I'maporasoanHamMuka

Kpamxuii kypc

K.m.u. Kununa Mapus Cmenanoshna

PoctoB-Ha-/{ony

2021



T'uopozazoounamuka

BBEJIEHUE
1 CBo¥icTBa )XUIKOCTEN
2 ['uapocratuka

2.1.  3aKkoHBI TUAPOCTATUKU

2.2. JlupdepeHunanpbHble  ypaBHEHHS  pPAaBHOBECHS  HJeaJbHOMN
XKUIKOCTH (YpaBHEHUs Dilepa)

2.3.  Cuiibl THAPOCTATUYECKOTO JIaBIICHUS, IEHCTBYIOIIETO HA CTCHKY

2.4. TI'padoananuruyeckuii ciocoO onpeaeneHus TaBICHUS

2.5. TI'padoananuTHdecKuii Cioco0 ONMpeeICHHs] TaBICHUS

2.6.  OTHOCHUTEILHBIN U A0COIIOTHBIN ITOKOH JKHUIKOCTH.

2.6.1. AOGCOIOTHBIN TTOKOM KUJKOCTH

2.6.2. OTHOCHUTEIBHBIN MOKOH (PaBHOBECHE) KUIKUX CPE/I.

2.7.  3axon Apxumena

2.8. 3axon Ilackans

3. KunemaTnka n [uHaAMUKA KUAIKOCTH

3.1.  OcHOBHBIC IOHATHS KHHEMATUKH KUKOCTH.

3.2. VYpasuenue bepnymnu

3.2.1. VYpasHenue bepHyim aiis CTpyHKH UI€ATBHOMN KUIKOCTH

3.2.2. VYpasHeHue bepHyum ajs peaibHON KUIAKOCTH

3.2.3. TIpumepsl uCnoNb30BaHUs B TEXHUKE ypaBHeHUs: bepHyu s
UJICATBHOM KUJIKOCTH

3.3.  PeKuMBI TCUCHUS KUIKOCTH.

3.4. T'ugpaBaudecKue COMPOTHBIICHUS.

3.4.1. TlonusTHe O TUAPABINYECKU TIIAJIKMX U IIEPOXOBATHIX TPyOax

3.4.2. JluneitHble MOTEPU HAIOPA.

3.4.3. MecTHbIE CONTPOTUBIICHUS.

3.5.  OcHOBBI pacueToB TPyOOIPOBOIOB.

3.5.1. OGmiast xapakTepuCTHKa TPyOOIIPOBOIOB.

3.5.2. Tlpocroit TpyOONpOBO MOCTOSHHOTO CEYCHUS

3.5.3. TlocnenoBarenbHOE COSTUHEHHUE POCTHIX TPYOOTIPOBOJIOB.

3.5.4. TlapannenpHOE COeAMHEHHUE TPYOOIIPOBOIOB

3.5.5. PasBeTBieHHBIN TPyOOTTPOBOT

3.5.6. CrnoxxHbIil TPyOOIPOBOJ C pa3aadeil JKUIKOCTA OTBETBICHUSIMU

3.6.  HeycranoBuBIeecs TEUCHHUE KUTKOCTH.

3.6.1. HeycraHoBuBIIeecs: ABUKEHHUE KUIKOCTH B TpyOax

3.6.2. OOmue cBeeHUs U ONUCaHUE THAPABIMYECKOTO yaapa B TpyOax

3.7.  Hcteuenue xuakoctu. OnopokHEHNE PE3EPBYapOB



3.7.1. WVcredyeHue >KUIKOCTU U3 OTBEPCTUHN U HACAIKOB.

3.7.2. HctedyeHus yepe3 OTBEPCTUS U HACAJKH MPU MEPEMEHHOM HaIope
(oTIOpO’KHEHHUE COCYJI0B)

4, ["'azonnnamuka

4.1.  OcHOBHbIE CBOWCTBA ra3oB.

4.2.  TedeHue razos.

4.3. VI3meHeHHe mapamMeTpoOB IMOTOKA BAOJb coruia JlaBass
CnucoK UCHOIb3yEeMOM JIUTEpaTyphl



BBEJAEHHUE

HayKa ruapora3oJuHaMruKa pacCMaTpruBacT OCHOBHBIC 3daKOHBI JBHKCHUA
)I(I/II[KOCTeﬁ U Ta30B, BbI3BAHHBIX HeﬁCTBHeM Pa3IMIHBIX BHCHIHUX CHJI, ABJIACTCA
OJHUM M3 pa3acCjioB HAYKH (bI/ISI/IKI/I. FHI[pOI‘a?)OIH/IHaMI/IKa COCTOHUT N3 HCCKOJIBKHUX
YacTeu: r'maApoIuHaMUKH, THAPOCTATHUKH, 4d TaK KC pa3acil TIa3odnHAMHKH,
KOTOPBLIC MOKHO pacCMaTpHuBATb oe3 yucTa BJIIMAHHUA CKUMACMOCTH I'da3a. Pa3z[eﬂ
TUAPOCTATUKA N3YydacT ra3bl U JKUAKOCTH B COCTOAHUHN ITIOKOA, pasacil KHHEMATHUKA
paccMaTpruBacT ABHIKCHHC )I(HI[KOCTCﬁ M 1ra3oB ¢ Y4C€TOM JABHKXCHHA oe3 y4ucTa CHII
BbI3BABIIINUX JTO JOBHXKCHUC. Yacro ruaporazailiHaMHKy pPacCMATPUBAIOT KakK
MCXaHHUKY JKHAKOCTH.

MGTOIIBI N 3aKOHBI THAPOTra3OJHMHAMHKH IIPUMCHAIOT I IIPOBCACHUA
HHXCHCPHBIX PACUYCTOB T'HAPABIMYCCKHUX TPY6OHpOBOIIOB, pPE3CPBYapoB U T.A.
[lonsTusa n 3dKOHBI, PACCMOTPCHHBIC B KYPCC FI/II[pOI’a?;OI[I/IHaMI/IKI/I, SABJIIOTCA
0a30BBIMU JJIA I[ELHI:HGﬁIHGF 0 H3YUYCHHA TaKHX AUCHHUIIIMH KaK, TCINIOTCXHHKA,
TuAapaBJIdKa U T.A., @ TAKXKC OCHOB pacdCTa Pa3IMYHBbIX TCIJIOOHCPICTUUCCKUX U
TCINIOTCXHUYCCKUX YCTAHOBOK IIPUMCHSACMBIX KaK B O6IJ_[€M MallITMHOCTPOCHUMU,
TaK U JJIs1 CUCTEM IIOKAPOTYIICHMAA.

1. CaoiicTBa KHUAKOCTEI.

Kunkocteio (B Kypce THAPOra3oJlMHAMUKA PAaCCMATPUBAIOTCS KalleJIbHBIC
KUIKOCTH, B JalbHEWIEM TIOJ <OKHIIKOCTBhIO» OyleM T[OHWMAaThb WMEHHO
KarneJabHyI0 JKUJIKOCTh) Ha3bIBaeTCsl (u3nueckoe Teyo, oOJajgaroIiee ABYyMs
OTJIMYUTENbHBIMA OCOOCHHOCTSAMM: HE3HAYUTEIbHBIM U3MEHEHHEM CBOEro 00bema
noj JACHUCTBHEM OOJIBIIMX BHEIIHUX CHUJI U TEKY4YECThIO, TO €CTh HU3MEHECHHEM
cBOEH (hOpMBI TIOJT JICHCTBUEM JJaKe HE3HAYMTEIBHBIX BHEITHUX CHJI.

OnHOM W3 OCHOBHBIX MEXAHMUYECKHX XapaKTEPUCTUK >KUIKOCTHU SIBISETCS
MJIOTHOCTb.

[TnoTtHOCTEIO p (KT/M3) Ha3BIBAaETCS Macca €IMHUIIBI 00beMa KUIKOCTH:

p="/y (1.1)

IJIe M - Macca KUJIKOro Tena, kr; W - oobem, mM3.

[I1OTHOCTh JKHUJIKOCTEH YMEHBIIACTCS C YBEJIMYEHUEM TEMIIEpPATypBhl.
HcknroueHue nmpeAcTaBisieT Boja B nuana3zoHe temmeparyp ot 0 no 4°C, xoraa ee
MJIOTHOCTh YBEIIMYMBACTCS, JOCTUTas HAaWOOJIBIIErO 3HAYCHUS MPU TeMIEpaType
4°C p= 1000 kr/m3.

VYnensubiM BecoMm y (H/M3) xkunkocTh Has3bIBaeTCsl BEC €IMHMIBI 00beMa
ATOM KUIKOCTH:

v =5, (1.2)



rae G - Bec xxuakoro tena, H; W - o0beM, M3.

Jlnst Bonbl mpu Temriepatype 4°C y = 9810 H/m3.

Mexay MI0THOCTBIO U yIETbHBIM BECOM CYIIECTBYET CBSI3b:

Y = P& (1.3)

I7ie g - yCKOpeHue cBOOOHOTO majieH s, paBHoe 9,81 m/c2.

ConpoTHBIIEHHE XUAKOCTEH H3MEHEHHIO CBOEro 00beMa MOJ JACHCTBUEM
JIaBJICHUS U TEMIIEPATYPhI XapakTepusyercs: KodpumeHTaMu 00bEMHOTO CHKaTHs
U TEMIIEPATYPHOTO paCIIUPEHHUSI.

Kosddunument oosemuoro cxarus Pw (Ila™? - 1o oTHOCHTENBEHOE N3MEHEHNE
o0beMa KUAKOCTH MPU U3MEHEHUH JIABJICHUS HA €IMHUILY:

AT
Bw == ﬂvrfﬁ."lrrﬂp = ﬂp/pﬂp! (14)

rie AW - wusmenenue obOvema W; Ap - U3MEHEHUE IUIOTHOCTU P,
COOTBETCTBYIOIINE U3MEHEHUIO JABJICHUS HA BETUUYUHY Ap.

Bennuuna, oOpartHas Ko3(p(UIHUEHTY OOBEMHOTO CKaTHs, Ha3bIBAETCS
MOJIyJIEM YIpyrocTH kuakocteit £ (ITa)

E.=1/B,. (1.5)

3HaueHHEe MOJYJs VYOPYrOCTH JKUIAKOCTEH 3aBUCUT OT JaBJICHUS U
TEMIIepaTyphl.

Koopduuuenr temmeparyproro pacmmpenus Pt (°C)?Y,  Bepaxaer
OTHOCHUTEJIbHOE M3MEHEHUE 00beMa KUAKOCTH MpU MU3MEHEHUH TeMIlepaTypbl Ha
OJIMH I'pajyc:

B. = AW/WAt, (1.6)

rnie AW - wusmeHenue oObemMa W, COOTBETCTBYIOIIEE HW3MEHEHUIO
TEeMIIepaTyphl Ha BEIMUMHY At.

Kosdduiment temnepaTypHOro pacliMpeHUsi BOJBI YBEJIWYUBAETCA C
BO3pACTaHUEM TEMIEPATYPbl U JABIEHUS; JJI1 OOJBIIMHCTBA JPYTUX KalelabHBIX
KUIKOCTEH Pt C yBEIMUEHHEM JIaBJICHUS YMEHbILIAETCS.

BsI3KoCTbIO Ha3bIBAa€TCS CBOMCTBO JKHUJKOCTH OKa3bIBaTh CONPOTHUBIICHUE
MIEPEMELICHUI0 OJHOM YacTH JKUAKOCTH OTHOCHUTEIBHO JAPYrou. Bs3kocTb
IPOSIBIISICTCS TOJBKO MPH ABMXKCHUHU JKUIKOCTH M CKA3bIBAETCS HA paclpeiesieHuu
CKOPOCTEH M0 JKUBOMY CEUYCHHMIO MMOTOKa (pHc. 1.1).

CornacHo rumnote3e HpioToHa cuna BHyTpeHHero TpeHus F B KuakocTsx
MPONOPIMOHANIbHA TPAUEHTY U3MEHEHUS CKOPOCTH, IJIOIIAIN COMPUKOCHOBEHHUS
CIOEB S, 3aBUCUT OT pOJa >KUJIKOCTU M OYE€Hb HE3HAUUTEIBHO 3aBUCUT OT
JABJICHUS.

F=pS du/dy (1.7)

rae S - mion@aasr COmpUKacarouuxcs cioeB, M2; du - CKOpOCTb CMEIICHUs



nLn

ciost "b" otHOocuTenbHO cnost "a", m/c; dy - paccTosiHuE, Ha KOTOPOM CKOPOCTh
JIBWOKCHUS CJIOeB M3MeHwIach Ha du, m; du/dy- rpaaueHT CKOpOCTH, M3MCHEHUE
CKOPOCTH I10 HOpPMajd K HampaBjieHUIo ABWXKeHUs (c-1); u - xoadduimeHt
nuHaMmudeckou BszkoctH (I1a-c).

Ecmu cuny tpenus F otHecTn k enuHuie

& ; mIomaan  COIMPHUKACAOIMUXCA  CJIIOCB, TO
/'? IIOJIYyYHUM BCIIMIUHY KacaTCJIbHOIO
= HAIIPSAKCHUSA T

t=p%y (1.8)

[Ipn rpaguenTe CKOpOCTH, paBHOM 1;

- = T ¥ BBIPAKAET CUJIy BHYTPEHHErO TPEHUS,

NPUXOJAIIYIOCA HAa €AWHHUIYY IUIOMIAau
Puc.1.1. Pacnpedenenue ckopocmeti no  IIOBEPXHOCTH  COIPHUKACAIOIIUXCS  CJIOCB
HCUBOMY CEeHYEHUIO KUJIKOCTH.

B npaktuke s XapaKTEpUCTUKU BSI3KOCTH KUAKOCTH Yallle MPUMEHSIOT HE
KOO PUIIMEHT JMHAMHYECKOW BS3KOCTH, a KOIPGUIMEHT KUHEMATHYECKON
BsI3KOCTH Vv (HI0) (M2/¢). KoadduimeHToM KHHEMaTUYECKOM BSI3KOCTH HA3bIBACTCS
OTHoOIIeHHE KOAPUIIMEHTAa TMHAMUYECKON BSI3KOCTHU K INIOTHOCTH KUJIKOCTHU:

v=p/p (1.9)

BS3KOCTh KHUAKOCTH 3aBHCUT OT pOJa KUIAKOCTH, OT TEMIIEPATYPbl U OT
JTaBJICHUS.

Cuiibl, OEHCTBYIOIIME HA JKUAKOCTH MOXHO Pa3/ieuTh Ha JABE TPYIIIIbI:
BHYTPEHHHE U BHELIHUE.

BHyTpeHHME CUIIBI - CUJIBI B3aUMOICHCTBUS MEXKAY YACTULIAMU KUIKOCTH.

BHemHue cunbl — cuiibl, MPUJIOKEHHBIE K YacCTHUIIAM pPACcCMaTPUBAEMOTO
00bEMa CO CTOPOHBI IPYTUX TEJ.

Breminue cumel, B CBOIO 0YEPEb, IEIATCS HA MACCOBBIE U TOBEPXHOCTHBIE.

[ToBEpXHOCTHBIE CHJIBI MPUJIOKEHBI K OTIAEIbHBIM YACTUIIAM, HAXOISIIUMCS
Ha TMOBEPXHOCTH paszfena. [IponopuuoHaNbHBI TIIONAAM TMOBEPXHOCTH, Ha
KOTOpyIo aAeicTByroT. llepematorcs OT 4YacTUIBI K 4YacTuile 0e3 H3MEHEHUS.
Hampumep, atmocepHoe naBieHue, AEUCTBYIONIEE HA CBOOOTHYIO TTOBEPXHOCTD,
a TAK)KE CHJIbI TPEHUSI.

MaccoBbl€ CUJIBI - 3TH CHJIBI ICCTBYIOT Ha BCE YACTHUIIBI, pACCMAaTPUBAEMOTO
o0beMa, BeMYMHA CUJI MPOIMOpPIMOHANIBHA Macce ATuX 4vacTull. Ilepenarorcs or
YaCTUI[bl K YacCTHUIIE, CYMMHUPYSACh. MacCOBBbIE CUJIBI B COOTBETCTBUM CO BTOPBIM
3akOHOM HpIOTOHA MPOMOPLMOHATBHBI MACCE KUAKOCTH WM, JJI1 OJHOPOIHOU
KHUIKOCTH — €€ o0beMy. K HHMM OTHOCATCA CHJIa TSDKECTH W CHJIa MHEPUUU
IIEPEHOCHOTO JBHWXKEHUSI, ACUCTBYIOIIAS HA KUJAKOCTh NPU OTHOCUTEIBHOM €€



INOKOC B YCKOPCHHO IABMXXYHIHUXCA COCyaax WM IIPU OTHOCUTCIBbHOM ABWKCHHUH
KHUIAKOCTH B pyCiiaXx, IICPEMCIIAOIHUXCA C YCKOPCHUCM.

2. I'mapocraruka.

['mppoctatukoil  Ha3pIBaeTCsS  pas3ned  THUAPABIUKH, B  KOTOPOM
pacCMaTpPUBAIOTCS 3aKOHBI PABHOBECHUS KUAKOCTH H WX MPAKTHUECKOE
npuMeHeHue. [ uapocTtaTka wW3ydaeT 3aKOHBI JIaBJIICHUS HA IUIOCKOCTh U
KPUBOJMHEHHBIC IOBEPXHOCTH, a TAK)KE 3aKOHBI PABHOBECHS TIIABAIOIINX TEJL.

2.1.3aK0HBI THAPOCTATUKH
B noxosimielics JKUIKOCTH BCErJa IMPUCYTCTBYET CHJIa JAaBJIICHUS, KOTOpas
Ha3bIBAETCA TUJPOCTATUYCCKUM JIaBICHUEM.
['uapocratuueckoe AaBICHHUE - OSTO CXKUMAIOIIEE HAIPSIKEHUE, KOTOPOe
BO3HUKAET B KUJKOCTU HAXOSAIEHCS B COCTOSIHUM OTHOCUTEIBHOTO MOKOSI.
KunkocTh OKa3bIBaeT N1aBJICHUE HA JTHO U CTEHKU COCyAa, B KOTOPOM OHa
HAXOJIUTCS, ¥ Ha TIOBEPXHOCTH JIFOOOTO MOTPY>KEHHOTO B HEE TeJa.
PaccmoTpum HEKOTOPYIO AIIEMEHTAPHYIO
IUIOMAAKY S BHYTPH 00beMa MOKOSIIEHCS >KUKOCTU
(puc. 2.1). He3zaBucUMO OT MOJOKEHUS IUIOMIAJAKU B
JTAHHOW TOYKE 00beMa JKUAKOCTh Oy/AEeT NaBUTh Ha HEe
C HEKOTOPOW CHUJIOW, paBHOM F M HampaBIIeHHOW IO
HOPMAJIX K IUIOIIAJIKE, HA KOTOPYIO OHa AeHCTBYeT. Ee
Ha3bIBAIOT CHUJIOM THAPOCTATHYECKOTO JIaBJICHUSI.
Otnomenue F/S mpencraBnsger coboil  cpegHee
Puc. 2.1 Ocpanuuennvill  ryppocTaTHUECKOE JABIEHHME, a Tpeied  3TOro
00ven drcudrocmu OTHOmIeHUss npu S— (0  HOCUT  Ha3BaHUE
TUAPOCTATUYECKOTO JABJICHUS B TOUKE, UM IIPOCTO JABJICHHUS:
p =lim__, F/S (2.1)
rae p — rugpocratuueckoe nasinenue, H/mM2; F — cuna rugpocratnyeckoro
nasnenus, H; S — sanmemenTapHas mmomaaka, M2
CBsi3b  MEXIy  pa3IM4YHbIMM  C€AWMHUIIAMH  M3MEPECHHUS  JaBJICHUS
MIPEICTABIISCTCS CICAYIOIINM 00pa3oMm:
» armocepa puzuveckas 1 atm = 760 mm prt.ct. = 10,33 M Boa.cT. = 1,033
krc/cm2 = 101337 H/M2;
» atMmocepa Texauueckas 1 at = 735,6 mm.pt.cT. = 10 M Boa.cT. = 1 krc/cm2
= 98100 H/m2
* 1 mm.pt.cT = 133,3 ITa (H/M2)
Csoticmea 2udpocmamuyecko2o 0asieHus

Hepeoe CBOUCMBO: I'mapoCTaTHYCCKOC JaBJICHHUC HaAIIPaBJICHO BCCriaa IIO



BHYTPEHHEW HOpMaliM K IUIOIIAJIKE, HAa KOTOPYIO 3TO JAaBJIEHUE JCHCTBYET
(puc.2.1). MnHavye 3Ty cUIy MOXHO ObUIO OBl Pa3iOKUTh Ha HOPMAJIBHYIO H
napauieNIbHyl0  IUIOCKOCTH  IUIOMIAJAKA  COCTAaBIAIONIME, W  MapajiieibHas
COCTaBJISOIIAs BbI3BaJIa ObI MEPEMEILICHUE CJIOCB >KHIKOCTH, YTO HEBO3MOIKHO,
TaK KakK MO YCJIOBUIO KHUIKOCTh HAXOJMUTCS B MOKOE. [ HIpocTaTUYECKOE JaBJICHHE
JEUCTBYET HOPMAJIBbHO K IUIOMIAJKE JACHUCTBUS U SBJISIETCS CKUMAIOIIUM, T.€. OHO
HaIpaBJICHHO BHYTPh TOTO 00BheMa JKHIKOCTH, KOTOPHIN paccMaTpuBaeTCsl.

Bmopoe ceoiicmeo: naBnenue B 11000M TOUKE KUIKOCTA OJIMHAKOBO 1O BCEM
HaIpaBJICHUSAM, IIOCKOJbKY B IIPOTMBHOM Cllydae TaKke IPOUCXOIUIIO0 Obl
MepeMeICHUE JKUJIKOCTH BHYTPU 3aHMMaeMoro € oobema. ['mapoctaTudeckoe
JIaBJICHHE B JIFOOOM TOUKE HE 3aBUCUT OT HAIIpaBJICHUS.

Tpemve ce6oticmeo. TUIPOCTATUYECKOE [ABJICHHUE B TOYKE 3aBUCHUT OT
KOOpJUHAT. B )KUAKOCTH, HAXOAAMIEHUCS TOIBKO MO IEMCTBUEM CUJI TSHKECTH, — OT
rIyOuHBl €€ TOTpYKeHUsT B JKUAKOCTh. [ HIapocTaTMYEeCKOe JaBJICHHE €CTh
(GyHKUHSI KOOpAWHAT.

2.2. JuddepeHuuajibHble ypaBHEHUS] PaBHOBeCHS  H/eaJbLHOI
JKMJIKOCTH (YpaBHeHHs1 Jilyiepa)

PaccMoTpuMm paBHOBecHE XKUAKOCTH. B o0bemMe KUAKOCTH MPOU3BOJILHO
BbIOEpEM cucTteMy KoopauHaT. CucteMa KoOOpAUHAT coBnagaetr ¢ pedpamu dx, dy,
dz »nemeHTapHOro mnapaienenunena. BHyTpu napaisenenunena BblOEpeM
IIPOU3BOJIBHYIO TOUKY A.

PaccMoTpuM cuiibl, IEMCTBYIOIINUE HA ATOT NapaJlICIICIIUIIE.

