP.

RommaecTBo BemecTBa V,,, MOJIb, OIIpenesdeTca Kak
v, =— (1.19)

rae m — macca rasa, kr; M — MoJiapHas Macca rasa, Kr/KMOJIb.
[Tockomsry m =pV, To ypaBHenue (1.19) mpumer B

_pV

, 1.20
=t (1.20)

(V)

rae p — IJIOTHOCTH T'a3a, RI‘/ M°.
11710THOCTD peasIbHOro rasa P, MOKeT OBITH OIpe/ieJIeHa Yepes IITIOTHOCTD U/ealb-
HOTO Ta3a p C y4eToM ero KoduIiimeHTa CKUMaeMOCTH Z:

p, =P 2 (1.21)

3Hauenne Koa(puImeHTa CAKIMAEMOCTH Z B 3aBHCHUMOCTH OT IIPUBEIEHHON TeM-
neparypsl T, ¥ IPUBEJEHHOTO JABJICHUA P, MOXKHO OIPEJIeNIUTH II0 Ipagury
(puc. 1.1).

5 Kputndyeckas TeMIeparypa — 9To MaKCUMAaJILHAS TeMIIepaTypa, IIPH KOTOPOH ITapoBas U JKU/I-
Kas (pas3bl MOTYT HAXOAUTHCS B PABHOBeCUU. BEIle KpUTHYECKOH TeMITePaTyphl CYIIECTBOBAHUE JKUTKOM
da3wr HeBO3MOKHO, HAOII0TaeTcs enuHoe aMmopdHoe coctostHue. [Ipu KpuTHUecKkoil TeMIiepaTtype C:Ku-
sKeHMe rasa TpedyeT HamOOoIbIIero JaBIeHUs, KOTOPOe HA3BIBAETCS KPUTUIECKUM JIaBI€HUEM.
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[Ipusenennyto temnepatypy 7, u naBjeHue p, MOMKHO HAHTH II0 CJIETYIOIIAM
dopmyam:

T

Tr[p :T—, (122)
Kp

Pup == (1.23)
pr

rne T'm p — Temmeparypa u AaBJIeHHe, DU KOTOPOX Haxonures rag; 1, u p, — Kpu-
TUYECKHe apaMeTpPhl BeIecTB, KOTOPhIe IPUBOISATCS B CIIPABOYHOM JIUTEpaType.

NMPUMEP 1.1

V.. =5M° u mmeromero moposuocth €= 0,42 m° / m°. TL1oTHOCTE YacTHIl KpH-

g OmnpenenuTs Maccy €08 KPUCTAJIMYECKOIO BEIeCTBA, 3aHUMAIOIIET0 00BbeM
. _ 3
CTAJLJIMYECKOT0 BellleCTBA IIPUHATb PaBHOU P, = 2250 KI‘/ M".

PeweHue

J1JIs1 ChITIyYmX BeIecTB MAacCy YacTHUIL B CJI0€ MOYKHO OIpeaesuThb u3 dpopmyJisl (1.10):
m=V,

J'IpHaC ’

rae pP,.. — HachIIIHas IIJIOTHOCTD, RI‘/ M°.
Hacpbitmayt0 I10THOCTE OITpeiesisieM Yepes ITOPO3HOCTD CJI0sI coryiacHo copmyite (1.12):

Puac = Prs (1-€)5

rge pTB — IIJIOTHOCTB YaCTHII, BeIleCTBa, RI‘/M3; € — IIOPO3HOCTH CJI04d, M3/M3.
Torz:a HaCBIIIHAA IIJIOTHOCTH CJIOA

Prac = 2250- (1 - 0;42) =1305 KI‘/Mg.
Macca citos KpHUCTAJIJIMYEeCROI'0O BelIeCcTBa 6y,[[eT paBHAa

m=>5-1305=6525 kr.
OrBer: m = 6525 Kr.

NMPUMEP 1.2

p=2MIlla u wummernmero temmeparypy t=110°C, momyckas HIeaIbHOCTD
rasa, a Takske YYUTBHIBAsI €ro peasibHOoe cocTogHme. MosipHass Macca aTHJIeHa
M = 28,1 kr/kmons. Kpurudueckne mapameTphl sTHJICHA: TEMIIEPaTypa TKp =
=282,4 K, naBnenue Dy = 50,0 aTm.

g OmnpeneanTs ILJIOTHOCTD 3THJIEHA, HAXOSIIETr0Cs 0T, a0COJIIOTHBIM JaBJIeHIEeM

PelweHune

Cunras sTHUiIeH MaeaJbHBIM Ia30M, OIIPEeIesIsgeM ero IIOTHOCTE II0 MOJU(PHUIIHPO-
BaHHOMY ypaBHeuuno Knamneiipona — Menzgeseesa (1.15):
M pT, 281 2000000 273,15

p=— P o _ =17,652 xr/m”.
22,4p, T 22,4 101325 110+273,15
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[IpuBenennbIe TeMIIepaTypy U JaBJeHue paccuuTbiBaeM o gopmyaam (1.22) u (1.23):

T 110427315 _
™ 282, 4

Kp

p _ 2000000
Py, 50-101325

1,36;

Pup = 0,39.

ITo puc. 1.1 sHauenue KoapduitmeHTa ckumaemoctu 2z = 0,98.
IImoTHOCTE 9THIIEHA KAK peaIbHOro rasa paccuuThiBaeM 11o opmyte (1.21):

P, =p 2=17,652-0,98=17,299 kr/m’.

Orser: p, =17,299 xr/m’.

B xumudeckoit TeXHOJIOMHMH YacTO PAO0TAIOT He ¢ YUCTBIMU ra3aMU U SKHIIKOCTSIMI, a
CO CMEeCSIMU Ia30B U KHIKOCTEH, a TAKMKe C PA3JINYHBIMUA I'eTePOreHHBIMI CHCTEMAaMU —
CYCIIEH3HUSIMH, OMYJIbCUAME U T. 1. IloaTOMy BO3HHKaEeT HEOOXOIHUMOCTD OIIPeIesIeHIs
IIJIOTHOCTH TAKHUX CHCTEM.

IImoTHOCTE CMecu ra30B (IIAPOB), COCTOAINEH M3 7 KOMIIOHEHTOB, OIIPeIesISeTCs 110
MIPABUJIY aIgUTHBHOCTHS:

n

Pew = 2 (Pii) = P1dy +PoYs oo+ P Y (1.24)
i-1
r7e p; U Y, — IIOTHOCT, RI‘/ M°, 1 obpeMHAasT (MOJIIPHAS) OIS, M3/ M (¥MoOJIB/EMOIIE ),
[-TO KOMIIOHEHTA B CMECH.

[1;10THOCTE CMecH B3aMHO HepaCTBOPUMBIX (HeacCOIIMUPYEeMBIX) KaIleIbHbIX KU -
KOCTeil, COCTOAIIEeH U3 1 KOMIIOHEHTOBR’, IpHOIMAKeHHO OIIpeiesIaeTcs 110 IPaBUILY al-
JTUTUBHOCTU UX 00bEMOB.

Cmecu B3aMHO HepPaCTBOPUMBIX JKHIKOCTEH (THUIIA BoJa — MAacJio) 00JIagaT paB-
HOBECHBIMH CBOMCTBAMH, CYIIECTBEHHO OTIMYAIONINMUCS OT CBOMCTB CeMEeHCTB KHUITKO-
cTeil, B3BAMMHO PACTBOPUMEIX IpyT B npyTe. Ilo cylmecTBy cMech B3aUMHO HepacTBOPU-
MBIX RHJKOCTel IpeJicTaBJIsgeT coboil He pacTBOp, a MeXaHUUIeCKyI0 CMeCh — 3MYJIbCHIO
OJTHO $KMIKOCTU B NpyToii. IIJ0THOCTE TAKUX cMeceil oIpeesdioT 1Mo ¢hopMyIe

Pem = 1_ =——= L —, (1.25)
o, X, | Xg X,
24 A=+
=1P; P1 Pe Pn

rae X;, p, — MaccoBasi J0JId, KI'/KT, ¥ IJIOTHOCTD, RI‘/ M, {-T0 *KMIKOr0 KOMIIOHEHTA.

6 AngurusHOCTD (J1aT. additivus — IprudaBJIsIEeMBbINA) — CBOMCTBO BEJIMYMH, COCTOSIIEE B TOM, YTO 3HA-
YeHNe BeJIUYNHEL, COOTBETCTBYIOIIEE IIeJI0MY 00BbEKTY, PABHO CyMMe 3HAYCHUN BeJIMYNH, COOTBETCTBYIO-
IIMX ero yacrtaM. Hampumep, agguTUBHOCTE 00beMa 03HAYAET, YTO 00BEM IIeJIOr0 Tejla PaBeH CyMMe
00BEMOB COCTABJIAIOIINAX €TI0 YaCTeH.

7 B HEKOTOPBIX CIIyYasIX TAKHME CMECH MOYKHO CUYUTATH dMYJILCUSIMU. IMYJIbCcuA (HOBOJIAT. emulsio;
OT JIaT. emulgeo — 1010, BEIJANBAIO) — QUCIIEPCHAS CHCTEMA, COCTOSIIASI M3 MUKPOCKOIIMUYECKNX KAIIeIhb
SKUTKOCTH (IMCIIEPCHOM (pas3bl), paclpenesieHHBIX B IPYTroi KUIKOCTH (IUCIIEPCUOHHOM cpee). OMYJIb-
CHAH MOTYT OBITH 00PA30BAHEL ABYMS JIIOOBIME HEPACTBOPUMBIMHU JIH00 YACTUYHO PACTBOPUMBIMU KU
kuMu KoMmoHeHTaMu. O1HA 13 MepBhIX N3yYeHHBIX OMYJILCUMA — MOJIOKO. B HeM KaIljim MoJIOYHOro sKupa
pacIpeaeeHsl B BOSHONI cpesie.
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[ImorHOCTE cycieH3un® MoskeT OBITH HAMIeHA KaK

1
o (1.26)

pTB pDR

pcycn

_ . KT TBEPJIOH (pa3nl
r7e X —MaccoBas J0JIs TBEPIOoii (paswl, i Ppp ¥ P, — IIIOTHOCTU TBEP-

KT CyCIIeH3UU

JIOHM U SKUIKOM pa3 COOTBETCTBEHHO, RP/ Mo,

NPUMEP 1.3

nerreMm p =0,2 MIla u nmeromeit remneparypy t =40 °C. Cocras cmecu: Bo-
nopox (H,) — 70% 06.; asor (N,) — 30% 06. MossipHble Macchl: Bomopoza
My, =2 Kr/KMONB; azora M () =28 Kr/EMouib. KoMImoneHTHI ra3oBoii cmecn
CUHUTATDh UIeaJIbHBIMU Fra3aMHu.

g OnpeneanTs IJIOTHOCTL T'a30BOM CMeECH, HAXOIAIIeNCs o a0COTIOTHRIM JIaB-

PeweHue

[1;10THOCTH KOMITOHEHTOB 3aJaHHOM ra30BOil CMeCH OIIpeesIsdeM 110 MOIUPUITPO-
BaHHoMy ypasueHuio Kiameiipona — Mennesneesa (1.15):

M T
p(H)=ﬂ£—0= 2 200000 273,15 0,154 xr/ar’
) 9224 p, T 22,4 101325 40+273,15
M
Py = (Ny) p Ty _ 28 200000 273,15 2,152 kr/ar’.
)" 224 p, T 22,4 101325 40+273,15

J1J1s1 ra3oB 00BeMHAS J0JIS PABHA MOJISIPHOM, CJI€I0BATEIIHHO: Yimy) = 0,7 ¥KMOJIB/KMOJIb,
YNy = 0,3 KMOJIB/KMOJTE.

Torma mIoTHOCTH TA30BOM CMECH HAMIEM I10 IIPABWJILY aIIuTUBHOCTH — dpopmyia (1.24):

3
P = P11, (11y) Py Yy = 0154 0,7+2,152-0,3 = 0,753 er/m”.

otser: p,, = 0,753 kr/m’.

NMPUMEP 1.4
g MaccoBas [10Jis1 OKTaHA B KUIKON OMHAPHONM CMeCH OKTaH — BO/IA COCTABJISET
_ KT OKTaHAa
x; =0,69 ——— . Cmecp nmeet temneparypy ¢ =10 °C. PaccuuraTs mior-
KT CMeCH

HOCTb JTAHHOM KMUOAKOM cMmecHu. IlmorHocTHn skumxocrest mpu ¢t =10 °C: oxTana
p, =710 RP/M3; BOIBL Py, =999 RP/M3. Runkrocrty cymrare B3aMHO HepacTBo-

PHUMBIMH.

8 CycCreHa3us IIpe/icTaBIseT co00M HeOJHOPOIHY0 CUCTEMY, COCTOSIILYIO U3 CILJIONTHOM (Da3hl — SKH/I-
KOCTH U paclipeleJIeHHOM B Hell TBep 1ol (hasbl.
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PeweHue

[TockoJIbKY OKTAaH M BOOA ABJISAIOTCS IPAKTHYECKH B3aHMO HEPACTBOPHUMBIMH Ka-
MIeJIbHBIMHE SKHUIKOCTSIMI, TO ILIOTHOCTH CMECH TAKHUX KHIKOCTEH MOYKHO HAWTH 110 Ipa-
BUJIY aIJUTUBHOCTH UX 00beMoB (1.25):

1
5L X
P1 P2

Pem =

r7e X, U X, — MacCOBbI€ [JOJIM OKTAHA ¥ BOJBL B CMECH, KI/KT; P, U P, — IUIOTHOCTH OK-
TaHa W BOOBI Ipu Temmepatype ¢ =10 °C.
[TockosbKy cMech OMHapHAast, TO MaccoBas J0JIsI BOABI B CMECH

X,=1-% =1-0,69=0,31 2221
KI' CMeCcHu
Torma mJI0THOCTE KUIKOM CMecr
b= I _779.9kr/m
™~ 0,69 0,31 ’ '
710 999

Orser: p,, =779,9 kr/m°.

NMPUMEP 1.5

OmnpenenuTh MJIOTHOCTH BOJHOM CYCIIEH3WH KAMEHHOTO YIJIS, eCJIM MaccoBas

‘M 1oJIsT TBepaoi aser X = 0,15, a remmepartypa cycrensuu ¢ = 30 °C. IliaoTrHOCTH
Bonsl mpu Temueparype ¢ =30 °C: p,. =995 RI‘/ m° . I17I0THOCTD KAMEHHOTO YIJIs
P, =1350 kr/m°.

PeweHue

[ImoTHOCTE CycIIeH3UU MOYKHO OIIpeIeuTh o popmysie (1.26):

1
Poen =% 1%
=+
pTB p)K

rae X — MaccoBas J0JId KaMEeHHOI'0 yIJId, RI‘/RI‘; P A Py — IJIOTHOCTH KaMEHHOI'O

YTJISI ¥ BOJIBI COOTBETCTBEHHO, RI‘/ Mo,
Torma

1 3
= =1 .
Peyes =515 RENE 035,9 kr/m

1350 995

orsert: p,,., =1035,9 kr/um".
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1.2. BASKOCTb

[Ipu mBMseHNN peaIbHOM KUIKOCTA B OTJIMYME OT UIeAaJIbHON B Hell BOZHHUKAIOT
CHJIBI BHYTPEHHEI0 TPEHUsI, OKAa3bIBAIOIIE COIIPOTUBJIEHNE IBUMKEHNI0. JTH CHJIBI Jeli-
CTBYIOT MEJKIY COCeTHUMHU CJIOSIMH SKUIKOCTHU, IIEPEeMEITAIOITUMUCS IPYT OTHOCUTEIHHO
npyrad®. CBOMCTBO KUIKOCTH OKA3bBIBATH COIIPOTUBJIEHNWE YCUJIUSIM, BHI3BIBAIOIIUM OT-
HOCHUTEJIbHOE IIepeMellleHIe ee YaCTHUIl, Ha3bIBaeTCd BA3KOCTHIO.

PaccmoTrpum o101 sKUIKOCTH, HAXOIAIIUHACS MEKIY ABYMS HapaIe IbHbIMI TOPH-
30HTAJIbHBIMH ITacTuHaMu (puc. 1.2, a). s Toro 4To0b! ImepeMeriaTh BepXHI0 IL1a-
CTUHY OTHOCHUTEJIbHO HUYKHEU B TOPM30HTAJIBHOU IIJIOCKOCTHU C ITIOCTOAHHOM CKOPOCTBIO,
HY’KHO IIPHUJIaraTh HEKOTOPYIO IIOCTOSTHHYI0 KacaTeJabHyIo cuiay 1, Tak Kak BA3Kas
SKHTKOCTD OKA3bIBAeT COIIPOTUBJIEHNE TaKOMY IepeMelneHmnio. COOTBEeTCTBEHHO, B KH/I-
KOCTH IIPY HAJIWYNN YKA3AHHOI0 IIepeMeIleHns BOSHUKHYT 1 OyOyT CyIIeCTBOBATH Ka-
caTeJIbHbIe HATIPSIKEHUS MEKIY OTIeJIbHBIMH €€ CJIOSIMHU.

F w +dw

a 6

Puc. 1.2. K onpegenennio BasxkocT

Becs ci10it sKHIKOCTH, PACIIOIOMKEHHON MEKIY ILJIACTHHAMH, IIPH 9TOM MOKHO IIPe/I-
CTABUTDH COCTOSIIIIIM 13 OECKOHEYHO 0O0JIBIIION0 YHCJIA 9JIEMEHTAPHAIX CJIOEB TOJIIHNHON dn
Kask b1, OueBUIHO, HATIPSAKEHUS CABUra Oy IyT BOSHUKATH MEJK/Ty JITOOBIMI COCETHIMU
aJIEMEHTAPHBIMU CJIOSIMU BCJIEJICTBHE TPEHUS MEKITY HUMHU BJIOJIb TIOBEPXHOCTH COITPUKOC-
HoBenwms croeB. Ha puc. 1.2, 6 mpefcraBiieHb! IBa TAKKX IIAPAJLICILHBIX CJI0S ILJIOAIb0 -
KaskObIN, IIPITYeM PACIIOJIOKEeHHBIN BBIIIE CJI0H OBUKETCS CO CKOPOCTHIO (w + dw), 00JIb-
IIIeH, YeM CKOPOCTh PACIIOJIOMKEHHOT0 HIKE CJI0sI, Ha 0ECKOHEUHO MAJIyIo BeInunHy dw.

OKCIIepHMEHTAJIbHO YCTAHOBJIEHO, UTO KacaTe JIbHAas criia 1, KOTOPYIO HYsKHO IIPHJIO-
SKUTH K BEPXHEMY CJIOIO [IJISI €10 PABHOMEPHOTO CABUTa OTHOCUTEIHHO HIFKHET0 (HJIH IIPOo-
THUBOIIOJIOYKHO HaIpaBJIeHHasd cuia 1', ¢ KOTOPOM HMKHUM CJIOM COIIPOTUBJIAETCS IIepeMe-

dw
IIIEHUIO BepXHEMY), IIPOIIOPIIMOHAIbHA I'PAJUEHTY CKOPOCTH . I'paguenT ckopoctn
n

XapakKTepua3yeT OBICTPOTY M3MEHEHSI CKOPOCTH 110 HAIIPABJICHNIO HOPMAJTH MEYKTY CJIOSIMH.
Bemmunaa cuner T MoskeT OBITH OIpeeseHa 0 YPaBHEHMIO
dw
T|=uF |—|, (1.27)
dn
rIe U — Koa(p(pUITHeHT IIPOIIOPITMOHATIBFHOCTH, KOTOPBIN HA3bIBAeTCs KO3 (pHUIIeHTOM
AUHAMHUYECKOU BA3KocTu'; F — II0Iaa b COMPUKOCHOBEHUS CJI0eB; dn — aieMeH-
TapHasd JJINHA HOPMAJIHA MEJKIY CJIOSMIH.

9 OU3NYECKH CHUJIbI TPEHUS IIPEJICTABJISIOT COO0M CHUJIBI B3AUMOMEHCTBUA (IPUTSKEHUS U OTTAJIKH-
BAHUS) MEXKIY MHUKPOUYACTUIIAMHU BeIeCTBA. OTH CHJIbI COBEPINAIOT paboTy, HAYIIY HA yBeJHJYeHUe
BHYTpPEHHEHN 9HEepTUM, KOTOpas Yallle BCero BEIpaskaeTcs B HarpeBe BEIeCTRA.

10 QyeHBb YACTO €r0 HA3BIBAIOT JUHAMHUYIECKOM BI3KOCTBIO HJIH IIPOCTO BA3KOCTHIO.
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OTHOIlIEHUEe BeJINYMHEI |T| K IIOBEPXHOCTHU COIPHUKOCHOBEHHS CJIOEB 0003HAYAIOT
vepes T U HA3BIBAIOT HAIIPSKEeHNEM BHYTPEHHEero TpeHNU (MHOIIA UCIIOIL3YIOT TePMUH
HANpPAKEeHHe CABUra N KacaTeJIbHOE HAIPAKEeHUe).

VunreBas dpopmymny (1.27), MmoskeM 3arrucaThb

szzua_w. (1.28)
F on

[Tocemmee ypaBHeHMe IIOJIYYHIIO HA3BaHIE 3aKOHA BHyTPeHHero rpeuna Hero-
ToHa. JKUIKOCTH, ITOTUYUHSIOIINECS 3TOMY 3aKOHY, HA3bIBAIOTCSI HBIOTOHOBCKHMU
(Boma, MUHepaJIbHBIE MAacJIa, KePoCHH, OeH3uH, riauiepuH). CorjacHo aToMy 3aKOHY,
HAIIpSKeHNe BHYTPEHHEro TPeHMUsI, BOSHUKAIIIee MEKIY CIIOAMU JKUIKOCTH IIPU ee
TeUEeHHH, IIPSIMO IIPOIIOPIIMOHAIBHO IPAJUEHTy CKOPOCTH.

I'padmueckasa uarepnperaiusa ypasaenns (1.28) mpeacrasiena Ha puc. 1.3 B Bue

o o w
JIMHEMHOM 3aBHCHUMOCTH MEXAY HaIIPpAXKEHHUEM CABUTa T U I'paJHuEeHTOM CKOPOCTH d_
n

[Tpsamas mpoxoauT Yepe3 HaYaI0 KOOPJIUHAT C TAHTEHCOM yIJia HaKJIOHA, PABHBIM KO-
appuImeHTY TMHAMUYIECKON BA3KOCTH |L.

Pasmepuocts KoadpuiimenTa IUHAMHYECKOM BS3KOCTH MOKEM OIPEIesIUTh I3
ypaBHeHwus (1.28):

- 0f
[n] c

Koadpduriment nunamudeckoit BASKOCTH SIBJISETCS BAKHBIM ITapaMeTpoM, Xapak-
TEPU3YIOIINM CBOMCTBA HPIOTOHOBCKUX JKUIKOCTel. 3HaueHus KoapduimenTa | sSBIISA-
0oTcsa PYHKITHEH TaBJIeHUSI U TeEMIIepaTyphl. BA3KoCTh KaIleIbHOIM sKUTKOCTH B 00JIACTH
yMepeHHBIX masiaennii (mo 2 MIla) npakrudecku He 3aBUCHT OT HaBjeHusa. Bauaanem
JaBJEeHUs Ha BSI3KOCTHb T'a30B B obOjacTu ymepeHHBIX nasieHuit (mo 1 MIla) taxike
MOSKHO IIpeHeOpeub. B To Ke BpeMs 3aBUCUMOCTDH BSI3KOCTH OT TeMIIepaTyphl BechMa
CyIIleCTBEHHAS KaK JJIs JKUIKOCTeH, TaK U JJIS Ta30B.

=1la-c.

1
u
T
o
dw 2
dn
T
Puc. 1.3. K onrpenesrennio Ba3rocTr Puc. 1.4. 3aBucuMOCTb BA3KOCTH OT TEMIIEPATYPHI:
HBIOTOHOBCKOM "KHIKOCTH 1 — [J1s1 sKUOKOCTH; 2 — I rasa

BsskocTs skHUIKOCTH yMEHBIIAeTCs ¢ pocToM TemmuepaTtypsl (puc. 1.4, tuaus 1). 9To
00BSICHSIETCS T€M, UTO B SKUIKOCTSIX MOJIEKYJIBI HAXOAATCA OJIM3KO APYT OT ApyTra U UX
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IBU:KEeHHe CPABHUTEIHLHO MaJOMHTEHCUBHO, TI09TOMY KacaTeIbHbIe HATIPSKeHN 00y-
CJIABJIMBAIOTCS IJIABHBEIM 00pa3oM CHIAMU MOJIEKYJIAPHOTO ClellIeHnd. 11pu moBkIIIe-
HUU TeMIIepaTyphl PACCTOSHUA MeskIy MOJIeKYJIaMU BO3PACTAIOT, CIIe0BATEIHHO, CHIIbI
CIIeIIJIEHUA yMeHbIIAIOTC.

Basucumocts W = f(T') muist sKUAIKOCTEH MOKHO OIIUCATH YPABHEHHEM

h= R - (1.29)
1+ A(T -273,15)+ B(T —273,15)

roe A u B — mocTossHHBIE 714 JaHHOH *KUIKOCTH; [, — KO3(P(HUIINeHT THHAMIIECKON
Bsa3koctu mpu Temmeparype 0 °C.

Hampumep, 111 Bomsl 9T 3HAYEHUA COCTABAT: [l = 17,89-10* IIa-c; A=0,0337
u B=0,00022.

Kax mamensiercst BA3KOCTD *KUIKOCTH C POCTOM TeMIEepaTyphl IIPHU aTMOC(epHOM
JIaBJIEHUHU, UJLJTIOCTPUPYIOT CJIEAYIOIINEe JaHHbIe: U3MeHeHre TeMIlepaTyphl Boabsl oT 0
1o 100 °C BwI3BIBaeT OoJiee ueM 6-KpaTHOe yMeHbIlleHue KodQHuIlneHTa JTUuHAMITYe-
CKOM BSA3KOCTH.

BsaskocTh ra30B pacTeT ¢ pocTOM TeMIIePATYPhI, IIOTOMY YTO PACTeT KMHEeTUYeCKa s
9HEPTHUS MOJIEKYJI U YUCJIO COyIapeHu Mex Iy MojekyIamu. VI3 MosiekyJIspHO-KuHe-
TUYECKON TEOPUH JJIS Ta30B BEITEKAET CJIEIYIONasa 3aBUCUMOCTb:

w~TY2, (1.30)

B T0 e BpeMsa MHOroumncIieHHbIE SKCIePUMEHTAJILHEIE JaHHBIE JeMOHCTPUPYIOT,
YTO 3aBUCHUMOCTDH BSI3KOCTH ra3a OT TeMIIepaTyphbl HECKOJIBKO OOJIBINAS, YeM ITO BHITE-
KaeT U3 KHHeTUYECKOM TeOPHU.

OTto xopormo untocTpupyerces popmyJioit Casepierga (Sutherland), xoTopas -
POKO IIPUMEHSIETCS B PACUETHOM IIPAKTHKE:

3/2
273,15+C[ T j , (1.31)

o e 27315

roe |, —BaskocTb rasa npu 0 °C u armocdeprom nasiernun; C — nocroaanaa Casep-
JIeHAa IJIs TAHHOTO rasa.

[Ipr HOpMAJBHBIX YCJIOBHUAX KOIPPUIIMEHT AUHAMUYECKON BSI3KOCTH I'a30B CO-
crasister mopsangka 107 Ila-c. Haopuwmep, qas Bosgyxa mpu temmeparype 0 °C o co-
crasisier 1,7-107° I1a- ¢, a mpu temmeparype 750 °C — 4,26-107° Ila-c.

OKcIlepruMeHTaJIbHbBIE M3MEPEeHHUsI II0KA3bIBAIOT, YTO OOJIBIMHMHCTBO KaIeJbHBIX
SKUTKOCTEM, THUIIa BOILI, PA30aBIEHHBIX BOJHBIX PACTBOPOB, OPTAHUUYECKUX PACTBOPH-
TeJIeH U T. II., IIPY KOMHATHBIX TEMIIEpATypPax UMeIOT 3HAUEeHU BA3KOCTH IIPUMEPHO B
50 paa 6oJbIle, YeM BSI3KOCTH OOJIBIIIMHCTBA T'a30B U IIAPOB.

3HavyeHUs BA3SKOCTH JIJIsI PA3JIMYHBIX sKUIKOCTEHM M I'a30B IIPU PA3JIMYHBIX TeMIIe-
paTypax IpeacTaBIeHbl B CIIPABOYHOM JIUTEpaType.

[IpakTryeckoe mpuMeHeHNEe TaAKKe HaX0OAT BHECHUCTEMHEIE eMHUIIBI N3MePeHUs
JTUHAMUYECKOH BA3KOCTH, MeHbInue, ueM lla-c, Hanpumep:

11I(myas)=1-10" a ¢;

1 cII(canrtumyas)=1-10"7I1=1-10" Ila-c.

2 A. U. BunbKouKkuii u gp.
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Hampumep, nia Boxer mpu 20 °C KoadpuiimeHT AMHAMUYECKON BSI3KOCTH L =
=1clI=1-10"Ia-c.

B pacueTHoit mpakTHKe TAKKe YACTO UCHOIbL3YEeTC IOHATIE KUHEeMATHIeCKAasa BA3-
KoCTh. KmHemaTruecKkast BI3KOCTb V CBSI3aHA C JMHAMHYECKOI BI3KOCTBIO COOTHOIIIEHHNEM

V== (1.32)
p

PaamepHocTh KMHeMaTHuecKkoi Bsiskoctu B CU — mMeTphl KBagpaTHBIE B CEKYHIY
(m® / ), HO B TOKe BpPeMs YacCTO UCITOJIb3YIOT eTMHUITEI MEHBIITHe, YeM 9Ta:

1Cr (crokc)=1-10"* m2/c=1cem?/c;

1¢Cr (canTmcrorc) =1-102 Cr=1-10" m?/c.
J7151 cMecr HOpMAaJILHBIX (HeacColMMPOBAHHEBIX) JKUTKOCTeH sHAUeHNe JTUHAMUAYe-

CKOH BA3KOCTH W, IIa-c, Mo:xHO onpenmesnTs 1o popmysie AppeHuyca:

% %ilgu; xq 1 +otx, 1
Mo =105 =100 R lekn (1.33)

rae n — YHUCJI0 KOMIIOHEHTOB CMeECH; X; — MOJIApHad JO0JIA I-T0 KOMIIOHEHTa cMecCH,

KMOJIb KOMIIOHEHTA
’ i

— K0o(ppHuITMeHT TUHAMUYECKON BA3KOCTU I-TO KOMIIOHEHTA
KMOJIb CMECH

cmecu, Ila-c.
Jlia OmHapHOI cMecH, COCTOAIIEH U3 sKUAKOCTEH A u B, CBSI3b MOJISIPHOM I0JIH

KMOJIb KOMIOHeHTa A .
KOMIIOHeHTa A |x,, M MAacCOBOM 0K KomIloHeHTa A
KMOJIb CMEeCH

_  Kr KOMIOHeHTa A

X4 MO¥HO OIIpeJeJIuTb 13 COOTHOIIIEHUIH:
KI' CMeCH
EA
M
Xp= %; (134)
Ty 1%,
M, Mg
_ M ,x
= ot (1.35)

4z MAxA+MB(1_xA),

rne M, u My — MonapHBIe Macchl KOMIIOHEHTOB A 1 B OMHapHON KUIKOI cMecH,
KI'/KMOJIb.

Baskoctb amyisibenn W, 11a - ¢, mpu o6beMHOI nose nucnepcHOM dasdel He Ooiree 0,5
OIIpeaeJIsTIoT 110 POPMyJIe

u, +0,4u,
[

W, =W, |1+2,5¢ (1.36)

raoe W, MI[ — IMHaMHIYecKas BSI3KOCTH CIIJIOIIHOM 1 HHCHepCHOfI (bas COOTBETCTBEHHO,

. M° nucnepcHoit dhassr
[Ia-c; @ — obbeMHasT M0JIA JUCTIEPCHOM (has3bl B 9MYJIHLCUH, .

M3 OMYJIbLCUH
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OnpenenuTs TUHAMHYECKYIO BA3KOCTH Ta30BOM cmecH [, Ila-c, MoxHO ¢ momo-
B0 IPUOJIMKEHHON (POPMYJIBI A TUTHBHOCTI:

M M
Moy =3 = = , (1.37)
yiMi ylMl +y2M2 +n.+ynMn
P U My Mo M,

raoe M, —MongpHasa Macca Ia30BOM CMecH, KI'/KMOJIb; N — 9UCJIO KOMIIOHEHTOB I'a30-

BOH cMmecu; y; — MoidpHasa (00beMHas) O0JA 1-T0 KOMIIOHEHTa TIa3oBOM CMecH,

KMOJIb KOMIIOHEHTa M3 KOMIIOHEHTAa

3 ; M; — MonapHas Macca i-To KOMIIOHeHTa Iraso-
KMOJIb CMEeCH M° cMecHu

BOH cMecH, RI‘/ KMOJIb; W, — K03(p(PUITMeHT TUHAMUYEeCKON BA3KOCTH 1-I'0 KOMIIOHEHTAa

rasosoit cmecHu, Ila-c.
Moaspuas macca ra3oBOM CMeECH, COCTOSIIAS U3 72 KOMIIOHEHTOB, OIIPeIe IsIeTCs 10
3aBUCUMOCTH

M, => My, =My +Myy,+..+ M,y,, (1.38)
i=1

Ie 1 — YHUCJI0O KOMIIOHEHTOB Ta30BOM CMECH; y; — MOJIAPHASA JIOJIA i-TO KOMIIOHEHTa
ra3oBOU CMECH.
Koadpdpuimenr qruHaMmuyeckoil BA3KOCTH CyCIIE€H3UMA Heyens Hla-c, 3aBucnt or 00b-

M® TBepmoi hassr

eMHOH J0oJI1 THUCIIePCHOH TBepo# a3kl B HUX @, , I MO3KeT OBITH

M3 CyCII€eH3H1!U

paccYmTaH MO CJIEMYIOIINM KOPPEISAIIHOHHBIM 3aBUCHMOCTSIM:
—1pu ¢, <0,4 momxHO mcnonb3oBath dhopmyiay A. Y. Baunnckoro:

Meyer = My (1420, ), (1.39)

rme W, — OJUHAMHOJYecKas BA3KOCTD KUAKOH dassl, Ila-c; k — roadduiuent, sapucs-
it ot @, upu ¢, <0,1 k=25, anpu 0,1<¢_, <0,4 k=4,5;
—1pu 0,5< ¢, <0,9 moxHO ucronb3oBaTh popmyay Xatdeka (Hatschek):

N (1.40)

Mcycn

O6wvemuas nona ¢, (00beMHas KOHIIEHTPAIIUA) BEIpaskaeTca depe3 00beM TBep-
noit daser V_, M>, ¥ 00BeM KUIKOCTH V., M°, B cycmeHanm:

V.

=—L— 1.41
A o

M TBepmoit Paskr

CBa3p o0beMHOHE motu @, , TBepIo# (pa3hl B CYCIIEH3HUHU C ee

M° cycreH3un

. . _ Kr TBepmoi dpas3nl
MAaCCOBOM JI0JIeH X, , OIUCHIBAETCSA YPAaBHEHUAMU:

KT CyCIIeH3UU
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X
Oy == P T (1.42)
Y
pTB pm
%= Pre¥rs (1.43)

pTB(PTB +p9{<(1_(PTB) ’

rae p.,, P, — IJIOTHOCTU TBEPIOH M *KUIKOI (pa3 B CyCIIeH3UH COOTBECTBEHHO, RI‘/ Mo,

NMPUMEP 1.6

_ KT OKTaHa
x; =0,69 —— . Cmeck nmeer temnepatypy t =10 °C. Paccuurars nuna-

KI' cMecHu
MHUYECKYIO BA3KOCTD ,[[aHHOfI HCH,Z[ROfI CMecCH. I[I/IHaMI/I‘{eCRI/Ie BA3KOCTH YHCTBIX

g MaccoBast moJ1s1 OKTaHA B KHIKOM OMHAPHOM CMeCH OKTAH — BOJA COCTABJISIET

KOMITOHEHTOB KuaKoit cmecu npu ¢ =10 °C: oxkrana W, =0,61- 107% Ia - ¢; BombI

u, =1,31-107° Ia-c. Monstpaas macca oktana M, =114 Kr/KEMOITE; MOJITpHAS

macca Bogsl M, =18 Kr/KMOJIb.

PeweHue

Cucrema B3aMMHO HEPACTBOPUMBIX OKTAHA M BOIBI IBJISIETCS CMEChI0 HOPMAJIbHBIX
(HeaccoITMUpPOBAHHEBIX) skuAKOCTel. [loaTOMY MUHAMUYECKYIO BA3KOCTh TAKOM SKUTKOM
CMeCH MOJKHO OIIpeaesIuTh mo ypaBueHuo (1.33):

_10%11gn +xglgpy
Hew = 10 ’

rge l.,ll n ““2 — IJHHAMHXYEeCKNE BASKOCTH OKTaHa B BOABI COOTBETCTBEHHO, IIa- C, X{H1 X9—
MOJIAPHEBIE J0JIM OKTaHa Y BOJBI B HCHL[ROfI CMeCH COOTBETCTBEHHO, RMOJII)/RMOJIL.

_ KT OKTaHa
Ilepecunraem 3aJaHHYI0 MaccoBYIO HOJII0 OKTaHa X, =0,69 ——— B MoJdp-

KI' CMecHt
HYIO JIOJIIO X;, UCIOJIB3ysd dopmyiry (1.34):

0,69

x, = 114 _ 0,26 RMOJIB'

"~ 0,69 N 0,31 KMOJIb
114 18

I[JIH 6HHapHOfI CMeCHu MOJIAPpHAadA J0JIAd BOJEBI B SKUIKOM cMecH

Xy =1-2x,=1-0,26=0,74 22
KMOJIb
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I[I/IHaMI/I"IeCRaH BA3KOCTD sKHUJIKOM CMECH COCTaBUT

00,26-1g(0,61~10*3 )+0,74-1g(1,31~10*3)

w, =1 =1,074-107° Ia-c.

Orser: u,, =1,074-107° Ia-c.

NPUMEP 1.7

OnpenenuTh TUHAMHYECKYI0 BA3KOCTH T'a30BOH cMecH, Haxojdmiedcs IIof
abcomoTueIM gasieaueM p =0,2 MIla u mmeromeit remneparypy ¢ =40 °C.
Cocras cmecu: Bomopoxn (H,) — 70% 06.; asor (N,) — 30% 06. MonspHere

Macchl KOMIIOHEHTOB I'a3oBo# cMecu: Bomopoma M, (Hy) = = 2 KT/KMOJIB; a30Ta
M (Ny) = = 28 kr/kMoutb. J[uHaAMUYeCKre BA3KOCTH KOMITIOHEHTOB I‘a3OBOI/I cMecHu
opu TeMnepaType t =40 °C cocTaBJg0T: BOIOpoIa Mg, = =9,5-107° IIa-c; asora

Hix )—185 10° Ia-c.

PeweHue

Tak Kak gaBJieHHe Ta30BOIM CMECH COOTBETCTBYET 00JIaCTH YMEPEHHBIX JTaBJIEHUHN
(me mpesnimaer 1 MIla), To ero BausHueM Ha BA3KOCTH MOKHO ITpeHEOPEYb.

Koaddpurimenr quHaMmmdeckoil BAZKOCTH Ia30BOM CMeCH HAMOEM II0 IPUOJIMKEH-
Ho# opmyste agmuruBHOCTH (1.37):

MCM = = ’
Yy M) . Yy Miny)
Hmy) Hny)
rae MOJIHpHaH Macca cMecu
M = M) Ymy) + Miny) V()

Jlns rasoB o0beMHAs HOJII B CMECH paBHA MOJIIPHOM, CJIeIOBATEIBHO, YHy) =
= 0,7 KMOJIB/KMOJIb, YiNy) = 0,3 KMOJIB/KMOJIb.

Torma ypasHeHue [JI OIIpeIesIeHUs BA3KOCTH I'a30BOM CMeCH MOKHO 3alNcaTh B
CJIEIYIOIIEM BHIE:

M)y + Miny)Vvy)

HCM = :
Yoto) Misy) | Yov) M)
My Hixy)
2-0,7+28-0,3

= 2 = . —6 .
Wey = 072 . 0.3.28 =16,29-107 Ila-c.

9510 185-10°°

Orget: 1, =16,29-107° a-c.
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NMPUMEP 1.8

ecayd MaccoBad JoJisl TBepaod ¢aser X, =0,15, a Temmeparypa cyclleH3UH
t =30 °C. Jlumammdueckass BA3KOCTh BoAbl Ipu Temireparype t=30°C pasua

W, = 0,801-107° IIa-c. I1IOTHOCTD KAMEHHOIO YIUIS CIIEAYeT IPUHIATH PABHOM
P, =1350 xr/m°.

M OHpe,Z[eJII/ITB ANHAMHUYCECKYIO BA3KOCTD BOJTHOM CyCIIeH3nH KaMEHHOI'O YIJUId,

PeweHune

[Tockombry Bua hopMyJIBI OIS pacyeTa KoapPHUIIHEeHTa JTUHAMHUYECKON BA3KOCTH
3aBHUCHUT OT 00BEMHOM JTOJIH @, TBepIOo# a3kl B CyCIIEH3WH, TO BHA4YAaJIe II0 ypaBHe-
Huo (1.42) HalineM 00beMHYIO JOJIIO O,

x 0,15
pTB 1350 3 3
Py = — = =0,1151 m°/m°.
X ia-nt 910 015 L
Pun . 1350 995

Tax xax 0,1<¢_, <0,4, To K0a(ppuUIIMEHT TUHAMUYIECKON BA3KOCTU CYCIIEH3UH
ompengessieM 110 popmyte (1.39):

u“cycn = p’)}c (1 + 4’5(pTB)'
Torma

=0,801-107+(1+4,5-0,1151)=1,22-10"° Ia c.

l”lcycr[

OtBer: 1, =1,22-107 ITa-c.