1. MaccoBbie CHJIbI

2. [ToBEpXHOCTHBIE CUIIBI

CocTtaBuM ypaBHEHHSI MPOEKUUHA OTUX CWJI HAa KOOPAWHATHBIE OCH.
OrpannuuMcs NoAPOOHBIM PACCMOTPEHUEM YPaBHEHHUS MPOESKIUN HA OCh X.

JlaBneHne  3aBUCUT OT  KOOpJHWHAT,
24 MO3TOMY Ha NapaJUieNbHBIX rpaHsax (puc. 2.2)

napaienenuneqa oHo  pasiuuHo. llpum

of 5 - _p+g—£dx nepexone OT OJHOM TIpaHM K  Jpyrou

dz napajyieIbHOM M3MEHWJIAch TOJBKO OJHA

dy KOOpJiMHaTa X (Ha BenuuuHy dX), ¥ JaBJICHHE

dx . . :

X Ay

0 M3MEHWIOCH OT 3HaueHus P jpo p + (p/dx)

y, rne  Odp/dx  wactHBi  auddepeHmuan

Puc.2.2. Dnemenmapnuiit JaBJICHUS, B3ATbIM MO KoopauHate X. Takum
napannenenuneo

oOpa3oMm, Ha JIEBYIO TpaHb JIEUCTBYET CHJIA
dF, = pdydz, a na npasyio dF; = [p + (dp/0x)dx]dydz
Haiinem npoexiuto maccoBbix cuil dG Ha och X. OHa paBHA NMPOU3BEIECHUIO



aneMeHTapHoi Maccel dm=pdxdydz Ha mpoekuuio ycKopeHHus X 3THX CHII Ha Ty
xe och, T.e. dGx = pdxdydzX. IIlpocymmupoBaB U mpUpaBHSAB K HYJIO MPOEKIUU
BCEX CHII, MOJTyYrM nepBoe ypaBHEHHE PaBHOBECHSI:

dF, — dF; + dG, = pdydz — [p + (2) dx| dydz + pdxdydzX = 0
PaznenmuB Ha pdxdydz (T.e. oTHecim K eOUHUIIE MAcChl), MOTYUUM:

= (5) (5) + % = 0w (C5) = oX

AHanoruyHble ypaBHEHUS MOJIYYUM I MPOEKIUi Ha ocu Y U Z.

Torpa
—dp/ax+pX=10
—dp/ay+pY =0 (2.2)
—dp/dz+pZ=0

Oto u ectb auddepeHManbHbIE YpPaBHEHUS paBHOBECUSI HJEaTbHON
JKUJKOCTH, KOTOpble BbIpaxatoT B auddepeHunaibHOM  QopMe  3aKOH
pacnpenenenus nasieHus. Ouu BeiBeAeHbl JI. Ditnepom B 1775 rony.

Hns JaJIbHENIIEr O UCCIIEI0BaHUs npeodpazyem CUCTEMY
muddepeHnuanbHbIX  ypaBHeHUN (2.2). YMHOXHB KaXJ0€ W3 YpaBHEHUU
COOTBETCTBEHHO Ha dX, dy,dz v CIIOKHUB CUCTEMY YpaBHEHUH, TIOTYyUUM:

%+ 2+ 2 p(Xdx+ Ydy + Zdz) (2.3)

T.k. ruapocTaTuyeckoe NaBJICHHUE SIBISAETCS (YHKIMEH TOJBKO KOOpAMHAT
touku p = f (X, y, Z), TO JIeBasi 4acTh ypaBHEHHS MPEJCTABISET COOOM MOTHBIN
muddepennuan npapnenus dp. CnemoBarensHo, dp=p(Xdx+Ydy+Zdz). T.x.
p=const, TO MOCJie/IHEE YPAaBHEHUE MOXKET MMETh CMBICI TOJIbKO B TOM Cllyyae,
€CJIM BBIpaXXEHHE B CKOOKaxX Takxke sABigeTcs MoiaHbM guddepenunanom. [ns
TOr0 HE0OXO0AMMO, YTOObI cymiecTBoBana Takas ¢yHkuusa U=f(X,y,z), yacTHble
NPOM3BOJAHBIE KOTOPOW MO X, Yy, Z ObUTM OBl COOTBETCTBEHHO pPAaBHBI
dU/ox=X; oU/ay =Y, dU/dz = Z. Takas byHKIHS Ha3bIBAETCSA
NOTEHIIMAIBHOM, a CHUJbl, KOTOpbIE ATOW (YHKLIHMEH BBIPAKAIOTCS, CUJIAMHU,
UMEIOIUMU MOTEHLIHAII (Hammpumep, CUJIBI TSKECTH):

dp = p( dx + — d}H——dz) wm dp = pdU.

PaCCMOTpHM YACTHBIM Cllydyald PaBHOBECHSI KUIKOCTH, HAXOASAMICUCS TOA
JICUCTBUEM TOJIBKO cuil TspkecTu. [IpoBegeM ocu KOOpAMHAT MO MOBEPXHOCTU
KUIKOCTH. B 3TOM cioydaer TMpOEKIUH CHJI HAa OCH OyayT paBHBIL:

ax ay

[Tocne Bcex nmpeodpa3zoBaHUM MOTYUHM:
P1 = Do +pgh (2.4)



l J{ il l i rae P; — abcomoTHoe naBienue, [la; Py — naBieHne
=== Ha CBOOOJHYIO TTOBEPXHOCTH, [la; p — MIIOTHOCTH, KT/M3;
;—O—_ H z_—: g— ycKopeHue cBOOOAHOTO mameHus, m/c2; h — riyouna
_E L_EES‘_ MOTPYKEHUS, M.

T | P ) JlanHoe ypaBHEeHUE sIBIsieTcs (QyHIAMEHTAIBHBIM U

z HA3BbIBAETCS OCHOBHbIM YPABHEHUEeM 2UOPOCMAmuKky |

7 /} —~ "/ 77777 IIOKa3bIBACT, ‘-IT(j mz[pOCTaTI/IIiGCKoe JABJICHUE B JTIO00M

Puc.2.3. Cunbl TOYKE TMOKOSIICHCS KaleJIbHON JKUIKOCTH M3MEHSETCS B

2UOPOCMAMUYecKo20 3aBUCHUMOCTH TOJIBKO OT BEpPTUKAJIBLHON KOOPAMHATHI
oasnenusi 8 mouxe A 9TOMN TOYKH.

Bennunna pl B (2.4) HaspiBaeTCs aOCOMIOTHBIM P THAPOCTATHYECCKHM
naBieHueM B Touke A. OHO paBHO aOCOJIOTHOMY JIaBIIGHUIO Ha CBOOOJHOM
MOBEPXHOCTH PO IUIFOC THApOCTaTHYeckoe (MiIu BecoBoe) naaBicHue pgh
00yCJIOBJIEHHOE BECOM CaMOM JKUJIKOCTH.

Pa3HocTh Mexy aOCOMIOTHBIM M aTMOC(HEPHBIM JAaBICHHEM Ha3bIBAETCA
M30BITOYHBIM (MAHOMETPUUYECKUM) JaBICHUEM.

BPuss = Pase — Par (25)
ECHI/I JABJICHUEC MCHBIIIC aTMOCCpepHOFO, TO HEAOCTATOK JOABJICHUA OO
aTMOC(I)CpHOTO Ha3bIBAKOT JABJICHHUECM BaKyyMa.

Psax = Par + Pasc (26)

2.3. Cuabl rHAPOCTATHYECKOTO 1aBJIEHHS, 1€l CTBYIONIEr0 HA CTEHKY

JIJIsT HaX0XICHUS TIOJTHOW CHJTBI TUAPOCTATUYCCKOTO JABJICHHS KUAKOCTH Ha
HAKJOHHYIO CTEHKY HaxOJAIIYIOCS OTHOCHTEIBLHO TOPH30HTA IIOJ YIJIOM O
UCIIOJIb3YEM OCHOBHOE ypaBHeHHMe ruapoctatuku (2.4). Cwia pgaBnenus P
JNCHCTBYIOMIAs CO CTOPOHBI JKMJIKOCTH Ha HEKOTOPYIO IUIOIIAAb CTEHKHA .
DneMeHTapHasi CHiIa JaBJICHHUS TPUIIOKCHHAs K OECKOHEYHO Majio IIIOIIaau
cTeHkd dw:

dp = pdw = (p, + hpg)dw = pydw + hydw;
h = xsina;
dp = ppdw + ysin a ydw;

rne Pp — AaBlIeHHE Ha CBOOOIHYIO MIOBEPXHOCTh; N — riryOnHa pacmonoKeHus

iomanku do.

JIns1 onipeiesieHust MOJTHOW CUIIBI IABJIEHUS P IPOUHTErPUPYEM YPABHEHUE 10
BceH ILJIOIAaHu M:

P =pow+pgsina | ydy;

p =pow+ pgh.w;
p = (pp+ pghw = (py + hey)w;



Cuna ruapoCTaTUYECKOro  JABJICHMS,
JEUCTBYyIOIAs Ha IUIOCKYIO (urypy mto0oi
dbopMbl paBHa IJIOMIAAUW O3TOM  (QUTYpPHI
YMHO>KEHHOW Ha TUJPOCTATUYECKOE JABJICHUE
B IIEHTPE TSHKECTH ATOU (PUTYPBHI.

Paznoxum cunny P wa P, u P, Ientp
neiictBust cunbl P, Oymer coBmagatk ¢
HEHTPOM  TSDKECTH  (DUTYpPBI,  ITOCKOJIBKY

Puc.2.4. Cunvt cuopocmamuuecrkozo arMocepHoe AABJICHAC PaBHOMEPHO
oaesieHus aeﬁcmgy;ou/;ego HA pacapeacisiecTess 10  IOBCPXHOCTH. I_[eHTp
HAKNIOHHYIO CINEHKY neicTBUs cuibl P OyneT pacmosiokeH HUXKe,

T.K. HW30BITOYHOE JaBJICHHUE 3aBHCUT OT TJIyOMHBI Tmorpyxenus. IIpoBemem
nmpeoOpa3oBaHuUs.
Wckomas cuna Py ansiercst reomerpuyeckoii cymmoit cui Py, u P.
CyMMa MOMEHTOB COCTABJISIFOIIMX CHJI paBHA MOMEHTY PaBHOACHCTBYIOIICH
CHUJIBL:
PY¥p = Yh.wyp = Y sin ay .wyp;
JydP = [yyhdw = ysina | y’dw=ysinaly;

_ysinal, L, L4yie . I,
- Y sinay . - Yew - Ve IR Yew'
hp = h +—=sin’a 2.7)

2.4.I'padoanaanuTuyeckuii cnocod onpeaeseHus 1aBJjaeHUs1

Jlns Bcex smrop h — BbIcoTa ¢T010a MKHUIKOCTH.

Cuna nmaBneHusi paBHa 00beMy dmiopbl naBieHus. Cuia MPOXOIUT dYepes
IIEHTP TSDKECTH DITIOPHI TaBJICHHUS.

Tabmuma 2.1
[Ipy nmaBneHMHM Ha CBOOOJHYHO ITOBEPXHOCTH R
JKUIKOCTHU Po = Pars 3IIOpa pacrpeieeHus # L J, $ L ¢ ‘j
TUJIPOCTATHUYECKOTO JTIaBJICHUS Oyner HMETH F—————
CHEAYIOLINT BU: i__:___i:_ "
B———
[Ipu pnaBneHMM Ha CBOOOJHYIO TIOBEPXHOCTH | R |
KHUAKOCTH Pao = Parw SIIOpa pacinpcaciaCHusd I YY ¢ B R
THIPOCTATHUECKOTO JaBJICHUS oyxner AMETH F————
CHEAYIOLINI BU: - "
——
|——PO+pgh—-|
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[Iponomxenue Tabmuribr 2.1.

R
[Ipn paBaeHMM Ha CBOOOJHYIO TMOBEPXHOCTH ;
KUIAKOCTH  Pp < Paru 3MIOpa  paclpeesieHus Pivivuy

rmapoCTaTn4CcCKoro JaBJICHUA 6y,Z[CT umMerp| 020 - ————

CHEQYIOIINI BU: F———

2.5.0THOCUTENBHBIN H A0COTIOTHBLIA MMOKOM KHUIAKOCTH.

2.5.1. AO0COJIOTHBIH MOKOH *KHAKOCTH

Jlubdepennpansuple  ypaBHEHHS  PaBHOBECHUS  KHUAKOCTH  BIIEPBBIC
ony0JIuKOBaHbl DiiepoM B 1755 rofy u BeIBeICHBI AJIs OOIIETO ciiydyasi, KOorjaa Ha
JKUIKOCTh JICMCTBYIOT HE TOJIBKO CHJIA TSKECTH, HO W JAPYTHME MACCOBBIC CHJIBI,
HaIPpUMEP, CUJIBI MHEPIIUU NIEPEHOCHOTO ABHKEHUS MPU OTHOCUTEIBLHOM ITOKOE, a
TaK kK€ CHJia JIaBJICHMUS.

z| oy B HenmoaBWKHOM  KMAKOCTH  BO3BMEM
N M| 4z MPOU3BOJIBHYIO TOUKY M ¢ KoopJUHaTamu X, Y,
| di
o |m 7 |'|v p#gpdx z w nasnemmem P (puc2.5). Cucremy
—p —_ — (V)
ax KOOpAUHAT OyJIeM CUMTaTh KECTKO CBSI3AHHOM C
0 ~ €MKOCTBIO C paccMaTpUBaeMOW KUIKOCTHIO.
y BriOpaB snemeHTapHbIi 00bEM >KHUIKOCTH U

Puc.2.5.  Cxema Oma  6b1600a  3aKI04MM €ro B Napajvlelienunesn ¢ pedpaMu
ougpepenyuanbrvix VpagHeHu

InapaJuiCiIbHbIMU OCsM KOOpAHAT u
pasHoeecus AHCUOKOCU

COOTBETCTBEHHO  paBHbIMH  OX, dz, dy.
BriOpannas Touka M OyJeT sSIBIATHCS BEPIIMHON 3TOr0O Mapaiejenunesaa.

KuakocTe BHYTpH Tapaylieenureaa HaXOAUTCS B COCTOSIHMM TIOKOSI, T.©
BHYTPH BBIOpAaHHOTO o00BE€Ma Ha JKHJKOCTh JICHCTBYEeT MaccoBas CHIIA,
COCTABJISIOIIME KOTOPOM, OTHECEHBI K €IMHHMIIE Macchl, paBHBl X, Y, Z,
YMHOXEHHBIM Ha MaccCy BBIJICICHHOTO 00beMa JKHIKOCTH.

JlaBrieHne p ecTh PyHKIMS KOOPJIUHAT X, Y, Z, HO BOJIU3W TOYkKHM M 1o BceM
TpaHSIM Tapajulefienuiea  OHO OJWHAKOBO, YTO CIEAYeT W3 CBOWCTB
rUaApocTaTHYecKoro aapieHus. [Ipu nmepexoae oT Touku M k Touke N n3meHserc,
B CBI3M C dYeM (QyHKIOUS p TONy4aeT TMPHUpAIICHWE, pPaBHOE YacCTHOMY
muddepenmany (dp/ 0x)dx.

CnenoBaTenbHO, JaBiieHHe B TOYKE N BBIJCICHHOTO oObeMa OyAeT paBHO

dp o
p+ (a_) dx, roe Op/ 0X - rpaaMeHT NABIICHHS, KOTOPHIA [MOKA3hIBAET BEIHUMHY
X

W3MEHEHHS JaBJIcHUS BOJIM3M TOYKH M B HAlpaBJICHUH OCH X, MPUXOISIIYIOCS Ha
CIMHUIY JUTHHBI dX.
Jis  BBIpaXEHUS  CHJ  JIaBJICHUS  JCHCTBYIOIIMX B  BBIOPAHHOM

11




napajuiCJICriiicIc B HAIIPAaBJICHUAX JPYTUX ocen IMoCTymnmacM aHaJOIru4HoO.
YPaBHCHI/Ie PaBHOBCCHA OJIAA TPEX KOOPAUHATHBIX 0CEH UMEET CJ'IGI[YIOHII/II\/'I BU:

Xpdxdydz — ? dxdydz = 0

Ypdxdydz — z—f dxdydz = 0 (2.8)
Zpdxdydz — z—P dxdydz = 0

Pa3jenrM ypaBHEHMs Ha MacCy BBIIEIEHHOIo o0beMa kuakoctn pdxdydz u
nepeiinemM k npeneny, npu dx, dy, dz crpemsmuxcs k Hymo. [lonyunm cuctemy
yYpaBHEHUN paBHOBECHUS >XUAKOCTH — AudepeHinanbHoe ypaBHEHHE ODiinepa
(2.9):

1dp

_ZZ2 _
pdx

_1%p _
Sy 0 (2.9)

_19p _
p dz
I'me X,Y,Z — yCKOpeHHEe OT paBHOIECHCTBYIOIIEH MacCOBOM cuibl, dp/p dy;
dp/poz; dp/p OX - ycKOpeHHEe OT CHJI JABJEHHS B HAIPABICHUU KOOPIUHATHBIX
oCeH.
JI1s mpakTUYeCcKOTro MpUMEHEHUsI cuctemy auddepeHnalIbHbBIX YpaBHEHUN
peoOpa3yroT B SKBUBAJICHTHOE YpaBHEHUE:
1/0p dp dp
Xdx+ Ydy + Zdz ——(—d}: -I——d}r—l——dz) =
p\OX ay 0z
BeipaxkeHrne B cKOOKax sBIsieTCs MOJHBIM auddepeHimaiom naienus dp,
MOATOMY MO>KEM IPEJICTABUTh YPABHEHUE B BUJIE:
dp = p(Xdx + Ydy + Zdz) (2.10)
VYpaBuenue (2.10) HazpiBacTCsI OCHOBHBIM U (DEepeHIIMATBHBIM ypaBHEHHEM
TUIPOCTATUKY WM NPUBEICHHOE ypaBHEHUE JUIepa.

2.5.2. OTHOCHTE/IbHBII MOKOH (PaBHOBECHE) JKUIKHUX CPe/.

Ecnn eMKOCTB ¢ ®KUJIKOCTBIO HAXOJAUTCS B HEPABHOMEPHOM WJIN
HENPSIMOJIMHEHOM JBH>KEHHUH, TO HA YACTHULIBI )KUIKOCTA KPOME CHIIBI TSKECTU
JEUCTBYIOT €1IE CUJIBI HHEPLMHU, IPUYEM €CIIM OHU IOCTOSIHHBI [0 BPEMEHHU, TO
YKUJIKOCTh IPUHUMAET HOBOE IMOJI0KEHUE PAaBHOBECH S, TPU KOTOPOM CBOOOHAS
MOBEPXHOCTh NIEPECTAET ObITh TOPU30HTANILHOM. Takoe paBHOBECHE KUIKOCTH
HAa3bIBAIOT OTHOCUTEIBHBIM MTOKOEM.

PaccMoTpum ABa XapaKTEpHBIX Clydasi OTHOCUTEIBHOIO MOKOS KUAKOCTH:

1. B eMKOCTH, JBIXKYLIEHCS NPSIMOJIMHEITHO U pAaBHOYCKOPEHO;

2. B €MKOCTH, BpaIAIOIIEHCsS BOKPYT BEPTUKAIBHONW OCH C TIOCTOSTHHOM
YIJIOBOM CKOPOCTBIO.
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[Ipu ABMKEHUU €MKOCTU MPSIMOJIMHEWHO (pHC.
a 2.6) ¢ TIOCTOSHHBIM YCKOpPCHHEM a Ha
- h KUIKOCTh JEUCTBYIOT: CHJIA TSDKECTH Mg,
HaIlpaBJICHHAs 0 BEpPTHUKAIM BHU3, U CHUJIA
VHEpUMM IM&, HanpaBJI€HHAas B CTOPOHY,
Puc.2.6. Cunet, deiicmsyioujue na 00paTHYI0 YCKOpeHHIO a.Pe3ynbTHpyronnyto

ACUOKOCMb NPU OMHOCUMENLHOM HOKOE, U
€80O00HAsL NOBEPXHOCTL NPU

NPAMONIUHEUHOM PABHOYCKOPEHHOM CYMMHPOBAHUCM BCKTOPOB CHJIbI TSXKCCTH U
OBUINICEHUU eMKOCU

MaccoBylo cuany F=mj  ompenensor

CWJIbl MHEPLMH, a Yroj HaKJIOHAa CBOOOJHOM
IIOBEPXHOCTH K F'OPU30HTY HAaXOIAT M3 YCIIOBUA €€ MEPIECHINKYISIPHOCTH K CHUIIE
F. Ha pucynke 2.6 OykBaMu  O0O3HAU€HBl BEKTOPbl COOTBETCTBYIOLIUX
€AUHUYHBIX MaCCOBBIX CHUJI, TO €CTh CUJI, OTHECEHHBIX K €JUHULIE MACCHI.

Z4 [Ipn BpameHnn €MKOCTH BOKPYT BEPTHKAJIBbHOU

A I C OCH C TIOCTOSTHHOW yTJIOBOM CKOpPOCTBIO @ (pHc. 2.7)
Ha YKHIKOCTh JEHCTBYIOT JBE MAaCCOBBIC CHIIBI - CHIIA

TSYKECTU M LIEHTPOOEKHAs CUjia, KOTOpbIe, Oyaydu
OTHECEHHBIMM K E€IUHUIIE MAacChl, COOTBETCTBEHHO

paBHBI ¥ w”T. PaBHOIEHCTBYIOIAS MACCOBAs CHJIA |

YBCIIMYHUBACTCA C YBCJIMYCHHEM paauyca I, a yroi

HAaKJIOHAa €€ K TOPHU30HTY YMCHBIIACTCA. HOII

JIEUCTBUEM TOCIEAHEH CBOOOJHAS TOBEPXHOCTH

KUJKOCTH MproOpeTaeT BU napadbosionga BpalieHus
C BEPTUKAJIBHOM OCBIO, COBIAJAIONIEH C OCBIO
€MKOCTH, a JIMHUS TepecedyeHusi CBOOOHOMU

Puc.2.7. Ceoboonas
HOBEPXHOCb HCUOKOCU,
HAxo0suelics 6

OMHOCUMETbHOM HOKOE 60 ITOBCPXHOCTHU C 10001 BCPTHUKAJIbHON IINIOCKOCTBIO,

8pawarowetics 60Kpyz IPOBEJICHHON 4Yepe3 OCh BpAIlleHUs, OyAeT SBIATHCA
8EPMUKATLHOTL OCU. C napa6onoii ABC, Beicota H xoTopoit ompenensercs
NOCMOAHHOU Y2N1080U 0 popMyIIe:

CKOPOCMbIO OMKPLIMOT w22

émkocmu H= 2z (2.11)

HaryisinHeIM TpUMEPOM HCIIONIb30BAaHUS OTHOCUTEIBHOTO MTOKOS )KUIKOCTH B
TEXHHMKE MOTYT CIIY>KHTb YCTAHOBKH ISl IGHTPOOEKHOT'O JINThA AeTallel U
3aroTOBOK, UMEIOIINX (DOPMBI TEJ BpalICHUs, U3 PA3IMYHbIX MaTepuasoB. B aTux
YCTaHOBKAaX PACIUIABIECHHBIN (KUIKUI) MaTeprall 3aJiuBaeTcsi B GopMy, KOTOPYIO
NPUBOJST BO BpallIEHUsI BOKPYT BEPTUKAIBHON WM TOpU30HTANIbHOM ocu. [lox
JEUCTBUEM LIEHTPOOEKHOM CHIIBI MaTEpHall IPUHUMAET 3aJJaHHOE MOJIOKEHUE
paBHOBeCHsI, 0OBIYHO PABHOMEPHO PaCIpeIesisiCh IO CTEHKaM (pOPMBI

2.6.3akoH Apxumena
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3akoH ApxuMena UMEET CICIYIONTYI0 (OPMYITHPOBKY: HA TEJIO,
MOTPY>KEHHOE B KUIAKOCTh, IEUCTBYET BBITAIKMBAIOIIAS CHJIa paBHAsL BECY
BBITECHEHHOTO 00beMa KUIKOCTH.

Cuita, npuioKeHHasl B TOYKE, HA3bIBAETCS] IEHTPOM BOJAOU3MEILICHUS — LIEHTP

TSDKECTH BBITECHIEMOT'0 00BbeMa KHUAKOCTH.

BOI[OI/IBMeH_IeHI/IC OBIBa€T MacCOBBLIM B 00bEMHBIM. BEITECHEHHBIN TEIOM

00BeM KHUIAKOCTH, HE 3aBI/IC$IIHI/H71 OT MaccChl — Ha3bIBaeTCsA 00bEMHBIM

BOJOU3MCIICHUECM. MaccoBoe BOAOU3MCIICHUC — BEC ) KMAKOCTH, BBITCCHCHHBIN

TEJIOM, HE 3aBUCSIINN OT ero o0bema.
[TnaByuectb (Tabmuna 2.2) — ciocoOHOCTH TeJla IJ1aBaTh B

IMOJIYTIOT'PYKCHHOM COCTOSAHUU.

Tabmuna 2.2
Teno BcribIBaeT Teno maBaet Teno ToHeT
F:'\}FTHH F,\=FT“-,,_- FA < Fonx
—=
Fa o v
F A A
.
Fran Fe

—
Frow

Ecnu cuna tsoxectu F. .
MEHbIIIE APXUMET0BON CHIIBI
F,, 1o Teno Oyner
MOJTHUMATBCS U3 KUIKOCTH,
BCILTBIBATb.

B 3TOM citydae mimoTHOCTh
TUTABAIOMIETO TeJIa MEHBIIIE
IUIOTHOCTH KUJIKOCTH.

Ecmu cuna tsxectu £

paBHa apXUMEI0BOI cuiibl Fy,

TO TeJIO OyJeT HaXOAUTCS B
paBHOBECHH B JIIOOOM MecTe
KHUJIKOCTH.

B sTOM cityyae mioTHOCTh
IJIaBalOIIETo Tela paBHa
IUIOTHOCTH KHJIKOCTH.

Ecnu cuna tsoxecru Fl
OoublIIe apXUMEI0OBON CHIIBI
F,, To Teno OyAeT onmycKaTbCs
Ha JTHO.

B sTOM cityyae niaoTHOCTh
IUTaBAOIIETo Tena OoJble
TUIOTHOCTH KHIKOCTH.

2.7. 3akoHn [Hackauas

Bemnunna P, sgBiageTcsT OOMHAKOBOM A1 BCEX TOYEK OOBEMa >KUIKOCTH,

IIO9TOMY, Y4YHTBIBAs BTOPOC CBOMCTBO TuaApOCTAaTUYCCKOro AaBJICHHA, MOKHO
YTBCPKAAaTb, UYTO JABJICHUC, IMPHUIIOKCHHOC K BHEIIIHEH IMOBCPXHOCTHU KHUAKOCTH,
nepeaacTca BCCM TOUYKaAM TOM KUAKOCTH U I10 BCEM HaAIIPABJIICHUAM OJHHAKOBO.
DTO MOJIOKEHNE U3BECTHO 110 Ha3BaHHUCM 3aKOH ITackans.

Takum oOpa3om, 3akoH [Ilackans sBisieTCS CIEACTBHEM OCHOBHOTO

YPaBHCHUA THAPOCTATUKH.

CnocoOHOCTh  KUAKOCTH TepefaBaTh JABJICHHUE U  HE3HAYUTEbHas

CXKUMAaEMOCTh KHUIKOCTU OnpCaAcCIIAIOT IIPUHIIUII HCﬁCTBHH 00BEMHOTO
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TUAPONPUBO/IA.

*F: ng [IpuMepoM  MCHOJIB30BAHUA  3aKOHA

S S, Tlackans  MOXKeT  CIOyXHTb  pacyer

T i NETER rUApaBIMYECKOro  Ipecca,  KOTOpHIif

E_—_::”1 _ = _‘2—:% 2  npeacraBnser  coboit  mpocTeiimmii
T e T T e — T

e e OOBEMHBII THAPONPHUBOJ, B KOTOPOM

Puc. 2.8. Cxema npocmetiwe2o 00vemno2o MAJTUHAP C TIOPIIHEM  TUIOMIAJbIO 51
2UOPABIUIECKO20 NpUsooa SIBJISICTCSI HACOCOM, a IUJIUHAP C TIOPITHEM
IUTOMIA/IBIO S5 - THAPABINYECKAM JIBUratenemM (puc. 2.8).

ITo 3axony Ilackans maBiaeHHE KMAKOCTH IOJ JIEBBIM IOpmHeM P; = F. /S,
PaBHO JABICHWIO II0J NOpaBeM mopmHeM P- = Fo /S, cnemosarensno
F./S;=F,/S, , orkyna ycmme F, ma npasom mnopmme mpecca pasHO
F, =F,S,/S;, umm ¢ yuerom noreps F» = F:nS,/S;, , rme n - KIIJ npecca,
YUYUTBHIBAIOIIMM JIEUCTBUE CHUJIbl TPEHUS B YIUIOTHEHUSAX MOPIIHEH IIPU HX
NIEPEMCIICHUH, IOTEPIO JABJICHUS B THIPABIMYCCKOH JIMHUHU, COCIMHSIOIICH
TIOPIITHHM TIpecca, U IPyTHe.

3. KunemaTuka u IMHAMHUKA KUJIKOCTH

Kunemarnka JKMIKOCTH —  pa3lell TUJIPOMEXAaHUKH, B  KOTOPOM
paccMaTpHUBAaKOTCSl CBOMCTBO MOTOKOB XKUIKOCTH C TEOMETPUUYECKON TOUKH 3PEHUS,
T.e. 0€3 y4eTa NPUYUH BBI3BABIIUX 3TO JBHKEHUE. [[09TOMY BBIBO/IBI KUHEMATUKU
CIIpaBEIJIUBBI J1s1 JIFOOOH )XKUAKOCTH (peayibHOM U UIeabHOM ).

3.1.0cHOBHbBIE MOHATHSI KHHEMATUKH KUKOCTH.

B 3aBucMMOCTM OT HM3MEHEHHMS OCHOBHBIX I[IapaMETpPOB JaBJICHUA P U
ckopoct U paznauuaroT ABa BUAA JBUKEHHS >KUIKOCTH: YCTAaHOBUBILEECS U
HeycTaHoBHUBIIeecs. JlaHHas kiaccupukaluus MO BPEMEHHOMY IPHU3HAKY, T.€.
n3MeHeHue ckopoctu U u naBnenus p ABIAOTCS QYHKUMUSIMHU OT BpeMeHH t.

HeycranoBuBuieecss — camblidi oOuMil ciydail nBwxeHus, JlaBiaeHue p u
ckopocTh U 3aBUCAT OT KOOPAMHAT U BPEMEHH.

p="fxyzt);U=gxyzt (3.1)

[TpumepaMu HEYCTAaHOBHUBIIETOCS JBUKEHHSI MOTYT OBITh — Pa3roH WIn
TOPMOKEHHUE KUJIKOCTH B TPyOax Mpu BKIIOYCHUH (BBIKIIOUEHUN) HACOCOB,
MCTEUEHHE BOJBI ITPU ONIOPOKHEHHUH pe3epByapa 4epe3 OTBEPCTUE U T. 1.

VYcTraHOBUBIIEMCS, HA3bIBAETCA JBWKEHHE JKUIAKOCTH HEU3MEHHOE IO
BPEMEHU:

p="f&xyz);U=">;(xyz) (3.2)
Nmm dp/dt = 0;dU/dt =0

YcraHoBuBIIEECs ABMXXCHHUEC MOXKCT OBITH KaK PaBHOMCPHBIM, TaK U
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HEPAaBHOMEPHBIM.

PaBHOMEpHOE ABUKEHHE — 3TO ABUKEHHUE, IPU KOTOPOM CKOPOCTh KaKI0M
YaCTHULIBI HE U3MEHSETCS C U3BMEHEHUEM KOOPIAUHAT.

HepaBHOMEpPHOE IBMKEHUE — ITO TAKOE ABUKEHUE, IIPU KOTOPOM BCE
XapaKTEPUCTUKN U3MEHSIOTCA 110 BPEMEHU B PA3JIMYHBIX TOYKAaX IMPOCTPAHCTBA.

Yame Bcero paccMaTpuBarOT YCTAHOBUBILIEECS TOTOKHU KUIKOCTH.

HamopHbIM Ha3bpIBaeTCsA TAKOE ABUKEHUE, IIPU KOTOPOM IIOTOK CO BCEX
CTOPOH OIPAHMYEH TBEPABIMH, KECTKHUMH HAMPABIIAIOIIMMHA CTeHKaMU. OOBIYHO
3TO — ABWKEHUE JKUJIKOCTU B TpyOax MpHU MOJHOM UX 3aMOJHEHUH (BOJOTPOBOIbI,
HedTenpoBoibl). Takoe IBUKEHUE MTPOUCXOIUT 3a CUET U30BITOYHOTO IABJICHHUS,
CO37[aBa€MOT'0 HACOCOM WJIU BOJOHAIIOPHBIM 0aKOM.

JIBr>keHue, IpU KOTOPOM ITOTOK JIMIIb YACTUYHO OTPAHUYEH TBEPIBIMU
CTEHKaMH U UMEET CBOOOJIHYIO TOBEPXHOCTh, HA3bIBAETCA OE€3HAMIOPHBIM.
Hamnpumep, Teuenue B pekax, BOJOCIUBHBIX JIOTKaX, KAHAJM3ALMOHHBIX TpyOax.
JlaBnenue Ha cBOOOAHOM MOBEPXHOCTH OOBIYHO paBHO aTMoc(epHoMy. [[BUkeHne
B TaKUX IIOTOKAaX MPOUCXOAUT 3a CUET F€OMETPUYECKOI0 YKIIOHA pycCia, T. €. IO/
JEWCTBUEM CHJIBI TSAKECTH.

BBeneM ele HEKOTOpBIE ONPENEIICHMUS.

COBOKYITHOCTB WJIM TEOMETPHUUECKOE MECTO TOUEK, YEPE3 KOTOPHIE
ITOCJIEA0BATEIBHO IPOXOAUT KUIKAs YACTULIA IPU CBOEM JBUKECHHH, HA3bIBAECTCS
TPAEKTOPUEN YaCTHIIBI.

[Ipu ycTaHOBHBIIEMCS IBHKEHUU TPAEKTOPUN YACTULL KUJIKOCTH SIBJISFOTCS
HEU3MEHHBIMU BO BPEMEHH.

[Ipu HEYCTAaHOBUBILIEMCS TEUEHUN TPACKTOPUHU PA3JIUYHBIX YaCTHII,
IPOXOSAIINX Yepe3 JAHHYIO TOUKY MPOCTPAHCTBA, MOT'YT UMETh Pa3Hyto GopMy.

JIuHus TOKa—3TO JUHMS, KacaTeabHasi K KOTOPOU B JF000I TOUKE COBIAJIAET C
HAIIPaBJICHUEM BEKTOPA CKOPOCTH YACTHUIL )KUJIKOCTH B JAHHBI MOMEHT BPEMEHU
(puc. 3.1).

[Ipn ycTaHOBHBIIEMCSI TEUEHHUH JIMHHS TOKA COBIIAJIAET C TPACKTOPUEN
YACTHULIBI )KUAKOCTU U HE MEHSET CBOEH (POpPMBI BO BpEMEHHU.

Ecnu B ABHKYIIENCS dKUIKOCTH B3SITh MaJIbli 3aMKHYTBIM KOHTYD U Yepe3 BCE
€ro TOYKHU MPOBECTH JUHUH TOKa, TO 00pa3yercs TpyouaTasi HOBEpXHOCTb,
HasbIBaeMas TpyoOkoii Toka. Eciu yMeHbmaTh pa3Mepsl 3aMKHYTOTO KOHTYpa, TO
4acTh MOTOKA, 3aKII0YEHHAs! BHYTPU TPYOKH TOKA CTAHET 3JIEMEHTAapHOU
CTPYHMKOM, T. €. TAKOW CTPYUKOH, B IIONIEPEYHOM CEUEHUU KOTOPOU CKOPOCTHU
MO>KHO CUUTAaTh OJUHAKOBBIMU — pUC. 3.2.

[Ipu ycTaHOBHUBLIEMCS JIBUKEHUM:

- DJIEeMEHTapHas CTpyWKa HE MEHSET CBOeH (hOpMBI U OPUEHTAIINHU B
IIPOCTPAHCTBE;
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- HOpMAaJIbHBIE COCTABJISIOIINE CKOPOCTH HA JJMHUH TOKA PaBHbI HYJIO,
CIIeZIOBATENIbHO, TIEPETEKaHUS KHUJIKOCTH Yepe3 OOKOBYIO TOBEPXHOCTh JAHHOM
CTPYHKH HET, U TPYOKY TOKa MOKHO pacCCMaTpHUBATh KaK KECTKYIO TPYOKY €
HETPOHUIIAEMBIMHU CTEHKAMU;

- HOopMaubHbIe ceueHus ctpyiiku dS1, dS2 (puc. 3.2) mansl, HO He
OJIMHAKOBBI B Pa3HBIX CEUCHUSAX, IOATOMY Iy4YOK JTUHHUI TOKa BHYTPU TPYOKH
MOJKET CTYIIAThCS U PACIIUPATHCS;

- TaK Kak MOMepeYHbIe CEUEHUsI CTPYHKU MaJbl, CKOPOCTH BO BCEX TOUKAX
TaKUX CEYEHUH MOKHO CUMTATh OJUHAKOBBIMH, OJTHAKO MPU MEPEX0E OT OJHOTO
CEUEHHSI K PYTOMY OHU U3MEHSIOTCH.

v — v,
v, 2
: i . ’ﬂn§’=ﬁ‘
! ds, e
v
Puc.3.1. Jlunua moxa Puc.3.2 Tpyoxa moxa

[Ipn nanpHENIIEM CTPEMIIEHUH MOTNIEPEYHBIX PA3MEPOB CTPYMKH K HYJIIO OHA
B [IpEJIETIE CTATUBAECTCS B JUHUIO TOKA.

[leperekanus )KUIKOCTH U3 OJHOU CTPYMKHU TOKA B IPYTYIO HET,
AJIEeMEHTapHasl CTpyHKa NpeAcTaBisieT CO00M cCaMOCTOSTEIbHBIN JIEMEHTAPHBIN
notok. Takum 06pa3oM, )KHJIKOCTh BTEKAET BO BXOJIHOE OTBEPCTUE CTPYHKHU TOKa U
BBITEKAET Yepe3 BHIXOJHOE, HE MPOHUKAs yepe3 ee O0KOBbIE MOBepXHOCTU. [loToKN
KOHEUYHBIX Pa3MEpPOB MOYKHO PACCMATPUBATh KaK COBOKYITHOCTb 3JIEMEHTAPHBIX
CTPYEK, T. €. IPEANOJIAraTh TCUCHUE CTPYHUHBIM. M3-3a pasnuuus ckopocTen
CTpyHKH OyAyT Kak Obl CKOJB3UTh OJHA 110 APYTrOi, HO MEPEMEIIMBATHCS HE OYAYT.

JIBr>keHME KUAKOCTH, TPU KOTOPOM JIMHUM TOKA SIBJIIKOTCA CTPOTO
napajuieIbHbIMH NMPSMBIMHU, OyJIEM Ha3bIBaTh MapaieabHOCTPYitHBIM. Ha
IIPAKTUKE YaCTO BCTPEYAIOTCS TEYECHUS, OTVIIMYHBIEC OT NIapaJUICIIbHOCTPYMHBIX.

il [InaBHO M3MEHSIOIIEECS ABUKEHUE — ATO
; o JBUKEHHE, OJIN3KOE K MapalIeIbHOCTPYHHOMY, TIPH
_ KOTOpPOM pajinyC KPUBU3HBI JINHUI TOKA OCTATOYHO
7 BEJIMK, a YToJI, 00pa30BaHHBIN KpaHUMH JIMHUSIMUA TOKa
paccMaTpUBAaEMOT0 OTOKA (MUJTU 3JIEMEHTAPHOM
CTpYHKH), 6JIU30K K HYJHO (yroi 0, puc. 3.3).

Puc.3.3. ITnasho HazoBeM KHUBBIM CEUEHUEM MTOTOKA MOBEPXHOCTb,

usmensiowuecs Osuxicenue TPOBENCHHYIO NIEPIICHIUKYJIIPHO JIUHUIM TOKA U
HaxOoJSIIyI0Ccs BHYTpU noToka. [lockonbky

pacmnpeneneHrue CKOPOCTel B MOTOKAX B OOIIEM Cilydae HEPaBHOMEPHO, JINHUA
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TOKa B HUX HE MapajuiebHbI APYT APYTY U KUBbIE CEUCHHUSI IPEACTABIAIOT COO0i
KPUBOJIMHENHBIE TIOBEpXHOCTU. Hanpumep, pu ABMKEHUM KUJIKOCTH B
KOHUYECKH pacxopsieics Tpyoe (puc. 3.4), korjna HoToK COCTOUT U3
pacXoAsIIIUXCs JIEMEHTAPHBIX CTPYEK, )KUBOE CEUEHUE NPEICTABIIAET COO0M
KpUBOJIMHEHHYI0 oBepxHOCTh ABC. Ecnu nmuHnu Toka B MOTOKE Oy IyT
napajuielbHbIMH (T€UEHUE NapAJIIEIIbHOCTPYUHOE), )KUBOE CeUeHUE OyAeT
IUIOCKHM.

XKuBoe ceuenne MOKeT ObITh OTPAaHIUYEHO
TBEPABIMH CTEHKAMU IIOJIHOCTBIO UJIM YACTHYHO.

JUIMHA IMHUY NIOTIEPEYHOTO CEYEHMSI, 110
KOTOPOH KMJIKOCTh COITPUKACAETCS ¢ TBEPAOU

Puc.3.4. Jleudicenue 6 Konuuecku TPaHUIIEN MTOTOKA, HA3BIBAETCS CMOYECHHBIM
pacxoosuyericsi mpyoke nepumerpoM. [Ipu HamopHOM TeueHun
YKUJIKOCTH, KOTI1a MOTOK CO BCEX CTOPOH

OTPaHUYECH TBEPJIBIMU CTEHKAMH, CMOUYECHHBIN nepuMeTp OyJeT paBeH MOJTHOMY
NEePUMETPY KUBOTO ceueHus. B ciryyae Oe3HamOpHOTO TEYEHHS YacTh MepUMeTpa
MOTIEPEYHOTO CEUCHHSI TOTOKA, IPUXOSIIASCSA Ha CBOOOHYIO TOBEPXHOCTh
KUJIKOCTH, HE BKJIFOYAETCS B pACUET CMOUYECHHOI'O IIEpUMETPA.

st TpyOBI paauyca r, TOJTHOCTBIO 3aMTOJTHEHHOM KUAKOCTbIO, CMOYEHHBIHN
nepuMeTp paBeH (puc. 3.5.a)

¥ = 2mr = md (3.3)

B ciiyyae 6e3HanopHOro TeUeHUs B KaHaJIE MPSMOYTOJIBLHOIO MOMEPEYHOTO

cedyenus (puc. 3.5.0)
¥ =b+ 2h (3.4)

OTHOILIIEHUE TUIOIAM CEYCHUS MOTOKA KUJIKOCTH (0 K CMOYEHHOMY

IIEPUMETPY X, HA3bIBACTCS TMAPABIMYECKUM paauycoM R.

JI1s1 HaropHOTO TTOTOKA B KPYIJIoH TpyOe (puc. 3.6.a)
w omd? d r
R=T =~ 2 (3.5)
Jlns 6e3HanopHoro nmoroka (puc. 3.6.0)
R =bh/(b+ 2h) (3.6)

U3 710it hopMyIbl MOHSATHO, YTO TUAPABIMUECKHUI pauyc KaHala a Ha puC.

3.5 Gouible THAPABINYECKOTO pajnyca KaHaia 0.

Pacxo10M Ha3bIBAIOT KOJIMYECTBO KUAKOCTHU (B OOBEMHBIX UM BECOBBIX
eIMHMIIAX ), IPOTEKAOIIee Yepe3 MONepevyHoe (JKUBOE) CEUEHHE NMOTOKA B EUHUILY
BpEMEHU. B 3aBUCHUMOCTH OT TOT0, B KAKMX €IMHUIAX ONPEIEIACTCS KOJTUYECTBO
YKUJIKOCTH, pa3indaroT 00beMHBIN Q, BecoBor QB M MaccoBbI QM pacXobl.
3aBUCHUMOCTbh MEXIy HUMU CIEAYyIOIIas

Q=V/t=Qp/pg=Qu/p

18



I'me V — xomuectBO (00BEM)

d=2r |——————-

______ KUIAKOCTHU, P— INIOTHOCTD ) KUIAKOCTH,

h
—————— g — yCKOpeHHue CBOOOHOTO

ImaacHu:A.

B runpasnuke gaiie Bcero
a UCTIONB3YIOT O0BEMHBIN PAaCXO/I,
Puc.3.5. Cmouennsiii nepumemp Jlajee 1moJ TEPMUHOM «pacxoa»
OyJeM MOHMMAaTh UMEHHO OOBEMHBIN PacXo/l, €CJIH CIEeUATbHO HE OTOBOPUM
WHOE.

PaccMoTpuM ABM>KEHHE KUKOCTH HA YYaCTKE DJIEMEHTApHOU CTpYHKH (puc.
3.6). HacTruka XKHAKOCTH TIepeMeIaeTcs oT ceueHus 1 kK ceueHuro 2 3a
MIPOMEKYTOK BpeMeHH dt, mpoxoas mpu 3ToM paccrosiaue 1. [IockobKy cTeHKH
TPYOKH TOKA HETIPOHHUIIAEMBI JIJIST ABMKYIIEHCS KUAKOCTH, KOJTMIECTBO
KUJIKOCTH, TpOIIeIIee yepe3 cedeHune 1 3a Bpems dt Oyaet paBHBIM 00beMy
ATHHPA!

dV =1dw (3.7)

rae do — miomnanb )KUBOro CEUEHUs CTPYUKH.