Hexroroptbie miporiecchl XUMUYECKOM TEXHOJIOTUU CBSI3AHBI C TIepeMeIlleHueM KU -
KOCTei, KOTOPBIE B OTJIMYHE OT OOBIYHBIX BI3KUX JKUTKOCTEH He TOTUNHIIOTCS 3aKOHY
BHyTpenHero Tpeuus Hoiortoma (ypasuenwue (1.27)). OTH sKUIKOCTH HA3LIBAIOTCSI He-
HBIOTOHOBCKUMU. [[prMepomM TakuX KUIKOCTEHN ABJISIOTCS IIIJIaMBbI, TACThI, KOHIIEH-
TPUPOBAHHBIE PACTBOPHI, HEKOTOPHIE MAacJia ITPHU OTPHUITATEeJIFHBIX TeMIeparypax, ma-
pacduHUCTHIE HE(PTEITPOAYKTHI TP HU3KHUX TEMIIepaTypax, aMyJbCUU, KOJIJIOUTHBIE
pacTBOPHI, TYAPOH, acdasbT, IeJTI0JI03HO-0yMasKHasd Macca, CyCIeH3UH.

HeHboTOHOBCKYME "KUIKOCTH MOYKHO Pa3IeIUTh Ha TPHU OOJIbIIINE TPYIIIIH.

K meproii rpynme orHOCATCS TaK HAa3bIBaeMble CTAllMIOHAPHBbIE HEHBIOTOHOB-

. dw
CKHe KuaKocTu. JJia oTux sKumkocrein T=f (d_ He 3a8UCUM OMm 8PeMEHU.
n

Ko BTOpOI1 rpynme oTHOCATCA HEHLIOTOHOBCKHE KHIKOCTH, Y KOTOPBIX 3aBUCH-
MOCTB T OT —% uzMeHsemes 60 8peMeru.
dn
K Tperneii rpymme oTHOCATCS BA3SKOYIIPYTHUe, NN MAKCBE/LIOBCKUE, JKUTKO-
CTH, KOTOPBIE TEKYT O] BO3AEeHCTBUEM HAIPSIKEHNUS T, HO IIOCJIe CHATUS HAIPIKEeHII
YACTUYHO BOCCTAHABJIMBAIOT CBOI (DOPMY HOJO00OHO YIIPYTHM TBEPIBIM TEJIaM.
Paccmorpum Gostee moapoOHO KMITKOCTH, OTHOCSIIUECS K 3TUM IPYIIIAM.
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CrauuonapHble HEHBIOTOHOBCKHUE JKUIKOCTHU, COCTABJIAIOIINE 1€ PBYIO FPYIILY,

dw .
B 3aBUCHMOCTH OT BUIA PYHKIINN T = [ (d— (KpHUBOM TeUEHMS) IIOAPA3AE/ISIOT Ha CJIe-
n

JYIOTITHEe BUIEI.

1. BuHramMmoBCKUeEe IJIAaCTUYHBIE sKUIKOCTH, KOTOPhIE IIPH MaJIbIX HAIIPSIKEHHIIX
caBUTA T JIMIIH HECKOJIBKO Je(POPMHUPYIOTCS ¥ HAYMHAIOT T€Yh TOJBKO IIPHU yBeJIHMYe-
HHUH T JI0 HEKOTOPOT0 3HAUYeHus T,, Ha3blBaeMoro npenaesaom rexkydectu. IIpeamosna-
raeTrcs, YTo HavaJly TeUeHUs COOTBETCTBYET pa3pyIllieHne paHee OTHOCUTEJIHLHO ITPOYHOM
CTPYKTYPHI KHIKOCTH, & IPHU T> T, OMHIaMOBCKUE $KHUIKOCTU TEKYT II0JJ00HO HBIOTO-
HOBCKHM 3KHAOKOCTAM. IIpnr obpaTHOM yMeHbIIeHNN HATIPA:KEHUA 10 T< T, CTPYKTypa
9THX KUIKOCTEH 00paTUMO BOCCTAHABJIUBAETCH.

J1J1g OMHTraMOBCKHUX "KHIKOCTEH, K YHCIY KOTOPBIX OTHOCSATCS OYEHb I'yCThIE CYCIIeH-
3UMH, TIaCThl U IIIJIaMbl, YpaBHEeHUE KPUBOU TeUeHUSA UMeeT BU/I:

—u dw

- 9
Tdn

e W, —Koa((PHUIHEeHT IPOIOPITNOHAIBHOCTH, Ha3bIBAEMBIH INIACTHIE€CKON BA3KOCTHIO.

3asucumocts (1.44) Ha puc. 1.5 usobpaskaercs JUHMEH 2 C TAHTEHCOM yIJIa HaKJIOHA
K OcH a0CIIHcC, PABHBIM | .

-1, (1.44)

Tp

dn

Puc. 1.5. 3aBrcuMOCTD MeEXKIy HAIPAKEHUEM
¥ CKOPOCTBIO CABUTA (KPUBBIE TEUCHUS):
1 — HBIOTOHOBCKHE KHUIKOCTH; 2 — OMHIaMOBCKIE KHIKOCTH;
3 — TICEeBIOIIACTUYHEIE JKUIKOCTH; 4 — TUJIaTAHTHEIE KUIKOCTH

2. HCGBL[OHJIaCTI/I‘IHBIe HKHUIAKOCTH, KOTOPhbIEe HAYMHAIOT Te4Yb, KAK 1 HbIOTOHOB-
CKHe, YiKe IIPH CaMbIX MAaJIbIX HAIIPAXKEHUAX T. I[JIH 9THUX JKUIKOCTEM OTHOIIIEHUE Ha-
IIpAXREeHNd CABUTI'a K I'PAJUEHTY CKOPOCTH, Ha3bIBaeMOe Ramym;ef/ica BA3KOCTHIO |,

3aBUCHUT OT BeJIMYUHEI T (kpuBad 3 Ha puc. 1.5). 3HaUeHN |1, CHIIKAIOTCA C Bo3pacTa-
dw

HUEeM P ¥ KpPUBAasi Te€UEHUs IIOCTEIEeHHO IIePEXOIUT B IIPAMYIO C IOCTOSHHBIM IIpe-
n

JIeJIbHBIM HAKJIOHOM U (BA3KOCTH IIPU OECKOHEUHO OOJIBIIIOM CIBHTIE).
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3. JlunaTaHTHBIE SKUIKOCTHU B OTJIMYHME OT IICEBIOILTACTUYHBIX XapaKTepHU3y-
dw

I0TCA BO3pAacTaHHEM |l C yBeJIUdeHHeM T (kpuBas 4 Ha puc. 1.5). lumaranTasie
n

SKUKOCTH MeHee pacIpoCTPaHEeHbl, YeM IICeBIOIIIACTUYHEIE, M O0OBIYHO IIPeICTABIISIIOT
€000 CyCIIeH3UH ¢ OOJIBIITHUM COePsKAHIEeM TBepaoi (pas3sl.

J1J1s1 BTOpO# rpynnbl HEHBIOTOHOBCKUX JKHMIKOCTEH, YacTO HA3bIBA€MBIX HECTa-
IIMOHAPHBIMU, TAK:Ke UCIIOIb3YIOT IOHATHE KamKymelcsa BA3KOCTH |, . B atom ciy-

o w
Jae BeJIMYuHa |, OoIIpeaesideTcCs He TOJIBKO BeJIMYMHOM I'paJueHTa CKOPOCTH d—, HO U
n

BpeMeHeM CIBUTA, T. €. IPeIbICTOPUEH sKUTKOCTH.

B coorBeTcTBHM ¢ XapaKTepOM BIMSHUS IIPOLOJIKUTEILHOCTH CABUTA HA CTPYK-
TYPY *KHUIKOCTH PA3INYA0T THKCOTPOIHBIE ¥ PEOIEKTAHTHBIE JKUTKOCTI.

JIJIsS THKCOTPOIIHBIX sKUAKOCTEH C YBeJINYeHHEeM BPEeMeHH BO3IeHCTBUS II0CTO-
STHHOT'0 HAIIPSIPKEHUsI CABUra CTPYKTYpa paspylliaeTcsa U TeKydecTb Bo3pacraeT. Ho 1o-
cJie CHATUSA HAIPSKEHUs CABUTa CTPYKTypa KUIKOCTU IIOCTEIIEHHO BOCCTAHABJIMBA-
ercsi, ¥ OHa Iepecraer Teub. K umciy Takux sKUIKOCTE OTHOCATCS, HAIIPpUMepP, MHOTHE
KpackH, 0J1arogapsi THKCOTPOITHBEIM CBOMCTBAM KOTOPHIX 00JIerYaeTcss uX HaHeceHue Ha
IIOBEPXHOCTh U 3aMeIJIAeTCs CTeKAHIe II0 BEePTUKAJILHON MOBEPXHOCTH. TaKKe MOMKHO
HaO0JII0IATh IBJICHIE THKCOTPOIIMH ¥ MOJIOYHBIX IIPOAYKTOB (IIPOCTOKBAIIA, KeHp, CJINB-
KM H Ip.), BI3KOCTh KOTOPHIX YMEHBIIIAeTCA TP B30AITHIBAHNH.

PeonexraHTHBIE ;JKUIKOCTH OTIMYAIOTCSI TEM, UTO UX TEKYUYEeCTh C YBeJIHUYEHHIEM
ITPOJIOJISKUTEIEHOCTH BO3IeHCTBUSA HAIPSIKEHUS CIBUTA CHUKAETCS.

K TpeTneii rpynmne HeHbIOTOHOBCKHUX KUIKOCTEH (BA3KOYIIPYyTrHe, NI MAaKCBEeJI-
JIOBCKHE) OTHOCSITCS HEKOTOPbIE CMOJIBI U BEIIeCTBA TeCTOO0PA3HOM KOHCUCTEeHITHMN.

Kaskyasicss BA3KOCTh HEHBIOTOHOBCKUX JKHIKOCTEH O0BIYHO 3HAUNTEJILHO IIPEBHI-
II1aeT BS3KOCTh BOJIHL.

1.3. NOBEPXHOCTHOE HATA>XEHUE

IToBepxHOCTHOE HATSIKEHME TECHO CBSI3AHO C TAKMMU ABJIEHUSIMU, KaK CO3IaHUE
CBOOOJTHOI TTOBEPXHOCTU JKUIKOCTU, DOPMUPOBAHUE Kalesb, IBUKEHHE JKUIKOCTH B
KaIujIgpax.

CBoOoiHAsT TOBEPXHOCTh MMEET XapaKTep TOHKON paBHO HATIPSKEHHOHN IJIEHKH,
YCTOUMYMBOU K PACTAKEHUIO.

B peaysbraTe moBepXHOCTHOTO HATSZKEHMST BOSMOYKHO yJIeprKaHe HA ITI0OBEPXHOCTH SKUI-
KOCTH Pa3JIMYHBIX MEJIKUX TBEPIBIX TeJI, IJIOTHOCTb KOTOPBIX 3HAUUTEIHHO O0JIBIITE TLIO0T-
HOCTH SKHIKOCTH (HAIPUMED, METAJLTITIECKAs UTJIa, MEeJIKFe MOHETHI HA TIOBEPXHOCTH BOJIHI).

B cnyuae kpuBOSMHENHON TOBEPXHOCTH JIEMCTBUE CUJI ITOBEPXHOCTHOT'O HATSKe-
HUS JOJIPKHO OBITH YPaBHOBEIIIEHO PA3HUIIEH JaBJIEHUHN, HATIPUMeEp JaBJIeHUeM BHYTPH
MBIJIBHOTO ITy3bIPS UJIU KAILJIU SKUTKOCTH, KOTOpOe OOJIbINE TaBJIEHUS OKPYKAIOIIei
cpensl. [IpourocTs cBOOOMHOI TTOBEPXHOCTH O0YCJIOBJIEHA CUJIAMHU CIIeIIeHUs (Kore-
3WM), KOTOPHIE JIEMCTBYIOT MEKIY COCETHUMHU MOJIEKYJIAMHU SKUTKOCTH.

Paccmorpum nBe Tpon3BOIbHBIE MOJIEKYJTBI sKUAKOCTH (pric. 1.6), oaHA 13 KOTOPHIX
HAXOIUTCS BHYTPH JKUIKOCTH (MoJiekysga A), a BTopas — HA IIOBEPXHOCTU KUIKOCTH
(mostekya B).
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Cuupl crieryieHusI, KOTOpbIe JIeHCTBYIOT HA B
MOJIEKYJTY A, ypaBHOBEIIMBAIOT IpyT apyra. B To
BpeMs KaK Ha MOJIEKYJIbI, HaXOIAIIHecs Ha CBO-
OomHoO# mmoBepxHOCTH (MoJeKyaa B) oty cwiibl ——— —— A
IeficTBYIOT ogjHOCcTOpoHHe. OTCcloa U BO3HUKaeTr | — S
YIIOMAHYTOE COCTOSTHIE HATIPSIKEeHUS B II0BEPX-
HOCTHOM CJIOE, a CHJIBI, BEISBIBAIOIIIME 3TO HAIIPS-
sKeHMe, HOCSIT Ha3BaHUe CUJI IIOBEPXHOCTHOTO
HATSAKEeHUS.

CuTBI TIOBEPXHOCTHOI'O HATSIKEHUS paciipe-
JIeJICHBI 10 BCel CBOOOIHOM MOBEPXHOCTH 1 HA-
IIPABJIEHEI 10 HOPMAJIN K Hel BHYTPb "KHIKOCTH. Puc. 1.6. K ompenenenmio
[ToaToMy 9TH CHITBI CTPEMSTCS CBECTH JTY II0BEPX- [OBEPXHOCTHOTO HATSKCHUS
HOCTh K MUHHMyMYy. Eciam kamenabHas KuI-
KOCTh He HaXOJIUTCSI B KAKOM-JIM0O cocylle, a 3HAYUT, ee (pOpMa He OIpPeIesIIeTcs I10-
BEPXHOCTBIO COCyZa, TO IO JEeHMCTBHEM CHJI IMOBEPXHOCTHOTO HATSKEHUS OHAa CTpe-
MUTCSA HIPUHATH POPMY ¢ MHUHHMAJIBHOM CBOOOIHOI ITOBEpXHOCTHI0. Bor mmouemy, Ha-
IIpUMep, IIPU CBOOOTHOM JHCIIEPTHPOBAHUH KHIKOCTH €€ MHOTOYHCJIeHHBIe KaIlJIu
nMerT opmy, OJIM3KYI0 K IIapy, KOTOPBIHA, KAK M3BECTHO, MMeeT MUHUMAJILHYIO IIO-
BEPXHOCTDH IIPH 3aJaHHOM o0beme. M HaobopoT, mpu co3maHMM HOBOM CBOOOMSHON IIO-
BEPXHOCTH KHIKOCTH CJIEIYeT 3aTPATUTh HEKOTOPYIO 9HEPIUI0, UAYIILYI0 Ha IIPeoIoJie-
HUe JeMCTBUS CUJI IOBEPXHOCTHOTO HATSIKEHUSI.

BesimunHy MOBEepXHOCTHOTO HATS:KeHUA O, H/M, MOMHO OITpe/Ie/INTh U3 BEIPAKEHUS

c=—, (1.45)
[
rae I — cuita moBepXHOCTHOTO HATs:KeHus, H, neficTByomas Ha KOHType JJINHON [, M,
OTPAHUYHBAOIIEM HOBEPXHOCTD SKUTKOCTH.

B To ke BpeMsa G — aHeprus, KOTOPYI HEOOXOIMMO 3aTPATUTh, UTOOHI IIOJIYYUTH
eTUHUILY HOBOM CBOOOIHOM IIOBEPXHOCTH KHUIKOCTH. B aTOM ciiydyae pa3MepHOCTH IIO-
BEPXHOCTHOI'O HATSIKEHUS PKOYJIb HA MeTp KBagpatHeit (Jsw/m?).

Namenenne cBobomuoM saueprun AE, J[:x, II0BepXHOCTH KaIeJIbHOH KUIKOCTH CBS-
3aHO ¢ m3aMeHeHueM momanu AS, M?, cBOGOJHON ITOBEPXHOCTH JTOM KUIKOCTH COOT-
HOIIIeHHEeM

AE =GAS, (1.46)
r7e 6 — K03(p(pUIMEeHT IIOBEePXHOCTHOTO HATsskeHus, JI3x / M.
Tornma
c= ﬁ (1.47)
AS

3HaueHUsT G Ui PA3JIUYHBIX KUIKOCTEH OIIPeNIesIsiioT U3 CIPABOYHOI JIMTEpa-
TYPBI B 3aBUCUMOCTH OT UX TeMIepaTyphbl. Tak, HaIrpuMep, IJIs BOALI IIPU TEMITePaTy-
pe 20 °C Besmumna 6 =72,8-107° H/m. C pocroMm TeMIIepaTyphl BeJIMYMHA G YMEHb-
II1aeTcs.

JlaBmenue p, [1a, chepuyueckoii ToBepxXHOCTH, 00YCIOBJIEHHOE CUJIAMHU II0BEPXHOCT-
HOT0 HATSIKEHUS, OIIPeJIeJIIeTcs 1Mo opmyJie



38 Masa 1. PU3NYECKUE CBOMCTBA BELLECTB M MATEPMAAOB

p=29 (1.48)
R
rme R — pagumyc chepudeckoii TOBEPXHOCTH, M; O — IIOBEPXHOCTHOE HaTs:KeHne, H/m.

Ecnu sxuakocTh HAXOOUTCSA B KOHTAKTE C TBEPIBIM TeJIOM (HAIIpUMep, CTeHKAMU
cocyza) MOKeT HabJogaThes aBa ciaydas (puc. 1.7) B 3aBUCHMOCTH OT COOTHOIIIEHS
Me:xAy cuyiaMmu aaresun!! F u roresun'? F, .

1. IToBepxXHOCTD KMAKOCTH BOJIM3W CTEHKH HMMeeT BOTHYTYI opMy (MEHHCK BO-
THYT) — B 9TOM CJIydae TOBOPHTCA O cMadmBaeMoi moBepxHoctu. Critsl aaresun F, B
TTAHHOM CJIy4dae 0oJIbllle CHJI Kore3uu I, a yron koHTakTa mMeeT 3HadeHHe 0 <0< 90° —
puc. 1.7, a.

2. [loBepxXHOCTD *KUIKOCTH BOJIM3U CTEHKU MMeEET BBIIYKJIYI0 hopMy (MEHHCK BHI-
THYT) — 9TOT CJIy4Iail OTHOCUTCS K HecMadnBaeMoli moBepxHocTu. Crursl anresun F, To-

rna MeHBbIle CHJI Koreaun F,, a yroia KoHTakTa uMeeT 3HaueHme 90°<¥<180° —
puc. 1.7, 6.

a 6

Puc. 1.7. CocrosiHre cBOOOIHOM ITOBEPXHOCTH JKUTKOCTH
IIpU KOHTAKTe C TBEPIAOU CTEHKOM:
a — cmaunBaeMasi (ruapoIIbHAS) II0BEPXHOCTE;
6 — mecmaunBaemas (ruapodobHAas) TOBEPXHOCTH

Ha puc. 1.7 paccmoTpeHsI ToJIbKO cuibl I, u F,, cuioi Ta:kecTH IpeHeOperaeM,
TIOCKOJIBKY €€ BeJIMYNHA 3HAYUTEJILHO MeHbIIIe.

Yoporas, MOKHO CKa3aTh, YTO Ha 3JIEMEHT JKMIKOCTU B MefCTBYIOT TOJIBKO YIIO-
MSAHYTEIE IBe CUJIBI JIN00 nX cymma F', HampasjieHne KOTOPO HOpMAaJIbHO K CBOOOJHOM
TIOBEPXHOCTH SKHIKOCTH B TOUYKe B.

Yron cmauunBaHua O 3aBUCUT OT CBOHCTB KHUJKOCTH U IIOBEPXHOCTU CTEHKHU.
Hanpumep, myia Bogbl B cTekJasHEOM cocyme U= 0° a OJs pTyTH IOPH TeX sKe CaMbIX
ycaoBusax U =129°.

Yrue1 cMavynBaHUSA SKUAKOCTHA M TBEPIBIX TEJI MOKHO HAOJIIONATE TAKMKE B CIIyUYadx,
IOKAa3aHHBIX Ha puc. 1.8.

11 Anreaus (ot Jjiat. adhaesio — IPUIINITAHTE) — CIIEIJIEHHE TI0BEPXHOCTEH Pa3HOPOIHEBIX TBEPIBIX
¥ (WIIN) "KUIKAX TeJl.

12 Koreaus (ot jaT. cohaesus — CBSI3aHHBIN, CLEIIJIEHHBIHN) — CBSI3b MEMKIY OJUHAKOBBEIMU MOJIEKY-
JnaMu (aToMaMM, HOHAMHM) BHYTPH TeJia B IIpeaeax OmgHoM ¢aakl.
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o

Puc. 1.8. ®opma raresp 1 my3bipeli B 3aBUCUMOCTH OT yIJIa CMAYUBAHUI:
a — cMauymBaeMas IIOBEePXHOCTh; O — HecMauyuBaeMas IT0BEPXHOCTh

JlJ1s1 cMauynBaeMoii II0BEePXHOCTH ¢ HeOOIBITUM yryioM ¥ dopMa KallIu *KUTKOCTH
Ha TBEP/I0¥ IIOBEPXHOCTHU U II0J HEH, a TaKkKe popMa IIy3bIPs B 9TOM sKUTKOCTH ITPUHU-
MAalOT BHJ, MOKA3aHHBIA HaA puc. 1.8, a. A 11 HecMaynBaeMOH ITOBEPXHOCTHU C 00JIb-
M yriaoMm ¥ popMa Kalliu sKHIKOCTH, a Takike opMa IIy3bIpsI B 9TOM JKHIKOCTH
IIPUHUIMAOT BUI, TOKA3aHHEIHA Ha puc. 1.8, 6. IIpu aToM ciremyeT oTMEeTUTh, YTO KAILIIS
SKUJTKOCTH I10]T TBEPI0i MIOBEPXHOCTHIO YIEPKUBATHCS HEe CMOYKET.

B Torkmnx TpyOKax, Ha3bIBaeMbBIX KANMJLIApaMu (0T JaT. capillaris — BoJIOCSHOI), B
cJIyyae CMauyMBae€MOM IOBEPXHOCTH IIPOMCXOIUT IIOTHATHE YPOBHS KUIKOCTH (puc. 1.9, a)
JT00 TIOHMKEeHNeEe YPOBHS *KHUIKOCTH B CIydae HecMadrBaeMoi moBepxHocTu (puc. 1.9, 6).

| ]
d
~
|
_?J__ ___ ___j (_:
- I — = - o/ )
[ gyl
4 |- _ |-
a 6

Puc. 1.9. smeHeHMe yPOBHS SKUOKOCTH B KAIIHAJLIIAPAX:
a — cMavrBaeMas IIOBEePXHOCTh; 6 — HecMadvynBaeMas II0BePXHOCTD
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PaccmarpuBas paBmoBecme cuit Ha puc. 1.9, @, MOKHO CKa3aTb, YTO BeC CTOJI0A
skuaKocT (G BBICOTOM A, HAXOMSIIErocs B KAIMJLIISApe AuaMeTpoM d, YpaBHOBeIeH
BEPTUKAJIBHON COCTABJISIONIEHN CUJIBI IOBEPXHOCTHOTO HATSIKEHUS:

G =ndo - cos V.

nd?
YuurniBasg, uro G = Tpgh, 3armiIrnemM

2
% pgh = ndc - cos¥.

Orcroma MoskeM HOJIYYUTh BEIPpAKeHHe JJIS BEICOTHI MOMHATHA (IIOHMMKEHN) K-
KOCTH B KaOWJLIsApax, u3sBectHoe kak gopmysia . Kiopena:

40-cosV
h=———"—". (1.49)
pgd
Hanpumep, BeICcOTA IMOOHATHSA BOOLI A B CTEKJISHHOM KAIWJLIAPEe THAMETPOM d

mpu 20°C h= %, JIJIST PTYTH IIPH TeX yiKe YCJIOBUSIX h = %

Ha ocuoBanuu ypasaenus (1.49) MOKHO ceJIaTh BBEIBOMI, YTO B KAIIUJLJIAPAX MOLYT
BO3HUKATH 3HAYUTEJIbHBIE IOIHATHUS WJIM OIIyCKAHWSA JKUIKOCTH. SIBJII€HUEM KAaIIuJI-
JIAPHOCTH 00BSICHAETCS IBUKEHIE COKOB B PACTEHUAX, IBHKEHIE KIIKOCTH B CTEHAX,
BCACBIBAHUE KUIKOCTU I'yOUATHIMH TeJIAMU WJIN OyMaroii.

Crenyer oTMETHTD, YTO B OTJIMYHE OT YHCTHIX SKUIKOCTEH CMeCH MOTYT 00J1a1aTh
SIPKO BHIPpA’KEHHBIMH HeJIMHEHMHBIMU XapakTepuctTukamu. Jlaske HeOoIbIINe KOHIEH-
TPAI[UH OPTaHHUYECKUX BEIeCTB MOTYT CYyIIIeCTBEHHO IIOBJIMSATH HA BEJIMYUHY II0BEPX-
HOCTHOT'O HATS:KE€HHUA TAKUX JKUIKUX CMeceH G, .

NMPUMEP 1.9

IIy3pipek rasa cdepudeckoit GopMbI HAXOIUTCA B CJIOE KUIKOCTU y CAMOM ee

M moBepxHocTH. OIpenesiuTh TUaMeTp IIy3bIPbKa, eCJIN JKUIKOCTh — BOJA, HAXO-
namasica npu temmeparype t=20°C, a u30BITOYHOE JaBJeHHe ra3a B IIy-
3sIpbKe p, . =100 ITa. IIpu Temmneparype ¢t = 20 °C KoadduIIHeHT TOBEPXHOCT-
HOTO HATSKEeHUI BOOLI 6 =72,8- 1073 H/ M.

PeweHune

B oG1miem cityuae maBiieHume rasa B IIy3bIpbKe SIBJISETCS CYMMOI BHEIITHEro JIaBJie-
HUS KUIKOCTH W CHJI IIOBEPXHOCTHOI'O HATSIKEHUS.

Tak kak Iy3bIpeK PACIOJIOMKEH Y IIOBEPXHOCTH JKUITKOCTH, TO M30BITOUHOE TaBJIe-
HIe ra3a B HeM 00YCJIOBJIEHO TOJIBKO CHJIAMU [IOBEPXHOCTHOTO HATSIKEHHUS, IIOCKOJIBKY
TUAPOCTATUYECKOE IABJIEHHE CT0JIOA JKUIKOCTH HPAKTHYECKH OTCYTCTBYET, a aTMO-
cchepHOE TaBJIeHIE CHAPYSKHU IIy3bIPhKA YPABHOBEIIINBAETCA JaBJIEHUEM I'a3a N3HYTPH.
CrnenoBaTesibHO, PAIUyC IIY3BIPhKA MOYKHO BBIPA3UTH 13 (popmyJisl (1.48):

R 25

b u3b
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~2.72,8-107°

=1,46-10"° m=1,46 mMm.
100

R

CrnemoBaTe ibHO, UAMETP IIy3BIPHKA OyIeT paBeH

d=2R=2-1,46 = 2,92 mm.
Oreer: d = 2,92 MM.

NMPUMEP 1.10

OmnpenenuTh BBICOTY HOIbeMa BOABI B CTEKJIAHHON TPyOKe (KamuiLIspe) C

‘M BHYTpeHHUM auamMeTpoM d =1 mm 1mmpu temmeparype Bonasl ¢ =20 °C. Kak us-
MEHUTCS YPOBEHbD KHUIKOCTH B KAIMJIJIApe Ipu ee Harpese 1o ¢ = 80 °C? Csoii-
ctBa Bomel mpu Temmeparype t=20°C: xoadpduIiimeHT MOBEPXHOCTHOTO HAa-
TSKEHUSA Gy, =72,8-107° H/m; mioTHOCTD Py =998 kr/M°. CBoticTBa BOMEI
npu temueparype t = 80 °C: koadpUIIIEHT TOBEPXHOCTHOTO HATAXKEHHUA Og, =
=62,6-107° H/m; mioTHOCT Pgo =972 RI‘/MS.

PeweHune

Bricory momusaTus oupenessieM 1o hopmyie (1.49) ¢ yueTom, UTO OIS BOJEI B CTEK-
JISTHHOM RamnuJjsape cos® =1:

_40-cos¥ 40

h .
pgd pgd
Bricora mogpema Bomwl mpu ¢ = 20 °C:
-3
90 = 4-72,8-10 =0,0297 m.
998-9,81-0,001
Bricora mogbema Bome! mpu ¢ = 80 °C:
-3
hgo = 4-62,6-10 =0,0263 M.
972-9,81-0,001

CnenoBaresibHO, ¢ yBenudeHueMm Ttemirepatypsl Bogsl oT 20 mo 80 °C BhIcoTa Ka-
OUJIJISIPHOTO IIOTHSATUS €€ YMEHbBIITUTCA Ha BeJTUUYUHY

Ah = hyy —hgy =0,0297-0,0263 = 0,0034 m = 3,4 mm.
OrBer: Ah =3,4 mMm.

1.4. CKMMAEMOCTb U TEMNEPATYPHOE PACLUMPEHUE
KAMEAbHbIX )KUAKOCTEU

CsxuMaeMOCTh — CBOMCTBO KalleJbHON sKUIKOCTU U3MEHATh CBOM 00beM II0JT JIei-
CTBHEM JaBJICHHUS. OTO M3MEeHEHNe YUNTHIBAETCA K0dP(PUIIMEHTOM 00beMHOI'0 CHKATHSI
(roapdpurmeHTOM CoREMaeMocTn) By, [Ta™, mpencraBisoIAM COGOM OTHOCHTEIBHOE
n3MeHeHne 00beMa *KUIKOCTH, IIPUXOIAIINMCS HA eTUHUILY TaBJICHUI:
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AV 1
- T, .

V Ap
rme AV —n3MeHeHme 0GbeMa SKIIKOCTH, M°; V — [IepBOHAYAIILHEIN 00BEM JKIATKOCTH, M°;
Ap — u3meHeHue gaBjeHusd, lla.

Bemaiaa, odpatHas KoadppuIieHTy 00BEMHOI0 CHKATHS, IIPEICTABIISET COO0M 00 BLEM-
HBIA MOAYJIb ynpyroctu skugxkoctu F, Ila:
1

By

CsxmMaeMocTh KameJIbHBIX JKHUTKOCTeH 0UeHb He3HAUNTEIbHA, [T09TOMY UX B 00JIb-
IIMHCTBE IIPAKTHYECKHX CIIyYaeB MOKHO CUNTATE HecsknMaeMbiMu. Hampumep, niisa Bo-
ne1 ipu Temmepatype 20 °C u gaBiennu 1 MIla koadduimenT o6vemHOr0 cskatus By,
cocrasasier Beero 5,05-1071° TTa™L.

OnHako B HEKOTOPHIX CIIy4asx Jaske TaKasd HeOOJIbIIad BeITUIUHA 3, MOKeT OKa-
3BIBATH CYIIECTBEHHOE BaMaHMe. Hampumep, eciu IpuHATE CpeqHIon riayouny Mupo-
BOTO OKeaHa paBHOH 3700 M U BEIUMCIUTHL 00BEM CJIOSI BOJBI, KOTOPBII MOJIYYHJICS OBI,
ecu ObI BoJia ObLIa a0COIIOTHO HEeCKHMMaeMa, To ypoBeHb MupoBoro okeaHa ObLI OBI HA
30 M BBIIIIEe CYHIECTBYIOIIETO.

C pocToM maBIIEHUS CKIMAEMOCTD JKUIKOCTEeH YMEHBIIIAeTCS, C POCTOM K€ TeMIIe-
paTypsl yBesmunBaeTcs. VICKiIioueHre coCTaBIIsIeT JIHUIITh BOA, AJIS KOTOPOH Koaddu-
ITUEeHT 00BEMHOTO CyKATHSA HPH MAJIBIX JIaBJEHHUSIX C POCTOM TeMIepaTyphl cHadaJia
yMeHbIITaeTcs, mocturaer muauMmyma npu 50 °C, a 3aTeM yBeJIMUHNBAETCA.

TemmneparypHoe (TEeJIOBOE) pacuiupeHure — N3MeHeHe 00beMa KUIKOCTH C
U3MEeHEeHHeM TeMIIepaTyphl — XapakTepuayercsa KodQP(PHUIIMEeHTOM TeMIIepaTypHOTO
pacmmpeHus 3, K™, paBHBIM OTHOIIIEHMIO OTHOCUTEIHLHOTO H3MEHEHUs 00beMa K 13-
MEHEHUI0 TeMIIePAaTyPHI:

By (1.50)

E (1.51)

B = AV 1
t = Txr A m°
V AT
rae AT — uameHeHme TeMItepaTypsl sKUIKoCTH, K.
TemmepaTypHOe paciimpeHue CBI3aHO0 C TEM, UYTO C POCTOM TeMIIepaTyPhl YBEeJIUIH-
BAeTCsI CKOPOCTh JBMKEHUs (KOJIe0aHMST) MUKPOYACTHIL BEIIeCTBA, BCJIEICTBUE UYETO CHU-
JIBI TIPUTSIKEHUS MEYKTY MUKPOYACTUIIAMY YMEHBITAI0TCA, a8 PACCTOSTHUS MEKIY HUMU
YBEJIMIHUBAIOTCS.
KoadbdunmenT remmeparypHoro paciupesus 3, BXOIUT B ypaBHEHHE, CBA3BIBAIO-
1iee IIOTHOCTD KalleJIbHOM SKUIKOCTH P U ee TeMIIepaTypy t:

(1.52)

_ Po
p_—l"‘Bt(t—tO)’ (1.53)

rae p, — IUIOTHOCTD :KUIKOCTH IIPU TeMIepaType .

NMPUMEP 1.11
M Bonosox muamerpom d =0,5M m giauH0oM [ =1 KM IIOATOTOBJIEH K T'UIPaBJIH-

YeCKUM HCIBITAHUAM M IIOJIHOCTBIO 3AII0JIHEH BOJOM IIPXU aTMOCEpPHOM JIaB-
neunu. OpenesinTh JOIIOJIHUTEIbHBIN 00beM BOIbI, KOTOPHIN HE00OX0MMO II0-
IaTh B BOMOBOJ, YTOOBI MOBBICUTE maBjeHue B Hem g0 Ap = 5,0 Mlla. Jledop-
Malei TpybompoBoaa nperedpeusb. KoadpduiimenT 00beMHOT0 C3RATHS BOIBI
By =5,0-107"° IMa™".
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PelwweHune

O0BeM KUIKOCTHA B IIOJIHOCTBIO 3AII0JIHEHHOM BOJIOBOIIE COCTABUT

2 2
VBZTEZ l=3’14 0,5

1-10% =196,2 m°.

JlommomHUTEILHBIE 00BbeM Boabl AV, KOTOPBIN HEOOXOOMMO II0JaTh B BOJIOBOM IJIS
TIOBBIIIIEHUS TABJIEHUS B HeM, HaxoguTcsa ua popmys (1.50):

AV 1 AV 1

By = TV AV ap’

roe V =V_+AV — 00beM KUIKOCTH B BOJOBOJE IPHU yBEJIMIEHUN TaBJIEHUA B HEM J0
Ap, m>.
Torma TpedyeMbIit J0O0ABOUYHBINA 00HEM BOIBI COCTABUT

v VaBvAp _196,2- 5,0-107'%.5,0-10°

- =0,493 M°.
1-ByAp  1-5,0-107'°-5,0-10°

orBet: AV =0,493 m>.

NMPUMEP 1.12

ITpu marpesaruu Tosryosna ot ¢, =20 mo ¢, =80 °C ero o6bem yBeaudmicsa Ha
‘M 1 1. OmpemenuTh 00bEM TOJIYOJIA IIOCTIE HATPEBAHUS.
Cpennee sHadeHHe K0a(p(pHIIeHTa TeMIePaTyPHOT0 00HBEMHOI0 PACIIHPEHIS
SKHTKOT0 TOJIyoJia mjisg guamadona temiepartyp or 20 mo 80 °C mpuHATH pas-
meM B, =1,155-107° K™,

PeweHue

Corstacuo dopmyste (1.52), nameHeHne o0beMa KaIleJIbHBIX KHTKOCTEH IIPK M3Me-
HEHUU WX TeMIIePaTypPhl CBA3AHO ¢ K0dUIIMEHTOM TeMIIePaTyPHOr0 00bEMHOTO pac-
mupeHud B,

g AV 1
t = T xy
V AT

rme AV — nameHeHme oGbeMa TOJIYoJIa, M°, IPU M3MEHEHUH TeMIIePAaTypHl Ha BeJIH-

ynny AT, K; V — mauansHbI 06BeM TOJIyoIa, M°.

Torma HayaJ bHBIN 00BEM TOJIYOJIA OIIPEdeINTCA KaK

y-Lav
B, AT
HameneHue TeMItepaTyphl SKHUIKOCTH
AT =t,—t, =80-20=60°C=60 K,
a U3MeHeHue ee oobeMa

AV=11=1-10"2 >,
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CiemoBaTesibHO,
B 1 1107
1,155-10° 60

=14,43-107% m®.

Roneunsrit 06beM ToIyos1a (II0CIe HarpeBaHusa) V., cOCTaBUT
V. =V+AV =14,43-102 +1-107° =15,43-10° m® = 15,43 .
Orser: V, =15,43 7.

1.5. TENNOEMKOCTb

Tenmmo0eMKOCTD — 9TO KOJIMYECTBO TEILJIOThI, He00XO0IMMOe JJIsd HarpeBaHUs Bellle-
CTBa Ha oauH rpanyc. B pacuerax Hambosiee 4acTo UCIOJIb3YIOT YAEJIbHYIO (MACCOBYIO)
Jox
kr-K

J1J151 ra30B TEILJIOEMKOCTD 3aBUCHT OT IIPOIIECCa, IIPH KOTOPOM OCYILECTBJISETCS TEIl-
JI00T/Ia4a, TIPH 9TOM BBLIEJIAIT H300apHYIO ¢, U U30XOPHYIO C, TEeIlJIOEMKOCTb. Ta-
KOe pasjieJIeHHe CBSI3aHO CO CBOMCTBOM T'a30B CHJIPHO PACIIHUPATHCS IIPU HAaTpEeBaHUM,
TOrIa KaK $KIIKOCTH M TBEP/IbIe TeJIa PACIINPIIOTCSA IPH HATPeBAHUN He3HAYUTEILHO.

Ecnu mogBoguTh HEKOTOPOE KOJIMYECTBO TEILJIOTHI K rady IPH MOCTOSHHOM o0beMe
(M30XOPHEIH IIPOIIECC), TO TEILJI0Ta OydeT 3aTPaYnBaThCA TOJBKO Ha IpUpaIlleHue BHYT-
peHHel sHeprum rasa (T. e. yBeJUUYHUBAETCS TOJIBKO TeMilepaTrypa rasa). Kcau momso-
IUTH HEKOTOPOE KOJMYECTBO TEIJIOTHI K Tady IIPH IIOCTOSHHOM JaBJIeHUN (1300apHBIA
IIpoIiecc), TO TEeILJIOTA He TOJbKO OyIeT 3aTpauyuBaThCAd HA HpHUpalleHre BHYTPeHHeHR
oHepruu rasa (yBeJHYeHNe ero TeMIepaTyphl), HO M Ha paboTy paciiupeHus (yBeJu-
vyeHue ero oobema). Taxmm obpasoMm, I yBeawuyeHHs Temieparypsl rasza Ha 1 K
B M300apHOM IIpoIiecce ITOHAa100uTCst 00IbITee KOJIMYECTBO TeILJIOTEI, YeM B M30XOPHOM.

Pasauna mewnay c, u ¢, orpaskeHa dopmytoit Matiepa:

Cp _CU = R’ (154)

TeIlJIOEMKOCTh — TeIIJIOEMKOCTD 1 KI' BeIlleCTBa,

roe R — rasoBas mocTostHHAad.
Taxsxe

o _p, (1.55)

rae kR — mokasaresb anuadaThl.

1.6. TENMNNONPOBOAHOCTb

TemIonpoBOAHOCTh — (PU3UUYECKAS BEJIUUYNHA, XapaKTePU3y0Ias CII0OCOOHOCTh
TeJI IIPOBOJIUTE TEILIIO.

[IpumensseMsbIil B pacyerax K0dQPHUIINEHT TeIJIOIPOBOSHOCTA A IIOKA3BIBAET KOJIH-
YeCTBO TEILIOTHI (), IIPOXO/AINee B €IUMHUILY BpeMeH! T MEK/IY JBYMS IIapalieIbHbIMU
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eIMHUYHBIMA IuIomankamMu F =1 M%, HAXOmSIIAMECS Ha PACCTOSHHM An =1M, mpu
pasuoctu Temieparyp mexay Humu At =1°C (1 K). PasmepHocTh TEILIOIPOBOIHOCTH
B cucreme CU:

I:Q:l HTx  Br _ Br
[At] 2  °C m-°C m-K

Pl o e

[A]=

TerI0mpoBOJHOCTD 3ABUCHUT OT IIPHUPOSEI BEIeCTBA, er0 CTPYKTYPhI, TEMIIEPATy PhI
U Ipyrux gpaxTopos. MakcruMaibHbIe 3HAYEHUSA TEILJIOIIPOBOSHOCTH MMEIOT MeTAaJIJIbI,
MUHAMAJIbHBIE — I'a3bl.
KamenbHbIie sKHIKOCTH 3aHUMAIOT IIPOMEKYTOUHOE IIOJIOMKEeHNE MEKIY MEeTAJLJIaMKI
Br

U TasaMH, ¥ HUX K0d(HUITMEeHT TerionpoBogHocTH A ~0,06—-0,7 C yBesmue-

HHEeM TeMIlepaTyphbl TEIJIOIIPOBOTHOCTD $KUIKOCTEN 3a HUCKJIIOYeHWeM BOJbI U TJIHIIe-
pUHaA YMEHbIIaeTCs.

Br
Koadpdurmenr rermonpoBomgaoctu rasos A ~0,006-0,1 ——. HMcrirouenue co-
M .

CTaBJISIIOT BOJOPOJ U TeJIUH, Y KOTOPBIX TEILJIOIPOBOIHOCTE B 5—10 pas BuIMIE, 4eM y
Ipyrux ra3oB. C IMOBHIIIEHHEM TEMIIEPATYPHI U JAaBJIEHUS K0d(pPUIIMEeHT TeILIOIPOBO/I-
HOCTY T'a30B YBeJIMUMBAETCA.

1.7. BONPOCbI AAH CAMOINOAIOTOBKUA U CAMOKOHTPOAA

1. Yo Taxoe cmomHas cpega’?

2. JlaTh MOHATHUA UIeaJIbHOM U PeaJIbHOM JKUIKOCTEH, KaleJIbHOMU U YIIPYTOM KU/I-
KOCTel, a TaKKe TeKyUYUX Cpel.

3. UTo TaKoe ILJIOTHOCTD M yJIeJbHBIN BeCc, IMHAMHYEeCKas U KHWHeMaTHYecKas BsI3-
rkocth? Kakme pakTOpBI BJIUSIOT Ha 9TH CBOMCTBA?

4. Yto Takoe OBEPXHOCTHOE HATSKEHIEe, C:KUMAaeMOCTb U TeMIIepaTypHOe pacIIIu-
peHue, TeII0eMKOCTb U TeIJIOMPOBOIHOCTE? OT Yero 3aBUCAT 9TH CBOMCTBA?

5. Kak ommpeessieTcs IJI0THOCTh HAeAJIbHBIX U PeaJIbHBIX T'a30B U Fa30BBIX CMeceH,
KalleJbHBIX SKUIKOCTEH M CMece sKHIKOCTEeH, a TaKyKe ILIOTHOCTD CYCIIeH3MIA?

6. Kax ompemensorcss muHaMuyecKkass ¥ KHHEMATAYECKAS BA3KOCTH KAIleJIbHBIX
SKUIKOCTEH M Ira30B, Ta30BBIX CMece, cMecel sKUIKOCTeH, CYCIIeH3WH 1 oMY JIbCHHA?

7. Yem oTsindaeTcs BA3KOCTh HBIOTOHOBCKUX M HEHBIOTOHOBCKHUX KHTIKOCTEH?

8. JlaiiTe ompemesreHuss K09P(PUITHEHTOB IIOBEPXHOCTHOI'0 HATSIIKEHUS 1 00bEMHOT0
C3KaTUS, TEMIIePaTypHOI'0 paclIupeHus.

9. JlatiTe omrpeiesieHUs yIeJIbHOM TeIJIOEMKOCTH 1 TeILJIOIPOBOIHOCTH KU TKOCTEH.

10. Yem ortmuaercss n3obapHasa TEIJIOEMKOCTE ra3a 0T H30XOPHOM?






haBa 2
TMAPOCTATUKA

Bo BTOpOW rAaBe NpuMBEAEHbI OCHOBHbIE ONPEAEAEHUA TMAPOCTATUKK, AdHbl BbIBOAbI AUGD-
depeHLUManbHbIX YpaBHEHUI paBHOBeECHS Jiinepa 1 OCHOBHOIO ypaBHEHUS TMAPOCTATUKK. Pac-
CMOTPEHO MPAKTUUYECKOE NMPUMEHEHUE OCHOBHOIO YpaBHEHWUA TMAPOCTATUKM NPU ONPEAEAEHUU
06EMOB XUAKOCTU, AGBAEHUA U Nepenasa AABAEHUS, TMAPOCTATUUECKMX CUA, AEUCTBYHOLLMX Ha
NMAOCKME U KPUBOAMHEHbIE MOBEPXHOCTH, @ TAKXEe YCAOBUE NMAABAHUS TEA, MOTPYXEHHbIX B XUA-
KOCTb. MPUBEAEHBI YCTPOMCTBO M MPUHLIMIN AEMCTBUA TMAPABAMYECKUX MaLlWH, TMAPO3aTBOPOB
N KOHTPOABHO-U3MEPUTEABHBIX MPMOOPOB, B OCHOBE PabOTbl KOTOPbIX A€XAT NPUHLIMIMbI TMAPO-
cTaTMKK. MpeacTaBAEHbl CXeMbl Pe3epByapoB, MCMOAb3YEMbIX AN XPAHEHUSI XXMAKOCTEN U ra3oB.
AaHbl TUMOBbIE NPUMEPbI PACYETOB, BOMPOCHI AAA CAMOMOATOTOBKM.

Rozdziat 2
HYDROSTATYKA

W drugim rozdziale podano podstawowe definicje hydrostatyki, wyprowadzenie réwnania
ro6zniczkowego rownowagi Eulera i podstawowego réownania hydrostatyki. Przeanalizowano
praktyczne zastosowania rownania hydrostatyki do okreSlania objetoSci cieczy, ciSnienia i
spadku cisnienia, sit hydrostatycznych dziatajacych na ptaskie i zakrzywione powierzchnie, a
takze stanu ciat zanurzonych w cieczy. Oméwiono budowe i zasade dziatania maszyn
hydraulicznych, zawordéw hydraulicznych i oprzyrzadowania, opartych na zasadach hydrostatyki.
Pokazano przyktady zbiornikéw uzywanych do przechowywania cieczy i gazéw. W rozdziale
zamieszczono przyktady typowych obliczen, pytania i ¢wiczenia do samoksztatcenia.

Chapter 2
HYDROSTATICS

The second chapter contains the basic definitions of hydrostatics, the derivation of the
Euler differential equation and the basic equation of hydrostatics. Practical applications of
these equations are shown, e.g., in determination of liquid volume and pressure, the pressure
drop, hydrostatic forces acting on flat and curved surfaces, and the state of bodies immersed
in liquid. The construction and operation principles of hydraulic machines, hydraulic valves
and instrumentation based on the principles of hydrostatics are discussed. Examples of stor-
age tanks for liquids and gases are shown. The chapter also contains examples of typical cal-
culations, the questions and exercises for self-study.
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2.1. OCHOBHbIE OINPEAEAEHUA

B rugpocraTtuke nsydaercss paBHOBeECHE *KUIKOCTEI, HAXOOAIINXCI B O0IIIEM CJIY-
Yyae B COCTOSTHUU OTHOCUTEJIFHOTO IIOKOS, IIPH KOTOPOM B ABUIKYIIEHCA *KUIKOCTU €€
YaCTUIIBI He IIepeMeIaioTcsa JPYT OTHOCUTEJIBHO APYyTa, a eCJIU KUJIKOCTh HaX0IUTCI
B HEKOTOPOM COCYJe, TO M OTHOCUTEJIBHO ero BHyTpeHHel mosepxuocTu. [Ipu aTom cu-
JIBI BHYTPEHHET0 TPEHUSI OTCYTCTBYIOT, UTO IIO3BOJISIET CUNTATD KUIKOCTD MIeaJTbHOM.
B cocTrosHMM OTHOCHTEJIBHOIO IIOKOS (popma
o0beMa KUIKOCTH He M3MEHSIeTCs, II09TOMY OHA, F
II0JT00HO0 TBEPIOMY TeJIy, IIepeMeIllaeTcss KaK eIu-
HOe IIeJI0€e.
HuarocTh B HEIIOOBUKHOM COCY/qe HAXOTUTCS
B a0COJIIOTHOM IT0KO€ (OTHOCHTEJILHO II0BEPXHOCTH

3emiin), KOTOPBIA B TAKOM IIOHUMAHWN SBJISETCS AS
YACTHBIM CJIyYaeM OTHOCHUTEJILHOI'O IOKOS.
Takke sKUIKOCTE MOKET HAXOIUTHCA B OTHO- Puc. 2.1. K nonaruto naBnenus

CUTEJILHOM IIOKO€ M B IIepeMeIlaolieMcsi OTHOCH-
TeJIbHO 3eMJIt cocye (HampuMep, B IIMCTePHeE), M BHYTPH BPAIIIAIOIIEroCs ¢ ITIOCTOSHHOMN
YIJIOBOM CKOPOCTBIO bapabaHa 1eHTpudyru, U T. 4. B IIprBeIeHHbIX caydvasax MOKoH pac-
CMAaTPUBAIOT OTHOCHUTEJIFHO CTEHOK JBHIKYIIEr0oCs COCya.

B sxuakocTi, KoTOpas HaXOIUTCS B OTHOCUTEILHOM IIOKO€, JeMCTBYIOT II0BEPXHOCT-
HbIE€ ¥ MACCOBBIE CHJIBL.

Eciu BBIIeTUTE B MOKOAIIEHCS SKHUIKOCTH IIOMAIKY AS, To He3aBUCHUMO OT ee II0-
JIO3KEHUSI B IIPOCTPAHCTBE JKUIKOCTH Oy/IeT JaBUTh Ha Hee ¢ CuyIoi I, HampaBiieHHOMI

. F
II0 HOPMAJIX K 9ToM miomanke (puc. 2.1). OTHorrexnue " Ha3bIBAIOT CPEeIHUM T'UI-

POCTATUYECKHM JABJIEHUEM.

B oG1miem ciryuae BesmmumHA CHUIIBI F MOMKeT MEHATHCS II0 IIOBEPXHOCTH €€ IIPHJIO-
skennsa Ha BennunHy AF. Torma rugpocratrueckoe maBiieHuel B JaHHON TOYKe p (WMIn
IIPOCTO JaBJIeHHE) OydeT PaBHATHCS Mpeaesly UIN IMIPOU3BOIHOM:

. AF dF
p=lim —=—.
AS—»0AS dS

N3 dpopmysr (2.1) cieayer, uTo pa3dmepHOCTh maBiaenus B CU:

(2.1)

H
=— =Ila.
[p]=—5=1la

I'mapocraTuueckoe qaBJieHNe B JAaHHON TOUKE OSMHAKOBO II0 BCEM HAIIPABJICHUAM,
B IIPOTHBHOM CJIydae IIPOMCXOMMJIIO OBl IIepeMellleHIe JKUTKOCTH BHYTPH 3aHNMAEMOTr0
e oobema.

CooTHollleHIIe MEKIy CHJIAMH, JIeHMCTBYIOIINMHA Ha JKUIKOCTH, YaCTUILI KOTOPOM
HAXOISATCS B COCTOSTHUM ITOKOSI OTHOCUTEJILHO JIPYT Ipyra M CTEHOK COCyla, BhIpaska-
eTcsa qudpdepeHTnATILHBIMEA YPAaBHEHUIMU paBHOBecHs Jiiepa.

1 I/IHOI‘,Ha HCIIOJIB3YIOT CORpaH.[eHHBIﬁ TEPMHUH CTaTHU4Y€CKOe JaBJI€EHHE.
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2.2, AMVOOEPEHLUANBHBIE YPABHEHUA PABHOBECUA SUNAEPA

BoimennMm B o0beMe $KHIKOCTH dJIeMEHTAPHBIM HapaJsuiesenuien ooremoMm dV ¢
peopamu dx, dy u dz, mapasiIe/IbHBIMU OCIM X, Y M 2 JeKapPTOBOM CHCTEMBI KOOPIU-
HaT cooTBeTcTBeHHO (puc. 2.2). IIpu oToM YacTHUIIBI MKHUIKOCTH HAXOIATCSI B COCTOSHUU
IIOKOSI OTHOCHUTEJIFHO IPYT OPyTa U cTeHOK cocyxa. CaM cocy IIpu 9TOM IIOKOUTCS JIH00
JIBUKETCS PABHOMEPHO U IIPSAMOJIMHEMHO OTHOCUTEeJIbHO 3emuru. [Ipumem Takske, 4To
TeMIlepaTypa Bo BceM 00beMe IKHUAKOCTY He MeHseTcs (¢ = const), 03aToMy IIOTHOCT
CpeJIBl TaKIKe SIBJISETCS BeJIMYMHOM IOCTOSHHOMI (p = const).

Puc. 2.2. K BeiBoy nudpdpepeHIIMaTbHBIX YpaBHEHUN paBHOBECHUS Jiltepa

DJieMeHTapHAS CHJIA TIMKECTH, JeMCTBYIOIIAa Ha 9TOT IapaJlyIe/IenIIe ], BEIpaska-
eTcs ypaBHEHUEM

dG = gdm, (2.2)

roe g =9,81 M/ ¢? — ycropeHHe cBOGOIHOTO HameHus; dm — Macca dJIeMeHTapHOTO Ia-
pautesenunena, IIpuyemM

dm =pdV =pdxdydz. (2.3)

Cuna Ts:KecTH HaIlpaBJieHA BHU3, IIAPAaJLIJIEJIBHO OCH 2, OITOMY IIPU BHIOPAHHOM
TIOJIOYKUTEIFHOM HAITPABJIEHUH OCH Z CHJIA TSYKECTH OyHdeT IIPOEKTHPOBATHCS HA 3Ty
0Ch CO 3HAKOM MUHYC, T. €.:

dG = —pgdxdydz. (2.4)

Cuta rpocTaTUYECKOro JaBJICHUS Ha JII00YI0 13 TpaHei ImapaJiiesienieaa paBHa
IIPOU3BENEHUI0 THIPOCTATHYECKOr0 JaBJIeHUs p HAa IIOMIAAb 3Toi rpaHu. Ilpu atom
JlaBJIeHUe p ABJIAeTCA (PYHKITUEH KOOpJIWHAT X, Y, 2, T. €.
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p=f(x,7,2).

Paccmorpum cymmy mpoeKIHii Ha OCh 2 CHJI, NeHCTBYIOIINX HA JTAaHHBIA dJIeMeH-
TapHBIN ITapaJyeseInuIie/I.

Cuna rugpocTaTUYeCcKOro JaBJeHU JeMCTBYyeT Ha HUKHIO I'paHb mapaJiesenu-
eaa 110 HOpMaJIU K Hell, U ee IIPOEKIUA Ha OCh 2 paBHA

dF" = pdsS, (2.5)

roe dS — miIomagh HIMKHER TPaHu 2JIEMEeHTAPHOIrO IIapasiiesIellnie/ia.
Tak kax dS = dxdy, To ypaBueHue (2.5) MOKHO 3aIIcaTh KaK

H _
dF;" = pdxdy. (2.6)
Ecnn nameneHne ruapocTaTUIECKOr0 JABJIEHNS B JAHHOM TOUYKE B HAIIPABJICHHU
D " op
OCH Z PaBHO . TO II0 BCeH JyinHe pedpa dz m3aMeHeHHre JaBJIEHUS COCTABUT a—dz.
z z

Torma rumpocTaTHyeckoe OaBJIeHWE HA IIPOTHUBOIIOJIOKHYI (BEPXHIOK) TI'paHb

o) .
PaBHO (p+a—Zd2 , a IIPOEKIINA Ha OChb £ CHJIbI THIPOCTATHYECKOI'O JaBJIEHUA, JEH-

CTBYIOIIEH HA BEPXHIOI I'PAHDb 3JI€MEHTAPHOIO IIapaJlieJIelIuIIeqa, COCTABUT:
5 op op
dF} =—| p+—=dz |dS =—| p+—=—dz |dxdy. 2.7
0z 0z

HpOGRL[I/IH paBHOHeﬁCTByIOHIGfI CHJIBI THAPOCTATHUYECKOIO JaBJICHHUA HA OChb <
dF, =dF* - dF". (2.8)

Ilomcrasisisa BeIpaskeHUs IJIs IPOEKIINH cuJI 13 ypaBHeHuit (2.6) u (2.7) B dop-
Myay (2.8), moayuuM BRIpaskeHue IJIs1 paBHOIEHUCTBYIOIIEH CUJIBI THAPOCTATHYECKOIO
JIaBJIEHUS B IIPOEKIINH HA OCh 2:

dF, = pdxdy - ( p+ a—pdzj dxdy = % dxdydz. (2.9
0z 0z

VunreiBasg gpopmyiisl (2.4) u (2.9), 3amuiieM BhIpaKeHHE IJIsI CyMMBI IIPOEKITHI
BHEIITHUX CHJI (CHJIBI TSIKECTH U CHJI THAPOCTATUYECKOTO IaBJICHUS), TeHACTBYIOIINX Ha
aJIeMeHTapPHBIN ITapasiiesiellnne ] B IIPOeKIINN Ha OCh Z:

dG +dF, = —pgdxdydz - (;_p dxdydz = [—pg - g—pj dxdydz. (2.10)
z z

CorstacHO OCHOBHOMY IIPHMHIIMIIY CTATHKH, CyMMa IIPOEKIIMM HA OCH KOOPIHUHAT
BCEX CHJI, IEeUCTBYIONIUX HA dJIEMEHTAPHBIN ITapaJiieserruie], HaX0 aIIuIca B paBHO-
BECHUH, paBHA HYJIIO:

dG+dF, =0 (2.11)

WJIN ¢ yueToM BeipaskeHus (2.10):

[—pg - 3—2) dxdydz = 0. (2.12)
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Takx xax o0beMm nmapasienenuiena dxdydz =dV, dpopmyna (2.12) mpumer Buz,

—(pg+a—p]dV:0. (2.13)
0z
OueBngro, uro dV # 0, mosToMy IpHUpaBHSIEM K HyJIIO BRIPAYKEHIE, CTOsIIee B CKOOKaX:
pg+a—p:0. (2.14)
0z

[Ipoexrnu cuiIbl TSKECTH HA OCH X U Yy paBHBI Hysw. CiiemoBaTebHO, BhIpasKe-
HUSA JIJIS IIPOEKITUY Ha OCH X M Yy PaBHOJIEHUCTBYIOIINX BHEITHUX CUJI THIpOocCTaTHye-
CKOT'0 JIaBJIEHUSA IPUHUMAIOT BU/I;

dF, = P dxdydz: (2.15)
ox
dp

dF, = -—dxdydz. (2.16)
dy

[ToaTomy yciioBUS paBHOBECHs AeHCTBYIOIINX HA ITapaJsiiesIellnue,] BHEeIITHUX CHJI
B IIPOEKIINAX HA OCA X M Yy MOYKHO 3alIUCATh KaK:

_» dxdydz = 0; (2.17)
0x
dp
——dxdydz =0. (2.18)
dy
C yuerom Toro, uro dxdydz =dV # 0, dopmyssr (2.17) u (2.18) mpumyT BHUI:
_P _y, 2.19)
0x
_P =0. (2.20)
dy

Taxum 00pas3oM, yCJIOBUA paBHOBECHUS JJIEMEHTAPHOTO ITapaJiiesierunesaa Oy yT
IpeacTaBJIEHBI CHCTEMOM, B KOTOPYIO BOMAYT ypaBHeHusd (2.14), (2.19) u (2.20):

by,
0x
_9p _ 0, (2.21)
oy
op
—po—£ -0
Pg =~

Vpasuenus (2.21) mpeacTaBiisioT coboii nudppe peHIIaAIBHBIE YyPaBHEHUA PAB-
HOBecusa Jiiepa.

Jlotst mosmydeHust 3aKoHa pacrpeesieHus JaBJIeHUS BO BCeM 00beMe IMOKOSIIEeHCs
SKUJTKOCTHU CJIEIyeT IIPOMHTEerpupoBaTh ypasuenus cucremsl (2.21). Iloce maTEerpHpoO-
BAHUS ITHX YPABHEHUH MOYKHO MOJIYYUTH OCHOBHOE ypPaBHEHHE TUIPOCTATHKH,
IIMTUPOKO UCII0JIb3yeMOe B MHIKEHEePHOU IIpaKTUKe.
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2.3. OCHOBHOE YPABHEHUE TMAPOCTATUKH

N3 cucrembr ypaBHenwuit (2.21) ciemyer, 4To JaBJIeHHE B IIOKOSIIEHCS KUTKOCTH
M3MEHseTCsI TOJBKO IO BepTUKaAJIH (BIOJIb OCH Z ), OCTABasICh OJWHAKOBELIM BO BCEX
TOYKAX JII000M roOpHU30HTAJIBHOM IJIOCKOCTH, TAK KaK N3MEeHEeH!s JaBJICHUN BI0JIb OCeH
X W Y paBHBI HYJIIO. B cBsI3u ¢ TeM uTO B cucTeMe ypaBHeHuit (2.21) yacTHBIE IPOU3-

o) o) 9)
BOJTHEIE 6_p n 2P PaBHBI HYJIIO, YaCTHAS IIPOM3BOTHA S %P \roser GEITH 3aMeHeHA Ha

x Oy 0z
IIOJIHYIO IIPOU3BOTHYIO d—p, 1, CJIeIOBATEJILHO, TPEThe ypaBHeHne cucreMsl (2.21) mpu-
z

MeT BH[I

pg +3—§ =0. (2.22)

Torma, pasmesisisa mepeMeHHbIe, IOJIyInM
dp = —pgdz. (2.23)

JIeByto yacte ypaBHeHUs (2.23) ciaeayeT IpOMHTErPHUPOBATD II0 p, a IIPABYIO II0 Z,
YYUTHIBASA, YTO P = const u g = const:

j dp =—pg j dz. (2.24)
[Tocsie mHTETPUPOBAHUS TOJTYIUM
p=-pgz+C, (2.25)

rae C — KOHCTAHTAa MHTETPUPOBAHUS, OIpeessseMasi HauaJIbHBIMU YCTIOBUSIMU.
Pasnenus ypaBuenue (2.25) Ha pg, moryaum

4P _C (2.26)
pPgs P8
[TockonbKy E — BeJIMYMHA IIOCTOAHHAS, TO ypaBHeHHe (2.26) ImprMeT BT
ps
z+2 — const. (2.27)
P8

Jlns mByX HpOM3BOJIBHBIX TOPU30HTAJIBHBIX IIJIOCKOCTEM 1—1 m 2—2 MoKoAIIencs
skrarocT (puc. 2.3) ypaBHeHUe (2.27) MOKHO 3aIKcaTh B BUIE

g+ =+ P2 (2.28)
ps ps
Brerpasxenwns (2.27) u (2.28) HocAaT Ha3BaHIE OCHOBHOTO YPABHEHUSA THAPOCTATUKH.
B ypaBrernun (2.28): z; 1 z, — BEICOTHI PACIIOJIOKEHHUA OBYX To4eK | 1 2 BHYTpHU
TIOKOSIIEHCsS OJHOPOSHOM KalleJIbHOM SKUIKOCTH HAaJl IIPON3BOJILHO BEIOPAHHOMN TOPHU-
30HTAJILHOH ILJIOCKOCTBIO OTCUeTa (II0cKoCcThIO cpaBHeHuda 0-0), a p; u p, — ruapocra-
TUYECKHE JTABJIEHUS B 9TUX TOUKAX.
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Ysen z B ypaBHeHUH ruapocTaTuku (2.27), IpeacTaBJISIONINI cO00I BBICOTY pac-
TIOJIOYKEHHUS JTAaHHONM TOYKH HAJ IIPOM3BOJILHO BBIOPAHHOM ILJIOCKOCTHIO CPABHEHMI,
Ha3bIBAETCSI HUBEJIMPHOM BBICOTOU NI T€OMETPHUIECKUM HAIIOPOM.

Bennuuny P g ypaBHeHHnu (2.27) HA3BIBAIOT NBE30OMETPHUYECKHUM HAIIOPOM.
pg

CyMMa HUBeJIMPHOI BBICOTHI U ITE30METPHUYECKOT0 HAIIOPA HA3BIBAETCS MOJIHBIM
rugpocraTudeckum Hamopom. CorsracHo 0OCHOBHOMY YPaBHEHUIO THAPOCTATHRH (2.27),
JJISI KasKI0M TOUKH IIOKOSMIIEHCS sKUIKOCTH IIOJITHBIM T'UIPOCTaTUYECKUH HAIIOP eCTh Be-
JUYMHA TTOCTOSHHAS.

YsrteHBI OCHOBHOTO YpaBHEHUS THIPOCTATHKN MMEIOT OIIpeJIeJIeHHBIN dHepreTHuye-
ckmit cmbIicyl. HuBempHasa BbICOTA XapaKTepU3yeT yAeJbHYI IIOTeHITHAJIbHYIO dJHep-
THIO TIOJIOKEHUS JAaHHOW TOYKH HAJ BRIOPAHHOI IJIOCKOCTHIO cpaBHeHusd (puc. 2.3), a
Obe30METPUUYECKUHN HAIlOp — YIEJbHYI0 IIOTEHITMAJIIbHYI0 JHEPTUI0 NaBJEHUSI B 9TOHU
touke. CyMMa yKasaHHBIX 9HEPTUH paBHA OO0IelH IIOTeHITHAIbHOM dHePTUU, ITPUXOI-
melicd Ha eIUHUILY Beca *KUIKOCTH.

OcHoBHOe ypaBHEHHE TUAPOCTATHKHY IIPEACTABIISIEeT CO00I YaCTHHIH cIydai 3aKoHAa
COXpaHeHUd IHEPTHUH U TJIACUT, YTO yaeJIbHAasI IOTeHITnaJIbHAaA 9HEPTHU BO BCEX TOUYKAX
TOKOSTIIEHCS sKUIKOCTH €CTh BEJTMUYMHA TTOCTOSTHHAS.

[Ipu mpoBegeHNN MHKEHEPHBIX PACYETOB YI00HO OHY M3 ILJIOCKOCTEI CpaBHEHMS
CBA3BIBATDH CO CBOOOTHOM ITOBEPXHOCTHIO SKUIKOCTH, T. €. TOra TOYKAa [ JIEKUT Ha IIo-
BEPXHOCTH SKUIKOCTH, a TOUKA £ HAXOIUTCS BHYTPH sKuUIK0CTH (prc. 2.4). YMHOKUB JIe-
BYIO ¥ IpaBYyI0 YacTu ypaBHenus (2.28) Ha pg, moaIydyum

Dy T P82, = Py + P82, (2-29)

rne p, — THAPOCTATHYECKOe JaBJIeHHe Ha CBOOOIHOM II0BEPXHOCTH *KUTKOCTH; 2; — BEI-
coTa PACIIOJIOXKEHUs CBOOOTHOI ITOBEPXHOCTH HAaJ IIOCKOCTBIO cpaBHeHusa 0-0; p, —
TUAPOCTATUYIECKOE JaBJIeHHEe Ha BBICOTE 2, HAJ IIOCKOCTBIO CPaBHEHUS; PSZ, — JaB-
JIeHUe CT0JI0a KUIKOCTH BBICOTOH Z,.

Ypasuenwne (2.29) MokHO IIpeCTaBUTL B BUJE

Dy =p; t pg(Zl _zz)-

C ygerom Toro, uTo 2, —2, =h, roe h — BBICOTa CTOI0A KUAKOCTH B €MKOCTH HaJ
TOYKOU 2, W THAPOCTATHYECKOE TaBJIeHWe Ha CBOOOTHOI IIOBEPXHOCTH KHUIKOCTH D
PaBHO JaBJICHUIO Ta3a Ha KUIKOCTh P, IOCIeqHee BEIpAKeHNe IIPUMeT BUJ

Dy = P, +pgh.

T. T T T

o0t by ot f
Puc. 2.3. K ocHOBHOMY ypaBHEHUIO Puc. 2.4. Cxema, nosicusrormas
TUIPOCTATUKH 3aroH [lackasns
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Taxmm o0pasom, I JIF000H TOUYKH, HAXOQAIIEHCS BHYTPH KIIKOCTH Ha TIIyOmHe A,
TUAPOCTATHYECKOE JaBJIeHUe OyIeT PaBHO

p=p, +pgh, (2.30)

rne p, — JaBJIeHUe rasda Ha KHUIKOCTh; pgh — maBileHHe, co3gaBaeMoe CTOJIO0M K-
KOCTHU BBICOTOH A.

Vpasuenmne (2.30) sBisercsa BoipaskenrueM 3axkoHa Ilackasis, corstacHo KoTopomy
JIaBJIeHHeE, Co3JaBaeMoe B JII000M TOUKEe MOKOSIIEHCS HEeCKMMAaeMO KIIKOCTH, IIepe-
JaeTcss OMHAKOBO BCeM TOYKaM ee oobema. JleficTBUTeIbHO, B COOTBETCTBHUU C ypaBHE-
HueM (2.30) mpu 11000M N3MeHEeHNH JaBIeHNUA I'a3da P, Ha IOBEPXHOCTH JKUIKOCTH J1aB-
JIeHWe P B JIIOOOM TOYKE BHYTPH KHUIKOCTH M3MEHUTCI HA CTOJIBKO JKe.

JlaBienue, ommpenessemoe 1m0 ypaBHeHH0 (2.30), Ha3BIBAIOT IMMOJIHBIM TC'HIPOCTA-
THYECKUM I a0COIIOTHBIM JaBJICHUEM.

IIpu pacuerax ymoOHO OTCUMTHIBATHL JABJIEHHE OT YCJIOBHOIO HYJIS, 32 KOTOPBIM
MIPpUHUMAKT OapomMeTpuyeckoe (aTMocdepHoe) HaBJieHHWE — JaBJIEHHWE CTOJI0a aTMo-
cdepHOro BO3yXa B JAHHOM MecTe 3eMJIN B JAHHBIA MOMEHT BPEMEeHU Dy, .

Bapomerpudeckoe qaBjieHue SBJISETCSA OJHUM W3 TEPMOJUHAMHUUYECKHUX I1a-
paMeTpOB COCTOAHUSA aTMOC(ephl, OHO U3MEHIEeTCS B 3aBUCUMOCTHU OT MecTa W Bpe-
Menu. AtmocdepHoe TaBJIeHHe, paBHOe JaBJIEHUIO CTOJ0a PTYTHU BBICOTOH 760 MM
mpu temiepatype 0°C, Ha3plBaeTCsI HOPMAJbHBIM ATMOC(EPHBIM JaBJI€HUEM.
P, =101 325 IIa. Ero BesmumHa, BeIpakeHHad B JPYTUX BHECUCTEMHBIX eJUHUIIAX
namepenus gasiaenusa: 1,01325 6ap (6ap?); 760 MM pT. cT. (MHJLJIEMETP PTYTHOTO
crosiba); 10,33 m Box. cT. (MeTp BomHoro crosioa); 1,033 RI‘C/CM2 (kmyorpamm-cuiia
Ha caHTUMeTp KBampaTHbH); 1,03 ar (TexHuueckas atrmocdepa); 1,00 atm (dpusu-
Jyeckas aTMocdepa).

BsanmocBsa3bp Mesxay pasaInyHBIMA Pa3dMEpPHOCTSMM JIABJICHHUS IIPEJICTABJIEHA B
TalJIuILe.

CooTHOLIEHNE MEXKAY eqUHUIIAMA JABJICHUA

Munnumetp Metp
Texunueckas | Ousnyeckas
Besmmmunna Hacxa, Bap, atMmocdepa, | armocdepa PTYTHOTO BOIHOTO
I1a Gap ’ ’ croJioa, croJioa,
ar aTM
MM PT. CT. M BOJI. CT.
11Ila 1 10-5 10,197 - 10-6 | 9,8692 - 10-6 | 7,5006 - 10-3 | 1,0197 - 10-4
1 6ap 105 1 1,0197 0,98692 750,06 10,197
1ar 98066,5 0,980665 1 0,96784 735,56 10
1 atm 101325 1,01325 1,033 1 760 10,33
1 MM pr. cT.| 133,32 1,3332-10-3 | 1,3595-10-3| 1,3158 - 10-3 1 13,595 - 103
1 m Bom. ct.| 9806,65 |9,806665 - 10-2 0,1 0,096784 73,556 1

Ecnu abcostroTHOE maBiieHre p 0oJIbIlle 0apPOMETPUUECKOr0, TO MOYKHO BBIUHCIUTH
HU30BITOYHOE JaBJICHUE:

Puzs = P~ Dgap- (2.31)

2 Ot rped. Bopog — TAKECTS.
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p, MIla TaxuMm o0pa3oM, BeIMUYHHA M30BITOYHOIO
JaBJIEHUS ITOKA3bIBAET, HACKOJIBKO JaBJIeHIE
3 E B JAHHOM TOYKe 00JIbIle 0apoMeTpHUIeCcKOro.
0.16 — o % 0.06 — e Ecam abcomtorHoe maBiieHHMe p MeEHBIIIE
S ’ g 2 ’ §r 0apoOMeTPUYECKOro, TO HCIIOJIbL3YIOT MOHSITHE
é \0,"; = 8 8 pa3peskenusn (Bakyymas).
§ = 7 § % 3HaueHmne pa3pesKeHus paBHO:
: Poap = 0,10 ) 0 - ['% % Ppasp = Poap — P- (2.32)
é % O E To ectb Benmuuna p,,,, NOKA3BIBAaeT, HAa-
S i S CKOJIbKO /IaBJIeHWE B JAHHOU TOYKE MEHbIIe
b 0,04 2| 006 § OGapoMeTpHUUECKOTO.
o 5 Bsaumocssaa3b Mesk gy M30BITOYHBIM JaBJIe-
0 - 0,10 - HUEM, pa3pesKeHrueM U aOCOJIIOTHBIM aBJIe-
Puc. 2.5. NntiocTpalius B3auMOCBA3U HHEM IIPOMJITIOCTPUPOBaHA Ha puc. 2.5.
MEKIy paspeskeHreM, N30BITOIHBIM Hanpuwmep, 6apomerpraeckoe (aTmocdep-
1 a0COJIOTHEIM [JaBJICHHEM HOE) JaBJIeHWe COCTaBiseT pg,, = 0,1 MIla

(=1ar). Torma m30HITOUHOE JABICHUE P, o =
=0,06 MIIa (=0,6 at), coriacuo opmyJte (2.31), COOTBETCTBYeT aOCOTIOTHOMY JIaBJIe-
HUIO P = Py, + Dyys = 0,1+0,06 =0,16 MIla (=1,6 ar).

B ciygae ecnm BesmmumHA paspesKeHUs COCTABJISIET Dpazp = 0,06 MIla (z0,6 aT),
T0 13 hopMyJIbl (2.32) abcosmoTHOE faBieHue Oy/IeT COOTBETCTBOBATE D = Py, ~ Ppasp =
=0,1-0,06 = 0,04 MITa (=0,4 ar).

Jliia namepenunsa n30LITOYHOTO JABJIEHNS B TeXHUKE, KAK IIPABUJIO, IPUMEHIIOT
IpuOOpPEI, HA3LIBAEMBIE MAHOMETPAMM, a IJIS U3MEPEHUS PA3PEKEHUS — BAKYyM-
MeTpPaMH.

NMPUMEP 2.1

OrmpemesuTsh Maccy mMpomaHa B ra3oBoM Oasiiore oobemom V =50 i1, eciu 1mosico-
eIVHEeHHBI K HeMy MaHOMeTp IIokasbBaeT p,.. =1,2 MIla. Temmeparypa rasa
t =20 °C, bapoMeTpuyeckoe JaBjIeHIe DPgap = 0,1 MIIa. IlmorHOCTS IIporana mpu

HOPMAJIbHBIX YCIOBUAX P, = 2,019 RI‘/ m>.

PeweHue

Macca mpomasa B 6aJLyIoHe
M=pV,

T7e p — IJIOTHOCTH IIpoIlaHa B OaJLIoHe, RI‘/ M°.
Cuwnras mporaH uaeaJ IbHBIM Ta30M, OIIpeIeJisgeM ero ILJIOTHOCTh IO MOTUQUITAPO-
pauuomy ypasuenwuio Kitameiipona — Meuneseera (1.15):

p 273,15
p0p0t+273J5’

3 Bakyywm (0T J1aT. vacuum — mMycToTa) — YyCTAPEBIINM TEPMUH, UCII0JIb30BAHNE KOTOPOTO B HAYYHO-
TEeXHUYECKOI JIUTepaType He PEKOMEHIYeTCsI COBPEMEHHBIM CTAHIAPTOM.
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rme p — abcoJIIOTHOe JaBJieHue rasa B 6asione, Ila; p, =101 325 Ila — naBnenue npu
HOPMAJIBHBIX YCJIOBUAX.

YunuteBadA, 4T0 P, = P,y AOCOTIOTHOE NaBJIEHHE rasa OIpefedM COIJIACHO
dopmye (2.31):

b= pH36 +p6ap = pMaH +p6ap'
p=1,2-10°+0,1-10° =1,3-10° I1a.
Torma 11JI0THOCTE IIPOIIAHA

1,3:10° 27315
101325 20+273,15

p=2,019 =24,137 kr/m° .

Macca npomana B 6aJyioHe
M =24,137-50-10"° =1,207 kr.
Orser: M =1,207 kr.

NMPUMEP 2.2

[ImoTHOCTE BO3mMyxa B eMKocTH cocTaBiseT p =0,2 Rr/ m°®. TemmepaTypa rasa
‘M ¢t =20 °C, bapomerpm4eckoe nasrerne pg, =0,1 Mlla. Onpenennts: a) abeo-
JIIOTHOE JIaBJI€HUE BO3[IyXa B eMKOCTH; 0) KaKuM IIprOopoM (MAHOMETPOM HJIH
BaAKyyMMETPOM) CJIedyeT KOHTPOJIUPOBATH JaBJIeHNE T'a3a B eMKOCTH; B) IIOKAa-
3aHusa mpubopa MJIs KOHTPOJIA JaBJeHus Bosmyxa. IlimoTHocTh Bosmyxa mpu

HOPMAaJIBHBIX YCJIOBHAX P, =1,293 Rl“/ M.

PeweHue

Cumrass BO3IyX HaeaIbHBIM ra3oM, ero abCOJIITHOE JABJIeHHE MOYKHO BBIPA3UTH
13 MOOuUIIMPOBAHHOrO ypaBHeHUsa Kiameitpona — Mennmemneesa (1.15):

p=p ﬂi_p p 427315
°00 Ty ~’p, 27315 °

rae p, =101325 Ila — naBmeHHe IpyU HOPMAJILHBIX YCJIOBUAX.

0,2 20+27315
1,293 273,15

p=101325- =16 820 Ila.

Tak xax abcoslOTHOE NaBJIeHHe Ta3a MeHbIIe 6apoMeTpUIecKoro (p < Pg,,), TO B
eMKOCTHU paspeskenue (Bakyym). CieqoBaTesIbHO, I1JI51 M3MEPEeHUs BeJITUYHHEI pa3perke-
HUS UCIIOJIb3YE€M BaKyyMMeTp.

[Tokasaunus BakyymmeTtpa, corsiacHo opmyJie (2.32), cocTaBaT:

= Pgap — P =0,1-10° —16 820 = 83180 Ila.

DPpasp

Orset: a) p =16 820 Ila; 6) Bakyymmerp; B) p,,,, =83180 Ila.

3 A. U1. BunbKoukuii u ap.
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2.4. NPAKTUYECKOE NPUMEHEHUE OCHOBHOI'O YPABHEHUA
TMAPOCTATUKU

OcHoBHOe ypaBHeHHe ruapocTaTukH (3axoH Ilackasiss) mpuMeHSIOT IJIs pacuera
JaBJeHUs HA JHO U CTEHKH COCYIO0B, THAPOCTATUYECKHX MAIIWH (TUIPaBIAYECKHUN
mmpecc), THAPO3aTBOPOB, IJIA OIpeaesIeHIsI YPOBHEH KUITKOCTH B COOOIIAIOIINXCS COCY -
Iax, I3MepeHus TaBJeHUs, Iepelaga JaBJIeHUuN 1 Jap.

2.4.1. Coob6Luatlomeca cocyabl

PaccmoTrpum nBa OTKPBITHIX cOOOIIAONINXCS cocyaa (puc. 2.6, a), 3aII0JIHEHHBIX O1-
HOPOTHOM JKUJIKOCTBHIO C IIJIOTHOCTBIO P.

Puc. 2.6. Coobrarormecss cocy b
@ — OJHOPOTHAS KUIKOCTD; 6 — PA3HOPOSHEIE (HeCMEIIINBAIOIINEC) sKIUTKOCTH

Bribepem mpor3BOJIbHYI0 TOPU30OHTAJIBHYIO ILTOCKOCTE cpaBHeHus 0—0 u Touky A
BHYTPH SKUTKOCTH, JIEHKAIILYIO B 9TOM ILJTOCKOCTH.

Cormnacuo ypasaenumo (2.30), abcoI0THOE JaBJIeHHEe B TOUKe A MOMKHO OIIpeIe/IuTh
KaK JIaBJIeHUe, CO3aBaeMoe JKUIKOCThIO B JIEBOM COCYIe:

Py = Pr. +P8%,
WJIN KaK JaBJIEHHEe, Co3aBaeMoe KUJIKOCTBEIO B IIPAaBOM COCyIe:

[IpupaBHMBasa mpaBbie YaCTH IIOCJIETHUX YPABHEHUH, 3AITUIITEM

Pr +P8%2; = P, +p82,.
JIubo mocste cokparleHus

2, =2y, (2.33)

AHaJIOTUYHBIA pe3yJIbTAT MOKHO IIOJIYUYUTh U JIJIS 3aKPBITHIX COOOIIAOIIHUXCI CO-
CYyJI0B, B KOTOPBIX JABJIEHUs HAJ CBOOOJHOM ITOBEPXHOCTHIO SKUIKOCTHA OOUHAKOBEI.

Taxmm 00pa3oM, B OTKPBITHIX MJIM 3AKPBITHIX, HAXOQAIINXCS II0]T OOMHAKOBBIM JTaBJIe-
HUEM COOOIIAOIINXCS COCYAAX, 3AII0JIHEHHBIX OJHOPOTHOM KUIKOCTBIO0, YPOBHH €€ pac-
IIOJIATAIOTCS HA OMHOM BBICOTE, HE3aBHCHUMO OT (POPMBI M IIOIIEPEUHOI0 CEUECHHS COCY/IOB.

OTOT IPUHITUI UCIIOJIb3YEeTC, YTOOBI KOHTPOJINPOBATh YPOBEHD SKUKOCTH B All-
maparax Kak OTKPBITBIX, TAK W 3AKPBITHIX (HAXOMAIIUXCS IO JIIOOBIM JTaBJIEHHEM) C
IIOMOIITHI0 BOJIOMEPHBIX TPYOOK.
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Bogomeprasa TpyOka mpo3pavHa B 00JIacTH 1 2
M3MepeHUs YPOBHS KUIKOCTH U COeTUHEeHa 000- _\\
MMH CBOMMM KOHIIAMH C allIapaToM TaKUM 00-
pasom, 4TO OAWH ee KOHeIl Bcerga HAaXOIUTCI B
SKHUJIKOCTH, a4 BTOPOM — HAJ €€ IOBEPXHOCTHIO | Pr || -
(pmc. 2.7).