DneMeHTapHbI 00bEMHBIN pacxo, T. €.
KOJIMYECTBO KUIKOCTH, MPOXOISIICE B
€IMHUITY BPEMEHHU Yepe3 )KHUBOE CEUCHUE
AJIEMEHTAPHOMN CTPYHKH, ONIPEICITUTCS KaK:

dQ = dV/dt = ldw/dt= 1/ dw = udw

Puc.3.6. Dnemenmapuas cmpyliika
Ecmu pacCMaTpuBaThb IIOTOK JKUAKOCTH KaK

COBOKYITHOCTb 3JIEMEHTAPHBIX CTPYEK, TO OOIIMIA PacX0]] MOTOKA OMPEACIUTCS KaK
CyMMa 3JIEMEHTAPHBIX PACXO0B OT/ACJIBHBIX CTPYEK:

UTO0OBI BEIYUCIUTH PACX0]I 10 3TON (hopMyJie, HY»KHO 3HATh paclpe/ecHue
CKOPOCTH JIBUXKCHHUS )KHUIKOCTH BO BCEX TOUKAX JKUBOTO cedeHus (puc. 3.7).
YToOBI yIPOCTUTH paCcUeThI JJIsl IPAKTUUECKOTO TPUMEHEHHUS], BBOJUTCS IMOHSITHE
CpPEIIHEN CKOPOCTH MOTOKA.

CpenHsis CKOPOCTb B CEYEHUH V — 3TO CKOPOCTh, C KOTOPOM JJAHHOE CEYEHUE
JOJDKHBI IPOXOUTH BCE YACTHIIBI KUIAKOCTH, 4TOOBI pacxoa Q 1Isi 3TOTO ceUeHuUs
OBLT paBeH JIEWCTBUTEILHOMY PAacXoay IPH HEPABHOMEPHOM PACTIPEICIICHUH
CKOPOCTEU MO CEUYCHHUIO.

Torna ypaBHeHHE pacxoja AJisl OJHOTO MOTOKA 3aMUILIETCS KaK

Q= [ udw=vw (3.8)
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T II€: U — CPEeHAA IO CEYEHUIO CKOPOCTH
u
JKUJIKOCTHU.
I
—— . CpenHior CKOpOCTh TOTAa MOXKHO ONPEAECTUTD
KaK:
| [ udw Q
V=" =0 (3.9)
[
Puc.3.7. Pacnpedenenue Cpennsisi CKOpOCTb I10 )KUBOMY CEYEHUIO —
CKOPOCME JCUOKUX HaACTUY a0CTpaKTHOE MOHATHE, BBEJICHHOE JIJIsl YIIPOILICHUS

M3YUYCHHUSI IBUKEHUS KUJIKOCTH.
Ypaenenue nepaspvienocmu Kak JJist 3JIEMEHTaAPHON CTPYHKH, TaK U JJIs
BCET0 MOTOKA — 3TO MATEMATUYECKOE BBIPAKEHUE YCIOBHS CIUIOMIHOCTH IMOTOKA
IIPU YCTAHOBUBILIEMCS] TEYEHUHU KUJIKOCTH.
BbiennM B IOTOKE 3IEMEHTapHYIO CTPYHKY (puc. 3.8).
| PaccmoTpum yuacTok Mexay
\uy [ | ceueHusiMu 1—1 u 2-2. 3a Bpems dt
e --@} BHYTpPB OTOT'0 y4acTKa yepes
5, L ceuenue 1—1 BoHeT KOJIMUECTBO
KUJIKOCTH, pABHOE 00BEMY

[IWIHH/PA C TUTOIIA BIO
ocHoBanus dS1 u oOpazyromen

Puc. 3.8. Dnemenmaprnas cmpyiika 6 nomoxe
aHrcuoKocmu

uldt. Uepes ceuenue 2—2 3a 3TO K€ BpeMs BbITEUET 00bEM KUIKOCTH, PAaBHBIN
u,dtds,.

OtmeTuM cienyromue o0CTosATENbCTBA:

- yepe3 OOKOBBIE MOBEPXHOCTHU AIIEMEHTAPHOM CTPYHKH KUJIKOCTh HE
IIPOHUKAET (TAKOBO CBOMCTBO TPYOKH TOKA);

- JKUJKOCTh HEC)KUMAEMa U B HEM OTCYTCTBYIOT ITyCTOTHI U Pa3pbIBHI.

OT0 03HaYaeT, 4YTo Oy/IEeT CIpaBEUIMBLIM PABEHCTBO!
Uldtdsl - uz dtd52

Otkyna

u,ds; = u,dsS, (3.10)
Jlist ipyTux cedeHuit OyayT CIIpaBeJIUBbI TAKHUE K€ COOTHOIICHUS:
u,dS; = u,dS; = uzdS; =...=u,dS, = const =dQ

910 ypaBHenue (3.10) u BeIpakaeT yCIOBHE HEPA3PHIBHOCTH IJIEMEHTAPHOM

CTPYHMKH, U3 HETO CIIEYET, UTO YEPE3 BCE CEUEHUSI CTPYUKH IPOXOINT
o u a5
OJIMHAKOBBIM PacXoJ KUAKOCTU. V3 ypaBHEHHUS NOHATHO, YTO. — = ﬁ T. €
g 1
CKOPOCTH TE€UYEHUS B Pa3HBIX CEUCHUSX DJIEMEHTAPHOU CTpyHKH 0OpaTHO
MPOMOPUMOHAIBHBI TUIOIIAASAM 3TUX CEUEHUN.

I[J'Iﬂ ITOJIHOTO ITOTOKAa YPaBHCHHUC HCPASPBIBHOCTU MOXKHO ITOJTYYHUTh,
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npouHTterpupoBas ypaBHeHue (3.10) mo miomamsiMm COOTBETCTBYIOIIUX CEUCHHM
IIOJIHOTO MoToKa (puc. 3.8):

HCHOHLSY}I ITOHATHUC cpenHeﬁ CKOPOCTH I10 CCYCHHIO.

-"|S-"|
“Z F

I U1d51 =U1511 l uzdSZ =1
¥54 “Sz

MO>KHO 3aIHCcaTh
V3357038, (3.11)

Tak kak ceueHust 1—1 u 2—2 BeIOpaHbI IPOU3BOJIBLHO, TO U JIJIS JTFOOBIX IPYTHUX
CEUEHUH 3TO PaBEHCTBO Oy/IET CIPABEJIUBO.

VS, =0,5, =v,5;, =...=v,§, =const=(Q (3.12)

VYpauenus (3.11) u (3.12) u ecTb ypaBHEHUS! HEPA3PHIBHOCTH MTOJHOTO
noToka. OHM MOKa3bIBAIOT, YTO 0OBEMHBIN PACX0J] HEC)KUMAEMOW KUJKOCTH IPH
YCTAaHOBUBLIEMCS JBUKEHUHU OCTAETCS MOCTOSTHHBIM BJI0JIb BCErO MOTOKA.

N3 ypaBHenus (3.11) ciaegyer, 4To cCpeAHUE CKOPOCTH MOTOKA 0OpaTHO
IPONOPLIMOHAIIBHBI TUIOLIA/ISIM COOTBETCTBYIOIIUX KUBBIX CEYCHUI:

5.
Ul/uz = ‘/51

3.2.YpaBHenue bepuyiiu

VYpaBaenue lanunna bepnyinu, nonyyennoe B 1738 1., sBisiercs
byHIaMEHTAIBHBIM YpaBHEHUEM TUAPOIUHAMUKN. OHO aeT CBS3h MEKIY
JaBlieHreM P, cpegHell CKOPOCTBIO L U MbE30METPUUYECKOM BBICOTOM Z B
Pa3JIMYHBIX CEUCHUSX TTOTOKA U BBIPAXKAET 3aKOH COXPAHCHUS SHEPTUU JJIsI
YCTAaHOBHMBUIETOCS MOTOKA KUAKOCTU. JlaHHOE ypaBHEHUE SABISETCA OCHOBHBIM
YpaBHEHHUEM ISl pacueTa rupaBINnYECKUX CUCTEM.

3.2.1 YpaBHenune bepHy/iu 1t CTPYHKH H1€AJIbHON KUIKOCTH

BriienuM npu yCTaHOBUBIIIEMCS TEUSHUH B ABWIKYIIEHCS KUIKOCTH
AIIEMEHTAPHYIO CTPYUKY U OTMETUM B Hel JBa ceueHust — 1-1 u 2-2 (puc. 3.10).
[Tmomaau 3THX ceyeHuii — o lu ®2, KOOpAMHATHI UX LEHTPOB TKECTH — Z1u
Z2COOTBETCTBEHHO.

B MOMeHT BpeMeHHU t )KUIKOCTh HaXOUTCS MEXIy cedeHusimu 1—-1 u 2-2.
Omna 3anuMaet o0beM, coctosmuii u3 orcekoB I u III (puc. 3.9). Uepes
MIPOMEKYTOK BpeMeHU dt )KUKOCTh MEPEMECTUTCSI B HOBOE MOJIOKEHUE U OyIeT
3aHUMaTh 00beM, cocTosmuii 3 orcekos III m I1.
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B cooTBeTcTBHH € TEOPEMON MEXAHUKH,
pUpalleHne KUHETUYECKOW SHEPTUU
CUCTEMBI 332 KaKOH-TO IPOMEKYTOK BPEMEHU
paBHO pabOTE BHEIIHUX CUJI 3@ 3TOT

MIPOMEXYTOK BpeMeHH. [Ipu nepexone u3
HaYyaJIbHOTO MOJOKEHUS (KUAKOCTh 3aHUMAET

o0bem otcekoB I u I11) B mocneayroniee
Puc.3.9. Dnemenmapnas cmpyrtika.

(orceku II u 1) npu ycranoBuBIIEMCS
Hnnocmpayust 015 8616004 ypasHeHus

JIBMYKEHUW KMHETUYECKasi YHEPTrusi 0OLIEro
orceka III octaHeTCs HEM3MEHHOM, TTIOATOMY
MpUpanieHue KUHETUYECKOW SHEPTUU TPOU30UIET 3a CUET U3MEHEHUS SHEPTUU

bepuynnu

otcexkoB [ u II.
m,u: m,u?

ﬂEK}{:—[ = EII+III - EI+III = EII — EI = ‘2 - _ >

Macchl )XKUIKOCTH B OTCEKaX ONMpPEIeNATCs Kak:
m; = pV; = pw,u,dt= pqdt
m, = pV, = pw,u,dt = pqdt

31ech G; = ; = Wi U; = wWyl; = WU — PacXo/ KUJIKOCTH B CTPYUKE
OkasbiBaeTrcsi, Macchl 0TCEKOB I u II paBHBI, TOATOMY B JalbHEHIIIEM
HMHJIEKCHI Y 0003HAaYEHUS MacChl olmyckaeM. Torma:

-

AE = pq (“5/2 _ “‘3/2) dt (3.13)

N3 BHEIHKUX cUJT pabOTy COBEPIIAIOT MIOBEPXHOCTHBIC CUJIBI IABICHUS U
MAacCCOBBIE CHJIbI, B PACCMAaTPUBAEMOM CITy4ae 3TO CUJIbI TSXKECTH.

W3 cun naBieHus MOTYT COBEPIIUTH pabOTy TOJIBKO CHIIBI, JCHCTBYIOIIHME Ha
TopIeBbIe ceueHUst ®1 u w2 — 310 cuibl Plu P2. Cunbl naBieHus, 1eMcTBYIONME
Ha OOKOBBIE TOBEPXHOCTHU CTPYUKH, HAMPABIICHBI MEPIICHIUKYJISIPHO OCH TTOTOKA U
ux pabota paBHa HyJt0. PaboTta cuit naBieHus:

Pyu;dt— Pu,dt = p;w,u,dt — pyw,u,dt = q(p; — p,)dt (3.14)

Pabota cun TskecTd COCTOUT B TOM, 4TO oTcek I mepemectutcs B otcek II,
NocKoJIbKY oTcek III octaercs Ha MecTe. Macchl U, CIEI0BATENIBHO, BECA OTCEKOB
OJIMHAKOBBI, TOITOMY PabOTy CHJI TSHDKECTH MOYKHO 3aIlucaTh Kak (Bec paBeH Mg ):

pgqlz, —z,)dt (3.15)

[TpupaBHuBas n3meHnenne kunernueckon snepruu (3.13) cymme padot

BHewHUX cui (3.14) u (3.15), Haxoaum:

u3;  uj
0q (? - ?1) dt= q(p; — pp)dt+ pgq(z; —z,)dt

Pasnenum Bce wieHsl 3TOro ypaBaenus Ha pgqdt. Takum oOpa3oMm, oTHeCeM
YPaBHEHHUE K €IMHULIC BECA MPOTEKAOIIEH KUAKOCTH. [lomyunm:
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2
2 by == Py — const (3.16)
2g  ps <8 PB
%0071
u? p
= +£ +7=const (3.17)
28 pe

DTO U ecTh ypaBHEHUE bepHyIUH 71 3JIEMEHTAPHON CTPYUKH UJI€AIbHOM
JKHUJIKOCTH. Bce 4ieHbl ypaBHEHHS] UMEIOT JIMHENHYIO pa3MEPHOCTb.

W3 BpIBOSIa TOHATEH (PU3HUECKHUM CMBICT YpaBHEeHUs bepHyum — oHO
ABJISIETCSA YACTHBIM CITy4aeM 3aKOHA COXPAHEHUS SHEPIUH, @ UMEHHO — OTPaXKaeT
COXpPaHEHHE YHEPTUU YACTHUIL )KUJIKOCTH, IBUKYIIUXCS BAOJIb JIUHUH TOKA.

Bce unenst ypaBHeHus (3.17) ABIAIOTCS yI€TbHBIMU SHEPTUSMHU, T. €.
SHEPIUsIMHU, OTHECEHHBIMH K €IMHHUILIE BECA MTPOTEKAOMIEN KUAKOCTH. UIieH
u? /2 g XxapakTepusyeT yIeJIbHYI0 KHHETUUECKYIO DHEPTHUIO IIOTOKA, WieH P/ pg —
MOTEHIMAJIBHYIO SHEPTUIO JABJICHUS, a Z — IOTCHIUAIBHYIO SHEPTHIO MOJIOKEHHS,
KOTOpasi paBHA BBICOTE PACIIOJIOKEHUS YACTHUIL HaJl YCIOBHO BHIOpAHHOM
IJIOCKOCThIO CpaBHEHUS. Bece BMecTe B CyMMe OHU JatOT MOJIHYIO (MEXaHUYECKYIO)
YAEIBbHYI0 SHEPIHUIO ITOTOKA.

Takum 006pa3om, U3 ypaBHeHust bepHysum cnegyer, 4To npu ABHKSHUH
YACTHUIL] )KUIAKOCTH 110 JUIMHE 3JIEMEHTAPHOU CTPYUKH I1OJIHAS MEXaHUYECKas
AHEPrus 4YacTull (CyMMa yeJIbHBIX SHEPTUil) HE U3MEHSETCS.

Unensl ypaBHeHUs1 bepHyIM UMEIOT U Ipyrue Ha3BaHUs, CBSI3AHHBIE C UX
JMHEWHOU Pa3MEPHOCTHIO.

Ynen u” /2g Ha3BIBAETCA CKOPOCTHBIM HAIOPOM;

P/ PG — NbE30METPUYECKAM HAMIOPOM WJIM ITEE30METPUUYECKON BEICOTOM;

Z — TEOMETPUUYECKUM HAIIOPOM MJIA T€OMETPUYECKOU BBICOTOM.

['eomeTpruuecknii CMbICIT ypaBHEHUSI bepHYJIIN 3aKIII04aeTCsl B TOM, 4TO
CyMMa BBICOT CKOPOCTHOTO, ME30METPUUYECKOTO U T€OMETPUYECKOTO HAIOPOB
€CTh BEJIMYMHA TOCTOSTHHASL.

3ayacTylo JBa 4jeHa ypaBHEeHUs1 bepHyuM, XapakTepu3yomnme
MOTEHIIMAIBHYIO SHEPTHUI0, OOBEAUHSIOT B OJNH, 0003HAYHB:

HamomnaumMm, uTo ypaBHeHne bepHysiy BRIBEAEHO HAMHU ISl UI€ATTbHOU
XKUIKOCTH (0€3 yuera BI3KOCTH). [Ipu paccMOTpeHHH pealibHOM, T. €. BA3KOU
KUIKOCTH, B OallaHCe YHEPTUU HEOOXOMMO yUeCTh eIlie U TIOTePU IHEPTHUH,
00yCJIOBJIEHHBIE BO3HUKHOBEHHEM CHIT TpeHHs. OTHAKO OMBIT TOKa3all, 4To, €CIIN
CHWJIbI TPEHHUSI MaJIbl 10 CPABHEHUIO C MACCOBBIMM CUJIaMH, YpaBHEeHUE bepHyum
JUTA UACATBHOU )KUIKOCTA MOYXHO MCIIOJIb30BATh JJISl PELICHUS] HEKOTOPBIX 3a7a4
JIBUKEHUS PEATTbHOM KUIKOCTH.
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3.2.2. YpaBHeHue BepHyu 1j1s1 peajbHOI KUAKOCTH

VYpasHenue bepHym u1st MOTOKa peanbHOM )KUIKOCTH HECKOJIBKO
oim4aeTcst ot ypaBHeHus (3.16). Jleso B TOM, 4TO NpH ABMKEHUU pEaTbHOM
BA3KOM JKUJKOCTH BO3HUKAIOT CUJIbI TPEHMSI, HA TIPEOI0JIEHUE KOTOPBIX )KUJIKOCTh
3aTpaurBaeT YHEPruio0. B pesynbrare moigHas yJaenbHas SHEPTUS )KUIKOCTH B
ceuenuu 1-1 Oyner 60sbIlie TOTHOM YAETHHOM SHEPTUU B CEUECHUU 2-2 HA
BEIMYMHY TIOTepsiHHON dHEepruu (puc.3.10).

[ToTepsHHAs SHEPTUS MM HOTEPSHHBIN HAIIOP 0003HAYAKOTCA A1, M MMEIOT
TAKXKE JINHENHYIO Pa3MEPHOCTb.

VYpaBHenue bepHynu 1 peanbHOM )KUIKOCTH Oy1€T UMETh BUJL:

* = H = const (3.19)

N3 puc.3.10 BugHO, 4yTO TIO MEpe

JIBUKEHUS KUIKOCTH OT ceueHus 1-1
710 ceueHus 2-2 MOTePSHHBINA HATIOP
BCE BpeMs YBEIINUUBACTCS

(MOTEepSIHHBIN HANOP BBIJIETICH
BEPTUKAIBHOMN MTPUXOBKOH). Takum

00pa3oM, YpOBEHb MEPBOHAYAIBHOM
SHEPruu, KOTOpOou 00amaeT

KUIKOCTD B IICPBOM CCUCHHNH, TJIA

BTOPOTO CEYEHUS OYIEeT
s CKIIaJIbIBATHCS U3 YETHIPEX

fagswcmy CRadHERLS

I

Puc.3.10. Cxema x 61600y ypasnenusi bepnynnu
0715 peanbHoll HCUOKOCMU BBICOTBI, TbE30METPUYECKOMN BBICOTHI,

COCTaBJIAIOIIUX . FCOMeTpI/III€CKOI7I

CKOPOCTHOHM BBICOTHI M TIOTEPSIHHOTO Hamopa Mexy ceueHusimu 1-1 u 2-2.

Kpome 3Toro B ypaBHEHUHM MOSBUIIUCH €1Ie 1Ba KO3(PPUIIMEHTa o1 U 0Oy,
KOTOpbI€ Ha3bIBatoTCs Koappuuumentamu Kopuomnuca v 3aBUCAT OT pexuma
TEUYEHUS KUAKOCTH ( 0 = 2 JIJIsl TAMHUHAPHOTO peXuMa, o = 1 11t TypOyIeHTHOTO
pexuMa ).

[ToTepsHHAas BBICOTA /15, CKIIAABIBAETCS U3 JTMHEHHBIX TIOTEPh, BHI3BAHHBIX
CWJION TPEHMS MEXKY CIIOSIMU KUIKOCTH, U MIOTEPh, BBI3BAHHBIX MECTHBIMU
CONMPOTHUBJICHUSAMU (MI3MEHEHUSIMU KOH(PUTYpaAIIMU TTOTOKA):

lﬂl.il.[l;'.l.'2 = h.'.l}{:'[ + h:“-:EET (320)

C nomotbio ypaBHeHHsI bepHyiuin pemaeTcst O0JbIIMHCTBO 3a7a4
MPaKTUYECKON THIpaBIMKU. J1Jist 3TOT0 BEIOMPAIOT JIBa CEYEHUS MO JITTMHE TIOTOKA,
TaK1UM 00pa3oM, 4TOObI JJIsl OAHOTO U3 HUX ObUIM MU3BECTHBI BEIMUYUHEI P, p, 0, a
JUISL IPYTOTO CEYEHUS OJTHA WJIM BEJIMYMHBI MOJIeXan onpeneneHuto. [Ipu npyx
HEU3BECTHBIX JJI1 BTOPOTO CEUYEHHUs UCIIONB3YIOT YPAaBHEHUE MIOCTOSHCTBA Pacxoaa
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KUAKOCTHU V1M1= V2(2.

3.3.3. Ilpumepbl HCMOIb30BAHUSI B TeXHHMKe yYpaBHeHUsi bepHy/uin s
HAeaJIbHOM JKHIKOCTH

[TpumepoM HCIIONB30BaHUS B TEXHUKE yYpaBHEHU bepHyn SBIIseTCs TaK
Ha3bIBA€MbIN Mbe30METpUYECKUil Bogomep (BogoMep Bentypu). OH npencraBisier
co00if Cy)xeHHe Ha TPyOOIpoOBOJIe, B KOTOPOE BKIIFOUEHBI ITbe30MeTpHI (puc. 3.11).

Jlst m3MepeHust pacxoza JKUJIKOCTH B
TpyOOIPOBOJaX YACTO UCIOIB3YIOT
pacxonomep Bentypu, aeiictBue KOToporo
) Sg OCHOBAHO TakK K€ Ha TPHUHIIMIIC YPaBHCHUS
i bepnymm. Pacxogomep Bentypu cocrout u3

*

Zy

JABYX KOHHMYCCKHNX HACAAKOB C

HWIMHAPUYECKON BCTABKOM MEKy HUMU

Puc. 3.11 Booomep Benmypu (puc.3.11). Ecnu B ceuenusix I-1 u l1-11
MIOCTaBHUTh ITbE30METPHI, TO Pa3HOCTh YPOBHEH B HUX OYyJIET 3aBHCETh OT pacxoja
YKUJIKOCTH, MPOTEKAIoIIeH 1Mo Tpyoe.

N3mepsroT pacxo sKMAKOCTH, TPOTEKAOIIEH 10 TpyOOIIPOBOTY, TAKKE C
MOMOIIIBIO TUadparMbl, yCTaHABIMBAEMON B c€UeHUU TPYObI. [IpunHIumn
MU3MEPEHUS TOT e — MPU PE3KOM U3MEHEHHUH JAHaMeTpa MPOXOJHOTO CEYEHUS
MEHSIETCSI CKOPOCTh TeueHUs. B cooTBEeTCTBUM ¢ ypaBHEeHUEeM bepHyiuu
W3MEHSETCS JAaBJeHNE, U PA3HOCTh ME30METPUUECKUX HATIOPOB U3MEPSETCS MO0
nbe30MeTpamu, 0o auddepeHImatIbHBIM MAaHOMETPOM (puc. 3.12).