ITockosbKy a0COJIIOTHOE IaBJIeHHEe rasa Ha
SKMIKOCTBIO B allllapaTe M sKHUIKOCTBI0 B BOIOMEp-
HOII TpyOKe OIMHAKOBO, TO OYIyT OOHWHAKOBBEI U N N
YPOBHU JKUTKOCTH B HUX.

Paccmorpum ciryuaii, xorma cooOIarolneecs

COCYZIBI 3ATIOJTHEHBI TBYMS HECMEITHBAIOIINMUCS 0 0
Pa3HOPOIHBIMH KUIKOCTAMU (cM. puc. 2.6, 6). Co- Puc. 2.7. Bomomepsas Tpy6ka:
CyA cJjieBa 3aIll0OJIHEH KUAKOCTBIO C IIJIOTHOCTBIO Py, 1 — ammapar; 2 — BogoMepHas TPyoKa

a cIpaBa — $KHIKOCTBIO C IIJIOTHOCTBIO (P; > P,).
Ecnu mposectu mmockocth cpaBHeHUs 0—0 yepes rpaHUIly pas/iesia sKUIKOCTH (Touka A),
TO IO aHAJIOTHUH CO CJIydyaeM, IIPOUJIIIOCTPUPOBAHHOM Ha puc. 2.6, @, MOKeM 3aIlnucaTh

D +P182; = D, +P982,.

ITocite coxkpalieHEus 3amuIeM

P12] = Po2y (2.34)
0o
APy (2.35)
29 P1

CrnenmoBaTe IbHO, B COOOIAOIIUXCS COCY/aX BBICOTHI YPOBHEM PA3HOPOIHBIX JKHI-
KOCTeH HaJl IOBEPXHOCTHIO MX pasiesia 00paTHO IPOHOPIIMOHAIBHBI IIJIOTHOCTSM 9THUX
KUIKOCTEH.

NMPUMEP 2.3

B oTKpEITEIE COOOIIAOIIHECs COCYAbI HAJIUTHL Boga 1 OeH3umH. OmpenenTb

‘M IJIOTHOCTh O€H3MHA, €CJIM yPOBEHb BOJBI B COCYJEe OTHOCHUTEJIbHO €ro IHa
h, =150 MM, a ypoBeHBb OeHauHa BbIIle Ha Ah=60mm. [lmoTHOCTH BOIEBI
p, =1000 RI‘/M3.

Dr
(I




60 Masa 2. TMAPOCTATUKA

PeweHue

Bribepem omay Touky A Ha ypoBHE JHA B COCye C BOJIOM, a APYryio TOYKY B B co-
cyne ¢ 6bersuHoM. JIJIs1 IBYX TOYEK MOPU30HTAIBHOM IIJIOCKOCTH IIOKOSIIENCS sKUIKOCTH
TUAPOCTATHUYECKOe JaBjieHune oguHaroBoe. CiemoBaTeIbHO, a0COIOTHBIE TaBJICHUS B
Toukax A m B OMWHAKOBEL p, = pp WU B PA3BEPHYTOM BUJE

D, +p.8h, = p. +psghs,
II0CJIE COKpPAaIlleHuA

thB = p6h ’

rne p; — ILUIOTHOCTH OeH3MHA, Rr/ M°; hs =h, +Ah — ypOoBeHDL GEH3WHA OTHOCHTEHHO
ITHa cocyna, M.
Orcrona mI0THOCTS OeH3uHA

Ps = Ps hB+—Ah
0,15

——2  —714,3rr/M’.
0,15+0,06

ps =1000

OrBeT: p, =714,3 kr/m’.

NMPUMEP 2.4

HugrocTh XpaHUTCA IO A30THOM O YIII- 1 3 2
KOM? B BepTHKAJBbHOU IHMJIMHIPUUYECKON _\

eMKOCTH BbICOTONI H =6M m gmamerpom N

D =3m. Manomerp, yCTaHOBJIEHHBLIM Ha

IJIOCKOM KPBIIIKE, IIOKa3bIBaeT JaBJIeHHE

0,07 MIla. YpoBeHB KHIKOCTH B BOIOMEP-

HOM TpyOKe h =4 M, 0Ch HUKHETO IITyILepa

IIJISI TIOJICOeIUHEHUS BOJIOMEPHON TPYyOKH

HaxoguTed Ha Ah =0,2 M BEBIIIE IIJIOCKOI'O

muuira eMroctd. OpemgesnTh CTeIeHb 1
3aIOoJIHEeHUS eMKOCTH KHUIkocThbio. O0be- I————ID
MOM SKHIKOCTH B BOIOMEPHOM TpyOKe IIpe- 1 — eMKOCTB; 2 — BOZOMEpHAS
HeOpeyb. TpyOKa; 8 — MaHOMET]

PeweHue

Cremnenn 3aI10THEHNA €MKOCTH IIPeJICTaBJIgeT cO00I OTHOIIeHHe 00BeMa KUTKOCTH
B Hell V k o0BeMmy Bceit emrocTu V:

4 B TexHOIOrMYECKOM 000PYZOBAHNY, B3ANMOAEHCTBYIOIIEM CO B3PBIBOOIIACHBEIMHY KUIKIMHU Cpe-
OaMu, U30JISAIUA OT KHCJIopoaa (Bo3ayxa) 00ecIedrBaeTCsl KMHEePTHBIM Ia3oM», HAIIpUMep a30TOM,
KOTOPBIM MHEPTEH II0 OTHOIIEHNIO K 9TOM KHUIKOCTH. B TakKOM clIy4yae HCIIOJIb3yIOT TEPMHUH «a30THA S
TOOYIITKAN.
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J1J1s1 cocy10B IIOCTOSTHHOIO IIOIIEPEYHOr0 CEUeHNA MOKHO 3alNCaTh
€= M — h_m
b
HS H
rne h, — ypOBeHB KUIKOCTH B COCyJ€e OTHOCUTEJIBHO ero JHa, M; S — ILIOIIanb JHA
cocyma, m>.
Emrocth u BomomepHast TpyOKa IpeIcTaBIISIOT CO00 COOOIIAOIIIeCs: COCYIbI, B KOTO-
PBIX HAXOIUTCS OJHA M TA ke KHITKOCTh, II0/] OMMHAKOBLIM M30bITOUHEIM qaBiienuem. Ciie-

Z0BATEeJIFHO, YPOBEHb KUIKOCTA B eMKOCTH OyzeT paBeH h, =h+Ah=4+0,2=4,2 M.
Torma cremeHs 3aI0JIHEHUSI €MKOCTH COCTABUT

4,2
E=——=
6

S’ame%anue: B HEKOTOPBLBIX CJIy4adX B YCJIOBHAX 3a1a4YX MOT'yT 6BITI> ITpuBEAEHDBI 13-
6BITOqHBIe JdaHHBbI€, KOTOPbIC HE MCIIOJIB3YIOTCA IIPHU PEIIeHUH 3aJa4l, KaK, HaIlpuMep,
B JJaHHOM IIpUMepe AUuaMeTp eMKOCTU U II0OKa3aHusd MaHOMeETpaA.

OrBet: £€=0,7.

0,7.

2.4.2. UsmepeHue AaBACHUA U Nepenasa AABACHUU

Vpasuenwne Ilackaina (2.30) M0osKHO 3ammcaTh B BUIE

h=P"Pr (2.36)
pg
Ota hopmysia JeMOHCTPUPYET BOSMOKHOCTh M3MEPEHU JaBJICHUSI B METPaX KU/I-
KOCTHOI0 cToJ10a. YpasueHue (2.36) JIKUT B OCHOBE M3MEPEHUS NaBJICHUS KHTKOCT-
HBIMU ITbe30MeTpaMu, MaHOMEeTPaAMH U BaKyyMMeTpaMHU.

2.4.2.1. Nbe3omeTp

Jly1s1 mamepeHUsT TUAPOCTATAYECKOTO JABJICHHUS IIPHU-
MEHSIOT ITbe30MeTPHI®,

TepmuH «mbe3oMeTp» BBeJid B Havasie XIX B. aHTJInii-
crkne pusuru . [leprunc u I'. X. Opcres.

IIne3omerp — oTkphITass (Yalme BCEro IIPO3pavHAasd)
TpyOKa, IpHCOoeJUHEHHA K COCYAy (aIrmapary, TpyOoIIpoBo-
ny) (puc. 2.8). UToOBI HCKITIOYUTD BJIUSHUE CUJI IIOBEPXHOCT-
HOTO0 HATSKEeHUS Ha TOYHOCTh M3MEpPEeHWs, BHYTPEHHUM
JuaMeTp Ibe30MeTPOB J0/IKeH ObITh He MeHee 8—10 mM.

Kax mokasano Ha puc. 2.8, ypoBeHb MOTHATHS KUTKO-
CTH B TPyOKax IIbe3oMeTpa He 3aBHCHUT OT TOYKH UX IIOM-

COeIHEHA. Puc. 2.8. IIpumepnt
Paccvorpum cirydait, Korjga aOCOJIIOTHOe JABJIEHUE  perosb3oBAHMS TTHE30METPOB:
rasa B anmapare (cocyzie) p, BbIIIe 6APOMETPUIECKOTO P, I —COCYJi; 2 — IIbe30MeTphI

T. €. ammapaTr paboraeT o4 H30BITOYHBIM JAaBJIEHHEM,
YTO IIPOMJLJIIOCTPHPOBAHO Ha pHc. 2,9, a. B cocrosHnu paBHOBeCcHa a0COTIOTHEIE JaBJIe-
HUS p KUIKOCTH B TOUKE A CO CTOPOHEI COCY/Ia 1 Ihe30MeTPa JOJIKHEI OBITH PaBHBIMIU.

5 Ot rped. piézo — CoRUMAIO U metreo — N3MepsIo.
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a o

Puc. 2.9. Ucnionp3oBaHMe Tbe3oMeTpa [IJIsI OIpeqesIeHus JaBIeHU ra3a Hal KUJKOCTHI0
B cocy[ie, paboTarolneM 1mo/T n30BITOUHEIM JaBiieHrneM (a) u paspexerueM (0):
1 — cocyxm; 2 — mbe3omeTp (0OpPATHBIN ITHE30METP)

AbGcomoTHOe TaBIeHHe B TOYKe A cO CTOPOHBI cocyna p, PaBHO

Pa =D, +P8Z, (2.37)
a CO CTOPOHKEI IIbe3oMeTpa
Pa = Dsap + P82, (2.38)

N3 ypaBrenwnit (2.37) u (2.38) MoskeM BBIpa3UTh a0COJIIOTHOE JaBJIEHME ra3a HaJl
SKUJIKOCTBIO B COCYIe:

pr :p6ap+pg(22_21)' (239)

Benuunna pg(z,—2 ) XapaxkrepusyeT H30OBITOUHOE JaBJIeHUe rasa HaJ KHIKO-
CTBIO B COCYJIe II0 OTHOIIIEHUIO K 0apOMeTPHUYECKOMY JaBJIEHHUIO.

Besnwuuny z, Ha3HBAOT IBE30METPUYIECKOI BBICOTOM, COOTBETCTBYIOIIEH 13-
OBITOYHOMY JABJICHHIO B TOUKe A.

Ecnm abcomorHoe 1aBieHne ra3a B anmapare p, HUwke 6apoMeTpHIecKoro pg,
T. €. aImrapar pabdoraer 1o paspexkennem (puc. 2.9, 6), To abCOJIIOTHOE JaBJIeHHEe B TOY-
Ke A MOYKHO TaKiKe OIpedesIUTh C IOMOIIBI0 TPYOKH 2, KOTOPYI0 HIPH 9TOM HA3BIBAIOT
OOpaTHBIM MBE30OMETPOM.

Jly1a mammoro cayvyas Takske MOYKHO 3airrucaTh ypasueHus (2.37), (2.38) u moryauTsb
dopmyy (2.39). IIpraem z, < z; uciraraemoe pg (22 — 21) B ypaBHenuu (2.39) Oymer uMeThb
OTPHUIIATEIbHBIN 3HAK U XapaKTePU30BaTh PaspeskeHre ra3a HaJl sKUJKOCTHIO B COCY/IE.

OTrMeTHM, YTO Hbe30METPHUYECKHe TPYOKH MOYKHO HCIIOJIB30BATH HE TOJBKO IJIS
ompenesIeHIs TABJEHUSA B CTATHUYECKHUX CpeaxX, HO M CTATHYECKOrO JAaBJIEHUS B JIBU-
SKYIIIUXCS CpeIax.

2.4.2.2. AudpmaHomeTp (U-o6pa3Hbiv aupdepeHunarbHbIH MaHOMETP)

OTtoTr mpubop IpesHa3HAUEeH IS OIpedesIeHIs PA3HOCTH CTATHIYECKHUX TaBJICHUMN
Ap B pas3HBIX TOUKaX :KugKkocTH (puc. 2.10).

JlndpmamomeTp uMeeT aBe COOOIIAIOIINECS BePTHKAIbHBIE TPYOKH (BETBH), KOTOPHIE
3aII0THEHBI H3MEePUTEIbHOMN (MaHOMETPUYIECKOH) sKUTKOCTHIO IIJIOTHOCTBIO P, .
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Bersu mmdmanomerpa momcoeqHMHSIIOTCS K TOY- 2 1
KaM 3aMepa JaBJIeHUHA p;, U P, COOTBETCTBEHHO. //_
Ecnu oty naBieHus He paBHBI, TO B JUPMAHOMETpPE P, b
co3aeTcsd meperas ypoBHEN MaHOMETPUYIECKOU KU - ‘ ﬁ
KOCTH A, KOTOPBIN M PUKCUPYETCS 110 IIIKaJIe. m

CorstacHoO OCHOBHOMY YpaBHEHUIO THIPOCTATHKH,
abCOJIIOTHBIE TaBJIEHUSA P, U Py AJd OBYX Touek A
u B, Haxomgmuxca B pasHbBIX BETBSIX OU(pMaHOMET-
pa, HO JIesKalIuX Ha OJHON I'OPU30HTAJBHOMN IIJIOCKO-
ctu 0—0, OyayT paBHBI

P4 =P +p,8N
Dg = Do, Puc. 2.10. U-o6pasusri
nudgdepeHIaaIbHbIII MAHOMETP:
L 1 — creryITHHASA TPYOKA;
D, +p,8h = Dpy. 2 — TocKa €O IIKAJIOH

Tornga nckoMyio pa3HOCTb JaBIIEHIH Ap = p, — p; MOMKHO OyeT pacCanTaTh 0 hopMyIIe
Ap =p,,gh. (2.40)

2.4.2.3. MukpomaHomeTp

Jlnsa Gosiee TOYHOrO M3MepeHHUS HeOOJIBIINX PA3HOCTEH TaBJEHUM, COOTBET-
CTBYIOIIUX HECKOJIBKHUM MUJIJIIMETPaM CT0JI0a MaHOMETPHYECKON IKHIKOCTH,
IIPUMEHSIOT HAKJIOHHBIe AuddepeHInalIbHbie MaHOMETPh (MHKPOMaHOMETPHI)
(puc. 2.11).

. |l| 1 /l T~ i

Puc. 2.11. Cxema garreusnoro MuKpoMaHOMETPA:
1 —vama; 2 — uamepuTeJabHasI TPyOKa

[TpuHIIMT nOeficTBUA 9TOr0 HMpHOOpa aHaJIoTWUYeH audmaHoMerpy. Mamepsemas
IpubOpPOM pa3HOCTh NaBJIeHUU Ap = p; — p, COCTABUT

Ap =p,gh,

rae p,,— IJI0THOCTh MAHOMETPHUUEeCKOH KUIKOCTH; h — Iepelas] ypoBHell MaHOMETPHU-
YeCKOHU KUJIKOCTH B MUKpPOMAaHOMETpPE I10 BEPTUKAJIH.

[lepema ypoBHEI MAHOMETPUYECKOH SKUIKOCTH B MUKPOMaHOMETPE MOKHO BhIpAa-
3UTh Yepes3 yroJl HaKJIOHA U3MEePUTEJIbHON TPYOKH O

h=1,sina,

rae |, — norasaHusa npuodbopa (4acTh AJIUHBI HAKJIOHHON TPYOKH 2 cO IIKAJIOH, 3aI0JI-
HEHHOU MaHOMETPUYECKOU KUTKOCTHIO).
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C yderom aToro BesimurHa Ap COCTABUT
Ap=p,8-l, sina. (2.41)

Tak rax [, > h, To TOUHOCTB paccMaTpuBaeMoro npuodopa Beie, ueM U-00pas3Horo
nudMaHOMETpA.

TouHocTh M3MepeHUs Iieperaja AaBJIeHUS IIPUOOPOM MOYKHO pPeryJIMpoBaTh, 3a
cueT m3MeHeHUsa yria o. [lpu HemameHHOM M3MepseMOM Iieperaje TaBJIeHUN Ap
YMEHBIIIEHUE O IIPUBOIUT K POCTY [ , T. €. K YBEJIMYEHUIO TOYHOCTH IIPUO0OpA.

™M’

NMPUMEP 2.5

ITo ropusoHTaIBHOMY TPYOOIPOBOAY IIPOXOJUT I'a3 (p =1,2 KF/ MS). Pasuocts
YPOBHEM PTYyTH B JuPMaAHOMETpPE, II0OACOeIUHEHHOr0 K IBYM TOYKAM TPYOOIIPO-
Boma, h =30 mMm. OmpenesnTs pasHOCTh JaBJIEHHM B oTHUX Toukax. IlaoTHOCTH

MaHOMeTPHYEeCKOH KUIKOCTH (PTyTH) B nudMaHOMeTpe p,, =13 600 KI‘/ Me.

Taz

by b,

PeweHue

Pacmonosxum HuBempHYyo 110cKocTh 0—0 M0 YPOBHIO PTYTH B JIEBOM BETBH -
MmauomeTpa. Torma st IByX TOUYEK, JIesKAIUX Ha 9TOM IIJIOCKOCTH B JIeBOH (Touka A) u
mpaBoit (Touxka B) BeTBsIX, U3 yCJIOBUSA PAaBEHCTBA JABJIEHUI 3aIIUIIIEM

Py + P8y = py +pghy +p,,8h.
Bamenum h, Ha (h, —h) u BeIpasuM TpeGyeMyio PasHOCTb JaBJICHUI:
Py —py=h(p, —p)s.
Py — Dy =0,030- (13600 —1,2) 9,81 =4002 Ila.

Orser: p, — p, =4002 Ila.

NMPUMEP 2.6

OmnpenesnTs M3MeHeHNE JABJIEHUs ra3a Ha )
ydacTKe TpyOOIIrpoBoa, eCJT TIOKA3aHUS TIO/I- )

COETMHEHHOT'0 K HEMY YaIlleYHOI'0 CIITPTOBOTO
MUKPOMaHOMeTpa cocTaBiaioT [, =80 M.
OrHocuTesbHAS IUTOTHOCTH ciupTa p,, = 0,8.
TpybOra MUKpoMaHOMETpA PACIOJIOMKEHA IT0/
yryioM o = 30° K TOpH30HTY.
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PelwweHune

[lepenasn maBisieHMil, U3MepPAEMBIH YAITEUHBIM MUKPOMAHOMETPOM, MOKHO OITpe-
JIeJIuTh 110 cpopmyJie (2.41):

Ap =p,8l, sino,

rae p,, — IJIOTHOCTb MAHOMETPUUIECKO! KUIKOCTH B MEKPOMaHOMeTpe, RI“/ M>.
[ImoTHOCTE MAHOMETPHUUECKOH KUIKOCTH (CIIHPTA):

P, =P, 1000 =0,8-1000 = 800 xr/m°.
Torma n3MeHeHe JaBJIeHNUs ra3a 0yaeT paBHO
Ap =800-9,81-0,08-sin30 =313,9 Ila.
OrBet: Ap =313,9 Ila.

NMPUMEP 2.7

sHunkocets ¢ motHOCTRIO P = 1230 Rr/ M°® HaxomwTCs B OTKpHITOM peaepByape. Ma-
HOMETp, IIPUCOEeTMHEHHBIN K CTEHKe pe3epByapa Ha YPOBHE €ro JHA, TOKA3bIBaeT
nasnenue p,.. =0,31 ch/ cm?. OmpenesuTs YPOBEHD JKAIKOCTH B pe3epByape.

PeweHue

Y poBEHB KUIKOCTH B pe3epByape MOKHO OIIPeIeIUTh 110 ypaBHeHUIO (2.36):

ph=P"Pr (a)
(V4
rme p — abCOJIIOTHOe MaBJIeHWe KUIKOCTU B IIJIOCKOCTH JHA pe3epByapa, 1la; p. — ab-
COJTIIOTHOE JIaBJIeHUE Ta3a HaJ KUIKOCTHIO B pe3epByape, lla.
AOcoJTIOTHOE JaBJIeHNe JKUIKOCTH Ha YPOBHE JHA p ompemesisgeM 1o gopmyJie (2.31),
HCITOJIB3Y S IIOKa3aHUsS MaHoOMeTpa ( Dyare = pHSG).

p:p6ap+p1/136 :pﬁap+pMaH' (6)

AOcoutroTHOE JaBJIeHHe ra3a Hall JKUIKOCTHIO B OTKPBITOM pe3epByape paBHo 0apo-
METPUYECKOMY JJABJIEHUIO D = Dy, -

Torma, moacrasisasa B ypaBHeHUe (a) 3HAYeHHe p 13 ypaBHeHUsd (0), YPOBEHD KH/I-
KOCTH B pe3epByape OIpeIeSIuTCSI KaK

h= p6ap * Dyan _p6ap _ DPyan

(%54 (%4
4
h=0’31 9,81-10 _9.52 M.
1230-9,81

OrBet: h=2,52 m.

NPUMEP 2.8

Bakyymmerp, ycraHOBJIEHHBIH HA 0apOMETPHUUYECKOM KOH/IEHCATOpEe, OKA3bIBAEeT
paspexeHue (Bakyym), paBHoe p. . =60klla. Onpenenurs: a) abcosmoTHOE
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IaBJjieHre B 0apoMeTpHYeCKOM KOHIeHcaTope; 0) Ha
KaKyI0 BBICOTY IIOQHMMAETCS BOAA B OapomeTrpuHue-
ckoit Tpy6e. IlmoTHOCTE Boger p, =1000 RF/ m°. Bapo-

MeTPHYIeCKoe JaBJIeHUe Pg, = 710 MM pT. CT.

PelweHune

AbcomoTHOE maBiIieHre B 0ApOMETPHUUYECKOM KOH-
JIeHcaTope OIIpede/InM, UCIIOIb3ysa (hopmyiry (2.32):

p, =710-

pr = p6ap _pBaK'
133,3-60 000 = 34 643 I1a.

Bricory cTosiba Boael B OapoMeTpHUYeCcKoi Tpyoe
MOZKHO OIIpeaeuTh u3 ypaBHeHusa (2.30):

p6ap = pI‘ + pgh‘

Otryna
h= p6ap — D — Drax )
P8 P8
60 000
=— =0, M.
1000-9,81
Orser: a) p. =34 643 1la; 6) h=6,12 m.
NMPUMEP 2.9
JevoBhIe

MOBOM TpyOe, ecsu Beicota Tpyosl H =100 m,
CpeHAS TeMIlepaTypa YXOIAIIUX dyepe3 Hee
razoB t. =220°C, TeMmepaTypa OKpy:xaio-
mero Bo3nyxa ¢, =25°C. IlnoTHocTH Tra3oB
¥ BO3/1yXa IPU HOPMAJIbHBIX YCJIOBUAX COOT-
BETCTBEHHO PaBHEBL: P, . =1,27 RI‘/M3; Pop =
=1,29 RI‘/ m°®. Bapomerpudeckoe naBiieHHe
Dgap = 710 MM pr. CT.

z OHpe,[[eJII/ITB pa3pexreHue, coggaBaemMoe B JIbl-

PeweHune

Paspesxenne, cosmaBaemMoe IBIMOBOM TPYyOOI,
PaBHO PA3HOCTH JABJICHHM OKPYKAIOIIEro TPyOy BO3-
oyXa p, W OBIMOBBIX I'a30B D, Y OCHOBAHHSA TPYOBL:

Ap=p,—p, = (p6ap +pBgH) Bl

_(p6ap +pTgH) :H(pB _pr)g’

TI€ Dgap = oapomerpuueckoe nasienue, 11a; H — BeI-
coTa JBIMOBOI TPYOBI, M.

Tassl
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ITo dpopmyte (1.15) mmm0oTHOCTH BO3AyXa U JBEIMOBBIX I'a30B IIPKU PAOOYNX YCJIOBUSIX:

Py =Poy LD Pow _q 99, 2THID 70 g 40410 /pyd,
t, +273,15 760 25+273,15 760
27315 Pow _q o 27315 710 _ oo s

Pr=Pory 07315 760 ' 220427315 760
Torma paspesxkenne, co3gaBaemMoe IBIMOBOM TPy0oii, paBHO
Ap =100-(1,104-0,657)-9,81 = 438,5 ITa.
OrBer: Ap =438,511a.

2.4.3. OnpepeneHre o6bLemMa XXMAKOCTU B pe3epByapax

B mmpoMbInieHHOCTH YacTo XpaHAT OOJIbINKMEe 00BEeMBI JKHIKOCTH B pe3epByapax
€CTeCTBEeHHOTO0 (IIeIllephl, IOJIOCTA 3€MHOM KOPHI, BBICOXIIIHE PycJa PeK H 03ep U Ip.)
1100 HCKYCCTBEHHOTO ITPOMCXOKIEHUSA (IIMCTEePHBI, I'a3roJIbIephi®, 3aKphIThIe Oac-
CEeWHBI, XpaHWJIUIIA HepTHU, HEQPTEITPOIYKTOB U JIP.).

Paccmorpum meros onpenenenns o0beMa KHUIKOCTH B pe3epByape, HaXOIAIeMCs
o, aTMocepHBIM aBjieHneM. B aTom cirydae abcosIroTHOE JaBJIeHIe Ta3a Hal K-
KOCTBIO p, OyIeT paBHO 6apOMeTPHUIECKOMY Psap- B pesepsyap I (puc. 2.12) omyckamotT
OJIM3KO K OHHILY TPYOKY 2, II0 KOTOPOM MOYKHO II0ZaBaTh ras (BO3myX, a30T W T. I.).
M36reITouHOE NaBIeHNe ra3a B TpyOKe p,. . H3MepseTcs MaHOMETPOM 3.

Puc. 2.12. K onpegenennio oobema sKHUIKOCTA B pe3epByape:
1 — pesepByap; £ — TpyOKa I HOIaYM ras3a; 3 — MaHOMETP

[Tpu momadye rasa B TpyOKy 2 OH BBITABJIMBAET U3 Hee KUIKOCTh M MOKA3aHUS MaHO-
MeTpa 3 HAYMHAIOT Bo3pacTraThb. Kak TObKO ras mpeojosieeT JaBJIeHHe CTOJI0A SKUITKOCTH
BBICOTOM Z ¥ B BHJIE ITy3bIPHKOB HAYHET ITPOXOIUTH Yepe3 CJIOM sKUIKOCTH B pe3epByape, IIo-
Ka3aHuA MaHoMeTpa p, .. crabumsupyiorcd. IIpu aTom abcomoTHOe naBieHne p B OTKPHI-
TOM KOHIIE U3MEPUTEILHON TPYOKHU (Touka A) B cOOTBeTCTBUU ¢ ypaBHeHteM (2.30) paBHO

6 ['agrosbaep — pesepByap I/ XpaHeHus ra3o00pasHbIX BelnecTB. bosee moapodHo — cm. 1. 2.4.5.
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C mpyroit cTopoHEI, a0COJIIOTHOE JaBJICHHE B TOUKEe A MOKHO OIPeNe/INTh, UCII0JIb-
3y IIOKA3aHUSI MAaHOMeTpa

p:p6ap +pMaH’

OTKy[Ja BBICOTA CTOJI0A JKUTKOCTH B pe3epByape

2 = Puuan (2.42)
pg
3Has IIOTHOCTH KUIKOCTH P B pe3epByape, BBICOTY CTOJIOA sKUAKOCTH 2 (KOTopas
MIPAKTUYECKH PaBHA YPOBHIO KHUIKOCTH B pe3epByape) U ILIOIIAIb €ro II0IIePEeYHOro
ceueHus S, JIETKO OIpeIesiuTh 00beM V u Maccy m HaXOAAIIeHcss B HeM KUIKOCTH:

V =Sz = § Puan . (2.43)
pg

m=Vp =g Puan_ (2.44)
g

Ypasuenwne (2.43) cupaBediMBO [JIsI Pe3epPBYyapOB € IIOCTOSIHHBIM TOPH30HTAJIb-
HBIM cedyeHneM. J[J1a pe3epByapoB ¢ IIepeMeHHBIM ceUYeHreM HeoOX0qUMO 3HATh 3aBH-
cumocts S = f(2).

ITomoOHBIM 00pa3oM MOYKHO OIIPENeINTh YPOBEHD KUIKOCTH U B 3aKPBITHIX pe3ep-
Byapax. Ho mpu aToM B pacueTHbIX pOpMyIax CaeayeT yuecTh JaBJIeHNe Hall YPOBHEM
SKUJTKOCTH, KOTOPOE MOKET OTJIMYAThCsS OT OapomeTpudeckoro (cM. mpumep 2.10).

NMPUMEP 2.10

B nonzemMHOM XpaHUJININE B BUEe BePTUKAJIBHON IMIMHIPUIECKOH eMKocTH 1
M HaXOJIUTCSA OTHeOoIlacHad KUIKOCTh IO/ a30THOH moaymikoii. M36srrounoe nas-
JIEHHe a30Ta P, 1. s = 0 Klla. [Tmamerp emroctn D = 6 m. OnpeneuTs 00beM
XPaHUMOH *KUIKOCTH, €CJIM MaKCUMAaJIbHbIE IIOKa3aHIUA MAaHOMEeTpPa 3, yCTAHOB-
JIGHHOTO Ha TpyOke 2, B MOMEHT IIOJ]aul a30Ta B €MKOCTh COCTaBHUJIH D, .. =

= 0,5 6ap. [ImorHOCTD KUAKOCTH P =900 RI“/ M.

2 2
\- || Asor

—
; .
AN D

YT — ~ D
| \ Agzor —| s
‘ s v ..

4

D

1 — emEKoOCTB; 2 — TpyOKA IJI IIOHAYN I'a3a; 3 — MAHOMETP
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PelwweHune

Jlast oTKpBITOH, T. €. coolIIamImeiicss ¢ aTtMocepoil eMKOCTH, 00beM KUIKOCTH
MOJKHO OIIPEeIeJIUTE 110 hopmyte (2.43):

V:SpMaH,
P8

T
roe S = ZDQ = 0,785D2 — ILJIONIAb IIOTIEPEYHOr0 CeUYeHUs eMKOCTH, M2; Dy — MAaK-

cuMaJIbHBIE TIOKa3aHUs MaHOMeTpa B MOMEHT Itogavu rasa, lla; p — miIoTHoCTh sKu/I-
KOCTH, RI‘/ M.
Ecin ras Ham sKUIKOCTBI0O M3HAYAJILHO HAXOIUTCS II0J] M30BITOYHBIM JAaBJICHHEM

Dasora wag> TO 9TO YIUTEIBAETCS CIIeTYIONIIM 00pa3oM:

V= S pMaH _paSOTa 30 .
pg

Ilo ycmosuio samaum: p,.. =0,56ap=5-10" Ila; =5x&lla=5-10° Ia;
§=0,785-6" =28,26 m”.

Torma o0beM XpaHUMOM KUIKOCTH OyIeT paBeH

p asora u3b

4 103
V:28,26-5 10" -5-10 =144,04 m°>.
900-9,81

Orer: V =144,04 m°.

2.4.4. Cuna paBAEHUA XXMAKOCTU Ha pa3AUUHbIe NOBEPXHOCTH

[TockoJIBKY B IPOMBINIJIEHHOCTH IITUPOKO HUCIIOJIB3YIOTCSA PA3JIMYHbIE allllapaThl 1
COCY/[IBI, COZIepsKaIue sKUTKOCTh U I'a3 [0 PA3JIMYHBIM JaBJIeHueM (EMKOCTH JJIs Xpa-
HEeHHUS KUIKOCTEH 1 ra3oB, PeaKTOphl, OTCTOMHHUKHN U T. 1I.), TO aKTyaJbHOM 3aaveit
SIBJISETCSA WX pacyeT W HpOoeKTUpoBaHMe. BaikHBIM ITapamMeTpoM TAKUX PAaCUeTOB SIB-
JsieTcs oIIpeJieJIeHre CUJI JaBJIeHUd, JeUCTBYIOIINX Ha ITIOBEPXHOCTHU COCYI0B M aIllia-
paToB, C IeJIbI0 OIpeIesIeHUs TOJIIIIUHBI UX CTEHOK X BBIOOpA KOHCTPYKITMOHHBIX Ma-
TepuaJioB.

2.4.4.1. OnpeaencHWUE CUABI AaBAEHUA XXUAKOCTU Ha NMAOCKHUE NOBEPXHOCTH

3HaH 3aKOH pacIliipegeJieHud Ir'mpoCTaTUuYeCKOIro JaBJI€EHUA B KHUAKOCTH, MOMKHO
HaUTU CUJIYy JABJEHUS *KUIKOCTH Ha CTEHKHU COCYy/Ja, B KOTOPOM OHA HAXOIHUTCS.

IIycTh mitocKas skecTKas CTEHKAa COoCcyda HAKJIOHEeHA K MOPHU30HTY IIOJ YIJIOM O 1
rMeeT CMOYEHHYIO IIOmagb rmoBepxuoctu S (puc. 2.13):

S=LB, (2.45)

roe L — pimHa creHku; B — mupuHa CTEHKH.

JlaBenue Ha CBOOOIHOM II0BEPXHOCTH KUIKOCTH (A0COIIOTHOE JaBJICHME ra3a Hal
*KAIKOCTBIO) — P, IJIOTHOCTD SKUIKOCTH — p. BelmennM Ha riryOnHe A 3y1eMeHTapHYIO
IIOBEPXHOCTH ILTOIIanb0 dS.



70 lasa 2. TMAPOCTATUKA

Puc. 2.13. Cxema k onpeesIeHUI0 CUIIBL JABICHNAA HKUTKOCTH
Ha ILIOCKYIO CTEHKY

IMuapocraTudeckoe maBiieHUe HA JIeMEHTAPHYIO ITOBepXHOCTh dS, coryiacHo ypas-
menuwo [lackassa (2.30):

p=p, +pgh.

DJiemMeHTapHAS CHJIA JABJIEHUS KUIKOCTH dF Ha JaHHYI0 0ECKOHEUYHO MAJIYIO IIO-
BEpPXHOCTH HaIlpaBJieHA 10 HOPMAJIA K CTeHKE U OIIpeJIeJIUTCA 110 YPpaBHEHUIO:

dF =(p, +pgh)ds. (2.46)

Cuna maBjieHUS SKUIKOCTH HA BCIO CTEHKY OIIPeIeJINTCS KaK MHTerpaj ypaBHe-
Hu (2.46) 110 Bcel CMOYEHHOI ILJIONIA U IIJIOCKOM CTeHKH!:

F = [(p, +pgh)dS = p,[dS +pg[hdS,
S S S

nJjimn

F=pS+pg j hds. (2.47)
S

Bricory h B ypaBHenuwu (2.47) MOKHO OIIpeIeIUTh U3 COOTHOIIIEHUS
h =lsina. (2.48)

YunreiBas ypasaernune (2.48), mHTErpaj B IpaBoi YacTu ypaBHeHUT (2.47) MOKHO
IIPeICTABUTL B BHUJIE

j hdS = j IsinadS =sina j 1dsS. (2.49)
S S S

IIpu atom

[rdS =sinol.S = h.S, (2.50)
S

rae h, — TiyOmHA IOTpy:KeHUd IIeHTpa TAKeCTH CMOYEeHHOH Iuromanu S CTeHKU
(Toura C).
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Taxmm obpasom,
F =p.S+pghcS =(p, +pghe)S. (2.51)

Benunumna, crosias B ckoOkax B ypaBHeHuu (2.51), mpeacrasisieT co00i THIPO-
cratudyeckoe napiienue B Touke (. CiemoBaTenbHO, CHJIa JTaBJIEHUS KHUIKOCTH Ha
ILTOCKYI0 CTEHKY paBHA IIPOU3BEIEHUI0 CMOYEHHOM ILJIONIAN CTeHKU HAa THIPOCTATH-
YecKoe JIaBJIeHe B ee IeHTpe TAKEeCTH.

Cuna maBiaeHUs *KHUIKOCTH Ha IJIOCKYIO CTEHKY HAIIPaBJIeHA 110 HOPMAJIK K CTeHKe,
Tak KaK OHA SBJISIEeTCS pe3yJibTupyiorieii cui dF, meiicTBymomux Ha 0€CKOHEYHO Ma-
JIble moBepxHocTH dS ¥ HampaBJIeHHBIX II0 HOpMaau K HuM. Cuiia JaBjIeHUs sKUIKO-
CTU HA CTEHKY XapaKTepU3yeTCs TOUYKOHN ee IPUJIOMKEeHMsI, Ha3bIBaeMOI EHTPOM J1aB-
nenusa (touka D).

Paccrosaume ot Touxn D 1o Kpas CMOYEHHOM MOBEPXHOCTH MOYKHO OIIPEIEJIUTD II0
YPaBHEHUIO
Lo,
oS

rae I, —MOMEHT WMHePIIUU ITOBEPXHOCTH' ILIOIIAABI0 S OTHOCHUTEIBHO OCH, IIPOXOZ-
el yepes3 IeHTP MacC 3TOM IIOBEPXHOCTH.

Vpasuenwne (2.52) moKkas3slBaeT, YTO TOYKA IIPUIOKEHUS CUJIBI JaBJICHUS PACIOJIO0-
JKeHa HUKe ITeHTPa MAacC CTeHKHU ITOBEPXHOCTH.

Ecnu HeobxommMo ompeneuTh CHUIY JaBJIeHUS Ha TOPHU3OHTAJIBHYIO ILIOCKYIO
MOBEPXHOCTH (THO) (puc. 2.14), To dopmysa (2.51) mpumeT BU

F,.=(p, +pgh)S,, (2.53)

rme h — BBICOTA CTOJIOA KMIKOCTH HAJ T'OPU30HTAJILHOM IIOBEPXHOCTHIO; SL[H =LB —
ILJIOIIAb THA.

I, =1l + (2.52)

e Py P

| L -

Puc. 2.14. Cxema x ompegesIeHIIO CHIBL TABJICHIS
SKPIKOCTH HA JHO U BePTUKAJIBbHBIE CTEHKH

B ciyuae pacuera BepTHKAJIBHBIX ILJIOCKHUX IOBEPXHOCTEH (HAIIPpUMeED, CTEHOK Oac-
ceiiHa, UMemIIero popmy napasienenuiesa) yroa o = 90° (puc. 2.14), sino =1, dop-
myJia (2.51) mpumeT BUL

7" MoMeHT MHEPLHNH — CKaJIApHas GU3NIeCKas BeJIUUNHA, Mepa WHEePTHOCTH TeJjia MPHU ero Bpa-
IIEeHUH BOKPYT OCcH. XapaKTepuayeTcsl pacipenesernnem mace B Tesie. B cucreme CU pasmepHoCTh MO-

MEeHTA HHEPIMH — KMJIOTPAMM HA MeTp KBaJApATHEI (Kr - M2).
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F, :(pr+pgngCT, (2.54)

rae h — BBICOTA CTOIOA KUAKOCTH; S, — CMOYEHHA IJIOMIANh BEPTUKATIBHON CTEHKH.

I'magpocraTuyeckuii mapamokc. PaccMoTpuM cuity MaBIeHUS OTHOPOIHOM KI/I-
KOCTHY ILJIOTHOCTBIO P Ha ILJIOCKOE JHO COCYI0B PA3IMUYHOM (POPMBI, M300paKeHHBIX Ha
puc. 2.15. IlpumemMm, uTo ILIOIIAOL JHA SHH y BCEeX COCYOB M YPOBEHBb KHUIKOCTH h B
HUX OOMHAKOBEL

| I l i \ / (I

Puc. 2.15. Cuna maBieHnsa Ha IHO COCYIOB Pa3JIMIHOM (POPMBI

Hecmorpsa Ha pasHyio opMy COCYIOB, a CJIeI0BATEIbHO, ¥ PA3JIMYHBIN 00beM K-
KOCTH, HAXOMsIIeNcs B HUX, JaBJIeHNe Ha JHO KaskI0ro U3 HUX, coryiacHo 3akony I[lac-
rass (2.30), OyzmeT oTMHAKOBBIM. A IIOCKOJIBKY ILJIOIIAIE JHA Y COCYI0B TaKKe OIMHA-
KOBA, TO M CHJIBI JaBJCHHS HA JHO KaKIOr0 cocyaa OyayT paBHBI M MOTYT OBITh
ompeneseHsl 1o opmye (2.53).

NMPUMEP 2.11

OTKpPHITHIH pe3epByap B BUje ITapaJjijiesielluie/ia IIpeaHasHaveH IJIs1 XpaHe-

M Hust V =60 M° Bogsl. OIpenesIuTh CHIIBL JABIEHUS JKATKOCTY HA CTEHKN U THO
pe3epByapa, ecau mupuHa gHa B=4wm, a gmuaa L =5 m. [lnorHOCTE BOMBI
p =1000 RI‘/ m°. BiusiHreMm aTMochepHOro gaBiIeHus IpeHeOpeds.