Cy'al';:f'(fﬁi"‘"" /{1dhpe pe Humas Hb1i HeHCTBHTeH
o % ‘ EE _/ MaHoMeTp I)Haﬂ
W T4 4 |n-%
: i % KOHCTPYKIIHA
il N npubopa s
) v:—Jﬂg [l —— U3MEpEHUS
+ — cossssssa? S
P& 2g L — a

A CKOPOCTH ITOTOKA

Puc. 3.12 Puc. 3.13. [leticmeumenvras KUAKOCTH —

Huppepenyuanvhoiii KOHCMPYKYus npu6opa 013 usMepenus TpyOKu ITnTo —

marnomemp CKOPOCMU NOMOKA HCUOKOCMU — MPYOKU II0OKa3aHa Ha pHuc.
THumo 3.13.

JIBe TpyOKM moMenieHsl B OJuH Kopiyc. LlenTpanbHas tuHamMuyeckas Tpyoka
2
) u
BOCIIPHHHMAET ITOJHBIH HAMOP — + ~-, a HAPYXKHAs CTATHYECKas TPYOKa — TONBKO
g re

NIbE30METPUYECKU HAIIOP, TAK KaK CKOPOCTh IIOTOKA HAIIpaBJI€Ha M0 KacaTeJIbHON
K IJIOCKOCTH 0TBepcTuil. O6e TpyOKHu NOJKIIIOUeHbI K JudpepeHunanbHoMy
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MaHOMETPY, KOTOPHIi ONpeAesieT pa3HOCTh HAIOPOB B TpyOKax h, paBHYIO
CKOPOCTHOMY HAIopy.
BogoctpyitHble HacOCHI (3KEKTOPHI) TOJYYHIIN U3-32 MPOCTOTH KOHCTPYKIUH
1 0€301acHOCTH PabOTHI BeChbMa pa3HO00pa3HOe MPUMCHEHHE.
i PR VY KOTOpOTrO CyMMapHBINA PacXo] KUIKOCTH
f : ,,_,,J: (Qp —~ Q3E) nepeMeIaeTcs aanee mno
o r—>——=———— —-0,+0,
HaIopHOMY TpyOorpoBoy. /laBieHue,
itli pa3BUBaEMOE BOJOCTPYHHBIM HACOCOM, MEHBIIIE
— = = JaBJICHUS, CO3aBaeMOT0 pabOYrM HACOCOM, HO

pacxon Oosnblie. BeackiBaemblii pacxon @,

Puc. 3.14. Cxema cmpyiinozo nacoca ~MOMKET OBITh PaBEH paboUeMy pacxoy Qpu
(unorcexmopa). naxke MPEBOCXOANTE €ro B 1,5 — 2 pasa.

Ha ToMm >xe mpuHIUIIE OCHOBAHO JACHCTBHE MTHEBMATHUECKHUX MTEPETPY30THBIX
YCTPOMCTB [Is CBITYyYUX Ipy30B. IIpuMepoM sxkekropa (puc.3.14) MOKET CIIy»KHUTh
1 OBITOBOI IIYJIbBCPU3ATOP, B KOTOPOM IIOTOK BO3AyXa IIOACACBIBACT U PACIIBIILACT
KUIOKOCTD.

3.3.Pe:knMbl Te4eHUsl JKUIKOCTH.

TedeHne peaslbHOM KUJIKOCTU XapaKTEPU3YEeTCs Pa3IMUHBIMH PEKUMaMH €€
JBUKEHHUSA, KOTOPbIE MOTYT MEPEXOAWTh OJWH B JPYroll Mpu ONpene’eHHBIX
YCIIOBHSIX. DKCIIEPUMEHTAIbHBIE MCCIEAOBAHUS TUAPABINYECKUX CONPOTHUBIICHUN
MOKa3bIBAIOT, YTO MOTEPHU HAropa (OTEpPH SHEPTUH) 3aBUCIT OT CYIIECTBYIOIIETO
B ITOTOKE PEKNUMa JBUKECHUS.

CymiecTBoBaHME JIBYX IPUHUMIIMAIBHO PA3HBIX PEKUMOB JIBUKCHUS
xuakoctu 0put0 otMeueHo I'. Xarenom B 1839 u 1854 rr. [Ipu nzyuenun teuenus
BCEBO3MOKHBIX KaleJIbHbIX KUJIKOCTEU C pa3IMUYHbIMU (PU3NUECKUMHU CBOMCTBAMU
PeliHOnbAC YCTAaHOBMIL, YTO JIBUJKEHHUE ObIBAET JIAMUHAPHBIM U TYpOYJIEHTHBIM.

“JlamuHapHBIA® TPOUCXOJUT OT JATHHCKOTO cjioBa lamina - CIO.
JlaMmuHapHBIM Ha3bIBAETCS TAaKOW PEXKHUM, KOIJA MOTOK KUAKOCTH JBHKETCS
OTIEIBHBIMU CTPYHKaMHM HJIM CJIOSAMH U TPACKTOPUM OTHENBHBIX YACTHUI[ MEXKIY
co0oif He mepecekaloTcs. B mpakTuke JTaMHHAPHBIA PEKUM HMEET MECTO NpHu
JBUKEHUU KUIKOCTEH C OOJBIION BS3KOCTHbIO (HE(TH, CMAa304YHBIX Macel), Npu
JBUKEHUU BOJbI YEpe3 TOHKUE TPYOKH, B TPyOONPOBOJAX MPU MAJBIX CKOPOCTSIX
MOTOKA.

“TypOyJIEeHTHBI” MPOUCXOIUT OT JATUHCKOro cioBa turbulentus -
oecriopsiiounblil. TypOyIeHTHBIM Ha3bIBa€TCS TAKOM PEKUM, KOTJa CTPyHYaTOCTh
MIOTOKA HapyIaeTcs, BCE CTPYUKN NEPEMEIINBAIOTCS, U TPACKTOPUH ABUKYILUXCS
YaCTHUI[ TPUOOPETAIOT CIOXKHYIO (hopMy, mepecekasich Mexay coboi. B mpakTuke
Yaiie BCero MMEET MECTO TypOYyJIEHTHBIN PEKUM JBUKEHUS KUJKOCTH.
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B 1883 r. PeliHonapAac B pe3ynbTaTe 3KCIEPUMEHTAIBHBIX MCCIIEIOBAHUIN
YCTaHOBUJI, YTO KPUTEPUEM PEKMMa JIBUXKEHUS JKUJIKOCTHU SIBIISIETCS] Oe3pa3MepHast
BEJIMYMHA, TIPEJICTABIISAIONIAsE COOOM OTHOIIIEHUE MPOU3BEICHUS CPEIHEH CKOPOCTH
MOTOKA V M XapaKTEepPHOTO ISl pacCCMAaTPUBAEMOro Cllydasl JIMHeHHoro pazMepa L k

KMHEMaTHU4E€CKOU BSI3KOCTH KUJKOCTH V: —
W
DTOT KpuTepuil Ha3bIBaeTCs uynucioM PeliHonbaca u obo3Havaetcst Re. Takum
oOpa3om, unciio PeitHonbica nMeeT BU/;

Re = E (3.21)

[Ipy HanmopHOM ABMXKEHHMM XUIKOCTH B KPYTJIBIX TpyOax 3a XapaKTEpHBIM
JUHEWHBIA pazmep L 0ObIYHO MPUHUMAIOT BHYTPEHHUHN AuamMeTp TpyOsl D u Torma

Re = “D (3.22)
a B OCTAJIBHBIX ClIy4dasiX - FI/I,Z[paBJII/I‘IGCKPIﬁ paanyc R
Re =2 (3.23)

u
duznueckuil CMBICT YHCIIa PeﬁHOHBHCa COCTOUT B TOM, UYTO OHO BBIPpAXKACT
OTHOICHHUC CUJI MHCPUHH K CHUJIaM BA3KOCTHU!

R _ F}{Z-[
=T F3.-=.3
VZ L
F}{:-{ = IMN4a = p]_.-3 T = p]_‘."'-ﬂ,-""-
F S du 12 v LV
a3 — = ovls — = pvLV
e TPy TP LT
pl2V VL
RE = - —_ —
pvLV \

[Tpu npeobamanuu cuil BI3KOCTHU - PEXKHUM JIAMUHAPHBIN, TIPU MPeo0iajaHuu
CWJI WHEPIMH - PEXUM TYpOyJIeHTHBIH. MHOTOYMCIEHHBIE SKCIIEPUMEHTAIbHBIC
UCCIIEIOBAHUS TUAPABIMYECKUX COMPOTUBICHUM MOKA3BIBAIOT, UTO MEXKI1Y HUMU U
CKOPOCTBIO JIBWKEHHS KUIKOCTH UMEETCSI 3aBUCUMOCTE Ny = (V).

3HayeHue uncia PelHonbca, COOTBETCTBYIOIIEE HWIKHEW KPUTHYECKON
TOUYKe B, Ha3bIBa€TCSI HUKHUM KPUTHYECKUM YHUCIOM PelHOIIb/ICa U PABHO

YexD (3.24)

W

Uucno PeliHonbaca, COOTBETCTBYIOIIEE BEPXHEN KpUTHUECKOM Touke C,

REH.H ==

HA3bIBACTCS BEPXHUM KPUTUUYCCKUM YUCIOM U PABHO
VexD

W

REB.]{ = (325)

JI71s1 HarmoOpHOTro ABMKEHUS B IMJIMHIAPUUECKUX TpyOax HUKHEE KPUTHUUECKOE
YHUCJIO paBHO 956, TO €CTh JTaAMUHAPHBIA PEXKUM YCTONUYUB, eciu Re<956.
B pe3ynbrare u3ydeHusi ABMXKEHHUS >KUJIKOCTH, MPOBEJEHHOIO MHOTUMH
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UCCIICIOBATEIISIMU, B KPYIUIBIX THIAPABIMYCCKH “TIagkux’ TpyOax Ha ydvacTKax,
JIOCTATOYHO YJAJICHHBIX OT BXOJAa, NMPU OTCYTCTBHHM Pa3IMYHBIX HCTOYHHKOB
BO3MYILICHHs YCTAHOBJICHO KpuTHIecKoe uncio PeiiHonbica Re,, = 2000 - 2320.

Ilpu Re < Re,, nmeer mecto naMuHapHbI pexxum aBmwkenus. llpu Re > Re,, -

TypOYJIEHTHBIH.

[lorepu Hamopa Mo JUIMHE CBS3aHBI CO CKOPOCTBHIO 3aBUCHMOCTBIO, KOTOpas
BBIPA)KAETCS YpaBHEHUEM

h; = av™ (3.26)

rae h; - motepu Hamopa mo AuHE; @ - KO3QOHUIUEHT MPOMOPIIHOHATBHOCTH;
V— CpeIHsIsl CKOPOCTH MTOTOKA; M - MOKa3aTellb CTETIEHH.

[ponorapudmMupoBaB JaHHOE ypaBHEHHE, MOXHO TOIYYHUTh JIMHEHHYIO
3aBUCUMOCTh

lgh; = lga + mlgv (3.27)
Otkyna

m — ]g];;—]ga (328)
gu

Ecnu ToukH, COOTBETCTBYIOIINE 3HaUeHusM 1gh;, 19U, Hanectn Ha rpaduk, To
3HaYCHHE ITOKA3aTeNsl CTEIICHN M OMPEACIUTCS KaK 1ga yriia HakJIoHa MPSIMBIX B
JaMUHAPHOU U TypOyJIEeHTHON 00JacTsAX K TOPU30HTAIIBHON OCH.

3.4.I'uapaBianyeckue CONPOTUBIECHHS.

Omnpenenenue NOTephb HAMOpPa B TPyOax sBISETCA OAHOU U3 OCHOBHBIX YacTel
MIPU pacyeTax TuIPOCUCTEM.

[ToTepu Hamopa npu ABUAKEHUU BOJIBI TIO TpyOaM MPONOPLMOHATIBHBI UX
JUTUHE Y 3aBUCAT OT JUaMeTpa TpyO, pacxo/ia >KUJIKOCTH (CKOPOCTH TEUCHHUS),
XapakTepa U CTETNEHU IIEPOXOBATOCTH CTEHOK TPyO (T. €. OT TUIA U MaTepuala
TpyO) ¥ OT peKUMa TEUCHUS KUIKOCTH.

3.4.1. TlonsiTHe 0 rHAPABIUYECKH IJIAJKHUX H MIEPOXOBATHIX TPyOax

Ha ocHOBaHMM 3KCTIEPUMEHTANBHBIX M TEOPUTHUCCKUX MCCIICIOBAaHUN
CUHMTAIOT, YTO Ha TPAHUIIE TIOTOKA (Y CTEHOK) CYIIECTBYET TOHKHUH CJIOH KUIKOCTH
C JIJAMHHAPHBIM PSKHMOM JBHKCHUS, a B IICHTPE HaXOIUTCS, TaK Ha3bIBAEMOE,
TypOyaeHTHOE sApo (puc.3.15). Mexay 3TuMHU 00J1aCTSIMH PacIoIoKeH
MEePEXOAHBIN CJIOW. [Ipr 3TOM TOJIIIIMHA JITAMAHAPHOTO TTOJICJIOS] COCTABIISIET
JECATHIC IO MIJITUMETPA.

[ToBepXHOCTH CTEHOK Bceraa 001a1aeT HEPOBHOCTAMH. DTH HEPOBHOCTH
UMEIOT Pa3InYHYI0 BEIUYHHY, OPMY U IEPUOIUIHOCTH, KOTOPHIC 3aBUCST OT
pojaa matepuaia u cnocobda ero u3rotTorjieHus. Bennunna HepoBHOCTEH
XapaKkTepu3yeTcs: aOCOIFOTHOM MIEPOXOBATOCTHIO, MPEACTABIIAIONIAs COOOH
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CPEIHIOIO JIMHENHYIO BEJIMYMHY HEPOBHOCTEM.

Ecnu BennurHa BBICTYIIOB MEHBIIIE TOIIIAHBI
JJAMUHAPHOTO MOJCIOS, TO TaKasi HOBEPXHOCTh
Ha3bIBACTCS TUAPABIMYECKU IIaaKoM. B 3TOM cinyuae
MOTEPU SHEPTUU HA TPEHHUE HE OyayT 3aBHCETh OT
LIEPOXOBATOCTH NMOBEPXHOCTH. Eciin HepoBHOCTH
BBICTYIIAIOT CKBO3b JJAMUHAPHYIO IUICHKY, TO

IMOBCPXHOCTDL HA3bIBACTCA TUAPABINICCKA

Puc.3.15. Ceuenue mpyooi HICPOXOBATOH.
1. Jlamunapnvui ciot, 2. TounmuHa 1aMUHAPHOIO CJI0S 3aBUCUT OT YMCIIa
Ilepexoonou caoi; Peitnonpaca (¢ yBennuenuem Re tommmHa

3. TypOynenmnoe s0po. YMEHBIIIAETCS ), CJIEI0BATENBHO, OJTHA U Ta KE

MOBEPXHOCTh B PA3JIMYHbBIX THIPABINYECKUX PEKUMAX MOKET ObITh
TUAPABINYECKH TIIAJKON WM IIEPOXOBATOM.

3.4.2. JluneiiHble MOTEepH HAMOPA.

JIuHeliHbIEe MOTEPU — 3TO MOTEPU AABICHUS HA TPEHUH 11O JIJIUHE
TpyOONIPOBO/IA, T.€ ATO MOTEPH FHEPTHH BOZHUKAIOIIHNE B MPIMbBIX TPyOax
MOCTOSTHHOT'O CEUCHHUSI ITPU PABHOMEPHOM TE€UEHUH KUJKOCTU U BO3PACTAIOIIHNE
MPONOPLMOHANIBHO JUTMHE TPYObI. J[aHHBIE MOTepU 00YCIOBIICHBI BHYTPEHHUM
TPEHUEM B KUJAKOCTH, a TOTOMY BO3HUKAIOT HE TOJBKO B IIIEPOXOBATHIX, HO U B
IJIaJIKUX TpyOax.

PacueT nMHEWHBIX MOTEPH B TPYOONIPOBOAE MPOU3BOIUTCS IO PopMyIie
Hapcu-Beiicoaxa:

h, =AY (3.29)
1 dag
] 1"_.'2
B enunuiiax gaBnenust popMmyiia UMEET BUA: P, = }I.E —p
g

T.e mpu pacuerax TUHEHHBIX MTOTEPH BAKHBIM IMAPaAMETPOM SIBIISICTCS
KO(PGULIMEHT THIPABIUYECKOTO CONTPOTUBIICHUS A.

[Tpu TaMMHAPHOM pEKMME NBUKEHUS KUIKOCTH, T.€ pu Re<2320 : A=63/Re

[Ipu nepexomuoM pexume, T.¢ mpu 2320<Re<4000: A=1.47*10°*Re

[Tpu TypOyneHTHOM peKUME:

1. O6nacts rnaaxux Tpy6 npu 4000<Re<10°: A=f(Re)

gopmyna Bnasnyca: A=0.3164/Re%% (3.30)

L _oigReVi-038

dopmymna [Ipannrs: Vi (3.31)

2. O06acTh TOKBAIPATUYHOTO COMTPOTUBIICHHUS.

C yBenuyenueMm yucia Re namMmuHapHas IUIeHKa CTAaHOBUTCS TOHBIIIE,
HEPOBHOCTH HAYMHAIOT BBICTYIATh CUJIbHEH, TpyOa CTAHOBUTCS THAPABINYECKH
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IIIEPOXOBATON B 3TOM Ciydae A sBsieTcs QyHKIMEH He TOJbKO yucia Re, Ho u
oTHOcHTeNIbHOM mepoxoBatoctu A=f(Re, A,/d).

0,25
A= 0,11(@+ A, j
Re d

dbopmyna ANbTITYIIS: (3.32)

1 (251 4

= +

dbopmyna Konpopyka: Vi Re V2 87d (3.33)

3. O06J1acTh KBaJPATUYHOTO COMPOTUBIICHHUS.

B paccmarpuBaeMoit 0071aCTH JIaMMHAPHBIN TOJICTION HUYTOXKHO MaJl, TaK Kak
BBICTYTIBI IIIEPOXOBATOCTH B3aUMOJICUCTBYIOT HETIOCPEACTBEHHO C TYpOYJICHTHBIM
STTPOM.

B cootBetrcTBUM ¢ 3TUM A={(1/k),T. €. 3aBUCHUT TOJIBKO OT SKBUBAJICHTHOU
IIEPOXOBATOCTU. 3HAUECHUS A HE 3aBUCAT OT 4Kcia Re, B TOM 4ucie u oT BA3KOCTH
KHUJIKOCTH (T. €. OT pOJa XKHUJAKOCTH), U TIPH ONPEISICHHBIX COOTHOIICHUAX 0/A
3HA4YCHUS A MOCTOSIHHBIE. 371€Ch TPYObI BIIOJHE IIEPOXOBATHIEC, a JIMHEHHBIE TOTEPU
h|~ 1)2.

i=2Ig 4,

dbopmyna [panars: Vi 3,7d (3.34)

0,25
1= o,n(AsJ
d

dopmyna HludpuHcona: (3.35)

3.4.3. MecTHble CONPOTUBJIEHHS.

MecTHbIC TOTEPH HAIOPa — 3TO MOTEPH, 00YCIOBICHHBIC MECTHBIMH
THIPaBINYECKUMHU COMPOTHUBICHUSIMH, T.€ TAKMMH dJIEMEHTaMHU TPyOOIPOBOIOB, B
KOTOPBIX BCJIEICTBHE N3MEHEHHSI ITOMIEPEUHBIX pa3MEPOB MIIH KOH(DUTYparnun
IPOUCXOIUT AehopMaliys MOTOKa.

Bcesikast mepecTpoiika CTpyKTYphl IOTOKA CBSI3aHA C MOSBICHUEM
JIOTIOJTHUTEIIbHBIX KaCaTEIbHBIX HAMPSDKEHUH, IPUYMHON KOTOPBIX SIBJISTIOTCS
BO3HHKAIOIINE B TIOTOKE JOMOJHUTEIbHBIC BUXPEOOPA30BAHHS.

MecTHbIC TOTEPH PHEPTUN UMEIOT TYXe (PU3HUUECKYIO MPUPOLY, YTO M TOTEPH
10 JITMHE TPYOOIPOBOIOB — 3TO PE3YJILTAT MPEOoOPa30BAHUS YACTH MEXAHUIECKOM
SHEPIHH B TEIJIOBYIO 3a CUET MIPEOJIOJICHHUS KacaTeIbHbIX HAPSHKEHUH TPCHHSI.

OCHOBHBIE BHIbI MECTHBIX [TOTEPH HAIIOPA MOKHO YCIIOBHO Pa3/Ic/IuTh Ha
IPYIIbI, COOTBETCTBYOIINX OMPEACICHHBIM BUIaM MECTHBIX COMPOTHUBIICHHUI:

1. TToTepwu, cBsI3aHHBIE C U3MEHEHHUEM TIONIEPEYHOTO CeUCHHS (BHE3AIMTHOE HITH
IUTABHOE PACIIMPEHHUE U CYXKECHHUE);

2. ITotepu, BbI3BaHHbIC H3MEHEHHEM HarlpaBJIeHUs MOTOKa (KOJieHa,
yrOJbHHUKA, Pa3IHYHBIE OTBOIBI);
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3. [loTpu cBsi3aHHBIE C MPOTEKAHUEM KHUJIKOCTH Y€pe3 apMaTypy pa3IudHOIO
Tuma (KpaHbl, BEHTHUIIU, 33]IBUKKH, 3ACJIOHKH, IPUEMHbIE U OOpaTHBIC KJIalaHBbl,
CETKH, QUIBTPHI);

4. Tlorepu, cBsI3aHHBIE C PA3ACICHUEM WM CIUSHUEM TOTOKOB (TPOUHHUKH,
KPECTOBUHBI).

OO1uM 715t BceX BUJIOB MECTHBIX COTMIPOTUBIICHUH SIBISICTCS:

- ICKpUBJICHUE TUHUI TOKA;

- I3MEHEHHUE TUIOIA/IN )KHUBOTO CEYCHHUS,

- OTPBIB OCHOBHOM CTPYH OT CTEHOK C MpeoOpa3oBaHUEM BOJAOPOIHBIX 30H;

- TMIOBBIIICHUE MTYJIbCAIUU CKOPOCTHU U JaBJICHHUS.

MecTHbIe OoTEpH Hamopa onpeaestores no popmyse Belicbaxa:

h}: = E_ (336)

Wy B eqMHULAx JABJIEHUS: P,, = £p—.

rae V cpenHsisi CKOpocTb, & — MECTHOE COIIPOTUBIICHUE.
KoadduureHT MecTHO CONPOTUBIICHUS 3aBUCUT B OCHOBHOM OT (DOpMBI
MECTHOTO CONPOTUBJIEHUS U €r0 TEOMETPUUECKOTO pa3Mepa.