PeweHune

OmnpenenrM BHICOTY YPOBHS BOIBI B pe3epByape:
\% 60
= = 3 M
BL 4.5
Ilmomane mHa:
2
SﬂH =BL=4-5=20wm".
[I1omamu cMOYeHHEBIX CTEHOK pe3epByapa:

S..,=Bh=4-3=12w7%
S,.,=Lh=5-3=15Mm>

Cuita maBieHMs HA ILJIOCKOE MOPH30HTAJIBHOE JTHO pe3epByapa OIIpenesIsercs II0
dopmyte (2.53):
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F.. =(p.+pgh)S,,,

roe p. —atMocdepHoe naBieHue, [la; p — mmoTHOCTH BOXEL, RI‘/ M.

Tax kKak pesepByap OTKPBITBINA, TO aTMOC(pepHOe JaBJIEHHE OOUHAKOBO BO3IIEli-
CTBYeT KAK CO CTOPOHBI JKHMIKOCTH, TAK M C JPYrOf CTOPOHBI IIOBEPXHOCTU CTEHKH
(p. =0). Torga pacuerHas opMyIIa YIPOLIAETCS:

F,. =pghS,,.
F,,=1000-9,81-3-20 =588 600 Ila.

Cuita maByIeHUS *KUIKOCTH HA BEPTHUKAJIBHYIO ILTOCKYI0 CTEHKY OIIPEIesIUTCS CO-
raacHo gopmyne (2.54) c yaerom p, = 0:

h
F_=pg—S...
CT pg 2 CcT

Cuna maBiIeHNUS SKUOKOCTH Ha CTEHKY IIUPUHON 4 M:

3

F, = pggsw1 =1000-9,81--12=176 580 I1a.

crl

Cua maBiieHNS KUOKOCTH Ha CTEHKY IIMPUHOM 5 M:

3

F, = pggSCT2 =1000-9,81--15=220 725 Ila.

cr2

Oreer: F_ =588600Ila; F

IH crl

=176 580 1la; F

C

, =220 725 Ia.

NMPUMEP 2.12

Cocyn, mmerommuii dpopMy KyOa, ITOJTHOCTHIO 3aIIOJTHEH BOOI. BHyTpeHHMI

‘M o6beM cocyna cocraBiser V =1 M. Ompemesurs, BO CKOIBKO Pa3 YBEIHIUTCS
cujIa TaBJIEHUS BOJBI HA JHO COCY[a, €CJIM K eT0 BepXHEeH KPBIIIKe ITPUCOeTU-
HUTH TPYOKY BHYTPEeHHUM JuaMeTpoM d = 2 CM U HATIOJHUTH €e BOJ0M Ha BBI-
cory h,, =5 wm. Bnuanuem atmocdepHOro nasienus npeHedpeys.

PeweHue

JlJ1s1 cocyma B Bue KyOa ero BBICOTA, a COOTBETCTBEHHO, U YPOBEHb
SKUIKOCTH B HEM J0 IPUCOETUHEHUS TPYOKH COCTABAT

h=3V=Y=1m

Torma cuyia maBJIeHUS KUIKOCTH Ha JHO COCYIa, COTJIACHO hop-
myJse (2.53), 6e3 yueTa aTMocepHOTo TaBJIEHUS OIPEIeSIUTCA CIIeIy-
IOIITM 00pa3oM:

Fam = pghSﬂH,

rmoe Sﬂ[H — IJIOIIAID THA, M2.
IToce mpucoenuHeHMs TPYOKH CHUJIA JaBJIEHUSI COCTABUT

F o= pg(h + th)SHH.
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CJIe,Z[OBaTeJIbHO, cuJia JaBJICHUA YBEJIMYUTCA:

FHZZPg(h+th)SIEH h+th 6

a

F,qu pghS - h

OTBeT: cua naBJieHUs YBeJIUYUTCA B 6 paas.

= =—=06pas.
1 p

NMPUMEP 2.13

Bec G =40 xkH. [Ipenebperas morepeil B Bece MOTPY:KeHHON B BOJY YaCTH KO-

M Koustoxos rasrosbaepa (eMKoCTH JJIs1 XpaHeHus rasa) auamerpom D = 7 M umeet

JIOKOJIA, OIIPEeIeIUTh: a) a0COJIIOTHOE JaBJIeHUe Ta3a B KOJIOKOJIe; 0) pa3HOCTh
YPOBHEI BOABI A IO KOJIOKOJIOM Ta3rojblepa W B ero Kopiryce. IlaoTHOCTH
BOABI IIpUHATH paBHOU p =1000 RI‘/ m°. Bapomerpudeckoe IaBiIeHIe Dgap =

=0,098 Mlla.

1 — kopiryc; 2 — KoJIoKoJ; 3, 4 — TpyOOIIPOBOIEL

PeweHue

las s ra3roJjinJepe HaxXoguTCd 10T M30BITOUHBIM AaBJIEHHUEM D, -. CJIeHOBaTeJII)HO,
OH BO3,H€fICTBy€T Ha BEPXHIOIO 9acCThb KOJIOKOJIa M Ha FKHJIKOCTH IIOJ HHM C CHJION F,

BeJIMUMHA KOTOpOfI paBHA
F= p I/IS6S ’

rne p,,; — A30BITOYHOEe MaBJIeHHe rasa B KoJiokose, Ila; S — mmomans seprasa Kuj-

KOCTH 1104, KOJIOKOJIOM, M2.

Kosokon ra3rojipiepa 6y,u;eT HaXOOgUThCA B PABHOBECHH, KOI'ZIa CHJIa F 6y,ueT

paBHa BeCy KOJIOKOJIa, T. €.

F =G.

CrenoBaTe ibHO, M30BITOYHOE IaBJIEHNUE I'a3a B KOJIOKOJIE OyIeT paBHO

F G

DPuss "S5
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IInomans 3epkasia sKHUIKOCTH 110 KOJIOKOJIOM

nD®> 3,147
4

Torma n30BITOYHOE ITaBJIEHHME I'a3da B KOJIOKOJIE

S = = 38,47 m>.

40-10°
_ 40107 4040 M.
Puss =750 47

AOGcostroTHOE JaBJIeHUe ra3a B KOJIOKOJIe, coryiacHo cdopmyJie (2.31), MOKHO oIIpe-
JIeJIUTh KaK

Py = Puss + Pgap =1040+0,098-10° = 99 040 ITa.

N30n1TounOE daBJIeHHEe, C KOTOPBIM I'a3 JaBUT Ha IIOBEPXHOCTDH KHUAKOCTH IIOO4 KO-

JIOKOJIOM, JOJI3KHO OBITH YPaBHOBEIIIEHO JaBJIEHHEM CT0JI0a Boabl BeicoToM A. Ciemosa-
TeJIbHO,

pI/I36 = pgh'
Torma pa3HOCTh YPOBHEI BOJIBI COCTABUT

_ Dy 1040
pg 1000-9,81

=0,106 m.

Orset: a) p, =99 040 Ila; 6) 2~ =0,106 m.

NPUMEP 2.14

Koren cucremMbr BOAAHOIO OTOILIEHHWS HWMeEET Jia3d JJI OCMOTpa JUAMETPOM
D=0,8M. Jlaz 3akphIT IJIOCKON KpPBIIIKOM, IIpUKperieHHoir 10 Oosrramu.
OnpenenuTh MUHUMAJIBHBINA JUAMETP 00JITOB, IIPUHSIB JOIIYCTUMOE HAIIPSKe-
HUe Ha pas3pbIB 0OoJITa [sz 100 MIIa. YpoBenb Boabl B paCIIIPUTEILHOM CO-
cyne HaxoguTcess Ha Beicore H =20 M oT gHA KOTJIa, a KPBIIIKA JIa3a PacIoJo-

sKeHa Ha BbIcoTe h =3 M oT aToro ke aHa. I1710THOCTE BOOBI IIPHUHATHL PABHOM
p =1000 xr/m’.
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PeweHue

OmpenesinM cuily JaBJIeHUS BOABI HA IJIOCKYI0 TOPHU30HTAJIHPHYIO KPBIIIKY Ja3a,
HCITOJIB3Y S hopmyty (2.53), 6e3 yuera naBjeHuss aTMocepHOTO BO3IyXa

F =pgh.S,
rae hy — riyOuHAa IOrpysKeHUs IIeHTPa TAXKeCTH CMOUYeHHOU IIJIoMany S KPHIINIKH, M;

S =0,785D? — cMO4YeHHAS IIOMIAIb KPBIIIKH, M2,
I's1yOmHa morpyskeHus IeHTPa TIMKEeCTH KPBIIIKH COCTABUT

he=H-h=20-3=17Tm.
Cuia maByieHHS BOOBI HAa KPBIIIKY OygeT paBHA
F =1000-9,81-17-0,785-0,8% =83 785 H.

B 1o :xe Bpems cuia gaBJeHUs BOJBI, BOCHpHUHUMaeMas 00JITaMu, pad0TaIIMHI
Ha pa3pbIB, COCTABJIAET

F =nS;[c],

rae n —d4ucsao 6oaTos, mrt.; Sy = 0,7 85al62 — ILJIOIIAIE HOIEPEUHOI0 CeUESHMS OJHOI0 00JITa
muameTrpom d. , M2
OTkryna HeoOXOOUMBIH JramMeTp 00JITOB paBeH:

ds = F = 83 785 ~=0,0103 M =10,3 M.
n-0,785-[c] \10-0,785-100-10

Orget: d; =10,3 mm.

MPUMEP 2.15

g [IpssmoyroJibHAS MIOCKAs KPBIIKA (KJIAlIaH) padMellleHa B CTeHKE OTKPBITOM

€MKOCTH, KoTopas HakJoHeHa 1o yriioMm 30° K Bepturkasau. OHa TosKHA OT-
KPBITHCS, KOT/Ia CHJIa JaBJEHUSI CO CTOPOHBI JKUTKOCTH, KOTOPAas HAXOIUTCS
B emkoctH, mpesbicuT 1000 H. Och KperieHuss KPBINIKH IIPOXOIUT II0 €€ BepX-
HeMy Kpaio U paclojioskeHa Ha BeIcoTe h; =1 M Hajg mHOM eMKocTu. Pasme-
peI kpbimkn: a =0,3m; b=0,4 m. [Ipu kakoMm ypoBHE *KHUIKOCTH B €MKOCTU
KpsIrrka oTkpoercs? [IJI0THOCTE sKUIKOCTH IPUHATE paBHON p =1200 RI‘/ Me.

i
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PelwweHune

Cuity maBiieHHsI HA ILJIOCKYIO CTEHKY CO CTOPOHBI SKUIKOCTH MOYKHO OIIPEIeJIUTh U3
ypaBHeHus (2.51) 0e3 yuera 6apoMeTPHUUECKOro JaBJIEHUs, TAK KAK aTMOC(epHBI ra3
BO3IEMICTBYET C 00X CTOPOH CTeHKH:

rae h, —TJIyOWHa IIOTPY:KeHUd IeHTpa TAKEeCTH CMOYEeHHON IIomanu S KPBIIIKH
(toura C).

CorstacHo prCyHKY, TJIyOMHY IIOIPY KEeHUs IIEHTPA TIKECTH KPBIITKN MOMKHO OIIpe-
JIeJINTh KaK

a
he = H —h, +—cosa.

2
Cuna naBiieHHA KUIKOCTHA HA KPBIIIKY COCTaBUT

F= pg(H—h1 +%cosocjab,

OTKyJa MOYKEM BBIPA3UTDH BHICOTY PACIIOJIOMKEHUSA YPOBHSA KUIKOCTA B €MKOCTH:

H= al +hl—gcosoc.
pgab 2
= 1000 +1—0’3-cos3O°:1,58 M.
1200-9,81:0,3-0,4 2

Orser: H =1,58 m.

2.4.4.2. OnpepeneHUe CUAbI AQBAEHUS XXUAKOCTU Ha KPUBOAUHENHbIE NOBEPXHOCTU

Ha IIPAKTHUKE 94aCTO BCTpEYAaKTCAd €eMKOCTH C RpHBOJII/IHQfIHBIMI/I CT€eHRKRaMu, IIpea-
CTaBJIAIOIIAMH CO00M TOBEPXHOCTH BpalleHus (cpepy, MUJINHIP, KOHYC, IapadoJI0uI 1
QJIIMIICOM BPAIEHHs), KOTOPhIe PAaCIIOJIOMKEHBLI TMOPHU30HTAJILHO HMJIN BEePTUKAJILHO,
HWHOI/JIA 10 HAKJIOHOM.

OnpeneﬂeHI/Ie 3HaAYEeHHUdA, HallpaBJICHHUA W TOYKH IIPHUJIOKEHHMA CHJIbI JaBJICHHA
SKHUJKOCTH HA KPUBOJIMHENHYIO CTeHKY YCJIOKHSETCS TeM, YTO CHUJIBI JaBJIEHHUS, Oei-
CTBYIOITYE HA KAXKIYIO 3JIEMEHTAPHYIO ILJIOIIIAOKY, IMEIOT Pa3Hble HAallpaBJIEeHU.

B sToMm citydae pesy sibTHpYyOIIAa CHUIa JaBJICHUS OIPeIesIsieTcsI KaK

F=,F*+F?, (2.55)

rne F, u F, — ropusoHTanabHas U BepPTHKAJIbHAA COCTABJIAIIINE Pe3yIbTUPYIOIIei
CUJIBI JAaBJIEHUS.

OmnpenennM cHUIy JABJIEHHS CTOJI0A KUIKOCTA F HA KPUBOJIMHENHYIO CTEHKY ITH-
JIMHAPUIECKON POPMBI, IIPOEKIIHS KOTOPOM Ha IIJIOCKOCTh Xz — JuHusa AB (puc. 2.16).

Brigesnm Ha KPpHUBOJIMHEHHOM CTeHKe HA TIyOuHe A 2J1eMeHTapHYI0 II0OBEPXHOCTh
mwiomaabio dS. DieMeHTapHAasa CUJIa THAPOCTATUYECKOIO JABJICHUS KUIKOCTH Ha 3Ty
aJIeMEeHTaPHYI0 II0BepXHOCTh dF OymeT HalpaBjieHA IIEePHEeHIUKYISIPHO KacaTeIbHOMN
K 9TOI MOBEPXHOCTH U COCTABUT

dF =pghdsS. (2.56)
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z ¢+ B
I it
5| pz— =
Cx
ds,
x = d_Fx
3| 5
les

A .
3 aF
0 X

Puc. 2.16. Cxema K ompeneIeHuI0 CUJILL IaBICHUS
SKUIKOCTH HA KPUBOJIMHENHYIO II0BEPXHOCTE

Pasnomxum cuny dF Ha gBe B3aMMHO IIePIEHIUKYJISIPHBIE COCTABJISIOIINAE. TOPH-
30HTAJILHYIO

dF, =dF cosa (2.57)

1 BEPTHURAJIBHYIO

dF, = dFsina. (2.58)

B ypasuenusx (2.57) u (2.58) o — yros me:kay HampaBaeHHeM CHJIbI F u ropu-

30HTAJIBHOU OCBHIO X.
Bsuay Toro uro asiemeHTapHAas IIOBEPXHOCTL AS ABJISETCS BEJIHYHNHON 0€CKOHEUHO

MAaJIOM, TO MOKHO CUHTATDH ee IIJIOCKOIA.
Torma ee BepTuUKaJIbHAS 1 TOPU30OHTAJIbHAS IIPOSKIINH IIPUMYT BH/I

dS, =dScosa; (2.59)
dS, =dSsino. (2.60)

C yuerom ypasuenwuii (2.56), (2.57) u (2.59) Boipaskenune IJ1s1 TOPHU30OHTAJIBHOM CO-
CTaBJIAIONIEH CHIIBL faBileHud I, OymeT mMeTh BHUJ

dF, =pghdScosa =pghdS,. (2.61)

HNuTerpupysa ypaBHeHue (2.61) o mIomany Ipoekun S,, MoIydaeM

F, =pg | hdS, = pgh,S,,
SB
roe S, — IJIOMIANb BEPTHUKAJIBHON IIPOEKIINK CMOYEHHOI ITOBEPXHOCTH KPHUBOJIMHEH-
HOH CTeHKH; h, —TIIyOnHa IOrpy:eHHUd IIeHTPpa TAKeCTH ILIomanu S, .

TakuMm 00pas3oM, TOPH3OHTAJIBHAS COCTABJIAOIIAS CHJIBI JABJIEHHS HA CTEHKY
ompeessieTcss KaK CHJIA JaBJIEHUS Ha IIJIOCKYIO CTEHKY, IIPeICTaBIISIONIy0 co00i Bep-
TUKAJBHYIO ITPOEKIIUI0 CMOYEHHOMN II0OBEPXHOCTU KPUBOJIMHENHOU CTEHKU.

Touka MPUIIOIKEHUS TOPUIOHTAJIHLHOM COCTABJISIONIENH CHJIBI JABJICHUSA JICKUT HA
OCH CHMMETPHUU BePTHKAJIBHOHU IIpoeKIIny S, Ha IJIyOnHe, paBHOU

b
th B
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rae I, —MOMEHT MHePIINH IIOmanu S, OTHOCUTEBHO TOPH30HTAIBHOM OCH, IIPOXO -
ey yepes ee IeHTp Macc.

Ecnu u3bbITouHOE naBiieHUe ra3a Ha IIOBEPXHOCTU *KUJKOCTU COCTABJIAET D, TO
IIyOuHA IOrPysKeHHUs IIeHTPpa TAKeCTH Ay, JOJIKHA OBITH JOIIOJIHUTEIBHO yBeJIndeHa
Ha BeJUIuHy h,

I (2.63)

HarmpasieHre ropu3oHTaIbHOM COCTABIISIONIEH CHIIBI TABJICHMS HAOII0IaeTCs BCerma
CO CTOPOHBI KUJIKOCTH B CTOPOHY CTEHKH.

IIpoBomsa aHaslorMYHBIE PACCYKICHIS, MOKHO 3alIMCATh BRIpAKeHMe IJIs BEepPTHU-
KaJIbHOH COCTABJIAIIIEH CHIIBI JaBJIEHU cToI0a sKuaroct I :

dF, = pghdSsino = pghdS., =pgdV, (2.64)

roe dV =hdS, — smemeHTapHBIN 00BEM KHIKOCTH, OCHOBaHMe KoToporo dS, — ropu-
30HTAJIbHAS IIPOEKIIU dJIeMeHTapHOH miomanku dS, a BeIcoTa — ryIyOMHA IIOTpyIKe-
HUSI 9TOM IOBEPXHOCTH A.

WNurerpupys ypasuenmne (2.64) B mpemesnax oobeMa V, 3aKIIOUEHHOI0 MEKIY IIJIOC-
KOCTBIO CBOOOJHOM IIOBEPXHOCTH KMIKOCTH, KPUBOJIMHEHHON CTEHKOM M BEePTHUKAJILHOM
TTOBEPXHOCTHIO, TPOXOJIAIIEN IO KOHTYPY CMOYEeHHOU KPUBOJIWHENHOM CTEHKH, TI0JIydaeM

F, = pgf dV =pVg. (2.65)
14

TakuMm 00pa3oM, BepTUKAJIBLHAS COCTABJISIONIAS CHJIBI TABJIEHHUS KUIKOCTA Ha
KPHUBOJHMHENHYIO CTeHKY paBHA CHJIe TSMKECTH KUIKOCTH B 00beme V.

Ecnm mn3bpiTouHOe naBiieHne ra3a Ha IIOBEPXHOCTH SKUIKOCTH COCTABJIAET D, TO
oowbeM kugroctu V B Qopmysie (2.65) moyskeH OBITH JOIIOJHUTEJILHO YBEJINYeH Ha Be-
auauay Vo

Iom *

V. =h_ S (2.66)

JI0IT morr —r?

rae hy,, = b _ BBICOTA CTOJIOA KUIKOCTH, SKBUBAJIEHTHASA p.; S, — ILIOIIAb IIPOEK-
pg

MM KPUBOJMHEWHON CTeHKN HAa TOPU30HTAJIBHYIO IIJIOCKOCTD.

Touka MPUIIOKEHNUSA BEPTUKAJILHON COCTABJISIONIEI CUJTBI JaBJIEHUS JIEJKUT B ITeH-
Tpe Mace sKUJKOCTU B COCYJIE.

PesynpTupyoiias cuiia JaBJeHUs KUIKOCTH Ha KPUBOJIMHEHHYIO CTEHKY OIpese-
nsetcs 1o gpopmyte (2.55). OHa HampasseHa 104 YIJIOM K TOPH30HTY

F
= arctg| == |. 2.67
B = arctg 7 (2.67)

[Tososxenre TOUKM IPUIIOKEHUSA Pe3yIbTHPYIOIIEH CHJIBI Ha KPUBOJIMHEHHOM II0-
BEPXHOCTH OOBIYHO HAXOLAT I'PapHUIECKUM JI00 AaHAJIUTHIECKHM CIIOCOOAMH.

2.4.4.3. 3akoH Apxumepa. YCAOBUE NAABaHUA TEA
VYBesmmyeHre TUAPOCTATHUYECKOTO JaBJICHUA 10 Mepe IMOTPYKEeHUS B JKHUIKOCTD HJIN
ras ABJISETCS IIPUYNHON BO3SHUKHOBEHUS BEITAJIKUBAIOIIEH (apXMeI0BO) CHJIEL.
[TosicHM BO3HHMKHOBEHIE apXUMeI0BOM CHJIHL.
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| p: Paccmorpum ky0 ¢ mtommaabio rpameit S, KoTo-
4 PBIH ITOJTHOCTBIO TIOTPYKEH B JKUIKOCTD (prc. 2.17).
I___AT__J_____ Pieps ________I B crity cuMMeTpHH Tesia CHIIBL JaBJIeHUS Ha ero

OOKOBBIE TPAHH YPABHOBEIIIMBAIOTCS: ZF&)R =0.
Tak kak qaBjaeHNe Ha HIUKHIO I'PaHb D, = P, +

+p,.8h,,, 00JIbIe TaBIeHNA Ha BEPXHIOK I'PaHb

Daepx = Pr P8Py » TO CHIIA TABIICHUS HA HIDK-

HIoo rpadb F,_ = p, S Gojblle CUIEI JaBIeHUS

F - - — — P _ _l Ha BepXHWW rpaus F, . =p . S.
B pesynwsraTe aroro Ha Ky0 JelicTByeT BHI-
—_— TaJKABaloNasd CHUIa, HaseiBaeMasd CHIOH Ap-

Puc. 2.17. K 3axony Apxumena xumena:

FA = FHI/IS - FBepx = S(pHI/IS _pBer) = Spmg(hﬁna _hBer) = ng

Takum oOpasom, HaA J1I000€ TeJIO, IIOTPYKEHHOE B *KUIKOCTh, JeHCTBYEeT BHITAJIKHI-
BalOIAs CHJIa, HAIIPABJeHHAs BePTHUKAJIBHO BBEPX M PaBHAS BeCy yKHIKOCTU, BBITEC-
HEHHOM oTHM TeJoM (3axoH ApxuMesa):

F, =pgV, (2.68)

rne F, — BeEITAJIKMBaIoIIAad (ApXUMeIOBa) CHJIA; P — ILJIOTHOCTD *KUJKOCTH; g — YCKO-
peHue cBOOOIHOTO mageHuss; V — 00beM IIOrpyKeHHOM YacTH TeJia.

AmnajioruvHBIe PaCCy:KIEHUA MOKHO ITPOBECTU U JIJISI TeJI IIPOU3BOJIBHOM (POPMBEI,
JIJISI KOTOPBIX TaK:Ke OyIer cupaseamBa popmyJia (2.68).

YcnoBue miiaBanus ted. [loBegenne Tena, HAXOOAIIET0CI B SKHUIKOCTH, 3ABHCUT
OT COOTHOIIIEHUS MeskIy BecoM Tesia (G 1 BeCOM BBHITECHEHHOM MM KHIKOCTH.

Paccmorpum HusKe TPH BOSMOKHBIX COCTOSHUSA TeJIa, IOJTHOCTHIO IIOTPYKEHHOTO B
SKHTKOCTD.

1. Bec Tesia 6oJibIlie Beca BEITECHEHHOM SKHIKOCTH:

G >pgV. (2.69)

Taxoe Tes0 OygeT TOHYTh.
2. Bec Tesia paBeH Becy BHITECHEHHOM KUIKOCT:

G =pgV. (2.70)

B sTom cityuae teso Oymer maBaTh (T. €. HAXOOUTHCAI HEIIOABUMKHO B KHIKOCTH).
3. Bec Tesra MmeHBIIIE Beca BBITECHEHHOU KUITKOCTH:

G <pgV. (2.71)

ITpu TakoM COOTHOIIIEHHMHU TEJIO OyIeT BCIJIBIBATE J0 TEX II0p, II0KA He HAYHEeT ILjIa-
BATh HA IIOBEPXHOCTH KHTKOCTH.

OueBHIHO, UTO B IIEPBOM M BO BTOPOM CJIy4YasX 00beM BBITECHEHHOMN KHTKOCTH
paBeH o0beMy Tesia. B TpeTbeM ciiydae Bec BEHITECHEHHOM TEJIOM SKUTKOCTH PABEH BECY
caMoro TeJa.

AmnaroruyHble pacCyKIeHMIs MOKHO IIPOBECTH U [IJIA TeJI, HAaXOOAIINXCSA B Ta30BOM
cpende (Hamrpumep, IJIaBaHue JUPUKAOIEH, BO3MYIITHBIX IIIAPOB).
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NPUMEP 2.16

Jly1s1 orrpeiesieHus ILJTOTHOCTH BOJIHOTO pac-
TBOPA 3TUJIOBOTO CITUPTA MCIOJIb3YeTCA IIPO- n
CTEHUIUI apeoMeTp, IIPEeICTABJISIOIINM CO-
00 CTEeKJITHHYIO TPYOKY, HUKHSSI cpeprde- s B s—
CKas YacTb KOTOPOM 3aIl0JTHEHA CBUHIIOBOM — — _—_—q
T o

npobbo. JlnamMerp MUIUHIPUIECKON YaCTH — —
apeomerpa d, =8 MM, amamerp cdhepude-

CKOM YacTu dctb =15 MM, Macca apeoMmeTpa

m = 6r. OupeaenuTsb IJIOTHOCTH CIIUPTOBO- -

T'0 pacTBOPA, €CJIU apeoMeTp MOTPYKAETCI B — —
SKUIKOCTh Ha riryouny A =10,7 cm. cp

PeweHue

[TpuHIIMI PabOTEI apeomMeTpa OCHOBAH HA 3aKOHe ApXmMeIa, COrJIaCHO KOTOPOMY
BeC apeoMeTpa mg paBeH Becy BHITeCHEHHON UM KUIKOCTH PgV IIpHU ero morpyskeHumn.
Otcroga IJIOTHOCT SKUIKOCTH OyIeT paBHA

_mg _m
Vg V
O0BbeM BBITECHEHHOH KUIKOCTH PaBeH 00beMy IOTIPY:KEeHHOM YacTH apeoMerpa u

MOKeT OBITh C JOCTATOYHOM TOYHOCTBIO OIpeIesieH KaK cyMMa o0beMa cdepsl VC(b u
HOTPYsKEHHOM B $KUJIKOCTh YaCTH ITUJINHIpA Vu:

p

nd>,  nd>
_ _ ch
V=V, +V,=—2+—2(h-dy).
. 3 . 2

Torz:a IIJIOTHOCTH BOJHOI'O pacTBOpa CIIMpTa COCTaBUT
0,006 5
=— > =939 2xkr/m°.

P 6,388-107° /

Otser: p =939,2 RI‘/M3.

NMPUMEP 2.17

CraspHOH IIyCcTOTEJIBIH IIap HAPY*KHEIM quaMeTrpoM d,, =1M u Maccoit m =
=500 kr momereH B Boay. OmmpenesinTh COCTOSIHEE IIIapa B BOAE: YTOHET, BCILJIbI-

BeT uau Oynmer ninaBate. IlmorHOCTS Bog®r mpuHATE paBHOH p, =1000 RI‘/ me.

PeweHue

O0BeM BOIBI, BHITECHEHHOI IIIAPOM IIPH €0 MOJIHOM IIOTPYKEeHUH:

nd>  3,14-1°
6

Bec BBRITECHEHHOII IITAPOM JKHTKOCTH
G, =p,gV, =1000-9,81-0,523 =5133,9 H.

V. = =0,523 m°.
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Bec mapa
G, =m,g=500-9,81=4905H.

Tak kak Bec Imapa MeHbIIIe Beca BEITeCHeHHOH nM skunkoctu (G, < G, ), To B cOOT-
BeTCTBHUH ¢ PpopmyIoi (2.71) OH BCILIBIBET.

OTBeT: 111ap BCILJIBIBET.

2.4.5. XpaHeHH1e XUAKOCTEH 1 ra3oB

Pasmoobpasue morpediiseMoro XUMUIECKOM IPOMBIIIIIEHHOCTHIO SKHTKOTO 1 I'a30-
00pa3HO ChIPhS II0 CBOMCTBAM, TOHHAKY, JaBJEHUIO BEI3BIBAET HEOOXO0JUMOCTD IIPHMe-
HEHUS Pa3JIMYHBIX eMKOCTEH JIJId ero XpaHeHUsd.

2.4.5.1. PesepByapbl A XUAKOCTEH

Hunroctu, npuMeHsieMble B XUMUYECKOM IIPOMBIILIEHHOCTH, XPAHITCA IIPEUMY-
IIIECTBEHHO B 3aKPBITHIX €MKOCTSIX.

HeGonpmmue o6wemsl sxuarocteit (o 100 J1) MOTYT comepskaThCsl B ILJTACTUKOBBIX,
MeTAJIJIMYECKHX JIM00 CTeKJISHHBIX €MKOCTSX.

Cpenuue 00'beMbI [10 HECKOJIBKHUX JEeCATKOB THICIY JINTPOB XPAHATCA B ITUCTEPHAX,
KOTOPBIE B OOJIBIIIMHCTBE CJIyYAEeB SIBJIAIOTCS IIMJIMHIPHISCKUMHI U MOTYT PACIIOIATATHCS
BEPTHUKAJIBHO UJIA TOPU3OHTAJIFHO. Baky ¢ TOpIoYnMY KHUIKOCTIMU JTOJIKHBI XPAHUTHCS
Ha 0e30IIaCHOM PACCTOSTHHU OT OJIMIKAUIINX CTPOEHUHN WJIH JasKe 101 3eMJISH.

Jlns XxpaHeH!sI OYeHb OOJIBIINX 00BEMOB KUIKOCTEH (0 HECKOJIBKUX JEeCATKOB
TBICSY KyOOMeTpOoB) Oaxku UMeIoT POPMY YCEeUEeHHOTI0 IIapa WJIN IIHIHHIPA.

HexoTopsie pesepByapbl CHAOKEHBI HEITOABUKHOM BEIILYKJION KPBIIIKOM (puc. 2.18).
[IpocTpamcTBO MEKIY TIOBEPXHOCTHIO sKUIKOCTH U KPBIIITKOM 3AII0JTHEHO JIM00 BO3TYX0M,
1100 — B cJIy4Yae B3PBIBOOIIACHBIX "KUIKOCTEI — 3AIIUTHBIM ra3oM, HAllpuMep a30TOM.

PesepByap ¢ mraBaroreit KpBIMIKOM OTKPHIT cBepxy (puc. 2.19). Ilpu atom Ha mo-
BEPXHOCTH KHUIKOCTH ILJTaBaeT MUCKOBUIHAS KPHIMIKA. B pe3ynabraTe XpaHuMast sKU/I-
KOCTb MMeeT JIMIIh MUHAMAJIbHEIA KOHTAKT ¢ aTMOC(EPHBIM BO3IYXOM Yepe3 HeOOJIhb-
IITHe 3a30PhI MEKTy KPBINIKOM U CTeHKaMU pe3epByapa.

PesepByapsl ¢ I1aBamOIIMMY 1 HEIOABIKHBIMU KPBIIITKAMIY IIPUATOIHEI JJI XPAHEHIS
TOPIOYNX JKUIKOCTEH ¢ HU3KOM YIIPYIOCTHIO IAaPOB (CIA00MCIIAPAIOIINXCS SKIUIKOCTEH).

I ( Tas

Puc. 2.18. PesepByap a1 xpaHeHUsT JKATKOCTEH
C HETIOJBUKHOM BBITYKJION KPBITITKOM
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HJIaBaIOH_[aH KPBIITKA

\

| N T

Puc. 2.19. PesepByap o711 XpaHeHUS SKUIKOCTEH
C TIJIaBaIOIIEeN KPHIITKON

Cdepuueckue pesepByapsl HUCIOJB3YIOTCS JIJIsI XPAHEHUSA KHUIKOCTEH C BBICO-
KO YIIPYTOCTHIO ITAPOB JIM00 I CAKIsKeHHBIX 1a30B. Cepudueckass popma 6osiee Bcero
IIOJXOMUT JIJISI BOCIIPUATHS M30BITOUHOIO JABJICHHUI.

2.4.5.2. Pe3epByapbl ANA FA30B

Jlia xpaHeHus pasJIMYHBIX Ta30B HCIOJIB3YIOT PA3HOOOpAa3HbIe MHIKEHEPHBIE CO-
OpPY KeHIsI, Ha3bIBaeMble Ira3rojibIepaMus — COOPY KeHU JJId XPaHeHHs Ira30B 101 13-
6BITOLIHBIM JaBJICHMEM.

B 3aBHUCHMOCTH OT IIPMMEHAEeMOr'o JaBJICHUA I'a3roJiIbJePhbl MOI'yT 6]E>ITI:> pa3ageJiIeHbl
HA JBa OCHOBHBIX KJIacca:

a) ra3roJibgepbl BEICOKOI'O JaBJICHUA, IIPEJHA3HAYECHHBIC OJIA SKCILJIyaTallluyl IIPK
pabounx maBiaeHmusax rasa or 1,5 o 30 atm u 6ostee (puc. 2.20);

0) ras3roJIbIepPhl HI3KOIO JABJICHIS, B KOTOPBIX JaBJIeHIe 00bIMHO He mpeBkiaer 1,05 aTm.

TN

TR

!

1“ DN

a 6 8

Puc. 2.20. CxeMsbI rasroybaepoB BHICOKOTO JABJICHUS:
Q — TOPHU30HTAJIBLHEIN; 6 — BEPTUKAJIBHEIN; 8 — chepudecKutl (I1apoBoii)

[Tprmepom rasrosibiepa HU3KOTO JABJICHHUSI MOKET CIYKUTH XPAHUJIUIIE IIepeMeH-
HOT'0 00beMa — MOKPEIH rasroapaep (puc. 2.21). Ou mpencrasisieT OO0 BepTUKAILHBIA
AJIHHAPUYIECKHUI pe3epByap I, BHYTPH KOTOPOro IJIaBaeT Kojaokoua 2. B saBucumocTn
OT KOJIMYECTBA IIOIaHHOI'0 ra3a KOJIOKOJI BCILIBIBAET HA YPOBHEM KUIKOCTH HA OOJIBIITYIO
WJIH MEHBIIYIO BEICOTY, 00pa3ys HeoOxXoauMelit oobeM. Ilogadua u orBog rasa B ra3roJib-
Jilep OCYIIeCTBJIsIeTcs TpyoompoBogamu 3 u 4.

8 Ot aHriI. gas — ra3 u holder — nep:xaTeb.
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Puc. 2.21. I'asrosnpnep HU3KOro qaBJIEHUS:
a — IPH 3AII0JHEeHUH ra3oM; 6 — IIPH HoJave ra3a IoTpeOuTelo;
1 — HeTIOIBUIKHEIH pe3epByap; 2 — MOIABEMHBIN KOJIOKOJI;
8 — TpyOOIIPOBO OJI MOABOAA ra3a; 4 — TpyOOIIpoBOI AJISI OTBOIA ras3a

2.4.6. l'mppaBAMUECKUE MALUUHDI

Baxon [lackais npuMeHHUM U [IJIsI pacyeTa MHOTHX T'HIPABINYECKAX MAIIIKH.

Paccmorpum npumenenne 3axona Ilackans qiia pacyera ruapaBIHYecKoOro mpec-
ca. B obiiem ciryuae rumpaBIInUecKUi IIPece COCTOUT U3 ABYX IIUJIUHIPUIECKHIX KaMep
pasamuHOoro guaMerpa I 1 2, COeIMHEeHHBIX MeKIy co00i TpyOOoIpoBoaoM 3 (KaHaIoM)
(puc. 2.22) ¥ IOJHOCTHIO 3AII0JHEHHBIX padouell sKHUIKOCTHI0 (MacIoM).

L Ll

Puc. 2.22. Cxema rumpaBiimiecKkoro mpeccea:
1, 2 — kaMepsl; 3 — COeIUHUTEILHEBIN TPYOOIIPOBOI,
4, 5 — mopiHy; 6 — 00BbEKT HPUJIOMKEHMS CHJIBL CHKATHUS,
7 — HEeIIOABMKHAS YaCTh IIpecca

B xamepe I umeetcs mopiieHb 4, a B KaMmepe 2 — MOPIIeHb 5, KOTOphbIe MOTYT IIepe-
MemaThbed. [lnomans monepedyHoro ceueHns MeHbIeTo IOpINHA 4 paBHa S;, a 00Jb-
Iero MopImHa 5 — S,. Eean k¥ mopirHio 4 TpuiIoKuTs cuity [, To oI HUM cOo3JaeTcs
cpelHee NaBJIeHWE p, BeJIWYMHA KOTOPOTO paBHA
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p=_1L. (2.72)

Corstacuo 3akony Ilackasis, Takoe ske qaBJiieHHe p IIepegaeTcs Ha IIOPIIeHb 5. JTO
IaBeHne, OyAyYHr HAIPaBJIEHO HOPMAJBHO K HIMKHEH IIOBEPXHOCTH IOPIIHS 5, CO-
3maet cuiy F,, TedCTBYIONIYIO HA IIOPIIeHb:

F, = pS,. (2.73)

Cuna F, nepenaercs 00BeKTy IPUJIOKEHUSA CHIIBL CXKATHA 6 Yepe3 IIOPIIeHb 5.

Taxum obpasom, ccrumaromasa cuna I, mogydyaeMas B FrHAPaBINIeCKUX IIpeccax,
paBHa

5,
1 S,

Ananusupys ypaBHeHHe (2.74), MOKHO OTMETHTH, UTO C:KUMAloIIas cuia F, mpamo
IIPOIIOPIIMOHAJIBHA IIOIIAAY OOJIBIIET0 IOPIIHA S, X 00pPaTHO IIPOIOPIIMOHAJIBHA
ILIOIIANY MEHbIIIero HOPIIHA S,. YpaBHeHuUe (2.74) cipaBeJIMBO IJIS COCTOSHHUSA II0-
KOs UJeaJbHOI0 THUpoIIpecca.

[Ipu pabore peaJbHBIX THAPABINYECKUX ITPECCOB MEMKIY IIOPIITHAMH (YIIJIOTHI-
TeJbHBIMH KOJIBIIAMK) 1 BHYTPEHHUMH IIOBEPXHOCTSIMH COOTBETCTBYIOIIUX KaMep BO3-
HUKAIOT CUJIBI TPeHUsd, IPUBOAAIINE K YMeHBIIeHUI0 cxuMalomero yeunusa F,. Ilo-
aTomMy ypaBHeHwue (2.74) I caydasi peaJbHBIX THIPOIIPECCOB IPUHUMAET BU/

F,=F, %n- (2.75)

1

roe N — KIIJI mpecca.

NPUMEP 2.18

Onpenenuts cixumalomee ycunue F,, padBuBaeMoe I'HIPaBINIECKIM IIPEeCCOM
(cMm. puc. 2.22), eciu guameTp Oostbiroro mopinaa D = 300 MM, guamMeTp Majoro
nopmHa d =30 MM. Ycnime, mpuraraeMoe Ha MaJIbli mopineHs, F] = 2500 H.
Becom mopimHeit u TpeHneM mrpeHeOpedsb.

PelwweHune

Cexumaromiee ycunue F, , pasBuBaeMoe rupaBIndecKUM IIPeCCOM, MOKHO OIIpesie-
JIUTH 110 popmyte (2.74):

nD? ,
S, 4 D
Fz :F1§1:Fl—nd2 :E?,
4
roe S, u S, — IIomAagu OOJIBIIIOrO U MaJIOro IOPIIHel! IIpecca, M.
0,3%
F, =2500- 5 =250 000 H =250 xH.

>

Oteer: F, =250 kH.

4 A. V. BUNbKOLKWI 1 ap.
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2.4.7. Pacuet ruppo3aTBopoB

J11st TOoro uTOOBI IIPEJOTBPATUTH HOIIaJaHNe BO3AyXa M3 aTMOocqephl B allliaparsl,
KOTOpBIe HAXOJATCS II0[ paspsisKeHuneM, JJr00 Hao00pOT, YTOOBI I'a3bl U3 aIlllapaToB C
M30BITOYHBIM [ABJIEHHEM He IIOIMafaii B aTMocqepy, IPHUMEHSIT T'HIP03aTBOPHBIE
ycTpoiicTBa (THIpPO3aTBOPEL).

ITycts B anmmapate I (puc. 2.23) HaxoguTCA ra3 01 aOCOJIIOTHBIM JTaBJIeHUEM P,
KOTOpOe MeHbIlle 0apOMeTPUUIEeCKoro (aTMocdepHoro) pg, . TpyOra 2 oqHMM KOHIIOM
IIPUCOeINHEHA K anmnapary I, a Apyroil ee KOHEIT OIYIeH B JKUIKOCTh IIJIOTHOCTHIO P,
KOTOpasi HAXOIUTCSA B THAPO3aTBOPHOM cTakaHe 3. CBOOOIHAS ITOBEPXHOCTD SKUIKOCTH
B CTaKaHe HAXOAWTCS IO/l ATMOC(EPHBIM JABJIEHUEM Pg, , KOTOPoe Oosble p,.

[TpoBenem mHuBeupHY0 MIOCKOCTh 0—0 MO CBOOOIHON MOBEPXHOCTH SKUTKOCTU B
crakare. Berbepem Ha Hell TOUKy A, KOTOpasi PacIIoJIo:KeHa B TPyOKe, 1 TOUKy B, xoTo-
pas pacrmosioskera B craxkaHe. Ompenesanm BbICOTY A, HA KOTOPYIO IIOJTHUMETCS KHI-
KOCTh B TpyOKe 2.

Corytacuo ypasaenwuio (2.30), a0CoOIIOTHOE JAaBJIEHIE

— 111 TOUuKH A

Pa =D, +p8h; (2.76)
— 1711 Toukn B
PB = Deap- (2.77)

Tak Kak *KUIKOCTH HAXOAUTCSA B paBHOBECHUH 1 TOYKH A 1 B jexaT B 0JHOM ropu-
30HTaJIbHOH 1mIockoctu 0-0, To

Dy = Dp-
CremoBaTe ibHO, MOKEM IIPUPABHATH U IpaBbIe YacTu ypasHenwui (2.76) u (2.77):
Dy +p8h = Dgyp- (2.78)
Bripaskas u3 mocienHero suadueHue A, mMOJyIUM
j, = Poap ~ Pr (2.79)
pPs

Puc. 2.23. Cxema runposarsopa misa anmapara, Puc. 2.24. Cxema rugposaTsopa IJIs anmnapara,
paboTaroIero mo I pa3peskeHueM: paboTaliero Mo N30bITOYHBIM TaBJICHIEM:
1 — ammapar; 2 — TpyOKa; 1 — anmapar; 2 — TpyOKa;
3 — cTakaH T'IapPO3aTBOPHBINA 3 — cTaKaH Tuapo3aTBOPHBINA
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Ecsn abcosoTHOE naBienue rasa B anmapare p, 6osbiie aTMOCPEpPHOTO P, , TO
3amavell THAPO3aTBOPA ABJIAETCA yAep KuBaHUe ra3a B anmnapare (puc. 2.24).

[Tpoenem mHuBeMpHYIO MIOCKOCTH 0—0 MO CBOOOIHON MOBEPXHOCTH KUIKOCTUA B
TpyOKe 2 u BbIOepeM aBe Touku A u B, jieskarue Ha aT0# 110ockocTH (puc. 2.24).

[TpoBoast aHAJIOrMYHEBIE paCCy KIeHUsI, MOKHO 3aIlCcaTh YpaBHEHUe JIJIs pacdyera
TJIyOMHBI OIIYCKAHUSA KUIKOCTH B TPYOKe THIpo3aTBopa:

j = Pr~ Poap (2.80)
pg

NMPUMEP 2.19

B peakTope mepmoaudeckoro QefiCTBUsS €MKOCTHOTO THUIIA JaBJIEHHE Ta30BOM
cpenpl MOKET M3MeHAThCA OT M30BITOUuHOro p, . =60xklla mo paspemxenus

Dpasp = 30 klTa. Kaxoii MuHMMAJIBHON MJIMHBI JOJKHA OBITh BepPTHUKAJIbHAS
YacThb TPYOBI BOAHOTO T'HMIPO3aTBOPA, YTOOBI ra3bl M3 €MKOCTH He II0Haga/Id B
atMmocdepy b0 armMocepHBI BO3AyX He momagaj B eMkocTh? llmoTHOCTB
BOJBI B TUIPO3aTBOpPe IPUHATH paBHOU p =1000 RI‘/ M.

~— w

1 — peakTop; 2 — TpyOKa THAPO3aTBOPA;
3 — CTaKaH TUAPO3aTBOPHLIN; 4 — MAHOBAKYYMMETD

PeweHue

b
Ecnu maBienue rasa B peakTope BBIIIe aTMOCQEPHOr0, TO YPOBEHb JKUIKOCTU B
TpyOKe THapO3aTBOPA OIIyCTUTCA HA BEJIMUYUHY A, KOTOPYIO MOXKHO OIPeIesIUTh II0
dopmyze (2.80):
h = by _p6ap _ DPrss
om - ’
pg pg

rae p, — abcosloTHOe faBJleHne ra3a B peakrope, Ila; ps, — bapomerpuueckoe nas-
snenwue, [la; p — IJIOTHOCTH JKUIKOCTU B THAPO3aTBOpPE, KI/ M.
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60-10°

L =——— _=612m
1000-9,81

Ecnu naBnenwme rasa Huke aTMocdepHOro, TO YPOBEHD JKUJIKOCTH B TPYOKe T'U/I-

po3aTBOpa MOTHUMETCS Ha BEJUYHHY A, , KOTOPYI MOXKHO OIpPEIeJUThb 10 (op-

myse (2.79):
hnoﬂ — pﬁap —Pr — ppasp ]
ps ps
103
30-10 = 3,06 M.

moa = 7000 9,81

Torma ob1as qIMHa BEPTUKAJIBLHOM YacTH TPYOKH TUApo3aTBopa A JOJIKHA OBITH
He MeHee

h=h, +h,=612+3,06=9,18 m.
OtBer: h=9,18 m.

2.5. BOMPOCbI AA CAMOINOAIOTOBKHU U CAMOKOHTPOASA

1. Yo mpencrasisieT coboit ruapocTaTudeckoe masiaeHne? [IpuBenure e TUHAIIBI 13-
MepEeHNs TUAPOCTATHYECKOr0 JaBJICHII.

2. JlatiTe oupeneaernune abCOIOTHOTO, 0apOMETPHUUECKOT0, M30BITOYHOIO JaBJIEHHU,
a TaKsKe Pa3peskeHnsd.

3. 3amnuimTe OCHOBHOE YpaBHeHUe TuApocTaTUKHU. [ losgcHUTe sHEpreTHYeCKUit CMBICT
cJIaraeMbIX, BXOISIIHNX B 9TO YpaBHEHHE.

4. Chopmynupyitre saxon [lackass.

5. [IpuBenuTe IIpuMepHI UCIIOJIB30BAHUS COOOIIAIOIIIHNXCS COCY/IOB.

6. UTo Takoe mbe3oMeTp U JIJIs YeT0 OH HCIIOJIb3yeTCs?

7. IlpuBeauTe IpuMephI YCTPOMCTB IJIS OIpeaesIeHus Iieperasia JaBJIeHUid.

8. Kak ompemesminTsh cuiIy qaBJIeHUS sKHUIKOCTH HA IIJIOCKHE II0BEPXHOCTH?

9. Kaxk ommpemesnTh CHUILY TaBJICHUS KUIKOCTH HA KPUBOJIMHENHBIE IOBEPXHOCTH?

10. Cdopmynupyitre 3akoH Apxumena. JaIUIIUTe yCJIOBHE ILJIABAHUS TeJI.

11. OnummTe TPUHIAIL JeMCTBUSA TUIPABIMIECKOr0 IIpecca.

12. IIlpuBeguTe mpuMepHI UCIIOIH30BAHUS THIPO3aTBOPOB.



'hnaBa 3
OCHOBbl TMAPOAUHAMUKH

B AaHHOM rAnaBe nprBeAeHbl OCHOBHbIE MOHATUS U ONPEAEAEHUSI TMAPOAMHAMMUKU, AAH Bbl-
BOA OCHOBHbIX YPaBHEHUI TMAPOAMHAMUKK, B TOM YMUCAEe AMPPEPEHLMANBHDBIX YPaBHEHWI He-
pa3pbIBHOCTM NOTOKa M HaBbe - CTOKca, a Takxe ypaBHeHUe BepHyAAW, MOKa3aHO MpakTuuye-
CKO€e NPUMEHEHNE ITUX YPaBHEHUI B XMMUUYECKOW TEXHUKE U TEXHOAOTMWU. PaccMOTpeHb! 3aKo-
HOMEPHOCTH ABMXEHWUSI HBIOTOHOBCKUX M HEHBIOTOHOBCKMX XMAKOCTEN B Tpybax 1 annapatax npu
Pa3AUYHBIX TMAPOAMHAMUYECKUX PEXUMAX.

Takxe B rAaBe AaHbl OCHOBbI MOAEAMPOBAHMA U TeoprM NOA0OMS, CAEAAH BbIBOA KPUTEPHEB
noaobus, NokaszaHo UX MPUMEHEHME B KPUTEPHUAAbHBIX ypaBHEHUSX. OnMcaHbl METOAbI pacyeTa
rTMAPABAMUYECKOTO COMPOTUBAEHMS MPU ABUXEHUMU XMAKOCTEN B TPybONpoBOAax M annapaTtax.
MpeAcTaBAEHbI TUNOBbIE MPUMEPDI PACUETOoB.

Rozdziat 3
PODSTAWY HYDRODYNAMIKI

W rozdziale wprowadzono podstawowe pojecia i definicje hydrodynamiki, rozwigzania i
wnioski z podstawowych rownan hydrodynamiki, w tym z rownania ciggtosci przeptywu, réwnania
Naviera - Stokesa i rownania Bernoulliego, wskazujac na ich praktyczne zastosowanie w
inzynierii i technologii chemicznej. Oméwiono prawa ruchu ptyndw newtonowskich i
nienewtonowskich w przewodach i urzgdzeniach dla réznych reziméw hydrodynamicznych.

Rozdziat zawiera takze podstawy modelowania i teorii podobienstwa, pokazujgc ich
zastosowanie przy uzyciu rownan kryterialnych. Pokazano rowniez metody obliczania oporu
hydraulicznego podczas przeptywu ptyndw w rurociggach i urzadzeniach. Rozdziat zawiera
przyktady obliczeniowe.

Chapter 3
THE BASICS OF HYDRODYNAMICS

The chapter introduces the basic concepts and definitions of hydrodynamics, the solutions
and conclusions from the basic hydrodynamic equations, including the continuity equation, the
Navier - Stokes equation and the Bernoulli equation. Practical application of these equations in
chemical engineering and technology are highlighted. The motion (flow) of Newtonian and non-
Newtonian fluids in pipes and other equipment are discussed for various hydrodynamic regimes.

The chapter also contains the basics of the modeling and the theory of similarity (simili-
tude), showing their use in the form of dimensionless equations. Methods for calculating hy-
draulic resistance during fluid flow in pipelines and other equipment are also shown. The chap-
ter contains examples of calculations.
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3.1. OCHOBHDbIE NMOHATUA U ONPEAEAEHUA

OcHoBHOIT 3amavedl THAPOIUHAMUKN KaK YACTHU THAPABIUKH SBJISETCS U3yUIEHIE
3aKOHOB JBIKEHUS KUTKOCTEH 1 ra3oB. PacueTsl B 00/1aCTH TUIPOIMHAMUKN CBOISTCS
B OCHOBHOM K HAXOKIEHHIO BEJIUMYNH, XapaKTePU3YIOIINX IBUKEeHNEe: pacX0g0B, CKOPO-
cTell TeYeHUN U JaBJICHHUM, BOSHUKAIOIINUX B PA3JINYHBIX TOYKAX JBUMKYIIEHCS KUTKO-
cru (rasa). JlaHHBIe BEeJIMUMHBI 3aBUCST OT IIOJI0KEHUS TOUYEK, OIpeaesIaeMbIX KOOPIU-
HATaMH X, Y, Z, X OT BpeMeHM.

Pasmmuaror cienyionime BUABI ABUMKEHUSA KUIKOCTU: YCTAHOBUBIIEeCs (CTAILHO-
HapHOE) 1 HeyCTAHOBUBIIeecs (HecTaIlMoOHAPHOe), HAITIOPHOEe ¥ HEeHAIIOPHOe.

[Ipr ycraHoBHBIIEMCS OBUKEHHMN CKOPOCTH, YCKOPEHIe M TaBJICHHE B JAHHOMN
TOYKE MOTOKA He MEHSIOTCS C TeUueHmeM BpeMeHHU. lIpy HeycTaHOBUBIIEMCS CKO-
POCTh, YCKOPEHNe U JaBJIEHHEe B TOUKE ABJISIOTCS (PYHKIE BpeMeHH.

VeranoBuBIIMecHd ABMKEHUS sKUIKOCTH XapaKTePHBI IJI HeIIPePhIBHLIX TeXHOJIO-
TUMYECKUX ITPOIIECCOB, HEYCTAHOBUBIIUECS — JIJIS IIEPUOIUIYECKNX, TAKKE OHM KPATKO-
BPEMEHHO BO3HHKAIOT IPH IIyCKaX, OCTAHOBKAX M M3MEHEHHIX PesKrMa PadoThI alria-
PaTOB HEIPEPBIBHOTO JeHACTBHUS.

YcranoBuBIIIeecs OBUKEHNE MOKET ObITh PABHOMEPHBIM I HEPABHOMEPHBIM.
[Ipu paBHOMEPHOM IBHKEHUN 3JIEMEHTHI IIOTOKA (CKOPOCTD, JaBJICHNE) He MEHSIIOTCS
BJOJIb JINHUU TOKA. [IpuMepomM paBHOMEPHOIr0 ABUMKEHUS CIYKHUT ABUMKEHUE KHUIKO-
CTH B IIAJIMHIPUYIECKOM TPyOe MOCTOSHHOIO CeUEHUsI, a HEPABHOMEPHOI0 — JBUKEHIE
B KOHUYECKHU CXOJIAIIEHC UJIN pacXodsieiics Tpyoe.

BesnanmopHbIM Ha3bIBaeTCs Takoe ABHKEHME, KOTAa JKHUIKOCTh MMEeT CBOOOI-
HYIO, T. €. OTKPBITYIO ¥ HAaXOQAIILYIOCI OOBITHO II0J aTMOC(EePHBIM JaBJIEHIEM, II0BEPX-
HOCTb. IIpu oTcyTCTBMI TaKO# II0BEPXHOCTH IBMKEHINE HA3BIBAIOT HAMOPHBIM. [1pu Ha-
IIOPHOM JIBHMKEHUH CeUYeHHe TPYObI MOJHOCTHIO 3AIIOJIHAETCS KUAKOCTh0 (puc. 3.1, a).
[Iprmepom Oe3HAIOPHOIO ABUKEHUS SIBJISIETCS IBHKEHNE BOOLI B PeKe MJIN KaHaJle, a
TaKke B TPyOe, ceueHne KOTOPOH He MOJIHOCTHIO 3aII0JIHEHO sKUIK0CThIo (puc. 3.1, 0, 8).

a 6 8

Puc. 3.1. IIpumepsr HamopHOro 1 6€3HAIOPHOT0 ABMMKEHIS KU TKOCTEMH:
Q — HATIOPHOE JBUIKeHue; 0, 8 — 0e3HATIOPHOE IBUKEHE

IToToxoM HaskIBaeTCA ABMKYIIUNCI 00bEeM MKUIKOCTH KOHEYHBIX PAa3MepoB.

JIuHusa TOKa — 3TO JIMHUS BHYTPHU IIOTOKA, B Kaxk10i Touke (A, B, C, D, E) xoTopoit
B JAHHBIM MOMEHT BpeMeH! KacaTeIbHasi COBIIAIaeT C HallpaBJIeHUEeM CKOPOCTH (W 4, Wx,
We, Wp, Wg) (puc. 3.2). Tarast CKOpoCcTh HA3BIBAETCS MECTHOU (JIOKAJIBbHOI) CKOPOCTHIO.

KuBoe ceuenune — 9To ceueHmne IIOTOKA KUIKOCTH (B TPyOOIIpoBOAe, KaHAJIE U IIp.),
MePHEeHINKYJIAPHOEe HAaIPpaBJIEHHIO CKOPOCTH ee TeueHus. I1py miIaBHo naMeHOIeMcs
IBUKEHNUHN SKAJKOCTH KMBOE CeUEHNE CUMTAETCA IIJIOCKMM M PABHBIM ILJIOIIAIM IIOIe-
peunoro ceuenus moroka. Ha puc. 3.1 :xuBBIe ceUeHHsT IIOTOKOB COOTBETCTBYIOT 3aTYy-
IIeBAHHOM 00JIaCTH.
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wy BB C w O6BemubBIM pacxoaoMm @, M3/ ¢, Ha3bIBaeTCs

A wCD 00BbEeM KUIKOCTH, IIPOXOIAIIEH Yepes JKUBOoe ceve-
HIeE IIOTOKA 34 eJUHUILYy BPeMeHM.

wh Maccossim pacxogom G, Kr/c, HassIBaeTcs

Puc. 3.2. K moHATHIO THHUK TOKA Macca KUIKOCTH, IIPOXOIAINAL Yepes sKUBoe ceve-

HIe IIOTOKA 34 eIUHUILY BpeMeHHU.
Cpenueit (cpegHepacxogHO) CKOPOCTHIO W, M/C, B "KMBOM CEUEHHU HA3BIBAETCS
YCJIOBHAS, OAMHAKOBAS JIJIsI BCEX TOUEK CeUEeHUS CKOPOCTh, TP KOTOPOM PacXoI ITIOTOKA
OyIeTr Takoi ke, KaK U IIPU PA3JIMIHBIX MECTHHBIX (JIOKAJIbHBIX) CKOPOCTSIX.
O0BeMHBIH pacxo ¢ U CpeaHsisi CKOPOCTh OJHOHAIIPABJIEHHOI0 YCTAHOBUBIIIETOCS
IIOTOKA W CBSI3aHBI MEKIY co00I ypaBHEHHEM Pacxoia:

Q=wsS, (3.1)

rae S — IJTOIIA b sKUBOTO CEYEeHMs TIOTOKA.
IIpm m3BeCTHOM IIJIOTHOCTH KUIKOCTH P JIJI OOHOHAIIPABJIEHHOTO YCTAHOBUBIIIE-
roCsI IIOTOKA CYIIECTBYeT CBs3b Mexkay G u Q:

G=pQ, (3.2)
WJIN C yu4eToM ypaBHeHus (3.1)

G =pwS. (3.3)

o KT
B pacueTrax TaK¥e UCIIOJIB3YIOT IIOHATHE MaCCOBOM CKOPOCTH W, 5 KRoTOopad
M -C

ompeneJsideTcd Karx MAaCCOBBI pacxond JKUAKOCTH Yepe3 eTMHUILY IIOIIePEeYHOIr'0 CEYeHU A
IIOTOKA:

W =

%, (3.4)

HJIN ¢ yuyeToM ypaBHeHUsd (3.3)
W =wp. (3.5)

K simemenTaMm skMBOro ceueHuss KpoMe ero ILIOIIAAN S TaKKe OTHOCIT CMOYEeHHBIN
HepUuMeTp U THAPABIUNIECKUN PaJIIyC.

Cmouensiii nepumerp II, M, mpencrasiasier coboil cyMMy JIMHEHHBIX Pa3MEpPOB
TOM YaCTHU IIepuMeTpa II0IIePeUHOro CeueHus TPyoompoBoaa (kaHaaa), KoTopas CMadu-
BaeTCd KUIKOCTBIO.

IIpu pacuerax ciaeayer yUUTBIBATh, UYTO Pedb HIAET O CEUEHHH 1 IIepHUMeTpe He Ka-
HaJIa, a YKUBOI'0 CeUEHU II0TOKA. JDTH MOHATHS COBIAIAI0T TOJILKO JJIsI KaHAJIOB, B KO-
TOPBIX BCE CEeYEHHEe 3aHSITO KHIKOCTHbIO (pHc. 3.3, @), YTO COOTBETCTBYET HAIIOPHOMY
IBUKECHUIO JKUTKOCTH.

Ecnu ke skuBoe ceveHme MOTOKA COCTABJISET HEKOTOPYIO JIOJII0 CeUeHUs KaHaja
(puc. 3.3, 6, 8), TO YacTh IepPUMeETPa IIOTOKA, COIIPUKACAIOIIEr0Cs He CO CTEHKOM, a C Ta3oM,
He BKJIIOYAETCS B CMOYEHHBIA IIEPUMETP. OTH CJIy4ar COOTBETCTBYIOT 0€3HAIIOPHOMY
OBUKCHUIO KUITKOCTH!.

1 [Tpu mipoBeeHnu ruapasandeckux pacueroB B Kypce [InAXT B ocHOBHOM paccMaTpuBaeTcs Ha-
TIOPHOE JIBUKEHUE JKUTKOCTEH.
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Puc. 3.3. K pacuery cmouensHoro mepumerpa:
Q — HAIIOpHOe TeueHwue; O, 6 — 0e3HATIOPHOE TBUIKEHUE;
IT — cmouennbIt mepumeTrp (FRUPHAST JTUHUM); A — cBOOOIHAS TTOBEPXHOCTH

I'mppaBnuaeckuii paguyc r,, M, — OTHOIIIeHUe IIJIOIMIAIH *KUBOI'0 CeYeHNU K CMO-
YeHHOMY IIepUMeTpPY:

S
r.=—. 3.6
T H ( )
Harmpumep, 1151 HammopHOro IMOTOKA KUIKOCTH, TEKYIIEr0 B KPYIJIOHN Tpyoe,
d2
s=I% ;
4
II=nd,
rme d — BHYTPeHHUH JuaMeTp TPYObI, M.
Torma u3 ypaBHeHUs (3.6) IOJIyIuM
nd®
p=S_4 _d_r
"I md 4 2

rIme r — paguyc TpyObI, M.

CremoBaTesIbHO, JJIS KPYTJIOTO CeYEeHUS ITOTOKA THIPABINYECKUN PaTUyC YHUCIeH-
HO paBeH II0JIOBHHE TeOMEeTPUUYECKOr0 PaaUyca OKPYKHOCTH TPYOBI UJIM YeTBEPTH ero
nuametpa. [Ipu ogMHAKOBBIX ILJIOIIALSAX KHMBOTO CEUYEHHUS KpyrJas opMa B cpaBHe-
HUM C IPYTUMHU UMeeT HAUMEeHBIITHUI ITePUMeTP ¥ HaruOOIbIITHUI THAPABINYECKUN PaTHAYC.

[M'mnpasauyeckuii paguyc IBJSIETCS OJHUM U3 BAKHEUIITUX ITOHATHHA TeXHUYECKOMN
runpasiauku. Kpome rumpaBindeckoro paguyca WHOTAA MOJIB3YIOTCSI MOHSITHEM THJI-
PaBJIMIECKOTr0 MM dKBUBAJIEHTHOIO JuaMeTpa d,, KOTOPHIN IPeACTaBIgeT COOOM
VCJIOBHBIH JHUAMETP KHMBOI0 CEUEHHS II0TOKA JII000 reoMeTpHUYecKoil (pOpPMEBI, KOTOPOe
HAXOJIUTCA B TUIPABJIMYECKU IOJIO0OHBIX YCIIOBUAX C KPYTJIBIM CEUEeHUEM TUaMeTpoM d.
OKBHUBAJIEHTHBEIA IUaMeTp d , M, OIPEIeJIS0T KaK

48
d, =4r, = o
OmpenesinM 3HaYeHUs 9KBUBAJIEHTHOIO IHAMeTpa JJIsi HanboJiee 4acTo BCTpeda-
FOIUXCS HA MIPAKTUKE PA3JIUNYHBIX (DOPM CEUeHUWH HATIOPHBIX TPYOOIIPOBOIOB.
JI71s1 KPyTJI0TO MOIIePEYHOT0 CEeUeHUS

(3.7)

nd?
4s 4 4
d=-2= _=d, (3.8)
II nd

T. €. IJIsI TPYO KPYTJIOTO CeYEeHUs SKBUBAJIEHTHHIM JUAaMeTp paBeH BHYTPEHHEMY JIUAa-
MeTpPy TPYOHI.
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Jl1st TpyOOIIpOBOaa KBAZPATHOIO MOMIEPEYHOr0 CEYEHUs CO CTOPOHON a:
S =a?;
II=4a.

Torna, ncrmonb3ys ypaBHerue (3.7), 3anuinem

d - a. (3.9)

> A4q
J17151 KOJIBIIEBOTO CeUEeHMsI, 00Pa30BAHHOI0 JBYMS COOCHBIMHU TPYOAMU, C YIETOM TOTO,
UTO KUIKOCTD IIOJHOCTBIO 3AII0JIHAET KOJIbIleBoe ceueHne (puc. 3.4), MOMKeM 3alIncaTh
2 2
nD* nd b8 T
=—-=—=2(D*-d*)==(D+d)(D-d);
4 4 4 4

H=nD+nd=n(D+d),

rame D — BHYTpeHHHUH AuaMeTp HapyKHOM (KOMKyX0BOH) TpyOs! I; d — HApYKHBII IUa-
MeTp BHYTpPeHHeH TpyOsI 2.
Torma, ucIoIb3yst 3aBUCUMOCTD (3.7), MOKeM 3aITrucaTh

4-5(D+d)(D-d)
-4 =D-d. (3.10)

a n(D+d)

Paccmorpum ceuenne (puc. 3.5), o0pasoBaHHOE OOJIBIIION TPYOOH (KOKyXoM) I ¢ BHYT-
peHHUM guamerpoM D, , B KOTOPOH PACIIOJIOMKEH IIyUOK U3 N IapaslyIeIbHBIX TPyO 2 ¢
HAPY’KHBIM IUAMeTPOM d, pas3MeIleHHBIX MapaJLIeJIbHO OCH Koxkyxa. JHumarocTs 1BU-
SKeTCS BIOJIb TPYO BHYTPH KOKYXa, OMBIBAsI HAPYIKHYIO IIOBEPXHOCTD IIYYKa TPYO U I10JI-
HOCTBIO 3AII0JIHSIS 9TO MPOCTPAHCTBO (MeKTpyOHOe mIpocTpaHcTBo). JJ1sa manuoro ceve-
HUS MOYKHO 3aIIHCATh:

S:TEDI%_mtd2 =E(D2—nd2)‘
4 4 g\ ’

II=nD, +nnd =n(D, +nd).

o

D

K

Puc. 3.4. KonblieBoe ceuenue: Puc. 3.5. Ceuenne ¢ myuxom TpyoO:
1 — mapyxkHas Tpyba; 2 — BHyTpeHHa TpyOda 1 — KORyX; 2 — TpyOBI
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Torma, ucmob3ysa popmyay (3.7), IOIydruM

T2 2

4—(D; -nd 2_ 52
d, = A )=Dxnd. (3.11)

n(D,+nd) D +nd

AHaIornyHBIM 06pa30M MOSKHO IIOJIYYHUTHb SHAYEHHNA 3KBHBAJICHTHBIX THMAaMETPOB
AJIA JPYI'uX pacCiipoCTpaHEHHBIX B HHHCGHGpHOfI ITPaKTHUKEe CEeUYEeHUI.

NMPUMEP 3.1

ITo rasoxomy mpsimoyrospHOro ceueHus axb=0,3x0,5 M mepemeriaercs ras.
OmnpenennTh SKBUBAJIEHTHBIN JHaMeTP ra3oxoaa.

PeweHue

Tak kak ras saHuMaer Bce IIPOCTPaHCTBO ra3oxoga, To IJiomaab CeYeHHrd IIOTOKa
PaBHA ILJIOIITAOH IIOIIEPEeYHOI'0 CeUeHHUA ra3oxoga.:

S =ab.
S=0,3-0,5=0,15m".
CMoOYeHHBIH TTepUMETP
[m=2 (a + b).
I1=2-(0,3+0,5)=1,6 m.
OKBUBaJIEHTHBIN JUaMeTp, COrJIacHo hopmyie (3.7), ompenessieTcss Kak

48

Oreer: d, =0,375 M.

NMPUMEP 3.2

OmnpenennTh JKBUBAJIEHTHBIN TUAMETP MEKTPYOHOI'O IIPOCTPAHCTBA KOMKYXO-
TpyOUaTOro TEIJI000MEeHHUKA, mMeInero 128 Tpyo pasmepom? 25x2 mMm . Jlua-
Mmetp koxxyxa D = 0,5 m.

PeweHue

OKBHBAJIEHTHBIN JUAaMeTP MEKTPYOHOIO IIPOCTPAHCTBA MOYKHO OIPEIEJIUTh II0
dopmye (3.11):
d - D? —nd?
° D +nd

Hapysxusiit quamerp tpyo d =25 mm = 0,025 m. Yucsmo Tpyd n =128 .

2 3neck 25 MM — HAPYKHBINA JUAMETP TPYORI; 2 MM — TOJIIIINHA cTeHKN. Bojiee mogpodHo 0 pasMepax
TpyO cm. . 5.1.2.1.
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Torma sxBHBaJIEHTHBIN quaMeTp OyaeT paBeH

2 . 2
320,5 128-0,025 — 0,046 .
0,5+128-0,025

Orger: d, =0,046 M.

3.2. PEXXUMbIl ABWXEHUA XKUAKOCTU

CrpykTypy moToka® B TpyOax M3ydyaju MHOIHMe HccjemoBaresnd. Yske B 1839 r.
I'. 'aren (G. Hagen) sameTnJ1, 4T0 CKOPOCTH 1 pacxo BOALL B TPyOaX MaJIOro JuaMeTpa
(1,4-3 MM) TIpu MOCTOSHHOM YPOBHE B HAIIOPHOM Oake CYIIeCTBEHHO 3aBHUCST OT TeM-
mepaTtypsl. bojiee o0NIIMpHBIE OMIBITHI 0 U3YYEHHIO IBUKEHUS KPOBU B KAITHJLJISPHBIX
cocynmax 1mpoBes B 1841 r. dpaniry3ckuit Bpau u ¢usuk Hau Jlym Mapu Ilyaseiinp
(Jean-Louis-Marie Poiseuille). OkoHuaTe/ibHO yaa/I0Ch BBISICHUTH IIPUYUHBI 3MEHe-
HUS CTPYKTYPHI IIOTOKA B TpyOax B 1883 r. OpuraHcKoMy pusury u umsreHepy OcOopHY
Peiinonnacy (Osborne Reynolds).

Peiirosnbac ucciieqoBasI cTallmoOHaAPHOE OBIKEHNE KAeIbHOM KUTKOCTH B IIPSIMBIX
IJIAIKHUX TPyOax ¢ MOMOIIBI0 pa3paboTaHHOro MM MeTo4a OKpallleHHbIX cTpyi. OH BIep-
BEIe BBeJI IIOHATHE O PEKMMAaX TeUYeHUsS W YCTAHOBHJI, YTO CYIIECTBYeT ABA IIPHHIIH-
MAAJIBHO OTJINYAIONINXCS PEKUMA TeUYeHUS KUTKOCTH: JJAMUHAPHBINA U TypPOyJIeHTHBIH.

Ha pwuc. 3.6 nmokasana nmpuHIUIIIAJIbHAA cxeMa ombiTa PeiiHobaca. Pesepsyap 1
YCTAHOBKH 3aIIOJIHEH KHJIKOCTHIO, YPOBEHb KOTOPOH ITOIEePIKUBAETCS TOCTOSTHHBIM.
K pesepByapy mojcoequtera ropru3oHTaIbHAS CTEKJIAHHASI Tpyoa 2, cHaO:keHHAS Kpa-
HOM 5, C IIOMOIIBI0 KOTOPOI'O PEryJIMPYeTcss CKOPOCTHb ABMKEHUS KUIKOCTH. UTOOBI
HAOJII0IaTh XapaKTep IBUKeHUs sKUIKOCTH B TpyOe 2, B Hee 110 TpyOKe 4 M30KUHETH-
YyecKr? BBOIAT TOHKOM CTPYHUKOM MOAKPAIIEHHYIO *KHUIKOCTh C TeMH Ke (PU3NUYECKUMU
cBoMicTBaMH (IIJIOTHOCTD M BSI3KOCTH), YTO U B COCY/IE.

[Ipu HEeOOJIBIINX CKOPOCTSAX MOTOKA B TPyOe 2 IMOAKpAIlleHHAas CTPYHKA JTBUMKETCS
BJIOJIb OCH TPYOBI, HEe pa3pyIlasich, B BU/e YeTKO BEIPAKeHHOM TOHKOM HUTH (pHc. 3.7, a).
T. e. IOTOK yCTOMYHBO ABIM:KETCA B TPyOe IIapasyie IbHBIMI HeCMEIINBAIOIINMUCS CTPY -
KaMu, WK cJaoaMu. Taxoe mmapasiie/IibHO-CTpyidaToe (CJI0MCToe) TeUeHre ObLIO Ha3BaHO
JJaMHUHaPHBIMO.

YBemmuenmne ckopocTH MOTOKA B TPpyOe £ BHAUAJIe He IPUBOAUT K KAKUM-JIH00 13-
MEeHEeHHUSIM B XapaKTepe TeUeHUsI, OJJTHAKO JJOCTUTHYB OIIPeeIeHHOTO 3HAYEHHS CKOPO-
CTH, IIOTOK B TPyOe CKAaYK0o0oOpas3HO MeHsieT CBOHM xapakTep ABm:keHus. OxparineHHast
CTpyHKA BHE3aITHO TepsieT (POpMy IIPAMOI HUTH, IPUHUMAaeT BOJTHOOOpa3HbIe ouepTa-
HUSA W, HAKOHEII, IIOJIHOCThI0 pa3MbiBaercs. /[BuixeHme cTaHOBHUTCS OECIIOPSIIOYHBIM,
IIOTOK BCe BpeMs IIepeMeIlluBAaeTCs, TAK KaK OTIeJIbHbIE YaCTHUIIbI JBUKYTCA IO CJIOK-
HBIM TpaekTopusam (puc. 3.7, 6). Takoe TeueHre ¢ HeCTAIITMOHAPHBIM BOSHUKHOBEHUEM
U pas3pylleHrueM KUIKOCTHBIX 00pa3oBaHMUI OBLII0 HA3BAHO TYPOYJI€HTHBIMS.

3 Ilom cTpyKTYypoOil MOTOKA IIOHUMAIOT pachpedeieHie JTOKAJIbHBIX (MECTHBIX) CKOPOCTEHM ABUMKEHNA
SKUIKOCTU B IIPOCTPAHCTBE U BpeMeHH. IIprueM mpu yCTaHOBIEHUH CTPYKTYPEI IIOTOKA YUNTHIBAIOT KAK
BEJIMYHHY, TAK U HAIIPABJIEHIE CKOPOCTEH.

4T, e. CKOPOCTD CTPYMKHU MOTKPAIIEHHOM! SKUTKOCTH W CKOPOCTh sKUIKOCTH B TPyOe OOUHAKOBEL.

5 Ot j1at. lamina — IOJIOCKA, IIJIACTUHKA.

6 Ot sar. turbulentus — OypHBIiA, OECIIOPATOUHBIH.
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X

Puc. 3.6. OubiTHas yeranoska Petirmosbaca:
1 — pesepByap; 2 — cTekJIdHHAA TPyOa; 3 — pe3epByap ¢ KpacuTesem;
4 — TpyOKa ¢ KpacuTeseM; 5 — KpaH IJIs PeryJIUpOBaHUS pacxoda sKUIKOCTH B TPYOe;
6 — KpaH JJIs peryJIUPOBaHUS Pacxoaa KpacuTesd

PeitHosbic B cBOMX OIIBITAX U3MEHSIJI HE TOJIBKO CKOPOCTh, HO ¥ JUAMETP TPYOOoIIpo-
BOJIA, BA3KOCTh JKUIKOCTEH IIyTeM UX II00TPeBa, OXJIaKIeHUA Wi 3aMeHbl. [1pu arom
OH YCTAHOBWJI, UYTO JIAMHUHAPHBIN PEKUM TeM Jierde OCYIIeCTBUTh, YeM MeHBbIIIe CKO-
POCTh IIOTOKA W, AUAMETP TPYyOOIIpoBoAa d, MJIOTHOCTD sKHIKOCTH P ¥ YeM OOJIbIIe BS3-
KOCTb skuakocTu W. OKasajioch, 4To 3HAYEHHUS W, d, P U I MOKHO OOBEJUHUTH B 0e3-
pa3MepHBIN KOMILJIEKC:

_wdp
u b

KOTOPBIN ABJISIETCS BA*KHOM XapaKTEPUCTUKOM, TTO3BOJISIOINIEN CYINTD O PEKUMe IBUIKEHIA
seraroctr. Bemmunny Re Bmocsiencreuu Hassaiu unciioMm (kpurepuem) Peiinonbsaca.

[Ipu sHaveHnax kpurepus PeifiHonbaca HIKe HEKOTOPOH KPUTHIECKON BEJIMUMEEI
Re,, (mis1 kpyrsbix 1py6 Re,, =2320) Teuenue

Re (3.12)

SKUIKOCTA OyJeT IIPEeruMYyIIeCTBeHHO JIAMUHAP- N
HBIM (T. e. JaMHHApHOe ABM:KeHue HaOmwoga- ¢
erca npu Re <2320). s

Ecnu suagenue Re >10*, 1o pessnm Teuerns
SKUIKOCTH OyIeT pasBUTHIM TYPOYJJI€HTHBIM. -

B cnyuae ecnu 3madyenums Kpurepusi Peii- 6 Wyymmﬁ/}ﬁ%a
HOJIBJCA JieskaT B mmpegesax 2320 < Re < 104, TO e =
B HEKOTOPBHIM MOMEHT BPEMEHU PEeKUM MOKET Puc. 3.7. Tlosesierte crpyixn
OBITH 0O JIAMIHAPHEIM, JIL00 TYypOyI€HTHEIM, KPACHTEJIS B CIIydae:
IIpum4yeM B APYI'OM MOMEHT BPEMEHH BO3MOKHA Q — JIaMUHAPHOI'0 TeUYEeHUd;
cMeHa peskmMa IIpyh Hem3MeHHOM 3HadeHuu Re. 6 — TypOyJIEHTHOTO TEeUEHUSI
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[Ipramubl cMeHBI peskrMa TedeHusI MHOrooOpas3Hbl (HalIpuMep, BOSHUKHOBEHNEe BHO-
parmii, MeJKne 3arpsi3HeHUsI B IBHIKYIIEMCS II0TOKE 1 T. [I.) © B OCHOBHOM HMEIOT Be-
posATHOCTHEIHM xapakrep. O0sacTh HEYCTOMUYHMBOIO XapakTepa IBUKEHHUS KUIKOCTU
mpu 2320 < Re <10* B mH/KeHEpHOH IpPAKTHKE MHOIIA HA3LIBAIOT IIEPEXOTHBIM pe-
JKMMOM.

Eciui 110TOK HCIIBITHIBAET BOSMYIIEHHU (III€POXOBATHIE CTEHKH TPYOBI, CysKeHHe, TN
pacIiupenue II0TOKa, U3MeHeHre HallpaBJIeHUs II0TOKA U JIP.), KPUTUIECKOe 3HAUeHHe
MOJKET CYIIEeCTBEHHO CHHIKATHCA. ITO 0COOEHHO XapaKTepPHO JJIS IPOMBIIIJIEHHBIX all-
[IapaToB, IMEIIHX CJI0KHYI KoH(purypanuo. B otux ciayuanx smavenns Re,, ompe-
JIeJISIOT OKCIePHUMEHTAIBLHO U IJIS TUIIOBBIX AIllIapaToB IIPUBOLAT B CIIPABOYHOI JIATE-
parype. CirenryeT OTMeTHTB, 9TO KpUTHIECKOe 3HavYeHrne Re, = yMeHbIIaeTcs B ciydae
HEM30TePMHUUYECKOTO ITOTOKA. JTO MOKHO 00BSICHUTH BOSHUKHOBEHUEM KOHBEKTHUBHBIX
TOKOB KHIKOCTH, CITOCOOCTBYIOIIHX JTOIOJIHUTEILHBIM BO3MYIIEHUSIM B IIOTOKE KU TKOCTH.

J1J151 TTOTOKOB SKHIKOCTH, CeUeHIEe KOTOPBIX OTJIMYAETCS OT KPYTJIoro, B popmyay (3.12)
BMeCTO fraMeTpa d IOACTaBJIAIT 3HAUYeHHe IKBUBAJIEHTHOIO quameTpa d,:

Re = Y& _wd, (3.13)

u %
rme vV = B _ cumemariaeckas siarocTs.
p
B mekorophix caydasx JaMUHAPHOE IBUIKEHHUE *KUIKOCTH MOKET COXPAHSTHCA U
mpu 3HaveHusAx Re >2320. Hanpumep, 1mpu IBHUKEHUHT KUTKOCTHU 110 3MEEBUKY 3HAYe-
uue Re,  Bblle, ueM s IPSMBIX TPYO, ¥ MOKET OBITH OIpesesieHo 1o dopmyire (3.14)
1100 110 TpadUUEeCcKoil 3aBUCUMOCTH, IIPEICTABJIEHHOM Ha puc. 3.8.

63d
Re,, =2300+5000{1—¢ D |, (3.14)

rae d — BHYTPEHHUI JuaMeTp TPYyObI, B3 KOTOPOM M3TOTOBJIEH 3MeeBUK; [) — nuaMeTrp
BUTKA 3MeeBHUKA.

8000 | |
TypOyaeHtHoe
TeYCHHEe /"'—_’-
6000
o 7
o
QL
4000 /|

/ JlamuuapHoe
/ TeYeHHe

2000

0 0,01 0,02 0,03 0,04
d

D

Puc. 3.8. 3aBucumocts Re,, or mapamerpos smeeBuka
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NMPUMEP 3.3

B Tpy0HOM mpocTpaHCTBE KOMKYXOTPyOUaTOro TEILJIOOOMEHHUKA IBUKETCS I'ad
‘M pu abcosmoTHOM nasyiennn 50 at ¢ pacxogom G =5 xkr/c mo 32 Tpybam mua-
MeTtpoM 25X 2 mm. Ortpenesuts pesxuM ABU:KeHUsS rasa. CsoiicTBa rasa mpu
€ero cpeHel TeMIiepaType: ILIOTHOCTE P =110 RF/ M° ; BSIBKOCTB n=15- 10 IIa-c.

PeweHue

OO0BeMHBIH pacxod ra3a MOYKHO OIIPeIeJIUTh U3 BeIpaskeHusd (3.2):

G
Q=—.
p
Q=2 =4,55102 m’/c.
110
CyMmMmapHoe 1IorepedHoe ceveHre TpyO, 10 KOTOPBIM ABUKETCS IIOTOK r'a3a, paBHO

S = nn;‘lz
—

Brytpentmuii quamerp Tpyo d =25-2-2,0 =21 mm = 0,021 m. Yucso Tpyd n = 32 mrT.

3,14-0,0212

S=32 =1,11-10"2 M2,

Cxopocts rasa B TpyOax BEUUCIHM 110 popmyJie (3.1):

w =

S b

4,55-1072
w=————
1,11-1072

Kpurepuit PeitHonbaca onpenessiem 1mo ypasHeHMIo (3.13):

=4,1wm/c.

wd p
—M .
Jlis Tpy6 xpyritoro cevenns d, =d = 0,021 m.