3.5. OcHOBBI pac4eToB TPYOONPOBOIOB.

3.5.1. O0mas xapakTepucTHKA TPYOOIPOBO/I0B.

TpyOonpoBoAbl NMPUMEHSIOTCS ISl TPAHCTIOPTUPOBKHU JKUIAKOCTEH, ra3oB U
IpYrux TeKyuux cpe. TpyOonmpoBObl MOAPA3AEIAIOTCS Ha MPOCTHIE U CIIOXKHBIE.
K mpocTbiM OTHOCAT TpyOONpOBOIbI, HE HMMEIOLME OTBETBICHUN. CIOXKHbBIE
TpyOONPOBOABl ~ MMEIOT  PA3BETBIECHUSA M  COCTOST U3  COEAMHEHHBIX
MOCJIEIOBATENBHO WM MapajulesIbHO MPOCTHIX TpyOONnpoBoaAoB. B 3aBUcHuMOCTH OT
pPOJIM MECTHBIX COINPOTUBICHUN TpyOONpPOBOABI MOTYT OBITh KOPOTKUMH U
JUIMHHBIMH. K KOpOTKUM OTHOCATCS TpyOONPOBO/IbI, B KOTOPHIX MOTEPH JABJICHUS
Ha MECTHBIX CONPOTHUBIICHHUSAX cocTaBisiOT Oosiee 10% oT morepb Ha TpeHHE B
TpyOax. OcTanbHble TPYyOOIPOBOABI OTHOCSTCS K JUIMHHBIM, U TIpPHU pacuerax
MECTHbIE OTEPH NPAKTUUYECKU HE YUUTHIBAIOTCA.

[Ipy ruapaBIMYECKOM pacyeTe CIOXKHBIX TPYyOONPOBOJIOB OIPEACIISIIOTCS
noTepu JAaBieHUs AP pacnpeleseHue pacxoloB >kujakoctu Q 1o Bcem ero
y4acTKaMm.

[Ipy BBINOJHEHWH PACYETOB NPHHUMAETCS NMPUHLMUI HAJIOKEHUS IMOTEPh, B
COOTBETCTBMM C KOTOPBIM [OJIHBIE TOTEPU JaBieHus AP, B  TPOCTOM
TpyOOIPOBO/IC MPEACTABISIIOT CO00 CyMMy MOTEph Ha TPEHHUH 10 JunHEe AP, U

noTeph Ha BCEX MECTHBIX cONMpoTHBIeHUAX Ap,: Ap, = Ap., + ZAp,.. Mcnonbsys

CBS3b MEXIY CpEllHEd CKOpPOCThIO L M pacxonoM Q, ynoOHeil B 3Tu QopMyIibl
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o md®
BBeCTH pacxox. s kpyrioit TpyOsr U = % =Q j(—[T); U GopMyJIBl I pacyera

IMOTCPb JaBJICHUA UMCIOT BU/:

Ap., = 222X . Ap, =2 (3.37)

TR mzgs’ m2de’

3.5.2. IIpocToii TpyOONpPOBO/ MOCTOSIHHOTO CeYeHUsI

[TpocToii TpyOOIPOBOI MPEACTABIISIET COOOM PSII MECTHBIX CONMPOTUBIICHUH,
MIOCIIEIOBATEIHFHO COCTUHEHHBIX MEKIY COO0M OAMHAKOBBIMU TpyOaMu
noctostHHOTO quamerpa d ¢ obmie mmHo¥ | (puc.3.16)

Pacxon xumakoctu Q 1 ee CKOpOCTh Ha BCEM MPOTSHKEHUU TPYOOTIPOBOIA €CTh
BEJTMYMHA MOCTOSHHAS, U YpaBHeHHE bepHysum 111 HAa9aaIbHOTO U KOHEYHOTO €T0
CeUeHUs OYJeT UMETh BH/I:

PEZ. + Py = PZZx + Py + AP, (3.38)

[Tonuele moTepy AaBiaeHus AP, B HEM CKJIabIBAIOTCS U3 TIOTEPH Ha TPEHHUE B

TpyOax M MOTEepPh HA MECTHBIC COTIPOTHBIICHUS:

1 Zz
ﬂp.—: = ﬂprp + Z:jzl ﬂp}:i = ("}"E + Z:]::l El) iig.. (339)
ITse30MeTpruecKoe

K JaBJICHHE B HAYaJbHOM CCUCHUH
TpyOOnpoBoja P Ha3bIBAIOT
noTpeOHBIM  naBieHueM. U3
(3.38) cmemyer Py = P+ Apg,
e Per = Px + PE(2: — Zn).
IIpu pacuere mPOCTOrO

Puc. 3.16. Cxema npocmozo mpybonposooa. 1. Benmunv,; 2.
Obpamnvii kianan,; 3. Ouromp pr60np0130;[a Ha OCHOBE

dopmyn (3.38) m (3.39) MOXHO pemmTh CIACAYIOIMHE 3aqadyd: ONPEICTUTH
noTpeOHOe MaBjieHue il oOecrnedeHus 3aJaHHOTO pacxoja >KHUJIKOCTH (Bce
napaMeTphl JKUIKOCTH M TPyOOIIPOBOAa M3BECTHBI); MPHU 3aJaHHOM JAaBJICHUU D
OTIPENICNUTh PACXOMA JKHAKOCTH, TPH 3aJaHHBIX JaBICHHH P, pacxoae Q u
MECTHBIX COIIPOTHUBIICHHUSX OMPEACITUTh HEOOXOIUMBIN TUaMETp TPYO.

3.5.3. IlocienoBarejibHOE cOeIMHEHNE MPOCTHIX TPYOONPOBOIOB.

[Ipu mocnenoBaTeIbHOM COEAMHEHUM KOHEYHAas TOYKa OJHOTO IPOCTOTO
TpyOOIPOBO/Ia COSAUHACTCS C HauaIbHOM TOUKO# apyroro (puc.3.17).

[Tpu mocnenoBaTeIbHOM COSAMHEHUH PACXO/T KUIKOCTH BO BCEX
TpyOONpoOBOAaX OAMHAKOB.

Ql = QZ = Qi = T Qn—:l = Qn

[TonHpIe IOTEpHU AABICHUS MEXIAY HAaYaIbHBIM U KOHEYHBIM CEUCHUSIMHU

PaBHBI CyMME MOTEPh Ha KaXKJIOM U3 YYaCTKOB
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Ap, = Z Ap;
i=1

P, 1 5 ; n-1 n P, B cooTBeTcTBHU C
e " e " " ypaBHeHUEM bepHyIIN 1aBiIeHAE B
Puc.3.17.  Ilocnedosamenvnoe  coedunenue  npocmeix ~ HAYAJIBHOM CEYCHUU Py GYI[GT
mpybonposooos 1,2, ...i, ..., n-1,n paBHO
p(VZ-vZ)
Py =Dy + pg(Zx - Z:-{:I +——+ Ap,, (340)

-
&

3.5.4. IlapanieabHoe coeuHeHUE TPYOONIPOBOI0OB

[Tpu mapanenbHOM COeAMHEHUH TPYOOIIPOBOJOB BCE OHU UMEIOT OOIIYIO
HavaneHy0 (H) 1 koreunyro (K) Toukm (puc.3.18)

B cuity ykazanHoro coenrHeHust bepnyim aia HavansHoro (H) u koHeuHoro
(K) ceuenus xaxnoro TpyoonpoBosia OyJeT UMETh OJIUH U TOT K€ BUJI:
pVs: PV

T+pgza+px=7}(+pgzx+px+ﬂpj

CJ'IC):[OBaTeJ'IBHO, HOTepI/I JdAaBJICHUSA BO BCEX BCTBAX HapaJIJIeJ'IBHOFO
COCOINHECHUA 6y,uyT OJWHAKOBBI.
Ap, =Ap, = ..=Ap;= ..=Ap,_; = Ap, (3.41)
I/IB ypaBHeHI/IH Hepa3pLIBHOCTH CYMMa paCXOILOB B BCTBAX paBHa HOJIHOMy

HIOIBOJIUMOMY PACXOLY:
Q,+Q,+-+0Q;+ ..+0Q,,+Q,=0Q (3.42)
12 [MTotepu naBnenus Ap; BeIpaXkaroTCs
4epe3 COOTBETCTBYIOIIUE PACXOBI 110
. rm .. opmynam (1) Buna Ap; = cQ; . ITosTomy
H « cucrema (3.41) u (3.42) comepkurt n

YpPaBHEHUN ISl N HEU3BECTHBIX

n-1
" / Q:,Q5,...,Q, n 1aer BO3MOKHOCTE

PCHINTD 3a1a1y O paClIpCaACICHNA

Puc.3.18. Ilapannervnoe coedunenue
mpyoonpo8ooos pacxoa0B 110 BETBAM IIPU 3aJaHHOM

pacxoje Q ¥ THAPaBIMYECKUX TTapaMeTpax
BETBEH.

3.5.5. Pa3BerBJ/IeHHBIIl TPYOOTIPOBO/I
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| Pa3BeTBieHHbI TPyOOTIPOBO B 00IIIEM
clly4ae COCTOUT U3 N BETBEH, BBIXOASIINX U3
OJTHO# TOYKHU. B KOHEUHBIX CEYCHUSIX

Q - - Ka)XJ0M U3 BETBEU 3aJlaHO 3HAUYCHUE
., JABICHUH Pg; (puc.3.19).
HpeHGGperaﬂ JUHaAMHNYCCKHUMHU
—| JIaBJICHUSIMU, I KaXKJ0M BETBU TaKOTO
Puc.3.19. Cxema paszsemsnennozo pr60HpOBOI[a MOZKHO 3aIIMCaThb BBIPAKCHUC
mpybonposoda

JUISl JABJICHUS B HAYAJIBHOM TOUKE P '

P = DPx1 +0gZ3 + Apy
P = Dxz + 222 + Ap, (3.43)
P = Pw +0g2; + Ap; '
P = Pw +0g2; + Ap;

W ypaBHEHME MOJIHOTO pacxoaa

Q1+Q2+"'+Qi+ "'+Q11—1+Q11=Q (344)

[ToTepu naBneHus B KaXK/I0M BETBU BHOBb BhIPAXKAIOTCS Uyepes
COOTBETCTBYIOIIME pacXobl, U cuctema (3.43), (3.44) naet (n+1) ypaBHeHuUE 111
(n+1) vemsBectHoit Q4,Q5, ..., Qy, P

Ecnu TpyOomnpoBo/1 pacioiokeH ropu30HTAIBLHO

n

(Zl = ZZ =,..= Z:- =...= Z]:) 1 KOHCYHBIC TOUKHU JABJICHUS BO BCCX BCTBIAX
OJIMHAKOBEI Dy1 = Dy =...= Duy, 70 (3.43) maet Ap.; = Ap,, =...= Ap,,,, kak u
JJIA Hapanneanoro COCAUHCHUNA.

3.5.6. CuokHblii TPYOONIPOBOA € pa3iayeil :KUAKOCTH OTBETBJIEHUSIMH.

PaccmaTpuBaembiil TpyOONpOBOI pa3BETBISACTCS B HECKOJIBKUX TOUKax: A, B,
D (puc.3.20).

OTBETBIICHUSIMH XUIKOCTD T0J1aeTCs K ToukaM a,b, d,e ¢ pacxomamu
Q. Qu, Qa, Q.. M3BecTHBI rHIpaBIMYECKHE TTAPAMETPHI BCEX YIaCTKOB
Tpybonposoaa. i mpoCcTOTH OyIeM CUUTaTh TPYOOIPOBO PACIIOI0KEHHBIM B
TOPHU30HTAIBLHON TUIOCKOCTH M AaBJICHHE HA BBIXOE Ka)KIOI0 OTBETBIICHUS
OJIMHAKOBBIM Py = Dy = Pg = Pe. 3a7a4a COCTOUT B ONPEACICHUN PACXOI0B B
orBeTBIeHUsAX U, U5, Qa, U, u moTpebHOro nasienus B Touke A (P,) npu
HEM3MEHHOM IIOJIHOM pacxoje Q, mOaBOIUMOM K 3TO# Touke. J[MHAMHUECKUM
JaBJIeHUEM OyJeT IpeHeOperarh.
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01} iy 0. Jlst pacueTa HEOOXOIUMO COCTABUTH
R A N CHUCTEMY YPaBHEHHM, MOJB3YSICh CICAYIOIIUM
B D E npaBwioM. J11s Bcex Touek pa3BeTBieHus (A, B,
_> o o
0 P - D) uns ot nocneanedt (D) k HavanmbHOU TOYKE
A
— (A), TO ecTh IPOTUB IBUKEHUS KUJIKOCTH,
\Qa 3allMCbIBA€M 3HAYCHUS NABJICHUSA B HUX P, Py, Pa

a

Puc. 3,20, Ilpunep cxestss caoncnozo 4yepe3 TaBJICHUE B TEX TOYKAX, TJIe OHO W3BECTHO,
mpybonpogooa H IIOTCPU AABJICHUS HAa BCCX YHACTKaAX OT 9TUX
M3BECTHBIX TOUEK JI0 pacCMaTpHUBAEMOW TOYKH pa3BeTBIeHUs. Hampumep, mis
touku D, paccMarpuBas pa3BeTBieHUs TpyOorpoBoza ¢ BerBamu Dd u De,

3aIIMCbIBaCM.

= P + App. = pe + Cp. Q2
{pD Pe Ppe Pe De QE‘ (345)

Pp = Pa + Apps = pg + CpaQi
[To ycnoButo P, = Pz u u3 (3.45) noiydaem nepBoe ypaBHEHUE
CDEQ§ = CDdQE]
J1J1s TOUKM pa3BeTBIICHUS B cunTaeM M3BECTHBIM JaBJICHHE P, U JIaBJICHUC B
touke D, Tak kak mocnemaHee 3amucano Beime (10).
[IoaTOMY MOKHO 3anUCaTh:
{ Pe = Pp + Apes

Pe = Pp + Apep = P + Appa + APep
Otkyna

Pev = APpa + APep (3.46)
Kpome toro, Qzp = @ + @, u u3 (3.46) BLITEKAET CAEAYIONIME YPABHEHHE:

CeuQ3 = CpaQi + CepQgp

CebQi = CpaQi + Cep(Qa + Qo)° (3.47)
Ncnonwiys (3.47), OKOHYATETBHO TOJTYYaeM:
CesQ} = [Coa + Cop(1+/Coa/Co) | Q& (348)
AHaNOruYHbBIM 00pa3oM MOCTyNaeM ISl TOUKU A
{ Pa=Pa+8pa, = pa+CaaQ3 (3.49)
Pa =Pp+ Apap = Pag + Appy, + Apag

N
Apas. = Appy + Apag (3.50)

Tak kak Qag = Qp + Qs + Q., 10 (3.50) 3amUCHIBaeTCS CIEIYIOMMM

obpazom:
C4.Q% = CgpQf + Cup(Qy +Qq + Q)7 (3.51)

Taxum o6pazom, ypaBuenus (3.46), (3.47) u (3.50) u ypaBHEHUE COXpaHEHUS
IIOJIHOTO PACX0/1a AT CUCTEMY YETHIPEX aareOpandyecKux ypaBHEHUN Is
yerbipex HemsBecTHBIX Qg, Qy, Qg, Q.
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CEhQi = CDE‘QEE'
CesQi = CpaQ% + Cpp(Qa + Q.)°
C1.Q: = CppQf + Cup(Qy + Qs + Q)7
Q.+Qp +Qs+Q.=0Q

JlaBieHue B Ha4aNbHOU TOUKE P4 ompenensiercs no gopmynam (3.52) B

(3.52)

KOTOpBIC MOACTABIISIOT HalIEHHbIE pacxo/Ipl, Harpumep Q..

3.6.HeycTaHoBuBIIIEeCs] TeUeHHE KUIKOCTH.

3.6.1. HeycranoBuBLIeecs IBHKeHHE KMIKOCTH B TPydax

HeycranoBuBIieecs BUKEHHUE - ABMKEHUE, KOTJ]a CKOPOCTh U JaBJICHUE B
OTJEJIbHBIX TOUKAX MOTOKA )KUJIKOCTH U3MEHSIOTCS 10 BPEMEHH.

B mpaxTuke sKcIutyaTalii CUCTEM BOJIOCHAOKEHUS U BOAOOTBEICHNUS
JIOCTaTOYHO YacTO BCTPEUAOTCS CIy4al HEyCTAHOBUBILETOCS JABM)KEHUS TOTOKOB.
HeycranoBuBuieecs: ABMKeHUE HAOJI01aeTCA KaK B HAIIOPHBIX TPyOax, Tak U B
OTKPBITHIX pycrax.

B HamopHbIX TpyOax MOTOK >KUIAKOCTH OTPAHUYEH KECTKUMHU CTCHKAMH.
[Tnomanb KUBOTO CEYEHUS MOTOKA HE 3aBHUCHUT OT BPEMEHHU M MOXKET SBJIATHCS
(GyHKIMENH pacCTOSHUS BAOJL TPYOHI, T.€. w = f; (L). Ha pacxox Q paccrosiaue L

He BIUsieT. Pacxo )KHMIKOCTH 3aBHCUT OT BpeMeHH, T.€. § = f> (t). OgHako
V= f(L
CKOPOCTh CBSI3aHA C IUIONIAbI0 CEUCHMUS, CIIEI0BATENBHO, 3 (L),

Cpenssis CKOpOCTb MOTOKA JJIsl JAHHOTO MOMEHTA BPEMEHH .
. Q  f®
V==-="==f(L1).

o £, (L)

JIns monmy4yeHust ypaBHEHUS, ONMCHIBAIOIIETO N3MEHEHUS
TUAPOJNHAMUYECKUX XapaKTEPUCTHUK ITOTOKOB MPU HEYCTaHOBUBIIEMCS
JIBU>KECHUH, UCITOJIB3YETCS YPABHEHUE HEYCTAHOBUBIIETOCS IBUKEHUS IS
AJIEMEHTAPHOM CTPYHMKHU HECXKUMAEMOM KUJIKOCTH 3allCAHHOE B BUJIE YPABHECHUS
bepnymu uis 1ByX KUBBIX ceueHuit 1-1 u 2-2:

u? e 1 L
2+ 242 g, 4 By By 4 2[00 d] (3.53)
Y 28 Y 2g g b1

['ne h; — motepu Hamopa 1o JUIMHE CTPYUKHA MEKITY CEUCHUSMH.

L
Warerpan [ 299/ .. dl no aHATOIrMH ¢ IPYTUMH ClIAraeMbIMH yPABHEHHS
L, dt y
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BepHyIIM Ha3bIBAIOT HHEPIIMOHHBIM HATIOPOM /1,

B 3aBUCMMOCTH OT BUJa YCKOPEHUS IBUKEHUSI MHEPLIMOHHBIA HAIOP MOXKET
OBITh KaK MOJIOXKUTENIbHBIM, TaK U OTPULIATEIbHBIM. /{151 YyCKOPEHHOTO ABUKEHUS
MIOTOKA MHTETpaj NOJIOKUTEIbHBIN, a 111 3aMEIJICHHOTO IBUKEHUS -
OTPULATEIIbHBIM.

[Ipu HeyCcTaHOBUBIIEMCS IBUKEHUU KUJKOCTH B TpyOax Ha OMpe/IeICHHOM
y4acTKe JUTMHOM | Tak)Ke yUYHUThIBA€TCS MHEPIIMOHHBIN Hamop M.

B nunuaapudeckoit TpyOe mIomaab CeUeHus w = CONSt Mo JJuHe MOToKa,

-

s
-
“

. . 1”.'2
cpennue ckopoctu V; = Vou "2 /o = "2 /5 ISl paccMaTpUBaeMOro MOMEHTa
L] =]

BPEMEHHU.

[ToTepu Hamopa 1Mo JJIMHE Ha yJacTKe oT ceueHus 1-1 go ceuenus 2-2
omnpenaenstores o Gopmynam Japcu-Beiicoaxa (3.29) u Beiicoaxa (3.36).
Vekopenne @ = Ju,/ 3t MOCTOSHHO 110 JUIMHE y4aCTKA TPYOBI; CIE€I0BATEIBHO,

HHCpI.[HOHHLIﬁ Harop.
h.. =

HH

L- 1 2u 1 du

VYpaBHEHHE HEYCTAHOBUBIIIETOCS ABMKEHHUSA B TpyOe coriacHo (3.53)
2 1 1"_.'2
Z,+2 =z, + 2 -2 0 (3.55)
Y Y 28 d2zg g

Jlannoe ypaBHeHue (3.55) — OCHOBHOE ypaBHEHHE HEYCTaHOBUBILIETOCS
JBUKEHUS KUIKOCTH I IATUHAPUIECKON TPYOBI.

3.6.2. OOuiue cBeJeHUsI M ONMCAHNE THAPABJIUYECKOr0 yaapa B Tpydax

B xonue XIX B. Ha MOCKOBCKOM BOAONPOBOJIE MPOUCXOANIIN AaBAPUH B
pe3ynbTare paspbeiBa TpyO. AHamM3upys npudnasl aBapuu, H. XKykoBckwii
YCTaHOBWJI, YTO Pa3pbiB TPYO ObLIT CBsI3aH C OBICTPHIM 3aKPHITUEM HA
TpyOOIIPOBOJIE 33ABMKEK, B PE3YJIbTATE 3TOT0 MPOUCXOAUIIO PE3KOE YMEHbIICHHE
CKOPOCTH Nepes 3aABHXKKON. CHUKEHUE CKOPOCTHU A0 HYJIA IPUBEIIO K TOMY, YTO
KMHETHYECKasi JHEpTusl MOTOKa BOJIbI MPE0Opa30BhIBANIACh B HOTEHIIMAIBHYIO
HHEPTUIO B BUJE YBEJIWUYEHUS JaBieHus. B pe3ynbrare 3Toro sHeprus
3aTpayrBajach Ha C:KaThe BOJbI B TpyOe U Ha AeOpMAIIMIO €€ CTEHOK.

['uapanuyeckuii yaap B TpyOax MpeacTaBiseT OO0 ObICTPOAEHCTBYIOIINI
NEPUOANYECKUN MTPOLECC, 00YCIOBICHHBIN YIIPYTUMU AePOpMALUSIMH KUIKOCTH
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U CTEHOK TpyOBI. [Ipu pe3kom 3aKphITHHN 3aJBUKKH (3aTBOPA) B CIOSIX KUJIKOCTH,
HAXOJSAIIUXCS Y 3a/IBU)KKH, TIOBBIIIAETCS AABICHUE. Y BEJIMUECHUE JaBICHUSA
OCYILIECTBISETCS C OOJIBIIEN CKOPOCTBIO U PACIIPOCTPAHSIETCS 10 ITTUHE
TpyOOIIpOBOJa OT 33JBMKKH K €r0 HauaJIbHOMY CEUEHUIO, CO3/1aBast BOJIHY
MOBBIIICHUS IaBICHU. YTIpyras nedopManus KUAKOCTH U CTEHOK CBs3aHa
HEINOCPENCTBEHHO CO CKOPOCTBIO PACIPOCTPAHEHUS N3MEHEHHUS JaBJICHHUS 110
mHe TpyoorpoBoaa. CKOpoCTh, C KOTOPOH MPOUCXOAUT MOBBILICHUE TaBICHHUS,
Ha3bIBAETCSI CKOPOCTBHIO PAaCIPOCTPAHEHUS YAApHOH BOJIHBI C HIIM CKOPOCTBIO
pacnpocTpaHeHUs YIpYron AepopManuu KUIKOCTH.