Re =

41-0,021-110
e:
1,5-107°

ITockosbky Re >10%, To peskuM IBUIKEHNS PA3BUTHIH TYPOYJIEHTHEIIL.

=631 400.

OTBET: pesKUM IBUKEHUS PA3BUTHIA TYPOYyI€HTHBIH.

NMPUMEP 3.4

OmnpenennTh MAKCHMAJIBHO BO3MOKHYIO CKOPOCTD $KIIKOCTHA B KOJIBIIEBOM IIPO-

‘M CTpaHCTBe TeIJI000MeHHHKA (cM. puc. 3.4) IpU COXPaHEHNH ee JIAMIHAPHOIO pe-
sKMa OBMKeHusaA. Pasmepsl TpyO ammapara: xoskyxoBas Tpyba 108x4,0 mwm;
BHYTPeHHAA TpyOda 57x 3,5 mm. CBoiicTBa sKUIKOCTH IIPH €€ CpegHel TeMIiepa-
Type: IIJIOTHOCTE P = 960 RI‘/M3; BSA3KOCTD L = 45.10* Ia-c.
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PeweHue

MaxkcumasipHOe 3HaUeHre KpuTepus PeiiHobaca, COOTBETCTBYOIIEE JIAMHUHAPHOMY
pe:kuMy nsmkenus Re = 2320.
Torma u3 ypaBHeHus (3.13) MakcuMaIbHOE 3HAUYEHNE CKOPOCTH KUIKOCTH OyIeT
oo Rl _ 23200
d.p d.p
OKBUBAJIEHTHBIN JUAMETP KOJIBIIEBOIO CEUEHHU OIIpeIeIuM 110 ypaBHeHmio (3.10):
d,=D-d,

rae D — BHYTpeHHUH JuaMeTp KOKyXOBOI TPYyOBI, M; d — HAPYKHBIN JUaMeTp BHYT-
peHHel TPYOBI, M.

D=108-2-4,0=100 mm = 0,1 m.
d=57mm=0,057 m.
Torma skBUBAaJIEHTHBIN JUaMeTP KOJIBIIEBOTO CEUEHIIS
d, =0,1-0,057=0,043 m.
MaxkcumannHOE 3HaYeHHEe CKOPOCTHU KHUIAKOCTH
= 2320 4,5-10™
0,043-960

=2,53-1072 m/c.

Oreer: w =2,53-10"2 m/c.

NMPUMEP 3.5
M IIo 3MeeBHUKY, BBIIIOJTHEHHOMY M3 TPYOBI ¢ BHyTpeHHUM guamerpoM d = 0,05 M,

IBIKETCS sKUIKOCTE O cpeaueit ckopocthio w = 0,1 m/c. Jlmamerp BuTKa 3Mee-
Buka D =1 M. OmpeneuTs pesxuM TeUeHUs KUIKOCTH 10 3MeeBUKY. CBoiicTBa
KUIKOCTHU IIPU ee cpedHel TeMmmeparype: IIJI0THOCTH p =900 RI‘/ M®; BSI3KOCTB
n=6,5-10"*Ila-c.

PeweHue

J1J1s1 3MeeBUKOB KPUTHUECKOE 3HAUCHNE KPUTepus PeifHoIIbIca, COOTBETCTBYIOIIEe
CMeHe peRrMAa JIBUMKEHIS, MOKHO OIIpeIeIUuTh o popmyJie (3.14):

_63d
Re,, =2300+5000{1-¢ P |,

rIe d — BHYTPEHHUH JuaMeTp TPyObI, 13 KOTOPOM M3TOTOBJIEH 3MeeBUK, M; ) — nua-
MeTp BUTKA 3MeeBUKAa, M.
630,05

Re,, =2300+5000{1-e ' |=7086.

PesxxuM nBrskeHUs sKHUIKOCTH II0 IIPAMOM TPyOe, M3 KOTOPOM BBIIIOJHEH 3MEEBUK,
ompeneauM 1o gopmyae (3.13):
wd p

u

Re =
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Jlnsa Tpy6 kpyrioro cedenus d, =d = 0,05 m.
~0,1-0,05-900
6,5-107*

Ilocrkosbky Re <Re, (5954 <7 086), To, ciIemoBaTEIbHO, B 3MEEBUKE COXPAHSIETCS
JaMUHAPHBIA PEKUM TBUKEHUS *KUTKOCTH.

Re =5954.

OrBer: PEXHUM IBHKEHUA JIaMI/IHapHBIfl.

3.3. OCHOBHbIE YPABHEHNUA TMAPOAUHAMUKH

K uwmcity ocHOBHBIX ypaBHEHUI THIPOTUHAMUKYA OTHOCATCS:

1) ypaBHeHME Hepa3pBIBHOCTHU (CIIJIOIITHOCTH) ITOTOKA;

2) nudpcpepeHITIaTbHBIE YPABHEHUS JBIKEHU JIiepa;

3) nuddepeninanbabe ypasuenusa apmkenns Hasoe — Crokca;

4) ypaBHenue beprysim.

OTu ypaBHEHHS COCTABJISIOT OCHOBHYIO TEOPETHUYECKYI0 023y TeXHHUYECKOH T'HIPO-
JTUHAMUKHA.

3.3.1. YpaBHeHHe Hepa3pbIBHOCTU (CMAOLLHOCTH) MNOTOKA

[IpuaEMaeM, YTO MOTOK KHUIKOCTH IBHKETCS HEpPaspbIBHO, 0€3 00pa3oBaHU IIy-
CTOT, T. €. COOJIIOJAaeTCsI YCJIOBHE CIIJIOIMHOCTH (Hepa3pbIBHOCTH).

BeimesrmM BHYTpH DAHHOTO IIOTOKA 9JIEMEHTAPHBIM IIapaJuielielnnes 00beMoM
dV =dxdydz, pebpa dx,dy,dz xoroporo mapasiiebHBEL OCAM X,Y,Z IEeKAPTOBOH CH-
CTeMbI KOOPJIHMHAT COOTBETCTBEHHO (puc. 3.9).

Puc. 3.9. K BeiBony nudpdepeHIimaibHOro ypaBHEHNA HEPa3PEIBHOCTH IIOTOKA
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O003HAYNM IIPOEKIIMIO CKOPOCTH IIOTOKA HA OCh X B TOYKAX, JIEMKAIIUX HA JIEBOM
rpaHH napaulenenunena miomansio dS =dydz, gepes w, .

Torma, corsiacHo ypaBHeHHIO (3.3), MACCOBBIM PaCXo]l SKHUIKOCTH, BXOIAIIEH B IIa-
paJLIesIennIIe ] Yepes oTy I'PaHb BIOJb OCH X, COCTABHUT

G, =pw,dS =pw, dydz. (3.15)

CrnenoBaresibHO, 3a BpeMs dT B IapaJsiiesielldIe]] BOHIeT depes3 JIeBYH TI'PaHb
BJIOJIb OCH X $KUIKOCTh, Macca KOTOPOI COCTaBUT

M, =G dt=pw,dydzdt. (3.16)

B ypaBrenusx (3.15) u (3.16) p — IJIOTHOCTB SKUIKOCTU HAa JIEBOI T'paHU IIapaJiie-
JIerTuIe a.

Ha mporuBomosiosxHoI (IIpaBoii) rpaHy mapasiieselnnena CKOPOCTh M IIJIOTHOCTD
SKAOKOCTH OyOyT OTJIMYATHCSA HA BEJIWYHHBI COOTBETCTBYIOIIHMX OECKOHEYHO MAJIBIX
IIpUupaIieHnn:

Wo\ge = (wx + 0w, dxj; (3.17)
0x

P =(p +@de. (3.18)
o0x

Torga uepes mpaByio rpaHb IIapasLieserniieqa BA0JIb OCH X 3a TO ke Bpems dT
BBIIIET Macca sKUIKOCTH

M, = [p +@dxj w, + 2% 4y |dydadr. (3.19)
ox ox
[IepemHoOKaa B IIOC/IeIHEM YPaBHEHHH CIaraeMble B CKOOKAX, 3aIIUIIIeM
M., = pw, +p2% dx+w, P dx + P . O dx | dydade (3.20)
o0x 0x ox ox

op , Ow,
BBuy Majoro sHaueHHs dsIeHa a—dx : a—dx II0 CPAaBHEHUIO C JPYIHMU cJiarae-
x x

MBIMH B CKOOKax ypaBHeHu (3.20) um MoskHO 1TpeHedpeyusb. Kpome Toro, corsiacuo mpa-
BTy TudpepEeHITNPOBAHUS ITPOU3BEIEHU’, MOKEM 3aIIUCATh

0
0% gy 1y, PP gy = O1P:)
ox 0x ox

C yderom BhIIIIeCKa3aHHOrO ypasHeHue (3.20) mpumer Bu

dx.

9
M., = {pwx +@dx}dydzdr. (3.21)
X

[Ipupamienne macchl *KHIKOCTH B HapaJujieseluileie BI0Jb ocCl X 3a BpeMsa dT
COCTaBUT

dM, =M, - M

x+dx

(3.22)

7 IlpaBuio nuddepeHITMPOBAHNS IPOU3BEICHUA (PYHKITHIHA: (uv) =u'v+uv.
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WU ¢ yueToM ypaBHenui (3.16) u (3.21)

dM, = pwxdydzd’c—{pwx +%dx}dydzdt. (3.23)
Brirocs 3a ckoboku dydzdt, ypaBuenue (3.23) 3amuiiiem B BHUe
dM, = {pwx - [pwx +%dxﬂ dydzdr, (3.24)
13051
dM, = —a(g—z)x) dxdydzdt. (3.25)

[TpuMmeHssT aHAIOTUYHBIE PACCYKISHUS, 3AIUIITEM BRIPAKEHUS JJI IIPUPATIIEeHUS
MACCHI B 9JIEMEHTapPHOM 00beMe BI0JIb KOOPAUHATHRIX ocell y W 2z 3a BpeMs dT:

o(pw
dM, = —M dxdydzdr; (3.26)
dy
0
dM, = —% dxdydzds. (3.27)
2z

OO01ree m3aMeHeHHe MACCHI SKHUIKOCTH B IIapajiieselnnmnene 3a BpeMs dT paBHO
CYyMMEe ee IIpupanieHuil BI0JIb BCceX O0CeM KOOPAMHAT:

dM =dM, +dM, +dM,. (3.28)

IToncrasmisasa Beipaskenus (3.25), (3.26) u (3.27) B dpopmyny (3.28) 1 yuduThIBad, UTO
dxdydz =dV, moxyuum

o(pw,)  9(pw,) o(pw.)

dVdr. (3.29)
0x oy 0z

o

Bmecre ¢ TeM maMeHeHNe MAacChl B IIOJIHOCTBIO 3AII0JHEHHOM KUIKOCTBI0 00beMe
rapaJiiesienniie a BO3MOKHO TOJIbKO BCJIEACTBHE U3MEHEHUs IIJIOTHOCTH SKUKOCTH B
aTOM oOBEeMe.

[ToaTomy

dM = @dVdr. (3.30)
01
[IpupaBuuBas mmpasbie YacTu Buipaskerui (3.29) u (3.30), MoKeM 3aIIrucaTh:

0
_[a(wa)_i_ (pwy)+0(pwz) dVdT:?dVdT. (3.31)
T

ox oy 0z

[Tockombry dV #0 u dt# 0, cokpaTum JI€BYIO U IIPaBYIO YaCTh IIOCJIETHEr0 BhIpa-

0
JKeHUd Ha 3TH BEeJIMYHUHEIL. KpOMe TOro, IIepeHocd a—p B JIEBYIO 4aCThb YPaBHEHHUA, OKOH-
T

YaTeJIbHO IIOJIyYHXM

o opw,) 9lpw,) o(pw.)
01 0x oy 0z

=0. (3.32)
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Ypasuenune (3.32) mpeacrasiisger coboit nudppe peHIaIbHOE ypaBHEHHE HePa3-
PBIBHOCTH IIOTOKA JIJISI HEyCTAHOBUBIIETOCS JBUKEHUS C;KUMAEMOH JKUTKOCTH.
[Tpumenss mpaBuo quddepeHITMPOBAHMS ITPON3BeIeHUT, ypaBHeHuE (3.32) MOKHO
3armcaTh B HECKOJIBKO MHOM dhopMme:
op Oop ow P ow op

0 y ow
—/ 4+ = +—X 4+ + + — +—2=3p=0 3.33
ot o T ox Py T ey P T P (3.33)

nJIn

%+@w +a—pw +a—pw - 6wx+0wy+0wz
ot ox * oy Y o0z ° ox Oy 0z

B YCTaHOBHUBIIIEMCA IIOTOKE IIJIOTHOCTHh HE U3MEHAEeTCA BO BpEeMEHH, T. €.

p=0. (3.34)

o _,
ot

Torga ypasaenue (3.34) IIpuMeT BHL

0
%w +%w +%w + dwx+ Ly 9

+ =0. 3.35
ox * oy Y 0z ° | ox oy dzp (8.35)

Jl1s kamesIbHBIX JKUJIKOCTEH, KOTOPhIe ITPAKTUYECKU HECKMMAaeMbl, a TaKKe JJIsd
ra30B B YCJIOBUAX IPAKTUYECKH M30TEPMHUYECKOT08 1 13002 puIecKoro? II0TOKOB IIPU CKO-
pOCTAX, 3HAYUTEJIHbHO MEHBIIINX CKOPOCTH 3BYKa, P = const, a 3HAYUT:

0
w, Oy oW _, (3.36)

VpaBuenwne (3.36) aBaserca nudgdepeHnuaIbHBIM ypaBHEHHEM Hepa3pbIB-
HOCTHU MOTOKA HECIKUMAaEeMOMH sKUIKOCTH.

J1J1s1 mpaKTHYecKoro mpuMeHeHNs B MHKeHePHBIX pacuerax ypaBsHeHus (3.35) 1 (3.36)
cJIeayeT MPOMHTETPHUPOBATE C YI€TOM HAYaJILHBIX, TPAHNYHBIX X KPAeBhIX YCIOBHIAL0,

B mipomblnieHHOCTH B OOJIBIIIMHCTBE CJIyYaeB HCIIOJIb3yIOTCA OJHOHAIIPABJIEHHEIE
IIOTOKH KHIKOCTH (IBHKEHIE II0 TPYOOIIPOBOgAM M allIapaTraM, HepeaKo IepeMeHHOT0
CEeUYeHU).

Ecnu mmomiaap momepevyHoro cevyeHns: MOTOKA HeM3MeHHAa, TO JJIs YCTaHOBUBIIIE-
rocsl OJHOHAIIPABJIEHHOIO ABMKEeHNs (B HAIIPABJIEHUHN OCH X ) MHTETPHUPOBAHIE YpaB-
Henusa (3.35) macT 3aBHCHMOCTD

w = const, (3.37)
p

TJe W — CPeIHSISA CKOPOCTh KU TIKOCTH.
Eciu sxe miromanb momepeyHoro ceYeHuns MOTOKA IIepeMeHHa, TO II0CJIe MHTErPH-
poBaumus ypasHeHusa (3.35) moayuymm

pwS = const, (3.38)

rme S — IIoIanhb IIOIePeYHOoro CeYeH s II0TOKA.

8 U3oTepMuieckuii (I M30T€PMHBIN) IIOTOK — IIOTOK, MMEIOIIUHA IIOCTOSHHYIO TEMIEPATYPy BO
BCeX TOUKAaX.

9 U3o6apuyeckuii (vir n300apHbII) IOTOK — II0TOK, MMEIOIIMI ITIOCTOSIHHOE JaBJICHE BO BCEX TOUKAX.

10 Bostee moapo0HO 06 YKAa3aHHBIX YCJIOBUSIX CM. B IIOATJI. 3.8.
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Jlna tpex pasnumunbix ceuenuit (1-1, 2—2 u 3—3) TpyOompoBoIa, B KOTOPOM JIBH-
JKeTCs B YCTAHOBUBIIIEMCS PesKUMe KUIKOCTD (puc. 3.10), MOKHO 3aIHCaTh:

Py S; = PaySy = Py S;. (3.39)

Pruc. 3.10. K ypaBHeHU0 IOCTOSAHCTBA pacxoaa

C yuerom dopmyJtst (3.3) BeIpaskerue (3.39) mpumeT BU
G, =G, =G, =const. (3.40)

rae G, G,, G, — MaccoBble PacXoAbl JKUIKOCTH B COOTBETCTBYIOIINX IIOITEPEYHBIX (SKH-
BBIX) CEUECHHUIX.

Corstacuo ypaBHenumo (3.40), MaccoBBIH pacxo[d *KHIKOCTH (ras3a, Imapa) yepes Ha-
JaJIbHOe TI0IIepevHoe ceueHre TPyOOIIpoBo/ia paBeH ee pacxoay yepe3 KOHeUHOoe II0ITe-
peuHoe ceuenne TpyoorrpoBoa. Takum oOpa3om, ypaBHEHME IIOCTOSHCTBA PACX0/1a SIBJISA-
€TCs YaCTHBIM CJIydYaeM 3aKOHA COXPaHEHUS MAaCChl ¥ BRIpAsKaeT MaTepPHUaJIbHBIN 0aJIaHC
OJTHOHATIPABJIEHHOT0 ITOTOKA $KUTKOCTH.

Bripaskenwne (3.39) mm (3.40) mpeacraBiisieT co00i ypaBHEHHE HEPA3PHIBHOCTH
(CTLJIOITHOCTH) OTHOHATIPABJIEHHOTO ITIOTOKA JIJIS YCTAHOBUBIIIETOCS IBUKEHUA. JTO ypaB-
HeHIe HAa3bIBAETCS TAKKe YPaBHEHUEM IIOCTOSHCTBA Pacxoa.

CorstacHo ypaBHEHUIO IOCTOSTHCTBA PACX0/a, IPU YCTAHOBUBIIIEMCS OJHOHAIIPAB-
JIEHHOM JIBUKEHUH KHTKOCTH, IIOJIHOCTBIO 3aI0JIHAIIIEH TPyOOIIPOBOI, Yepes KaKI0e
ero II0IIePEeYHOe CeUeHHe IIPOXOQUT B eIMHUILY BPEMEeHH OIHA 1 Ta jKe MAacCa JKIIKOCTH.

JIJ1s1 KameTbHBIX JKUIKOCTeH, a TaKiKe Ta30B U MAapOB IPU HEM3MEHHBIX TeMIlepa-
Type ¥ JaBJIEHUH ILJIOTHOCTH He MEHSIEeTCs:

pP; =Py =pP5 =p = const.

Torma ypasuenue (3.39) mpumer 6oJ1ee IIPOCTOM BHU/I:

w; S, = w,S, =w,S,; = const, (3.41)
cJIeJ0BaATEIbHO
wS = const. (3.42)
C yuyerom ypasHenus (3.1) 3aBucumocTsb (3.41) Oymer ©UMeTh BHU/I
Q, = Q, =@, =const. (3.43)

rae @, Q,, @; — 00BeMHbBIe PACXOIbI SKUIKOCTH B COOTBETCTBYIOIINX IIOIIEPEYHEIX cede-
Huax (puc. 3.10).

N3 ypaBuenus (3.41) ciaenyer, 4TO CKOPOCTH KAIIEJIbHOM KUIKOCTA B PA3JTHMYHBIX
IIOTIEPEYHBIX CEeUEeHHSIX TPYOOIIPOBOAA OOPATHO HPOIIOPIIMOHAJIBHBI ILIOIIAMAM OTHUX
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IIOIIEPEYHBIX ceueHUH. T. e. 4eM OOJIbIIIe IIJIONIA T II0IIEPEYHOTO CEUEeHU OTHOHAIIPAB-
JIEHHOTO TI0TOKA, TEM MEHBIIIe ero CpeIHssI CKOPOCTh.

B HeroTOpBIX cotyuasx, HaIIpuMep IIPU BCKUTIAHUY SKUJKOCTH BCJIEJICTBUE PE3KOTO
TIOHMKEHUS JTaBJIEeHUs, 00pa3yeTcs Iap, YTO MOKET IIPUBECTH K Pa3pbIBY HoToKa. B Ta-
KHUX YCJIOBUSX, HAOIIOJaeMbIX WHOTIA IPU paboTe HACOCOB, YpaBHEHNE Hepa3pPhIBHO-
cta (3.43) TOTOKA He BHITIOJTHSIETCS.

NMPUMEP 3.6

M ITo TpyOoIIpoBOAY BHYTPEHHUM JHAMETPOM /l/,_:—-—
d =50 MM JIBHIKETCS JKHIKOCTH CO CKOPO- [
creio w=0,95M/c. B omHOM m3 momeped- T e
HBIX CEYeHUH TpyOOIIPOBO/IA YCTAHOBJIEHA —®=— ~S | N
nuadparma c OTBepCTUEeM TUAMETPOM dy =  ——— = \::—-
=15 mMm. OmpenenuTb CPegHIO CKOPOCTh

\""—-—-_

KEKOCTH B OTBEPCTUY quadparmel w,. N

PeweHue

Tak Kak *KUIKOCTh IPAKTUYECKN HEeCKMMaeMa, Ha OCHOBAHUU ypaBHEHUs Hepas-
peiBHOCTH (3.41) MOKHO 3aIKCaTh IJI ABYX CEUEHHUI OJHOI0 1 TOTO ke IIOTOKA:

wS =w,S,
WJIA B PAa3BEPHYTOM BHIE
nd? nd;
- = wo _—,
4 4

roe Su S, — IJIOMAAY IIOIIEPEeYHBIX CeYeHHH II0TOKA KUIKOCTU 110 AuadparMel U B ee
OTBEPCTHU COOTBETCTBEHHO, M2,
Torma cpegHsas CKOPOCTD KUIKOCTH B OTBEPCTUH A ParMbl OIIPeSeINTCI Kak

d2
Wyr =W—.
0 d02
=0,95 0,05" =10,56 m/c
0 0152 ’

M

orser: w, =10,56 m/c.

NMPUMEP 3.7

ITpu mpoxosxageHun Yepes TeIIOOOMEeHHUK TeMIIepaTypa ra3a yBeJInYnBaeTCsa

M c 1, =300 mo T, =600 K, a abcomroTHOe maBiaeHHne cHH:xkAeTca ¢ p; =200 mo
P, =190 klla. OmpenesuTes CpenHIOW CKOPOCTH rada B TPYOOIPOBOZE IIOCIIE
TeIlJIOOOMEeHHUKA, eCIN J0 TeIJI0O00MeHHHKa OHa cocTaBigeT w; =5 m/c. Tpy-
OOIIPOBO MMEET MOCTOSHHOE IIOIIEPEeYHOE CeUeHHE.

PeweHue

JlJ1s1 IByX HOIepedvHBIX CeUeHHM TPyOOIIpoBOaAa 0 M IIOCJIE TEIJIOOOMeHHMKA Ha
OCHOBAHUHU yPaBHEHUS Hepa3pPhIBHOCTH IMOTOKA (3.39) MOKHO 3amncaTh
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Py S; = PalyS,
MJIM C yIeTOM IIOCTOSTHCTBA IIOIIEPEeYHOro ceYeHnA TpyoorpoBona S; =S, MOIydInM
Py =Py,
I7le P; U W; — COOTBETCTBEHHO INIOTHOCTb I'a3a M €ro CKOPOCTh B TPyOOIIpOBOZE 0 Tell-
JIOOOMEHHUKA; P, U W, — COOTBETCTBEHHO IIJIOTHOCTH I'a3a M €r0 CKOPOCTH B TPyOOIIpo-

BOJIe II0CJIe TeIlJIOOOMEeHHUKA.
OTtcroma ckopocTh ra3a B TPYOOIIPOBO/IE IIOC/Ie TEILJIOOOMEeHHUKA

Wy =W, P
P2
C yuerom ypasuenus Kiameiiporna — MenmgeneeBa (1.16)

Top,
Po
p__Tipy _nT

Py pTopz p2T1'

CpenHsist cKOpoCcTh Ta3a B TPYOOIIPOBO/IE IIOC/Ie TEILJIOOOMEHHUKA COCTABHUT
T.
wy =w, 2122
py T
_5. 200 000 600

wy = =10,53 m/c.
190 000 300

Orser: w, =10,53 m/c.

3.3.2. AuodepeHumnanbHbie ypaBHEHUA ABUKEHUA duaepa

Paccmorpum ycTaHOBHBITHHACS IIOTOK HIeaJIbHOM KUIKOCTH (He 001amaroIeis Bsas-
KOCTBIO U ABIIKYyIIElics 0e3 TpeHUs) ¢ ILJIOTHOCTHIO p.

Kax 1 mpu BBIBOjTE MudpcpepeHImaIbHbIX ypaBHEHMI paBHOBecHs Jittepa (Imoarit. 2.2),
BBIJIEJINM B IIOTOKE JKHIKOCTH dJIeMeHTAPHEIHN mapasuiesenuirens oobemom dV = dxdydz,
pebpa dx, dy, dz xoroporo mapaJsienbHBI ocaM KoopauHAaT (M. puc. 3.11).

Kax 05110 1I0Ka3aH0 paxee (moari. 2.2), Ha aJieMeHTAPHBIN HapaJlIeIeIuIIes Jeii-
CTBYIOT BHEIITHHE CUJIbI THPOCTATAIECKOTO IABJICHUS U CAJIA TIKECTH.

CorstacHO OCHOBHOMY IIPUHITHITY JTUHAMUKN, CYMMa BHEIITHUX CHJI z dF petictBy-
IOIIUX Ha IBMKYIIUNCS 9JIEMEHTAPHEBIN 00beM sKHTKOCTH, PABHA IPOU3BEIEHII0 MACCHI
2JIEMEHTapPHOro 00beMa sKUAKOCTH dm Ha ero yCKopeHwue a:

dm-a=> dF. (3.44)
B mpoexkiuu Ha ocu X, y, 2 ypaBHeHue (3.44) IpuMeT BUL CUCTEMEI:

dm-a, =) dF,;

dm-a, =3 dF,; (3.45)

dm-a, =) dF,,

roe a,, ay, Q, — IIPOEKIINH yCKOPEHUA Ha OCH KOOpAHUHAT X, Y, 2 COOTBETCTBEHHO.
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Puc. 3.11. K BeiBogy nudpdpepeHIMATBHBIX YPABHEHHUH IBUKEHUS Jepa

Macca sumxocTi B 00beMe IIapaJiiesellniesa, CorjiacHo ypaBHeHuo (2.3), ompe-
JIeJIUTCI KaK

dm =pdV = pdxdydz.

Ecau sKMIKOCTh IBUKETCS CO CKOPOCTHIO W, TO ee YCKOPeHHe PAaBHO IPOU3BOTHOM
CKOPOCTH TI0 BpeMeHH! T:

a=dw (3.46)
dr
a IIPOEKINY YCKOPEHUs Ha OCH KOOPIMHAT:
a - dw, :
dt
dw
a, = . (3.47)
dt
a = dw, ’
dt

Iie w,,W,, W, — IPOEKIUU CKOPOCTH W Ha OCH KOOPJMHAT X, Y, Z COOTBETCTBEHHO.
Honcrassis B cucremy (3.45) BEIpakeHUs Uit @, @, Q, U3 cucTeMsl (3.47), BBIpa-

SKeHUe JIJI Macchl dm, a TaksKe BRIPAKEeHUS JJIs1 CYMMBI IIPOEKITUI BHEIITHUX CHJI THIPO-

CTATHUYECKOI0 JaBJIEHUS 1 CHJIBI TskecTH (cM. popmysiel (2.10), (2.15), (2.16)), moaydum

pdxdydz dw, = —a—pdxdydz;
dt ox
d
odxdydz 2 =~ %P 4rdydz: (3.48)
dt oy
odrdydz 3% = [ —pg - 2 \dxdyds.
dt 0z
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Tak kax dV =dxdydz # 0, To JIeBbIe U IIpaBble YaCTH yPaBHEHHUN cucTeMbI (3.48)
cokpatuMm Ha dxdydz:

dw, B 6_p _
dt ox’
dw
— = —a—p; (3.49)
dt oy
dw op
P =P8
dt 0z
dw, dw, dw
[TosHBIE TIPOM3BOIHEBIE X , £ NJIs1 yCTAHOBUBIIETOCS JIBUKEHUS MOYKHO
dr dr dr
MIPeICTaBUTh B BUIE CYMMBI COOTBETCTBYIONIUX YACTHBIX ITPOU3BOTHEIX:
d 0 0 0
wx=wx Yo w wx+wz wx;
drt ox Y Oy 0z
dw ow ow ow
dt 0x oy 0z
d 0 0 0
wzzwx w2+wy wz+wz Ce
dt 0x oy 0z

Cucrema ypasaenuii (3.49) ¢ yuerom Beipaskenwuii (3.50) mpemcrasiser coboit mudp-
depeHMaIBbHBIE YyPABHEHUA NBUKEHUA JHUjIepa IJIa UAeaJIbHOH KUJTKOCTU B
YCTAHOBHUBIIEMCS PEsKHME.

[Tpu HeycTaHOBUBINEMCS ABUKEHUN CKOPOCTD *KUIKOCTH U3MEHSIETCS He TOJIBKO B
IIPOCTPAHCTBe, HO 1 Bo BpemeHu. [loaTomy B cucremy ypasueHui (3.50) ciaenyer mooda-
BUTH COOTBETCTBYIOIIME UJIEHBI, XapaKTePHU3YIOIe HeCTAIIOHAPHOCT ITI0TOKA. Bripa-
SKEHUS IMPOEKIUI oTUX UJIEHOB HA OCH X, Y, Z UMEIOT BU/I:

ow, ow, ow,
ot ot ot

C yuerom atoro cucrema ypaBHernuit (3.50) mpumer B

dw, ow, ow, ow, ow,
= +w, +w +w, ;
drt ot ox Y oy 0z
dw, _ ow, w ow, w ow, . ow, (3.51)

w ;
dr ot T ox Y Oy ° 0z
dw, ow, ow, ow, ow,

= +w + +w )
dt o1 T ox Y oy ® 0z

Cucrema ypasuenuii (3.49) ¢ yuerom BeIpaskeHuii (3.51) mpeacrasiisgeT co0oit aud-
(epeHIIIAIEHBIE yPpABHEHUA ABUKEHUA UIEAIBHON KHUIKOCTH Jijiepa aJisd He-
YCTAHOBHUBIIIErOCS [IOTOKA.
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3.3.3. AuddepeHuranbHble ypaBHEHUA ABUXKeHUA HaBbe - CToKca

IIpu gBu:KeHUN peabHOMN (BA3KOM) SKUIKOCTH B €€ MOTOKEe IIOMUMO BHEIITHUX CHJI
TaBJIEHUS U TAKECTH JIEMCTBYIOT TAKKe CHUJIbI BA3KOCTHOTO TPEHU.

JletictBue cui Tpenusa 1T Ha BBIAEJEHHBIN B IIOTOKE BA3KOM KUIKOCTH dJIEMEHTAP-
HEIH mapaJsuesenumnes (puc. 3.12) IposaBisieTcss B BOSHUKHOBEHHUN HA €r0 IIOBEPXHOCTH
KacaTeJIbHBIX HAIPSIKEeHUHN T.

Paccmorpum oTHOCHTEIBHO IIPOCTO CIyYail 0JHOMEPHOI'O ILJIOCKOTO IIOTOKA KaleIb-
HOI HBIOTOHOBCKOM $KHJIKOCTH B HAIIPABJIEHUH OCH X, KOI/A IIPOEKIIN CKOPOCTH W, 3a-
BUCHUT TOJIBKO OT PACCTOSHUSA 2 10 TOPHU30HTAJIBHOM IIJIOCKOCTH OTCUeTa. Takske IpHUHU-
MaeM, YTO (PU3NYECKUe CBOMCTBA JKUIKOM cpeabl (IIpesk e Bcero KoapduIine T TuHaMU-
YeCKOM BA3KOCTH |l ¥ IJIOTHOCTH P) IIOCTOSHHBI KAK BO BpEMEHHU, TaK U B IIPOCTPAHCTBE.

“|

¥
Puc. 3.12. K BeiBony ypasuenuit Hasbe — CTokca

BoimennM B moTOKE SKHIKOCTH 9JIEMEHTAPHBIN mapaJsuienenunen oobemom dV =
=dxdydz,rme dx, dy, dz — pebpa mapasienenuiiena, mapaieIbHBIE 0CIM KOOPIHUHAT
X, Y, 2 COOTBETCTBEHHO.

Kacarenbpuble HanpssKeHns BOSHUKAIOT JIMIITH HA IIOBEPXHOCTIX BEPXHEH 1 HUKHEeN
rpaHei sJIeMeHTapHOoro napasurenenuaena. [1pu aToM mIomans oTUX rpaseii OymeT paBHa

dS = dxdy.

[IycTh ®acaTesbHOE HAIIpsAKEHME HA HUMKHEHW TPaHM ITapaJijieserniieaa paBHO T.
Ecnu ckopocTh n3MeHeHUsI KacaTeJIbHOr0 HAIIPSKeHUs T B HAIIPABJIEHUH OCA 2 PaBHA

o1 .
a—, TO IIO BCeU OJIMHEe pe6pa dZ HU3MEHeHNe KaCaTeJIbHOI'O HAaIIPpAXKEHMNA COCTaBUT
z

ot . T
a—dz. Torma Ha BepxHell IrpaHd KacaTeJbHOe HAIIPsKeHHe OyaeT | T+ 0_d2 .
z z

Cuibl TpeHus, IIPUJIOMKEHHbIEe K HIKHEHN dﬁ';;3 U BepxXHen dFT‘; TpaHAaM IIapaJsiie-
Jierrumnesa, o0yCJI0OBJIEHBI TEM, UTO 0oJiee MEIJICHHBIE BBIIIEICKAIINE CJION MKUIKOCTH
3aTOPMAKHBAIOT CJIOM, B KOTOPOM HAXOIUTCS IIapajijiesiellneI, a bojee ObICTphbIe HU-
sKeJIeKallre CJION «Pa3roHIT» ero.

Torma mpoekIus HA OCh X JJIEMEHTAPHOM CHJIBI BI3KOCTHOI'O TPEHUs, JeHCTBYIO-
IIas Ha HUYKHIOK IPaHb HapaJllesIelInIIefa COCTABUT

dF®  =1dS = tdxdy. (3.52)

TP X
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AHaJIOTUYHO TPOEKIINS HAa O0Ch X CHJIBI BSI3KOCTHOTO TPEHH, MeHCTBYIOIIAs Ha
BEPXHIO I'PaHb IapaJuieljielIniIe a, COCTaBUT

dr} . =—(T+ﬁd2jds =—(T+ﬁdzjdxdy. (3.53)

P 0z 0z
Torma mpoekIus sJiIeMeHTapPHOM PaBHOIEHCTBYIOIIEH CHUJI TPEeHUI HAa 0Ch X OyIer
dFTp = dFT‘:0 Lt dFT’i0 o (3.54)

IToncrasiisas B ypaBaenue (3.54) BeIpaskeHUs 115 dFTII{O i dFT]; . A3 ypaBHeHHH (3.52)
u (3.53), mosyuum

TP X

dF__=1dxdy - (‘c + ﬁdzj dxdy = ot dxdydz. (3.55)
0z 0z

HO,D;CTaBI/IB B 3TO BBEIPAXKEHHE SHAYECHNE KaCaTEeJIPHOI'O HAIIPAKEHHUA T 1 HUCIIOJIB30-

X

BaB opmyy (1.28) miia 3akoHa BHyTpeHHero TpeHus HpioToHa T=—-y—X, mogayyum
0 (_H a(;:'x j 0°w
dF,,, =————=dxdydz =p——*dxdydz. (3.56)
P 0z 0z

B GoJtee obmiem cirydae TpexMepHOI'O IIOTOKA COCTABJAIONIAA CKOPOCTH W, Oyner
M3MEeHSThCSA He TOJbKO B HAIIpaBJEHUHN 2, HO M B HAIPABJIEHUAX BCeX TPeX oced Koop-
nuHaT. Torma mpoeKITusa paBHOIEUCTBYIONIEH CHUJI TPEHUA Ha OCh X IPHUMET BH]T

e Ox> 6y2

’w. *w. w
dF.__=pn X 4 -+ —* dxdydz. (3.57)
0z
CyMMy BTOPBIX IIPOM3BOMHEIX II0 OCSIM KOOPAMHAT Ha3bIBaloT oneparopom Jlamaca:

2 2 2
aa“;x " 6@”;96 " 60“;96 =V, (3.58)
X y z

CrnenoBaTe IbHO, MPOEKITUS PABHOIEHCTBYIOIIEH CUJI TPEHUSI HA OCh X MOYKET OBITH
IpeJicTaBJIEHA Kak

dfl_ = quwxdxdydz. (3.59)

Tp X

Ncnonp3ysa aHaJIOTUYHBIE PACCY:KICHUSI, MOMKHO THOJIYYUTH OCTAJIbHBIE BBIpAsKe-
HHUS IJIS TIPOEKIUN PAaBHOOENCTBYIOIIEN CUJI TPEHUI:
— Ha 0oCh Y:

df,,_ = quwydxdydz; (3.60)

Tp Yy
— Ha 0Ch Z:
dFl_ = quwzdxdydz. (3.61)

Tp 2

Taxum 00pa3oMm, /I OMHUCAHUS IBUKEHUS PeaIbHOM BA3KOM "KUIKOCTH B IIpaBhIe
vacTu gudpdepeHInaIbHbIX YPaBHeHNN ABmKeHnsa Jiepa (3.48), IpuMeHUMBIX TJIs
OIUCAHUS JBUKEHUS JIUIID UAeaTbHBIX JKHUIKOCTEH, cIeayeT J00aBUTh COOTBETCTBYIO-
e BeIpaskeHus (3.59)—(3.61) mpoeKIuii Ha OCH KOOPTUHAT CUJI BA3KOCTHOTO TPEHUS:
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pdxdydz d;ux = —g—p +uViw, j dxdydz;
T X
d
pdxdydz dLl:y = —3—5 + uV‘Zwyjdxdydz; (3.62)
dw, op 2
pdxdydz T =| —pg - 5% +uV-w, |dxdydz.

[Tockonpky dxdydz =dV # 0, To jieBbIe 1 IIpaBbIe YacTH YpaBHEHHUM crucTeMEI (3.62)
MOKHO cokpaTuTh Ha dxdydz:

dw op 9
L=——+uVuw,;
PP T o
d
zy:—%9+uv%%; (3.63)
T 'y
dw op 2
SRS BT
Y ac P8 oz uv-w,

Cucrema ypasuenunii (3.63) obw1a mosryaerna Hasbe (1822 r.) u Ctokcom (1845 r.) u
opL1a Ha3BaHa ypaBueHnusmu Hasee — CTtokca. /lanmas cucrema onuchiBaeT IBUKE-
HHUe BA3KOUN KaleJbHOU *KUIKOCTH.

IIpu mBrskeHuy cxxuMaeMoOR sKUAKoCTH (ras3a, mapa) B Hell JOIIOJHUTEJIbHO BO3-
HUKAIOT CHUJIBI CKATUSA U PACTSIsKeHNsd, II0oToMy ypaBHeunusa Hasre — CTokca mpuHu-

MAaloT BUI:
=——+U| Vw +=——;
P T ox “( * 3 on
dw 0, 1 06
p y:__p+u Vzwy+_._ ; (364)
dt oy 3 oy
dwz ‘D 9 1 09
=—pg——+U| Vw, +——|,
p . pg 5 H( 2 o0
0
I'7le YaCTHBIE IIPOM3BOTHEIC = @ n 5% BBIPAMKAIOT UI3MEHEHUS CKOPOCTH 110 OCSM. X, Y, Z,
X
CBA3aHHBKBIE C ,Z[efICTBHeM CHJI CKaTHud U PaCTAKEeHHNA, IIpruYeM
0 ow, 0
o= Ty 00 (3.65)
0x oy 0z
dw, dw, dw
HpOI/ISBO,[[HBIe = = AJ1d YCTAaHOBUBIIIET'OCA peuMa IBUKEHHUA MOKHO

dt > dt ’ dr
OIpeJIeJINTh C IIOMOIIbI0 cucTeMbl ypaBHeHui (3.50), a 11 HEyCTAHOBUBIIIETOCS pe-
SKMMAa — 110 ypaBHEHUAM crucTeMbl (3.51).

ITonHoe onmcanme OBMKEHMS "KUIKOCTH B €r0 HanboJiee o011eit (popme BO3MOKHO IIy-
TeM pellleHns (MHTerprupoBanms) nuddeperimmaabaex ypasaeunit Hasbe — Ctoxca (3.63)
160 (3.64) cOBMECTHO ¢ ypaBHeHHeM Hepa3pbIiBHOCTH ImoToKa (3.34) smmbo (3.35). Ox-
Hako ypaBHeHus HaBbe — CToOKca He MOTYT OBITh peIlieHkI B 0011IeM BHUIe, TAK KaK YKUCJI0
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IIepeMeHHBIX, BXOJAIINX B 9TU YPABHEHUSI, 3HAUYUTEIbHO O0JIbIIIe YKCJIa MOJIYIeHHBIX
YPaBHEHUU.

Pemntenus aToii CI03KHOM CUCTEMBI YpaBHEHUI BO3MOYKHBI TOJIBKO JJIS HEKOTOPHIX
YaCTHBIX caydaeB. [Ipu aToMm cucreMy MOTIOJTHSIOT ypaBHEHUAMU CBSI3W, OCHOBAHHBIMU
Ha TPaHWUYHBIX, HAYAJBHBIX U KPaeBhIX ycJIoBUSAX. Ho B aToM ciydae mosiydeHHAas CH-
cTeMa ypaBHEHUU YCJIOKHAETCA HACTOJIBKO, YTO PEIIUTD ee CTPOro aHAJIUTUYECKHU, KaK
IIpaBuUJio, HeBo3MOo:kHO0. Ha mpaktuke ypaBHenuss Hasbe — CTokca pemnrawoTcs IpuoIn-
$KE€HHO Pa3JIMYHBIMU YWCJIEHHBIMU UTEePAIlMOHHBIMU METOJAaMU C IIPUMeHeHUEM KOM-
ITLIOTEPOB JIN00 C UCTI0JIH30BAHUEM YIIPOIIAIOIINX JIOIYIIeHUH.

3.3.4. YpaBHeHue bepHyaH

B pacuerHoit mpakTHKe HUCIIOIb30BaHue TUQPQepeHIInaIbHbIX YPaBHEHUH IBUKE-
HUS KHUIKOCTH OJHJIepa /I OTHOHAIIPABJIEHHBIX IIOTOKOB (3.49) Heymo0HO, I0ITOMY
€ro IPUBOLAT K HHTETPAJIbHOMY BHILY.

YMHOKHM JIeBBIe U IIpaBble YaCTH ypaBHeHUM crucTeMsl (3.49) cOOTBETCTBEHHO HA
dx, dy, dz u pasgesnuMm Ha IIJIOTHOCTH SKUIKOCTH :

d—xdwx _lld_pd :

dt p Ox

de _llé_pd :

dt 7 p o

%dwz =—gdz —l-a—pdz.

dt p 0z
dx dy dz .

3amernmM, YTO IIPOU3BOAHBIE —, —— B —— BBEIPAMKAIOT IIPOEKITUHU CKOPOCTER W, , W,

dt’ dt  dr ’

W, Ha COOTBETCTBYIOIIMe Oct KoopauHart. Torna, ckiiaapBas JieBble U IIpaBble YacTH ypaB-
HEHUH IT0CJIeTHENH CUCTEMBI U IIPOBO/ISI COOTBETCTBYIOIIHE ITPE00PA30BAHMUS, TTOJIYUNM

w dw, +w dw, +w,dw, :—gdz—l a—pdx +a—pdy+a—pdz . (3.66)
yoY plox dy 0z

IIpu sToM, yuuThiBast mpasuiia JudgepeHIinpoBaunsa PyHKIINNA HECKOJILKIX IIepe-
MEHHBIX, 4 TAKKe CyMMHPOBAaHNE MPOEKIINKA CKOPOCTEH, JIEBYIO YaCTh YPABHEHUS MO-
SKeM 3aIKcaTh B BUJIE

2 2 2

w wy w
wdw, +w dw, +w,dw, =d 7’“ +d - +d 22 =
2,2, 92
_ w, +w; +w; _4 w_2 |
2 2
re W — II0JIHASL CKOPOCTb.
B mpasoit vactu ypaBHeHus (3.66) BeIpaskeHme g—pdx +g—pdy+g—pdz =dp mpen-
X 'y z

cTaBJIsAeT cOo00I IOJIHBIHN auddepeHIa JaBIeHnd.

5 A. U. BunbKoukuii u ap.
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Torna ypaBHeHue (3.66) 3amuiiiemM B BUe

2
w

d
A Y| =—gdz-22. (3.67)
2 p
PaSHQJII/IM 068 YaCTHu 3TOI'O YpaBHEHHUA HA YCKOPEHUEe CBO6OHHOI‘O InageHud g u 1ie-
peHeceM BCe €I'0 YJIEHEI B JIEBYIO YaCTh:

2
w

d| — +dz+d—p:0.
28 Pg
Cymmy muddepeniimaaoB 3aMeHuM u@epeHIrnaaIoM CyMMBI, YIUTBIBAS, YTO

p = const:
2

dlz+2+% |-o.
pg 28
Nurerpupys mociegtHee ypaBHeHHE, IOJIyIUM
p  w
z+-—+— =const. (3.68)
pg 28

JlarHOE ypaBHEHIe IITHPOKO HUCIIOJIb3yeTCSA B pACUETHOM IPaKTUKE U HOCUT Ha3Ba-
HUe ypaBHeHus bepHyiu a1 naeaabHOM KUIKOCTH.

Jl1a moToKa MaeaIbHOM sKHUIKOCTH B TPyOe ypaBHeHe bepHyiin, cocraBieHHoe JIJIs
JIBYX IIPOM3BOJIbHBIX OIIEPEUHBIX CeUeHM 1—1 1 2—2 OTHOCUTEJILHO IIPOU3BOJILHOM MOPH-
30HTAJILHOM IIoCKOoCTH cpaBHeHnsa 0—0 (puc. 3.13), 3ammchIiBaeTcs B ciIeayoiieM Bumell:

J2 w12 Po w%
ittt =z = (3.69)
pg 28 pg 28

B Bripaskennax (3.68) u (3.69) Bce ciaraemMbie BHIPAKEHBI B €IUHUIIAX IJIHHBL 1
HPEeICTABJIAIOT COOOI:

Z—reoMeTPUYEeCKHUI HAIIOP, T. €. PACCTOSTHIE OT IIPOU3BOJILHOM rOPHU30HTAIBHOMN
TockocTu cpaBuenus 0—0 10 paccMaTpuBaeMoOI TOUYKH ITOTOKA (CEYEHUs ITOTOKA), KO-
TOPOE IIPEICTABJISIET COOOH yAeIbHYI0 MOTeHIINAIHLHYI0 9HEPIHIO IIOJIOKEeHU B JAHHOMN
TOUYKe (JaHHOM CEYEeHHN);

P _ NbEe30MEeTPUIECKUI HATIOP, JIH00 HAIIOP JABJI€HUA, XaPaKTePU3Y IO
pg

yIeJIbHYIO IIOTeHITHAJIbHYIO dJHePTU0 JaBJIeHUA B JaHHONU TOUKe (TaHHOM CeUYeHUHN);
w?
g CKOPOCTHOM (IMHAMUYECKUI) HATIOP, KOTOPHIH XapaKTepu3yeT yIeIbHYI0
g

KUHETHUYECKYI0 9HEePTUIO B JIAHHOM TOYKe (ITaHHOM CeYeHUN).

Cymma 2+£ — Ha3bIBaeTCA CTATUYECKHUM HAIOPOM, M BBIpakaeT IOJIHYIO
ps

yIeJbHYIO IIOTEHI[HAIbHYI0 9HEePTHI0 B JaHHON TOYKe (JaHHOM CEeYEHIMN).

11 CTpOFO T'OBOPA, CKOPOCTH W M JAaBJICHUA P HEOONMHAKOBBI B PA3JIMYHEBIX TOYKaX IIIO6OI‘O IIOIIEPEYHOI0
ceueHus (boJsiee mmoapodHO cM. moari. 3.5). [Tosromy ypaBuenwe (3.69) 0oTHOCUTCSA He K CEUCHUSIM B IIEJIOM,
a K JII000M IIape CXOICTBEHHBIX TOUEK B 9TUX CEUYCHMAX (HAIIPUMeED, K TOUKAM, JISHKAIIUM Ha OCH TPYOOIIpo-
Boma). OgHAKO IS GOJIBIIMHCTBA PACYETOB B TEXHUUECKON THAPABJINKE C JOCTATOYHOM CTEIICHBI0 TOYHO-
CTH MOYKHO IIPUHATE CPEeIHNE 3HAYEHNS W 1 P, 4 COOTBETCTBEHHO, CPeJHUe 3HAYCHUA Z JJIs 000MX CEUCHMMA.
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Puc. 3.13. Cxema x ypasuenwuo BepHyu st uaeaIbHOR KUITKOCTHA

2
Cymma z +£+w— Ha3bIBAETCA IIOJHBIM THAPOJHUHAMHUYECKUM HANOpPOM U
pg 28
BBIpAsKaeT CYMMY YIeJIbHBIX IIOTEHIIMAJIbHOM W KHUHETUYECKOU SHEpPIruil B JaHHOU
TOYKe (JJAHHOM CEYEeHHMN).
CremoBaTe ibHO, COTJIACHO YpaBHeHU0 BepHy1IH, 11 BceX MOMepevYHbIX CeUeHUH
YCTAaHOBUBIIIETOCS MOTOKA MAeaJTbHOMN KUJTKOCTHA ITOJTHBIHN rn;:poz:HHalequCRHfI HaIop

ocTaeTcsa HeM3MeHHBIM. /pyrumu ciaoBamMu, cyMMa CKOPOCTHOTO L M CTaTHYECKOI0
2g
zZ+ L HaIIOPOB He MEHSETCS IIPU IIepexoage OT OJHOT0 IMOIIEPEeYHOI0 CEYeHN s IIOTOKA K
pg
APyromy.

BMeCTe C TéM K13 YypaBHEHHA BepHyJIJII/I B COOTBETCTBHHU C oHEPIreTUu4YeCKHUM CMBIC-
JIOM €T'0 YJIEHOB cJieyeT, UYTO IIPHY YCTaHOBHUBIIEMCA IBUKECHUN K,HeaJIbHofI HKHUOKOCTI
CyMMa ee HOTGHLII/I&JIBHOIZ U KUHETUYECKOMN OHEPIuu IJId KaXOO0I0 U3 IIOIIEPEYHbBIX Ce-
YeHUU IIOTOKA TAKMKe OCTaeTCd HeU3MeHHOM.

[Ipu nameHeHUN IIOIEPEUHOTO CEUEeHUS TPYOOIIPOBOJA Y COOTBETCTBEHHO CKOPOCTH
ABHUEKECHHUA KHUIKOCTHU IIPOMCXOOHUT ITPEBPAIIECHHE dHEPIHHM: IIPHU CYHKEHHU pr601‘[p0-
BOIgAa 9aCThb HOTeHLII/IaJIBHOfI JHEPI'uu JaBJICHUAd I1€ePeXO0JUT B KHHETHUYECKYIO H, Ha060-
POT, IITPHU pacCIunpeHnu pr6onp030;[a qacCTb RI/IHeTI/I‘{eCROfI JHEPIuu I1ImepexoauT B II0-
TEeHIIMAaJIbHYIO, HO o6mee KOJIMYeCTBO aHEePIuu ocraeTCd ITIOCTOAHHDBIM.

HpI/I ABUKEHUN peaJIbHOfI BH3ROfI JHKHNOKOCTU B HefI ﬁeflCTByIOT CHJIbI BHYTPEHHEIO
TpeHud U TPpeHUAd KHUIKOCTH O CTEHEKN pr6bI. 3TI/I CHJIbI OKa3bIBaXOT COITPOTHUBJICHHE
ABMKEHUIO JKNIKOCTH. Ha IIpeoJoJIEeHHe BOSHURKAIOIIEI'0 THAPABINYECKOIO COITPOTHUB-
JIEHU A H€O6X0,E[I/IMO pPacxogoBaTb HEKOTOPYIO YaCTh dHEPI'H IIOTOKA, KOTOpad Heo6pa-
THMO TepsieTcAd U KOTOPYIO MOKHO BBIPA3UTh Yepe3 MOTePAHHBIN Hatop A .
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[ToaTomy niist peasibHOUM BSIBKOM SKUIKOCTH ypaBHeHUe (3.69) mpuHUMaeT BU
2
z +&+w_1=22 +&+ﬁ+hm,
pg 28 pg 28
rae h,, — IIOTepu HAIIOpa MeXIy cedeHHAMH 1-1 m 2-2.
VYmuo:xus ypasuenue (3.70) Ha pg, moIyuynM ypaBHeHUe BepHyiu 11 peaibHOM
SKUJIKOCTU B HECKOJIBKO MHOM BUJIE!

(3.70)

2 2
w w
P :Pzg22+p2+p2 2

P182, TP T +Ap (3.71)

II0T ?

rae Ap, . — IOTepH JaBJICHUsS HA TPEHHEe M MECTHBIE COIIPOTHUBJICHHUI MEKIY CeYeHU-
avu 1-1 u 2-2.

3.4. NPAKTUYECKHUE NMPUNOXXEHNA YPABHEHUA BEPHYAAU

Paccmorpum nmpumeHeHmne ypaBHeHUsI BepHy iU i ompeesieHusT CKOpocTel u
pacxonoB, a TaKKe BpeMeHU UCTeUeHUd KUIKOCTEN U3 pe3epByapoB.

3.4.1. Tpybka nonHoro Hanopa (Tpybka Muro)

Tpyora [Iuto cay:kuT 11 m3MepeHus IOJTHOT0 Hamopa IOToKa sKUuIKocTH. [lycTh
SKUJIKOCTD JBUKETCSI B HAIIOPHOM TPYOOIIPOBOJE, B KOTOPHIH OITyIIeHA U30THYTAs TI0/T
mpsaMBIM yriioM TpyOka 2. TpyOka ycraHaBiImBaeTcs OTBEPCTHEM IIPOTHUB JIBUKEHUS
HOTOKA sKUIKocTH (puc. 3.14).

Puc. 3.14. Onpenenenne JOKAIBHOM CKOPOCTH B IIOTOKE MKUTKOCTH
¢ HCIIoJIb3oBaHueM TpyOku Iluro:
1 — mpesoMerpuveckas Tpyoka; 2 — rpyoka [Iuro (TpyOka mosHOro Haropa)
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Taxyo TpyOKy HCIOJIb30BAT (PpaHILy3-
CKHH YYEHBIN, MHKEHep-TUAPOTeXHUK AHpHU
[Tuto (Henri Pitot) 8 1732 r. mjisa uamepeHus
CKOPOCTH BOJEI B PeKe.

[Tpumem, uTo Touka A HaAXOOUTCSA HA OCH
3aTrHYTOT0 KOHIIA TPYOKH, Yepe3 KOTOPYIO IPo-
BeleM TOPH30HTAJBHYI0 IIJIOCKOCTH CpaBHeE-
Hug 0-0.

Ecsm B Touke A ¢ mOMOIIIBIO ITHE30METPHU-
YecKoll TpyOKmM [ WU3MEpUTh CTATHYECKUI

)"-—u
/|Cw

)l\'.)
)

A
HAIop | 2,4 +p—A , 4 C IIOMOIIILI0 TPYOKH II0JI- : - -
8 wa
HOTO Hamopa 2 ompenesInTh IOJIHBIM HAIIop
2
Py Wy o .
Z,+—=+—"|, TO pa3HOCThb IIOKA3aHUU Puc. 3.15. Onpenenenue mToKaJIbLHOM
pg 28 CKOPOCTH B 'a30BOM TIOTOKE
9THX TPYOOK JTaeT TUHAMITIECKHI HATIOp A, M: ¢ momoteio Tpyoxu [TuTo:
) 1 — mbe3oMeTpuYecKas TPyOKa;
h = Wy 2 — tpy6Ora Iluro; 3 — U-obpasusrii
* 2g ’ nuddepeHITNATILHBIE MAHOMETP

OTKyZIa BRIPAKAIOT UCKOMYIO JIOKAJIBHYIO CKOPOCTD ITOTOKA YKHUTKOCTH W 4, M/C, B TOUKe A:

w, = [2gh,. (3.72)

OTtMmeruM, 4TO M3-3a O0TEKAHUSA ITOTOKOM KuAKocTu Tpyoku [InTo BosHMKaer He-
KOTOpAas IIorperrHocTh uamepenuii. Iloatomy B hopmymny (3.72) miist 6osiee TOUHBIX pe-
3yJIbTATOB BBOJIUTCS TIOMIPABOYHBIHA KoappHUITIEeHT

w, = ¢2gh, . (3.73)

3HaueHre KoapdUIEeHTa @ OIpeNesigeTcss IIyTeM TapUPOBKU TPYOKU Ha CIIEIT-
aJIBHOM CTEHJIE.

[lokasamnuas Ha puc. 3.14 n3MepuUTeIbHAS CXeMa HeIIPUMEeHNMA [IJI OIIPe e IeHIsI
JIOKAJIBHBIX CKOPOCTEHl B ra30BBHIX IIOTOKAX, IIOCKOJIBKY ra3 OymeT BBEIXOOUTH B ATMO-
chepy u3 OTKPBITHIX TPYOOK. IoaToMy M3MepHUTeIbHYIO CCTEMY TPeOyeTcss 3aMKHYTh.
910 mocruraercs ycraHoBkoit U-oOpasHoro mudpepeHIInaibHOr0 MaHOMeTpa, 3aIoJl-
HEHHOI'0 MAHOMETPHUUYECKOH sKHIKOCThIO (puc. 3.15).

JlokaIBHYI0 CKOPOCTH ra3a B TOUKE yCTAHOBKW TPyOKu Iluto (B Toure A) w,, M/c,
pacCcYUTHIBAIOT 110 POPMYJIe

2p,8hy, _ |24p (3.74)
Pr Pr

rue p,, — IIOTHOCTh MAHOMETPUYECKOH KUIKOCTH B TupMaHOMETpE, KI‘/ M h, —pas-
HOCTBb YPOBHEN MaHOMEeTPHUUIECKOI :KUIKOCTH B JuMaHOMeTpe, M; P, — ILJIOTHOCTh I'a3a
B TPyOOIIPOBOIE, KT MS; Ap =p,8h,, — Hepenan naBIeHUH, U3MepAEeMBIN IIPU ITOMOIIT
mudpmanomerpa, I1a.

BasucumocTs (3.74) orsmmruaercst ot popmyist (3.72), IIOCKOJIBKY JIOTHOCTH MaHOMET-
PUYIECKOH KUOKOCTH P, , C IIOMOIIBI0 KOTOPOH H3MepseTcs Iepelral HallopoB, KakK IIpa-
BHUJIO, OTJIMYAETCS OT IIJIOTHOCTH CPEJIBI P, CKOPOCTH IBUKEHUS KOTOPOI OITpeiesIsaeTcs.

A =
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NMPUMEP 3.8

B tpybompoBoze ycranosiera Tpyoka Iluro u nmpesomerp (cm. pumc. 3.15), K KoTO-

M pBIM momcoenquHeH audmanoMerp. Ompene/nTs 3HAUYEHNEe JIOKAJIBHOM CKOPOCTH
rasa B MecTe yCTaHOBKM TpyOku ITuTo, eciir pasHoCTh ypoBHEH MaHOMETPHIYECKOM
SKUIKOCTH (Bonbl) B qucdmaHoMmeTpe A, =60 mm. 1lmorHOCT rasa p=1,9 KI‘/ Mo,
IT;roTHOCTE MaHOMeTPHUYEeCKOH KuaKrocTH (Bogel) p,, =1000 RI‘/ Mo,

PeweHue

.HOR&JIBHYIO CKEOPOCTBb I'a3a B TOUKE YCTAaHOBKH pr6RI/I ITuto w moxHO paccuuTaTb

o chopmyte (3.74):
w= /—2nghM.
p

W= 2-1000-9,81-0,06
1,9

=24,9wm/c.

Oreet: w = 24,9 m/c.

3.4.2. Tpy6bka Muto - MpaHATAA

Jlast ymoOcTBa MCIOJIB30BaHUS IIhe3oMeTp U TpyOKy IlmrTo coBmermarmoT B omgHOM
ycerporictBe — TpyOke Iluro — IIpamariisa, k xoropoit moacoequusaoT U-00pasHbiil aud-
manaoMmeTp (puc. 3.16). Takoe ycTpoiicTBO MOKHO MCIOJIH30BATE JJISI OIIPEIeJICHIs JIO-
KaJbHBIX CKOPOCTEH He TOJILKO B JKUIKUX, HO X B T'A30BBIX ITOTOKAX.

Puc. 3.16. Tpy6ra IIurto — IIpammgrsis:
1 — BHyTpeHHasa TPpyOKa; 2 — HapyxkHasa Tpyoka; 3 — U-o0pasHbiii nudmanomerp;
4 — KOJIBIIEBOE IIPOCTPAHCTBO; 5 — OTBEPCTHE IJIA N3MEPEHMsI II0JIHOI0 HATIOPA;
6 — OTBEPCTHUSA /I U3MEPEeHU CTATHYECKOr0 HAIlopa
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Tpyora Iluro — IIpamariasa cocTrouT M3 ABYX KOHIIEHTPHUYECKUX I'-00pasHBIX TPY-
oox. Buyrpennas TpyOka I coemmHsieTcs ¢ IpaBoM BeTBbI0 U-00pasHoro mudpmMamo-
MeTpa 3 U CIAYKUT JJIs U3MepeHus IoJHoro Hamopa B Touke A. Hapysxkuas TtpyOka 2
o0pasyeT ¢ BHYTPEeHHEH KOJIbIIEBOE IIPOCTPAHCTBO 4, TePMETHYHO 3aKPHITOE C IBYX CTO-
POH, IIPH 9TOM II0 IIEPHUMETPY HAPYKHON TPYOKH BBIIIOJIHEHBI OTBEPCTHUS 6 IIJIsI M3Me-
PEHHS CTaTUUYECKOTr0 HAIIopa. JTO KOJBIIEBOE IIPOCTPAHCTBO COETMHEHO C JIEBOM BETBHIO
U-obpasuoro nudmanomerpa.

JlokaIbHYI0 CKOPOCTB ras3a Ww,, M/c, B Touke A paccauThiBaioT 110 opmyie (3.74).

Tpyoxrwu Iluto u [Iuto — IlpanaTias ucIoIb3yIOTCA He TOJIBKO JIJIS OIIpeaesIeHI JIO-
KaJIBHBIX CKOPOCTEH B IIOTOKE ra3a WJIH JKUIKOCTH, HO U JJIS OIIPeeIeHU UX pacxojia
(bosree moapPOOHO cM. TIOATII. 3.5).

NMPUMEP 3.9

Ha ocu TpybOompoBoga, mo KOTOpPOMY IBHIKETCS Tra3, yCTAHOBJIEHA TPyOKa
‘M [Iuro — Ilpamaras (cm. puc. 3.16). OupeneuTh TOKA3aHUS PTYTHOIO audma-
HOMeTpa, ImojacoequHeHHoro K Tpyoke IIuro — Ilpamariis, ecan ckopocTh rasa B
Mecre ycraHoBEU TpyOkm w =20 m/c. IlmorrocTs rasza p, = 4,5 RI‘/ m°. Ilnor-

HOCTBb PTYTH (MaHOMeTPHUUIECKOH KUIKoCTH) P,, =13 600 RI‘/ M.

PeweHue

[Torkasauus qudpmaroMerpa, mogcoeaunHeHHOro K Tpyoke Iluro — Ilpamariia, mosk-
HO OIIPEeIeJINTD U3 ypaBHeHus (3.74):

2p,,8h,,
P,

OTCIOﬂa IIOKa3aHUuA ,[[I/I(bMaHOMeTpaZ

2
pw

20,8

M

. 4,5-207
¥ 2.13600-9,81

=6,8-10° Mm=6,8 MM.

Orser: h, =6,8 MMm.

3.4.3. ApoccenbHbie NpU6opbl AN UBMEPEHUA pacxoaa

B rauectBe gpoccebHBIX IIPHUOOPOB HUCIIOIL3YIOT MEPHYIO IuadparMmy, MEpHOe COILIIO
u Tpyoy BenTypu.

[TpuHIII paboTh APOCCEIbHEIX IIPHOOPOB OCHOBAH HA MCKYCCTBEHHOM CYKeHNN
IIOTOKA "KUJKOCTH WJM rasda. Ilpn 9ToM CKOpOCTH MOTOKA B y3KOM CEUYEHHH BO3pac-
TaeT, U COOTBETCTBEHHO BO3PACTAeT KMHETHUUYECKAs dHEpTUsd IIOTOKA. OTO, COrJIACHO
ypaBHEHUIO BepHyLIN, IPUBOAUT K YMEHBIISHUIO IOTEHIINAJIbHON dHEePTUH IIOTOKA
B maHHOM ceueHuu. [losTomy uamepus nuddepeHInaIbHEIM MAHOMETPOM IIeperia
IaBJIEHUI B CEUEHHH TPyOOIPOBOLA M B CAMOM Y3KOM CEUEHMH IIOTOKA MOYKHO BBI-
YMCJIATh U3MEHEeHHE CKOPOCTH B 3TUX CEUCHHUAX, 4 II0 HEMY — CKOPOCTh M PACXOJI
cpensl B TPyOOIIpoBOIE.
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3.4.3.1. MepHana papadparma

Mepuaa nuadparma (puc. 3.17) npencraBiaser co00M TOHKHI JUCK 2 ¢ OTBEPCTHUEM
HeO0OJIBIIIOT0 JUaMeTpa, 0Ch KOTOPOTO COBIIAAAeT ¢ Ochio TpybompoBoda. Jluadparma
yCTaHABJIMBAETCSI B TpyOe I MeprIeHIuKYIIPHO IBUKYIIEMYCS MOTOKY, KaK IIPaBUJIO,
MeskIy rariiamMu (Ha cxeMe He TOKA3aHbI).
Opxua BerBp U-00pasuoro qudpmanomerpa 3
TIOJICOETUHSATCSA K TPYOOIIPOBOIY JI0 YCTPOM-
crBa (ceuenue 1-1), a Bropas — mocJe (ceue-
Hue 2-2).

Cumras TpyOOIIPOBOI FOPHU30HTATIBHEIM,
3anuireM JJis IByX cedeHuit 1—-1 u 2—2 ypas-

HEeHUe BepHyJIJII/I IS NIeaJIbHOHN “KUITKOCTH:
2 2

2z T WL 2y +&+ﬁ, (3.75)
pg 2g pg 2g

rme p;, P, —IIbe30MeTpUYecKre IaBJIeHU
B ceueHUAX 1—1 1 2—2 COOTBETCTBEHHO; P —
IJIOTHOCTh JKHUOAKOCTH (rasa) B TPyOOIpO-
BOJIE; wf, wg — CcpeliHIe CKOPOCTH HOTOKA B
ceueHUAX 1—1 u 2—2 cOOTBETCTBEHHO.

Jlna ropu3oHTaSBHOrO TPYOOIIPOBOIA
2, =2,, N03TOMy ypaBHeHHe (3.75) mocie
mpeoOpas3oBaHU IPUMET BH/I:

Wy W _poby (3.76)

2¢ 2g pg
OueBUAHO, YTO PA3HOCTH IIHE30METPH-
YeCKUX [aBJIeHUH p, —p, I[eperaercs B
BeTBM OudMaHOMETPA W ypPaBHOBEIINBA-
Puc. 3.17. Cxema ycraHOBKH ercsa JaBJIEHHEeM CT0JI0a MaHOMEeTPUYECKOM

MepHo#t uagparmsr: JKUJIKOCTH C IJIOTHOCTBIO P
1 — Tpybomposox; 2 — nuadparma,

3 — U-o6pasHeiii nudmMaHOoMeTp D, — Py =P, 8h,, (3.77)

rne h, — pasHOCTb yPOBHEH MaHOMETPHYECKON KUIKOCTH B BETBAX HU3MEPUTEIIHHOIO
MmanHoMmerpa (cMm. puc. 3.17).

YT00BI OIIpe e/ IUTE CPEIHIO CKOPOCTD M PACXO/I "KHIKOCTH B TPYOOIIPOBOIE, BEIPA3HIM
CKOpOCTb W; B cedeHUN 1—1 depe3 CKOPOCTh W, B Y3KOM CeUeHMH CTpyHU 2—2 3a guadpar-
MO, UCII0JIB3YsI YPaBHEHHNEe Hepa3phIBHOCTHU II0TOKA (3.42) u ypaBHeHUe pacxona (3.1):

2
w, =w2%=w2d—2, (3.78)
1

roe S, — IJIOIIANb IIOTOKA B cedeHUU 2—2; S, — IyIomank I0ToKa B ceveHuu 1-1; d, —
IraMeTp IIOTOKA B cedeHUHU 2—2; d; — AuamMeTp IIOTOKA B cedeHHH 1—-1.
[ToncraBuMm 3HaueHHe w; B BhIpaskeHue (3.76) IJIs pa3HOCTH CKOPOCTHBIX HAIIOPOB:

wiﬂﬁ[ﬁj _Pughy
2g 2g pPg

)

4
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OTKyaa

4
wily (o) |_pushu
28 d, pg

IIpeobpaasys mociieHee BEIPAKEHIE, MOKEM 3aIINCATh:

(3.79)

O0BeMHBIN pacxom *KUIKOCTH (rasza) B TPYOOIIPOBOLE MOKHO OIPENeIUTh C IIOMO-
b0 ypasuaenus (3.1):
Q =w,S,. (3.80)

OnHako u3-3a HHEPIMOHHOTO CXKATUA CTPYH IIOTOKA B CeUeHUN 2—2 BeJIMIuHy S,

TOYHO OIIPeIeJINTh cJIoskHO. [[oaToMy B pacueTHyio dpopMyTy QI oIpeaesieHus: 00beM-

Horo pacxona (3.80) BMecTo S, IOACTaBIAIOT BEJWYMHY ILJIOIIANU OTBepcTUd S, =
nd; .

= T,rae d, — U3BeCTHBII JUaMeTp OTBEPCTUA JruadparMbl:

(3.81)

rIe o — IIOHIPAaBOYHBIA K0a(pPUIIMEeHT, TAK HAa3bIBaeMbIil K03((pHIIMeHT pacxoaa gJpoc-
CEeJIBHOTO yCTPOMCTBA, yIUTHIBAIONIMIL CikaTHe CTpyH B cedernu 2-2 (S, < S, ), a Taxme
IIOTEPH JaBJIEHHUS B IPOCCEIBHOM yCTPOICTBE.

Jlnamerp orBepcTHsa muadparMbl B HECKOJIBKO pa3 (00BIYHO B 3—4) MeHbIIIe IHa-

MeTpa TpyOOoIpoBoga, B KOTOPOM OHA ycraHaBiamBaeTca. CiiemoBaTeIbHO, BEJIMIMHOMN
4

—2 | B ypaBHeHUH (3.81) MOKHO IIpeHeOpeyb, ¥ TOTJA OHO IIPUMeT BHI

4

2
o nd; [2p,8h, '
4 p

KOSCb(bI/ILH/IeHT pacxoma o < 1 ¥ 3aBUCHUT OT 3HAYEHUI Kpurepuda Ren MOIOYJIA Jua-
2

Q= (3.82)

dparmer m =| —2 | . JI;4 cTaHIapTU30BAHHBIX (HOPMAaJIbHBIX) TradparM sHAUYeHUA o

IIPUBOIATCA B CIIPABOYHON JIMTEpaType, IPUIeM /IS PA3JIUIHBIX HHKEHEePHBIX IITKOJI
CYIIIECTBYIOT pa3Hble IMOAXObI B OIIPeIe IeHNH KOdpPHUIIMeHTa 0, U3JI0KEHHBIE HIKE.
Hampumep, Ha puc. 3.18 npuseera rpaduyeckasi 3aBUCUMOCTh K0dpHITIeHTa O OT

Wy dyp

qucjia Reo = , BBIYMCJICHHOI'O JJIA IIOTOKA B OTBEPCTHI ,HI/IaCbpaI‘MBI, " 3HA4YECeHUA m.

Ha rpaduke HaHeceHa MITpUXOBas JIMHUA I'PaHUYHEIX 3HaueHU! Re, = Re_ , mpaBee Ko-

Kp 4
TOPOH O MPaKTUYIECKU He 3aBUCUT OT Re,. DTOT MeTOI IMUPOKO MCIIOJIb3yeTCs B 3apyOesk-

HOM IIpaKTHUKe.
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] 1
~ m =0,70
0,80 ] ‘
\\\ i
0,76 "~ ]
S—l] m = 0,60
Ty L
[
0,72 ™~ /
a 1 [ m = 0,50
I
[
0,68 [~ £
] m =0,40
™ [ ]
0,64 T~ / m = 0,30]
™ P— iy 11
e 7 Jn = ’2-0-
""""--..: m = 0,10
0,60 v m = 0,051
4-10% 104 10° 108
ReO

Puc. 3.18. 3asucumocts KoapduimenTa pacxoma o
ot uncyaa Re, um moxyna nuadparmer m

B oreuecTBeHHOM mpakTUKe KOIPPHUIIMEHT O 00BIYHO OIIPEIeISOT 0 TAOIMIHBIM
sHaveHusm (tabJi. 3.1). IIpu saTom 3HaveHne Kpurepus PeifiHonbaca ompeiesasercsa mo
CpeqHeH CKOPOCTH IBUTAOIIErocs B TPyOe MOTOKA.

Tabmuma 3.1
Koaddpunmueur pacxoga nuadparmser a
m
Re
0,05 0,1 0,2 0,3 0,4 0,5 0,6 0,7
5000 0,6032 | 0,6110 | 0,6341 - - - - —
10 000 0,6026 0,6092 0,6261 0,6530 0,6890 0,7367 0,7975 -
20 000 0,5996 | 0,6050 | 0,6212 | 0,6454 | 0,6765 | 0,7186 | 0,7753 | 0,8540
30 000 0,5990 | 0,6038 | 0,6187 | 0,6403 | 0,6719 | 0,7124 | 0,7650 | 0,8404
50 000 0,5984 0,6032 0,6168 0,6384 0,6666 0,7047 0,7553 0,8276
100 000 0,5980 | 0,6026 | 0,6162 | 0,6359 | 0,6626 | 0,6992 | 0,7472 | 0,8155
400 000 0,5978 | 0,6020 | 0,6150 | 0,6340 | 0,6600 | 0,6950 | 0,7398 | 0,8019

MepHaﬂ ,uI/Ia(bparMa ABJIAETCA CaMbIM IIPDOCTBIM W HaJCKHBIM JPOCCEJIBHBIM YCT-
pOfICTBOM JJIA U3MEPEeHHUA pacxoga, HO BMeCTe C TeM HaumMeHee TOYHBIM M MMEIOIITM
MaKCHMaJIbHOE T'HJIPpaBJINYECKO€E COIIPOTHBJICHHE.

3.4.3.2. MepHoe connao

[IoBBICHTE TOYHOCTH M3MEPEHHUS Pacxoda MOYKHO IIPKM MCIIOJIbB30BAHUH MEPHOTO
comta (puc. 3.19), mpeacraBiIgoIero co0oi HacagoK C IJIABHBIM 3aKPYIJIEHHBIM BXO-
JIOM W IIAJIAHIPUYECKHUM BBIXOIOM.
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B orsmume ot mepHo#l gumadparmMbl B JAHHOM YCT-
POIiCTBE IIPOHCXOaUT OoJIee IJIABHOE CysKeHHe IIOTOKA, II0- -
9TOMY THIPABJINYECKOE COIPOTHUBJICHHE MEPHOIO COILIA
MeHbIIle, YeM AuaparMbl, TOYHOCTh U3MEPEHHsI BHIIIIE,
OJHAKO OHA CJIOKHEe II0 YCTPOMCTBY.

Pacxon skunxoctu (rasa), mepeMeriaemMoi o Tpyoo-
IIPOBO.Y, OolIpenesieTcs mo popmyte (3.82), a 3HaUEHUSA

b

V/r/// Z N

KoodpdpumireHTa pacxona O, IpHUBEeIeHHEIE B CIIEIINAJIb- < _ T?
HOMU JuTepaType, 0epyTes IJIsT MEePHOTO COILIA. 5
PN
3.4.3.3. Tpy6a BeHtypH %}"”
Tpy6a Beutypu (puc. 3.20) umeeT IIOCTEIIEHHO CyKa- §
oIuiicad y4acTok (KOHQy30p), 3a HUM cJIeayeT caMoe §
y3Koe cedeHue IIpubopa (ropJOoBHHA), KOTOPOE 3aTeM %%
0oJiee IJIaBHO pacCIIMpSeTCS OO0 IepBOHAYAJILHOIO ce- 2 1/ \3
HeHus (Tuddysop). Puc. 3.19. Mephoe corwio:
BesenictBue 11aBHOTO CysKEHMS M PACIIMPEHUS 0~ 7 _ pacanok: 2, 3 — 0GOMMSL
TOKA II0TepH JaBJieHus B TpyOe BeHTypu MeHbIIIe, UeM B 4 — pasuasbHBIe KAHAJIEL
IPYTHUX IPOCCEJIbHBIX YCTPOMCTBAX, 4 TOYHOCTh M3Mepe- 17151 0TOOPA JABJICHUS

HUI 3HAYUTEJIHHO BEIIIIE.
K memocratram TpyOsr BeHTYypH MOKHO OTHECTH CJI03KHOCTD €€ N3TOTOBJICHUS, a TAKIKe
TO, UTO €€ [JIMHA OUYeHb BeJIMKA II0 CPABHEHHIO C IPYTUMHU JPOCCEIbHBIMU YCTPONCTBAMII.
Jlns pacuera pacxoga skuakoctu (ra3a) UCIIOIb3yeTcsa popmyia, momooHasdt (3.82):

2
Q=o 2wy (3.83)
4\ p

rme o — koapduiimeHT pacxona a1 Tpyosl BeHTypH, 3HaYEHHS KOTOPOIr0 IIPUBOIATCS
B CIIELIMAJIbHOH CIIPaBOYHOH JIUTepaType; d, — AuaMeTp TOPJIOBUHEL.

i 3

/

I'aa

B B

T
R

Puc. 3.20. Tpyba Benrypu:
1, 2 — tpy6omposox; 3 — Tpyba Benrypu; 4 — U-00pasublit qrudpmasomerp;
A — xoudysop; b — ropsosuna; B — nuddyasop
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3.4.3.4. PekomeHAQUMU NO YCTAHOBKE APOCCEAbHbIX U3MEPUTEAbHbIX YCTPOUCTB

C mespio obecrieueHMs MAKCHMAJBHONM TOYHOCTH H3MEpPEeHHM HeoOXOIMMO CIJia-
JUTH HEPABHOMEPHOCTH JBUKEHHS IIOTOKA II0 CeUYeHUI0 TPYOHI. J[JIs aToro mpumepxu-
BAIOTCS MPABUJI MOHTAKA H3MEPHUTEIbHBIX IPHUOOPOB, Ipe yCcMaTPUBas COOTBETCTBYIO-
Iye IIpsSMble YIACTKH TPYyOOIIpoBoaa mepen W 3a HUMHU (YYaCTKU CTAOMIM3aIlUH II0-
Toka) (puc. 3.21).

/ -/

AN A

[
[\

10d | 5d

Puc. 3.21. Cxema ycTaHOBEH JIpPOCCEIBHOIO
M3MEPHUTEJHHOTO YCTPOHCTBA B TPYOOIIPOBO/IE:
1, 2 — TpyGormpoBo; 3 — APOCCEeTBHOE YCTPOMCTBO

Jlist TpyGOIIpoBOsIOB ¢ GobmmMy guamMerpamu (d >1M) HHOIZA CJIOMKHO BBIIOJ-
HUTHh PEKOMEeHIAaIi¥, IPUBEIeHHbIe BhIlle. B aToM ciiydyae MPUMEHSIIOT Pa3JIMYHBIE
CTAaOMIM3UPYIOIINe YCTPOMCTBA, KaK, HAaIIpuMep, II0Ka3aHHoe Ha puc. 3.22.

1000
VA SIS,
| orrrrsssrrssesl o
IS —— )
VT VT o
=4 __ 1 —
i i 1l
)| orrrressesssse ) =
L .

Puc. 3.22. Dnement, cTaOMIM3UPYIOMINUI IOTOK B TPyOaX ¢ OOJIBIINMY JUAMETPAME

NMPUMEP 3.10

B tpyborpoBoe ¢ BHyTpenHuM quamerpoM d =50 MM ycTaHOBJI€HA HOPMAJIb-

M Had nuadgparMa ¢ n1uaMeTpoM oTeBepetusd dy =16 mm (cM. puc. 3.17). Jludma-
HOMETp, IOICOeIUHEeHHBIN K Aruadparme, 3aroJHEeH PTYThIO U II0KA3bIBAET IIe-
penan ypoBHe# h =48 mMm. OmnpenesnTs CpegHIO CKOPOCTb B PACXOJ ra3a B
TpyOomporosie. CBoiicTBa rasa B TpyOOIIpoOBOIE: IIJIOTHOCTE P =1,2 RI‘/ m°; Bsia-
rocth W =9,5-107° ITa - c. IlioTHOCTH PTYTH p,, =13 600 RI‘/M3.

PeweHune

OmnpenenseM MOIyJIb JuaparMal:

2 2
m= % = 0,016 =0,1024 = 0O,1.
d 0,050

[IpenBapurenpHO IpuHUMaeM 3HaveHue Kputepus Peitnosbaca Re =30 000. To-
rma, corsiacuo TaoJ. 3.1, mpu m = 0,1 xoadpcpuitment pacxoma guacdparmer o = 0,6038.
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Pacxon rasa mo dopmye (3.82)

Qzandg 2p,.8h,,
4 P

3,140,016 \/2-13600‘9,81-0,048
1,2

@ =0,6038- =1,254.1072 m%/c.

CpenHsist cKopocTh ra3a B TPYOOIIPOBO/Ie HA OCHOBAHWH YPaBHEHHS pacxoaa

@ 1,254.107°
nd>  3,14-0,05
4 4

= 6,388 m/c.

w =

IIpoBepuMm paHee mpuHATOE 3HAYEeHNe KpuTepus PeiiHosbaca:
_wdp
u

Re

_6,388:0,05-1,2

Re 5
9,5-107

=40 340 = 40 000.

Yrounsem rkoadpduriment pacxoaa muadgpparmer: o = 0,6035.
Pacxop rasa mmo TpybompoBoay

=0, . =1, . “wM7/cC.
@ =0,6035 1,253-1072 m®

3,14-0,016 \/2-13600-9,81-0,048
1,2

Cpenusis cKOpoCcThb ra3a B TPyOOIIPOBOIE:

1,253-1072
w=_——"—"
3,14-0,05
4

= 6,384 m/c.

OrBeT: w=6,384 M/c; @ =1,253-10"2 m®/c.

NMPUMEP 3.11

Jlo1st ompeiesieHus pacxo/ia rasa 1o TpyOOoIIpoOBOIY HUCIIOIb3yeTC PACX0IoMep —
TpyOa Benrypu. OmpeneuTh IIOKa3aHUs BOJHOIO AU(pMAHOMETPA, ITOACOEIH-
HEHHOTO0 K pacxogomepy (cM. pruc. 3.20), eciti o TpyOOIIPOBOAY II€peMeIlaeTcst
Q=250 M3/t1 rasa. Jluamerp ropnoBunE TpyOEl BerTypm d, =45 MM, K0ad-
durment pacxoma o =0,98. IlgotHOCTL Tasa B TpybOomporomge p=1,8 RI‘/ 