B pe3ynbTaTe pe3koro u moJHOTO 3aKphITUS 3aTBOPA, HAXOAAIIETOCS B KOHLE
TpyOOIIpOBOJa, YEPE3 HEKOTOPOE BPEMS ITONEPEUHBIE CIIOHU KUIKOCTH,
pacIosI0KEHHBIE BO3JIE HETO, OCTAHOBSATCS, a 3aT€M OyIyT MTOCIEA0BATEIBHO
OCTaHaBJIMBAaThCs IPYrHe CIOM Ha IIyTHU K pe3epByapy. JKuakocts, o0nanas
YOPYTMMH CBOMCTBAMHU, CKMMaeTcs. Hadano cxaTus ciioeB MPOUCXOINT Y
3arBopa. Ceuenue N-n (cm. puc. 3.21), Beipaxkaroliee TOpMOKEHNE ONEPEYHBIX
CJIOEB KUJIKOCTH B TpyOOonpoBoie (PpOHT BOJHBI), OyIeT NepeMeniaThbCs
OJTHOBPEMEHHO C MOBBIIIEHUEM JaBIeHUS AP CO CKOPOCTBIO C, T.€. CO CKOPOCTHIO
pacnpocTpaHeHus yAApHON BOJIHBI.

Hedopmarius :KUAKOCTH B BUE €€

i AP
== T C)KaTHs ¥ MOBBIIICHUS J1aBJICHUSI
Loop
Peogoae g Sy | pacrpocTpaHsieTcsi B 00paTHYIO CTOPOHY
N Je |y v=0 | HaYaJBHOI'O JBMI)KCHMS ITOTOKA,
, "re HUMEIOIIETO CKOPOCTh Vy , 1 3a Bpemst t

Puc.3.21. Cxema mpybonposoda ors ananuza
JIOCTUTHET Havasa TpyObl B pe3epByape.

2uodpasiuyecKo2o yoapa
IlepBbIit 3Tan rUAPABINYECKOTO
yJapa 3aKaHYMBAETCs, KOT/1a )KUJIKOCTh MOJIHOCTHIO OyIET cxKaTa Mo BCEH JJIMHE
TpyOBI, CTEHKH €€ OyAyT pacIIupeHbl Ha BelnuuHy Ad, a TIOBBIIIEHUE JaBJICHUSI Ap
pacnpocTpaHsieTcsl Ha BCIO ITTMHY TPYObI M CKOPOCTh JBUKEHUS HKUIKOCTH
cHu3uTCs 10 "y, T.e. V=0. OcBoboxnaromasics 4actb o0bemMa TpyOsI B
pe3ysbTaTe 3al0JIHATCA KUIKOCTBIO U3 pe3epByapa. HauaibHas IIIOTHOCTH

KHUIKOCTU P IPU 3TOM U3MEHUTCS, U IIOTHOCTD €€ CTAHET PaBHOMU P = Py + Ap.

[ToBbilIEHME TaBIEHUS, IEPEAAIOIIEECS OT CJIOA K CIIOO MO HAIIPABICHUIO K
pe3epByapy, Ha3bIBACTCA NPSAMOMN yAAPHOU BOJHOW. BpeMs nepemerieHus npsamon
ynapHoii Bonssl t; = 1/C. B pe3ynbsrare 0CTaHOBKH KMIKOCTH U €€ CKATHS B

TpyOOINpPOBO/IE AaBJICHNE YBEIUUUTCS HA BETUYMHY AP U YCTAHOBUTCSI PaBHBIM
P, + Ap. Iox neficTBreM M30BITOYHOTO AaBIeHUS AP KHUIKOCTh OYICT IBUTAThCS
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u3 TpyObI B pe3epByap. @poHT yapHOU BOJHBI N-N HAYHET MEPEMENIAThCS
00paTHO K 3aTBOPY €O CKOpocThio C, mpu 3TOM OyAET MPOUCXOAUTH YMEHbIIICHHUE
nasneHus. TakuM 00pa3oM, B KOHIIE BTOPOTO 3Tara B pe3yibTaTe YIPYrocTH
KUIKOCTU U CTEHOK TPyOOIpPOBOJIa KUAKOCTH OYAET IBUTAaThCSI B CTOPOHY
pe3epByapa co CKOpocThio ;, a maBaeHre BBIPOBHSIETCS M YCTAHOBUTCS PABHBIM

IIEPBOHAYAIILHOMY Pg.

[ToBblllieHUE TaBJieHUS B TPYO€ MO HAMPABICHUIO K 3aTBOPY HA3bIBACTCS
OTpaXCHHOM yJapHOM BOJIHOU. Bpems npobera oTpakeHHOHN ynapHOH
BOJIHBIL - = [/C.

B HavdaJIbHBII MOMEHT TPETHETO JTalla Macca KHUJAKOCTH B TPyOe co
CKOpPOCTBIO Iy OyJIeT CTpEeMUTBCS OTOPBATHCS OT 3aTBOpa. B cBsi3u ¢ Tem, 4To,

OTPBIB MacChl HE MOKET HMETh MECTO, TTPOU30MIET PE3KOE MOHIKCHHE TaBIICHUS B
TpyOOIPOBOJE.

®poHT yaapHOU BOJHBI N-N OyAEeT epeMeiaTbcsi B CTOPOHY pe3epByapa co
ckopocThio C, Ipu 3TOM OyJET IPOUCXOIUTD CIKATHE CTCHOK TPYObI 1
pacimpenue Kuakoctu. [loHmkenne qaBaeHust IPOUCXOIUT OT CIIOS K CJIOK0 B
HaMpaBJICHUH K 3aTBOPY, H OHO YCTAaHOBUTCS P = Py — Ap. XKunkocTs B TpyOe B

KOHIIE 3TOr0 3Tamna OyJaeT HaXOAMTHCS IO MOHKCHHBIM JaBJIeHUEM P = Py — Ap.

Tak Kak JaBJIeHUE HA BXOJIE B pPe3€pBYyap, ONMpPeaAeisieMOe HATOPOM >KUJIKOCTH B
HeM, OyeT OOJIbIle TOHUKEHHOTO JIaBJICHUS B TPYOE, TO KUJKOCTh HAUHET
MepeEMEIIAThCS OT pe3epByapa K 3aTBOpY. B KOHIIE yeTBEpTOro 3Tana, NpuHUMas
BO BHUMAaHHE BSI3KOCTb KUJKOCTH, IaBJICHUE B TPYOOIIPOBO/IE YCTAHOBUTCS
MEHbIIIE HAYaJILHOTO JAaBJICHUS Pgi HavalbHOM ckopocth V. JIBrokeHue

KUIKOCTU MPUOOpPETAET HAIlpaBJIEHUE, KaK B HaUaJie THIPABIMYECKOT0 yapa 10
MOMEHTA 3aKPbITHS 3aTBOPA.

Pa3BuTHe npoiiecca ruIpaBIMveCcKoro yaapa mIpoucxXoauT B BUE MOBTOPEHUS
sTanoB. [{UKI ruapaBIryuecKOro yiapa BKJIKOYAET 3Talbl TPOIECcca MOBBIICHUS U
MOHIKEHUS TaBJieHusl B Tpyoe. Bpems nmeproaa npobera mpsmMoil 1 OTpakeHHOU

yIapHBIX BOJH Ha3bIBaeTCs (pa3oil rupaBIrMuecKoro yaapa:
T=t,+t,=2l/C (3.56)

3.7. Hcreuenne xxuakocTu. OnopoxkHeHHe pe3epByapoB.
3.7.1. HcreyeHme }KMIAKOCTH U3 OTBEPCTHI M HACATKOB.
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PaccmoTpum paznuyHble Cityyan UCTEUEHHUS )KUAKOCTH U3 PE3EPBYapOB,

0aKoB, KOTJIOB U€pe3 OTBEPCTUsI M HACATKH (KOPOTKH TPYOKH Pa3IMUHON (POPMBI)

B aTMOC(i)pr HJIK TIPOCTPAHCTBO, 3alIOJIHCHHOC I'a30M HJIN TOM XKe KHNIKOCTD. B

IMpOoHeCCC TAKOIro HCTCUYCHUA 3allacC HOTGHHHEUII)HOﬁ OHCPIUH, KOTOPBIM O6Ha,IIaGT

KUAKOCTb, HAXOQAIAsACA B pE3CpByape, IPCBPAACTCA B KHHCTHUYCCKYTIO SHCPIUIO

CBOOOJIHOM CTpYH.

TaOmuma 3.1

CxeMa HacaJIKu UM OTBEPCTHUS dopMmyna 15 pacuera napameTpoB

i ]

AP

— |
Q = uSo29H = uS, |2?

ya
A

.
2

|
—_ d&‘
!
de

—n

|-<

=
Fa

Y
-=(5)
TS, \d

Z v = {PMIZQH
g ° R P
HcredeHune yepes Kpyriioe OTBEPCTHE H="H,+ 0g
o ” - -55-;{/ Q = uSy/2gH
5 ﬁg 0,043
2 £=0,57+
leﬁ!:ll, . . = ———— _.l — 1
: —7 ?| 2 v=g\2gH
YRLEREA AT, P TES s
7 H = P, =P, 1
Cxema HECOBEPIIIEHHOTO CXKAaTUs CTPYH  pg 234
714 = uSy/ 2gH
IS Ucreuenwue 110 @ = K502 _
j=etep?  yposems _ S _ (d_)
7 Ml S, \d
=50 0 0
: ’—-‘E_U 1 v=¢,\/2gH
QD b
0 1
H == 'HC' +
Py
; ; Q= #SI::-\..."'IZQ'H
= & Hcreuenue uepes e=1
@_ N HaCaJlokK; v — @v..-m
R — B
? g F0,75pg
Q= J"-’-'Sn::-\,"'lng

40




Bropoii pexum S. d.\’
UCTCUCHHS Yepe3 s (d_)

HaCcaJoOK f

— H=H,+

['ne € — koappurmenT cxxarust; Q — pacxo JKUIKOCTH; VU — CKOPOCTh IBHKCHHS
KuakocTu; H — pacueTHslil Harop; @ — KoO3QPUIUEHT CKOPOCTH; L — KOIPDULIUEHT
pacxona

OCHOBHBIM BOIIPOCOM, KOTOPBIA MHTEPECYET B JAHHOM CIIydae, SBISIETCS
OIpPEJETICHHE CKOPOCTH MCTEUYEHMS] M Pacxo/ia XKUIAKOCTH I pa3iInyHbIX (HopM
OTBEPCTUM U HACAJIKOB.

[Ipu uctedeHun cTpyu B atMochepy U3 Majoro OTBEPCTUS B TOHKOM CTEHKE
IMPOUCXOJUT U3MEHEHHE (POPMBI CTPYU MO €€ JJIMHE, Ha3bIBAEMOE HWHBEpCUEH
ctpyu (puc.3.22). OOyciaBnuBaeTcsi 3TO SBJIEHUE B OCHOBHOM JIEHCTBUEM CHJI
IIOBEPXHOCTHOTO HATSHKEHHUs HA BBITEKAIOIIUE KPUBOJMHEMHBIE CTPYHKU U
Pa3IMYHBIMHU YCJIOBHSIMHM C)KaTusl 1O NepuMerpy orBepctusa. WHBepcus Ooblie
BCETO MPOSIBISICTCS IPU UCTEYEHUHN U3 HEKPYTIIBIX OTBEPCTUH.

ﬁg,s_ﬁix T O-O-O-O

o [ |

a8 N eafy (Fy) -
j; /%r \\}‘::_gf Il.-.-TI.—— *O*O*%}:
f{i /kﬂﬁjfﬁxj 11 ﬁH:L A—* O _*CV HY

=

H
s
—
=

1&-
—
|

7 W wF ot g wf
Ry=TeeH
Puc.3.22. 3asucumocms ¢, ¢ u om uucna Reu Puc.3.23 Hunsepcus cmpyii

3.7.2. HcreyeHus: yepe3 OTBEPCTHUS U HACAJKM MPHU NMEePeMEHHOM Hamope
(omopo:kHEeHHE COCY/I0B)

PaccMoTpuM citydail OMOpOKHEHHS OTKPBITOTO B aTMocdepy cocyna IMpu
NOCTOSIHHO ~ YMEHBIIAIOUIEMCS Harope, IMpU KOTOPOM TEUYECHHE  SIBISETCA
HeycTaHoBuBIIeMcs (puc.3.24).

OpHako eciau Harop, CJIEeI0BAaTEIbHO, U CKOPOCTh HWCTEYEHUS H3MEHSIOTCS
MEJIJIEHHO, TO JBH)KEHHUE B KaXKJIbIi MOMEHT BPEMEHH MOKHO PacCMaTpuBaTh Kak
YCTaHOBUBLIEECS, U JIJIsl PEILICHUS 3a7a4ui IPUMEHUTh ypaBHeHUE bepHysuin.
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[lepemeHHas BbICOTa YPOBHS KUAKOCTH B COCYAE —

h, momans cedeHus pe3epByapa Ha 3TOM YpOBHE S,

momanab OTBCPCTHUA SO, U B3IB OCCKOHEYHO MAaJIBIHA

OTpe30K BpeMeHH dt, MOXHO 3amucaTh CIeayloliee
ypaBHEHHE O0OBHEMOB:

Sdh = —Qdt wm Sdh = —pS;,/2gh - dt

Puc.3.24. Cxema rne dh - u3MeHeHue ypoBHS KHJIKOCTH 32 BpeMs

ONOpOJICHEHUs pe3epayapa dt.
OTtcroma Bpemsi TIOJHOTO OIOPOXKHEHHUS COCya

. 1 rh—0_dh
BeicoTOM Hi t = ———[ | S=
uSg, 2g"h-H " +h

Jlnst mpu3maTtudeckoro cocyma S=const (puc.3.24), ciemoBareiabHO, BpeMs
€T0 TIOJTHOTO OTIOPOYKHEHHUS:
2SH

t=———
uSy+/ 2gH

N3 »srtoro BBIpAKCHHUA CICAYCT, YTO BpPCM:A IIOJHOI'O OIIOPOKHCHUSA
MMpU3MaTHYCCKOI'0 COCyda B JBa pas3a OoubIIIE BpEMCHHN HCTCUYCHHA TOI'O XKC
o0BeMa KUAKOCTH IIPU ITIOCTOAHHOM HAIIOPC, paABHOM IICPBOHAYAJILHOMY.

4. TazonmHaAMHKA

4.1.0cHOBHBIE CBOIICTBA ra3oB.

JlaBrieHrie O0OYCIIOBJIEHO B3aMMOJICMCTBUEM MOJEKYyd pabouero Tena ¢
MMOBEPXHOCTHIO M YMCJIIEHHO PaBHO CWJIE, JCHCTBYIOUICH Ha €IUHMILY IUIOIIAAU
MOBEPXHOCTH Teja MO0 HOpMaJu K IociienHeil. B COOTBETCTBUU C MOJEKYJISIPHO-

KI/IHGTI/I‘IGCKOﬁ TGOpHeI}JI AaBJICHUC I'a3a OIIPCACIIACTCA COOTHOILIICHUEM.
2 mel
p=:n7 (4.2)

3
r7Ie N — YHCIIO MOJICKYJI B €IMHUIIE 00beMa; M — Macca MOJICKYJIBL; c:—

CpeaHsisl KBapaTU4yecKasi CKOPOCTh MOCTYNATEILHOTO JIBHXKEHUST MOJIEKYI.

TemmnepaTypoil Ha3piBaeTcs (U3MYECKash BEIWYMHA, XapaKTepU3YIoIas
CTENEeHb HarpeTocTu Tena. [loHsiTHE O TemmepaType BBITEKACT W3 CIEIYIOILIETO
YTBEPKIEHUS: €CIU JBE CUCTEMbl HAXOJATCA B TEILUIOBOM KOHTAKTE, TO B CIydae
HEpPaBEHCTBA UX TeMIIepaTyp OHU OyIyT OOMEHUBATHCS TEIJIOTOU JAPYT C IPYTrOM,
€CJIM YK€ X TeMIIepaTyphl paBHBI, TO TEINIOOOMEHA HE OYJIeT.

C TouKHM 3peHUs] MOJEKYIIPHO-KMHETUYECKUX MPEACTaBICHUN TeMIieparypa
€CTh Mepa HHTCHCHUBHOCTH TEIUIOBOTO JABWIKEHHMS MoJiekyn. Ee uuncieHHoe
3HAYEHHWE CBS3aHO C BEJIMYMHOW CPEOHEW KUHETHUYECKOW HHEPIrUU MOJIEKYII
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BCIICCTBA.

me®

2
— =—kT (4.2
rae K — nocrosinnas Bonbimana, pasHas 1,380662 + 10 ~22 JIx/K.
V nenpHBIA 00BbEM V — 3TO 00BEM €IMHUIILI MacChl BellecTBa. Eciun
OJTHOPOJIHOE TeJI0 Maccoil M 3aHMMaeT 00beM V, TO TI0 ONpeeNICHUIO:
'L.l'
J = —
v=_ (4.3)
Mexny ynensHbBIM 00BEMOM BEIIECTBA M €T0 TIOTHOCTh CYIIECTBYET

O4YCBHUIHOC COOTHOIIICHUC:

V== (4.4)
P

st cpaBHEHMsI BEJIMYWH, XapaKTEPU3YIOIMIUX CHUCTEMbl B OJMHAKOBBIX
COCTOSIHUSIX, BBOAMUTCS MOHITHE «HOPMAaJIbHbIE (PU3UUECKHE yCIOBUs»: P=760 MM
pt.ct.= 101,325 klla; T=273,15 K.

Y nenpHBI 00bEM, TEMIIEpaTypa U 1aBlIeHHE MPOCTEUIITNX CUCTEM, KOTOPBIMU
SBIIIOTCA Tasbl, TMapbl WM XUAKOCTH, CBS3aHBl TEPMHUUYECKHM YpaBHEHHEM
cocrosinug Buaa f(p, v,T) = 0.

YpaBHEHUIO COCTOSHUS MOKHO Mpuaath apyryio Gopmy: p = f 1(v,T); v =f
2(p,T); T=13(p, v);

OTU ypaBHEHHUs [IOKa3bIBalOT, YTO W3 TPEX OCHOBHBIX [apaMeTpOB,
OTIPEMIETISIONINX COCTOSIHUE CHCTEMBI, HE3aBUCHUMBIMU SIBIISTIOTCS IBA JIFOOBIX.

Ypasnenue cocmosinus udeanvuuix 2azoe

Paccmorpum | kr raza. YuurteiBas, 4TO B HEM coaepKUTCSI N MOJEKYT W,

pv
caenopatensHo, 1 = N /v, nomyunm: o= Nk = const,

[Mocrostayro Benmunny Nk, oTHecenHyro K 1 kr raza, 0603HagaroT OykBOit R
Y Ha3bIBAOT ra30BOM NOCTOSIHHOM. [1oaTOMY:!

? = Rwm pv = RT (4.5)

[TonyueHHOE COOTHOIIEHUE TIPEACTaBIIECT coO0l ypaBHeHue Knanelipona.
YMuoxuB (1.3) Ha M, noslyduM ypaBHEHUE COCTOSHUS 1711 TPOU3BOJIBHOM MaCChI
raza M:

pV = MRT (4.6)

Ecnu oTHECTH Ta30BYI0 IOCTOSIHHYIO K MOJIEKYJISIPHOW Macce MOIyYuM JJIs
ypaBHeHue Knaneipona — MeHeneeBa 1 OJJHOrO MOJIS:

pV, = URT

3neck V, — oObem kuimomons rasza, a UR— yHuUBepcanbHas Tra3oBas
MTOCTOSTHHAS.

B cootBerctBuM ¢ 3akoHOM ABorazapo (1811r.) o0bem 1 KMoIIsl, OIMHAKOBBIN
B OJHUX W TEX >X€ YCJIOBHUSAX I BCEX WICAIbHBIX Tra3oB, MPHU HOPMaJIbHBIX
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¢buznyeckux ycnoBusx paseH 22,4136 m3, mostomy:

p_ PV 101325-224136 .~ Jx
MR =" = 27315 = xvoan - K

I"azoBas mocrtosguHasg 1 Kr rasa cocrasiser K =

i
BHyTpeHHHH SHCPIUA TGpMOI[PIH&MPI‘IGCKOﬁ CUCTEMBI BKIIFOYAET B CeOS:

1. KHHCTHUYCCKYIO OHCPIrUuro IMOCTYIIATCIIbHOTO, BpalaTCJIbHOI'O )41
K0JICOATENHLHOTO JABMIKCHMUS HaCTHII,

2. MOTEHI[UATBHYIO SHEPTUIO B3aUMO/ICHCTBUS YACTHII,
3. HHEPIUIO JJIEKTPOHHBIX 000JI0UYEK ATOMOB;
4, BHYTPUAIEPHYIO JHEPTHUIO.

B OonblIMHCTBE TMPOIECCOB JIBE€ TMOCIECIHHE COCTAaBISIONIME OCTAIOTCS
Heu3MeHHbIMH. [lo3TOMy B nmanbHE#IeM 1107 BHYTpPEHHEW SHepruei Oynaem
MOHUMATh TMEPBbIX JBa. BHYTpeHHssT SHEPTUsl €CTh (PYHKIUS COCTOSIHUS Teja, TO
OHA MOXET OBbITh MpeACTaBieHa B BUJAE (YHKIHMHM JIBYX JIIOOBIX HE3aBHUCHUMBIX
MapaMeTPOB, OMPEACIAIONINAX 3TO COCTOSHUE:

u=@(V)u=0@T);u=qelVT);

Ine Au He 3aBUCHT OT XapakTepa Ipolecca W ONPEAENIIeTCs TOJIBKO
Ha4yaJbHbIM U KOHEUYHBIM COCTOSHUSIMHU TEJIA:

Au = _]f du=u, — uy;

U;— 3HAYEHUE BHYTPEHHEN PHEPTUH B HAYAJIbHOM COCTOSIHUU, a U;— B
KOHEUYHOM.

MaTteMaTu4ecKku 3TO 03HAYAET, 4YTO OECKOHEYHO MaJloe U3MEHEHUE
BHYTPECHHEH HEprud AU eCTh MOIHBINA TU(epEHIIHA 1, €CITH BHIPa3HUTh
BHYTPEHHIOIO SHEPTHIO B BUJIE (DYHKIIMH YACIHHOTO 00beMa U TeMIEPaTyphl, TO

du = (0u/0T),dT + (du/av)rdv.

BHyTpeHHss1 sHEeprust uaeaabHOro ra3a, B KOTOPOM OTCYTCTBYIOT CHJIBI
B3aMMO/ICHCTBUS MEXK]Ty MOJICKYJIAaMU, HE 3aBUCUT OT 00beMa Ta3a WiIu JaBJICHUS
(du/dv)r =0, (du/dp)t = 0, a onpeenseTcs TONLKO €ro TEMIIEPATy PO,
MOATOMY MPOU3BOAHAS OT BHYTPEHHEN SHEPIUU UEaIbHOIO raza no TemMmneparype
€CTb TOJIHAs TPOU3BOIHAS:

{@u/@T)P = (du/adT), = du/aT

BaxHyro posib Wrpaer cymMmMa BHYTPEHHEHM DJHEPruM CHCTEMBI U U
MIPOU3BEICHUS JIaBJICHUSI CUCTEMBI p Ha ee 00beM V, Ha3bIBaeMasi sHmanvnuel u
o0o3nauaemas H:

H=U+pV 4.7)
DHTAIBIUS obmamaer CBOICTBOM aIIMTHBHOCTH. Benmnuuna
h = u + pv naseiBaemass yoeavrnou omwmanvnueny (h = H/M), mnpencrasuser

coOOM SHTAJIBITMIO CUCTEMBI, CoJiepKalieil 1 Kr BemiecTsa, u usmepsiercs B JHx/kr.
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[TockonbKy SHTaNBIUS €CTh (YHKIMS COCTOSIHHSI, TO OHA MOXET OBITh
IpeICTaBICHA B BHJIE QYHKITUH JIBYX JFOOBIX MTAPAMETPOB COCTOSHHUS:

h=@:(pV)ih=0,(p,T); h=q,(V,T);

a BelMuKHa Al aBIseTcs MONHBIM AU GEPEHIIAATIOM.

V3MeHeHre YHTAIBIINH B JIFOOOM MPOIIECCe ONMPEAEIIAETCS TOIBKO HadyaIbHBIM
Y KOHCYHBIM COCTOSIHUSIMU TEJIa M HE 3aBUCHUT OT XapaKTepa Ipolecca.

[TpumepoM U3MEHEHUs TMapaMeTpoOB UACATHLHOTO Ta3a B PaBHOBECHBIX

Impoueccax:
dw

W

] cy, dT+pdv dT
fa_ cyelrpdy &7 p
T T T
&g

BLIpa}KCHI/IC ? ITpHX paBHOBECCHOM MU3MCHCHHUU COCTOAHUA I'a3a CCTh MOJTHBIN

(4.8)

muddepennran HekoTopo GyHKIUU cOCTOSIHUS. OHA HA3bIBAETCS SHMPONUL,
obo3Hauaercs A 1 Kr raza uepes s u uzmepsiercs B Jx/(xrK). s
IPOU3BOJIBHOIO KOJMUYECTBA I'a3a 3HTPOIUs, 0003HaUaeMas yepe3 S, paBHa
S = Ms u usmepsercs B Jx/K.

TakuMm 00pa3oM, aHAIUTUYECKU SHTPOIIUS ONPEACIIAETCS CIETYIOINUM
obpazom:

L
ds == (4.9)

®opmyna (3.4) cipaBeiMBa Kak JJis UJICAIbHBIX Ta30B, TaK U JIJIs PeabHbIX
ten. [TogoOHo M1000# Apyroit GyHKIMKU COCTOSIHUSL SHTPOMHUSI MOXKET ObITh
MIPE/ICTaBJICHA B BUJI€ (DYHKIIUU JTIFOOBIX JBYX MTAPaMETPOB COCTOSTHUS:
s=8(pV);s=5((T); s=5(VT);
3Ha4YeHUEe SHTPOMNUU Il 33JTAaHHOTO COCTOSIHUSL ONIPEACIISIETCS
WHTErpUpoBaHuEeM ypaBHeHUs (3.4):
s = %q + S,
;T
rje Sg — KOHCTaHTa MHTETPUPOBAHMS.
DopMyJibl, MO3BOJISIONINE BEIYUCIUTH U3MEHEHNE SHTPOITUU UIEaTLHOTO
raza. /s aToro npounTerpupyem ypaBuenue (3.3), MOJIOKUB JIJIST TPOCTOTHI
€, = CONSst:
s, —8; = ¢,In(T, /Ty) + RIn(v,/v;) (4.10)
N3 ypaBHenusa Knanelipona, 3anucaHHoro Juisi COCTosiHUM 1 u 2, cienyer:
To _P2ve V2 _Paln
Ty B pivi vy B pzTy
[Tocne npeoOpazoBaHuii MOTYyYUM ciaeAyromue GopMyibl A U3MEHEHUS
SHTPONUU UACATBHOTO ra3a.

$; —8; = ¢,In(p,/py) + cpln(vy/vy) (4.11)

4.2. TeyeHue ra3os.
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Teuenue raza (Bo3ayxa) B 3JIEMEHTaX JIETATEJIbHBIX AIlllapaToOB U CUIIOBBIX
YCTaHOBOK IMPOUCXOJUT YaCTO C U3BMEHEHUEM €TI0 CKOPOCTH, T.€. C Pa3rOHOM UJIU
TOPMOKEHUEM NOTOKA. I3MEHEHNE CKOPOCTH ra3a BCErja COMPOBOKIAACTCS
W3MEHECHUEM €0 OCHOBHBIX IMAPaMETPOB COCTOSIHUSA.

Dopma kanana, Heo6x0ouMas OJisl PA320HA U MOPMOHCEHUS 24308020 NOMOKA

Kanai1, B KOTOpOM CKOpPOCTh TOTOKA ra3a yBEIIMYUBACTCS, HA3bIBAETCA

corioM (puc.3.1). [Ipu TeueHnu raza B COIuie MPOUCXOAUT CHIKCHHE €T0
nasnenus (dp< 0), remmepatypsl (dT< 0) u mmotHOCTH. Takum oO6pazom, mpu
TEYEHUU B COILIIE T'a3 PACIIUPSAETCS.

I M<1 M=>| : Kanau, B
G ___\2 C; /7 -] KOTOPOM
i i - — IIPOUCXOJUT
=5 o= O Ty YMEHBIIEHNE
a 6 i CKOPOCTH IOTOKA

Puc. 3.1. @opmbi kananos ons paseona nomoxa rasa, Ha3pIBaCTCA

a. Kanau 071 pazeoua nomoka 00 0038yK080U CKOpOCmuU,; 0. KAHAL muddy3opom.

07151 pazeona 0o ceepx3gykosoul ckopocmu, 6. Conno Jlasans TopMoxkeHHE
MOTOKA BBI3BIBAET MTPOTUBOIOJIIOKHOE U3MEHEHHE IMAPAMETPOB T'a3a — BO3PACTAIOT
nasnenue (dp> 0), remnepatypa (dT > 0) u uioTHOCTH raza. [Ipu TeueHuu B
muddy3ope raz cokumaeTcs.

Ecnu ckopoCTh IOTOKA HAa BXOJZI€ B COILIO MEHbIIIE CKOPOCTH 3ByKa (M< 1), To
seanuuna (M*-1)<0.

HeBo3MOXHO OCYIIECTBUTH Pa3roH MOTOKA OT JIO3BYKOBOM K CBEPX3BYKOBOIM
CKOPOCTH TOJIBKO B CY>KMBAOIIEMCS WA TOJIBKO B pacIIupstoniemMcs corax. Jms
ATOM 1IeTTM HE0OXO0IMMO TPUMEHSITH KOMOMHUPOBaHHOE coruio (puc. 3.1,B),
COCTOSIIIIEE U3 CYKUBAIOLIETOCS M PACIIMPSIOIETOCs y4acTKOB. B cykuBaroieics
YaCTH TAKOT'0 COIUIA MOTOK Pa3rOHSETCS O CKOPOCTH, PABHOW CKOPOCTH 3BYKa, a B
pacIIUpSIONIEHCS YaCTH MPOUCXOIUT YBEIIMUEHUE CKOPOCTH CBEPX3BYKOBOTO
noToka. MUHMMAaILHOE CEYEHUE COIIa, B KOTOPOM CKOPOCTh MOTOKA paBHA
MECTHOM CKOPOCTHU 3BYKa, PUHITO HA3bIBATh KPUTUUECKUM ceueHUueM. Takoe
CY>KMBAIOIINECS — PACIIUPSIIONINAECS COIUIO HA3bIBAIOTCS YacToO coriaMu JlaBass.

M<1 M=>1 M<]
M=

G

— |
L=

Puc. 3.2. @opmbl KaHan06 015 MOPMOACEH UL HOMOKO8
a. Kanan onsa mopmooicerus 0038yKk08020 nomoxa, 0.
Kanan ons mopmodrcenust c6epx3gyk06020 nomoxa, 6.
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obpawénnoe conno Jlasans Huddy3ops (puc.3.2)
MMPUMCHAIOTCA OJIA 3aTOPMa’XHMBAHUS IIOTOKA, ITPH U3BMCHCHHUH CKOPOCTH IIOTOKA
MPOUCXOAUT N3SMCHCHUC IINIOTHOCTHU U TCMIICPATYPbI BO3AYIIHOT'O IIOTOKA.
Crnenyer 3aMEeTHUTBh, YTO peabHBIN MPOIECC TOPMOXKEHHS Bo3ayXa B quddy3opax
IIPpH CBCPX3BYKOBLIX CKOPOCTAX IIOTOKA COIIPOBOKAACTCA ITOABJICHUCM CKAYKOB
YIUIOTHCHUA, B KOTOPBIX IMTPOUCXOANUT CTYIICHYATOC U3MCHCHHNEC CKOPOCTHU U
MapaMeTPOB BO3/yXa IPU YACTUYHOW TUCCUTIAIINA €TO SHEPTHUH.

4.3. H3MeHeHMe MapaMeTpPoOB MOTOKA BA0Jb coruia JlaBajsi

[Ipu nneanbHOM SHEProU30JIUPOBAHHOM TEUCHUHU ra3a apamMeTpbl MOTOKa
U3MEHSIOTCS BJIOJIb coria JIaBais Tak, Kak rmokasaHo Ha puc. 3.3. B
CY’KMBAIOIIEICS 4YaCTH COIUIA MOTOK Pa3roHsIETCs 10 CKOPOCTHU 3BYKa, KOTOpast
JIOCTUTAETCS B KPUTUUECKOM (MUHUMAJILHOM) CEUE€HHH cotuia. B pacmmpsronieics
YaCcTH COILJIa IPOUCXOIUT PA3rOH CBEPX3BYKOBOIro MoTOoKa. CKOPOCTH ra3a BAOJb
COIlJIa MOHOTOHHO pacTéET, a IaBJICHUE U Temreparypa najaatot. [Ipu stom B core
JlaBansi, Kak ¥ B CY»KUBAIOIIEMCS COILIE, PU OTCYTCTBUM TPEHUS U TEIJIO0OMEHa
CO CTEHKaMU TeMIIepaTypa U JIaBJIEHUE 3aTOPMOKEHHOTO MTOTOKa Oy IyT
noctossHHbIMU (T*=const, p*= const) B10Jb corIa.

BaxxHoi xapakTepucTukou coruia Jlapains sABisieTcs OTHOCUTENBbHAS TUIOIIAb
BBIXOJIHOTO CE€UYEeHUS (TEOMETpUUECKas CTETIEHb PACIIMPEHUs) coTuia;

— F
F ="
£ /F;\F

N3 ypaBHEHUS HEPA3PBIBHOCTHU, 3AIIUCAHHOTO JIJIsI KpUTUYECKOTO 1
BBIXOJIHOTO CEYCHUH, CIICAYET:

E =l _ _~ (4.12)

c P
cepe alic)

Tep = Typ

Kp |L

&&
l)” 3¢

a
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Ap" = const .
p) | L{?».
ot e - & | c.
T / (,Ollb‘l : v
c | ' e

C) T Pe = Pu

Pu
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Puc.3.3. Pesicumbl meyenus 6 c6epx3gyko8om conue: a — paciémmulil

peoicum, 6 — pedrcuUM ¢ HeOopaCUUpeHUeM, 8 — DeHCUM C

nepepacuiupenuem

IIpu 3amanHOM
BEJINYHHE
MoKa3aTest
anunadarel K
CYyIIIECTBYET
OJHO3HAYHAas
CBSI3b MEXKIY
OTHOCHUTEIbHOM
IUIOTHOCTBIO
ToKa Q(A)
OCTaJIbHBIMHU
ra3oguHaMH4ec
KAMUA
byHKIUAMEU M,
A, T(A), T(A),
e(),
OTIPEICIISFOITUM
Y TIPH 3aJIaHHBIX

3HAYCHHAX IEJ': u T;-h IMapaMCTphI IIOTOKA B paCCMATPHUBACMOM IIPOU3BOJIbHOM

ceueHHH coria. Takum o0pa3oMm, €Clii U3BECTECH 3aKOH NMPO(UIMPOBAHNUS COTLIA

.HaBaJ'ISI, T. €. U©BMCHCHHC IIJIOMAAN ITPOXOJHBIX CCUYCHUM MO JJIMHE co1ia, TO 3TO

MO3BOJISIET ONPEACIUTh U3MEHEHNE OTHOCUTEIBHOM IIIOTHOCTH TOKa q(A) U

OCTaJbHBIX I'a30AMHAMHNYCCKHUX ®YHKHHﬁ, d COOTBCTCTBCHHO U BCCX IIapaMCTPOB

IIOTOKA, BAJOJIb COIlJIA.
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MuHuCTEepCcTBO 06pa3oBaHusA U HayKu Poccuiickou peaepanuun
denepalibHOE TOCYAAPCTBEHHOE 010 IKETHOE 00pa30BaTeIbHOE
YUPEKICSHUE BBICIIET0 MPOhEeCCHOHAIBLHOI0 00pa30BaHU

JIOHCKOM TOCYyIapCTBEHHBIN TEXHUUYECKUA YHUBEPCUTET

PacuetHo-rpaduyeckas padora 1o JUCHUILIMHE
«'maporazoguHaMuKay

Y4ueOHO-METOTUYECKOE mocobue

PoctoB-Ha-/loHy

2016
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CocraBurenu: K. T. H., ¢T. npenoaasarenb M.C. Kununa

Pacuer pa3BeTBIEHHOTO TpPyOOMpOBOJA, pacdyeT KOPOTKOIO
TpyOONpoOBOJIa M Ta30JMHAMUYECKUN pacueT coria JlaBams: Metoa.
yKa3aHusd W 3aJaHus 10 BBIMIOJIHEHUIO pPacueTHO-rpaduuecko u
KOHTPOJIbHOM paboThl [JIsi CTyA€HTOB 1o HampasieHuto 280700
«Texnochepnass  OezomacHoctb» u 200301 «be3omacHoCTh

TEXHOJOTHYECKUX IporieccoB u mpom3BojacTB»/ JI'TY. PoctoB H//I,
2016, 18c.

JlaHbl HEOOXOAMMBIE METOJAMYECKHE YKAa3aHUSl U 3aJaHusl 0
BBITIOJTHEHUIO PACUYETHO-TPAaPUUECKOM H KOHTPOJIBHOW pabOThl MO
nucuuIuinie «I ' uaporazoiMHaMUKay.

Jns Bcex ¢dopM oOydeHus, BKIOYas JAHEBHYIO, COKpAIEHHYIO,
3a0YHYIO U JUCTAHIIMOHHYIO.

Hayunsblii pegaktop:
K. T. H., 1o1ieHT A.B. KoxyxoBa

JLTOHCKOM roCcyJapCTBEHHBIN TEXHUYECKUM
yHuBepcuret, 2016
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1. [enb paboTs

Ilenp  BBINOJHEHUS  pacyeTHO-Tpapuueckod  paboTel MO  Kypey
«'maporazoHaAMHUKa» SBIISIETCS 3aKPEIUICHHE TEOPETUYECKUX M IPAKTUYECKUX
3HAHM ITOJYYEHHBIX CTYICHTAMU B IPOLECCE U3YUCHUS Kypca TUCLHUTIIINHEL.

Jlis BBITIOJIHEHUS JaHHOM paOOTBl CTYAEHT JAOJDKEH 00JajaTh yMEHHEM
paboThl € TEXHUYECKOW JMTEpaTypod, CIPaBOYHOM JUTEPATypol, 3HATh
TpeOOBaHUs, TNpEAbABIsAEMble K O(POPMIICHHIO TEXHHMUECKON JIOKyMEHTAIIUH,
00aaTh TEOPETUUECKUMHU 3HAHUSAMHU, a TaKXKe YMETh aHAJIM3UPOBATh PACUETHI U
IPUHUMATh OOOCHOBAHHBIE PEIICHUS.

2. CocTaB ¥ cofiepKaHHUE MOSICHUTEIbHOU 3alUCKH.

- TUTyNBbHBIN JUCT C YKa3aHUEM TPYIIIbl, HA3BaHUEM PaOOTHI

- Jlucr 3amaHus, OJDKEH COAEpaTh TeMy palOThbl, UCXOJHBIE JaHHbIE,
BKJIFOYAIONIUE: JUIMHBI TPYOONPOBOAOB, AaBJICHHUS B THAPOLMIMHIPAX U PACXOJIbI
XKUJKOCTH, HOMEP BapUaHTa B COOTBETCTBUU C MOCIEIHUMH Tpems Ludpamu
3a4eTHOW KHUKKHU (JaHHBIE JUIsl BBIIIOJIHEHUS! paOOThI MPUBEJCHBI B IPUIIOKEHUU
A).

- [losicuurenpHas 3anucka. OOmme TpeOOBaHUS K BBITOJIHEHUIO TEKCTOBBIX
nokyMeHTOB ycrtaHaBiuBaeT ['OCT 2.105-95. K TekCTOBBIM KOHCTPYKTOPCKHAM
JOKYMEHTaM OTHOCSITCSI TOSICHUTENbHbIE 3alMCKH, TEXHUYECKHE YCIOBUA,
NacnopTa, pacyeThl, THCTPYKLUMH U T.1. PaboTa odopmisieTcs Ha nucrax gopmara
A4 u Opourntopyercs B o0n0kKy. Ha nuiieBoit ctopoHe 00J105)KKH odopmisieTcs
TUTYJIBHBII JINCT, Ha NEPBOM JIMCTE TEKCTOBOW YACTH 3alMCKH, Pa3MeEIaeTcs
COJIep KaHMe, 1ajiee MOSICHUTENbHAS 3alIMCKA C COAECPKAILIMMUCS B HEH PUCYHKaMHU.

TexkcT poKyMeHTa Mnpu HEOOXOJUMOCTH pa3AeiisloT Ha pasfelbl |
nojpaszensl. Pa3nensl JOJDKHBI MMETh NMOPSAIKOBBIE HOMEpPA B NPENETIaX BCETO
JIOKyMEHTa, 0003HaueHHble apaOckumu Ludpamu. Ilompaznensl AOHKHBI UMETh
HYMEpALMIO B Mpeaenax KaKIoro pasjaena. Pasznmenbl, kKak U MOApa3aebl, MOTYT
COCTOSITh U3 OJIHOTO WJIM HECKOJbKHUX MYyHKTOB. Pa3zienbl M monapasneinsbl JOHKHbBI
UMETh 3aroJIoBKH. IIyHKTBI, KaKk MpaBWJIO, 3aroJOBKOB HE HMEIOT. 3aroJOBKU
JOJDKHBI YETKO M KpaTKO OTpa)kaThb COJAEPXKAHUE pa3lesoB W noapasaeson. Mx
clleyeT TedaraTh C MPOMUCHOW OYKBBI 0€3 TOUKM B KOHIIE, HE MOJYEPKHUBA.
[TepeHockl OB B 3arojiOBKax HE JOMYCKalOTCs. TeKCT JOKYMEHTa JOJKEH OBbITh
KpPaTKUM, YETKUM U OJIHO3HAYHbIM. B TEKCTOBBIX TOKyMEHTaX ClIeIyeT MPUMEHSTh
TEPMUHBI U OIpe/eNIeHUs, HAUMEHOBaHUSI U 0003HAaUeHUs QU3NUECKUX BETUYUH U
WX €IHUHMUIIbI, YCTaHOBJIEHHblEe cTaHaapTaMu. CoOKpallleHue CJIOB B TEKCTE He
JIOTTYCKaeTCs, 38 UCKIIIOUEHUEM OOLIETIPUHSTHIX B PYCCKOM SI3BIKE.

[TosicHUTENbHYIO 3alMCKY BBIIOJHSIOT PYKONHUCHBIM CHOCOOOM YepHUJIaMH
Ha OJHOW CTOpOHE JucTa mucuer Oymaru dopmara A4 (210x297mm) mmbo c
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IpUMEHEHHEM KoMmmbloTepa. Boicota OykB 1 ndp A0mKHA OBITH HE MEHEE 2,5 MM.
CrpaHuLbl TOJDKHBI UMETh CTaHAApTHYIO paMKy. PaccrosiHue oT BepxHeW wuiu
HIDKHEH CTPOKM TEKCTa 10 BEpXHEH WM HIKHEW paMKH JTOJDKHO OBITh HE MEHee
10 mM. PaccrosiHEe OT paMKH O TpaHUIl TEKCTa B Ha4ajie U B KOHIIE CTPOK — HE
meHee 3 mM. [losicHuTenbHas 3amMcka JAOJHKHA COAEpX aTh TPU YacTH, MPH ITOM
oopmiseTcss 00Ul TUTYNBHBIN JTUCT (SBISIOUIUIICS TEPBBIM JIMCTOM 3aIMCKH),
CoJiep>KaHue, SIBJSIONIMECS TEPBBIM JIUCTOM (C OOJIBIIMM IITaMIIOM), BBEJICHUE,
Janee KaIbld pasfien, COAECPKAIIMKM PAacYETHYI0 4YacTh, PACUETHYIO CXEMY U
UCXOJIHBIC JaHHBIC, 3aKIIIOUEHUE, CITUCOK JIUTEPATYPHI.

3. DTarnbl BBINOJHEHUS PaOOTHI.

B mepBoii 4acTM NMPOM3BOAMUTCS THUAPABIMYECKUM pacyeT pa3BETBICHHOIO
TpyOONnpoBOa, MOJOUPAETCI HACOC, CTPOUTHCS MTbE30METPUUECKUN IPpAPUK.

Bo BTOpOM 4YacTM DPOU3BOOWTCA THUIAPABINYECKHUH pPAacdyeT KOPOTKOTO
TpyOOIpoBOJA.

B TpeTpeit yacTu Mpou3BOAUTCS ra30AMHAMUYECKUI pacueT coruia JlaBans.

COmucok pekOMEeHAYEeMOM JINTepaTyphl
1. B.B. Yxun; I'mapasnauka, ®opym; 2009r.

N

JL.I'. JlolusHCcKuMii; MexaHuKa KUIKOCTH U ra3a; Akagemkuura, 2003r.

3. B.A. Kuppunusn, B.B. Cerués, A.E. lleitnnun; Texaudeckas
tepmoanHamuka; MOU, 2008 r.

4. O.M. PabunoBruu COOpHHUK 33724 110 TEXHUYECKOU TepMOIUHAMUKE. M.,
«MammuHocTpoenue», 1973 r.

5. Temnorexuuueckuii cripaBoyHuK. [lox o6mr. Penakuueit B.H. IOpenesa u

I1.1. JIebenera. B 2-x Tomax. M., «9Heprus», 1976 r.
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1. TMAPABJIMYECKHUHN PACYET PA3BETBJIEHHOI'O
TPYBOITPOBO/JA.

1. Jlnst pacueTa mapamMeTpOB pa3BETBICHHOTO BOIOTIPOBOIHOTO
TpyOOTpoBOa TpeOyeTCs B IEPBYIO OYEPEIb OMPEACICHNE PACXOA0B Ha KaXKIOM
ydacTke TpyOorpoBoja. Yyactok 1-2-3-4-5-6-7 ocHOBHas MarucTpaib, y4acTKu 3-
8, 4-12, 5-9-10-11, 6-13 orBeTBieHUs. J{s1 onpeneneHus TaKUX MapaMeTpoOB Kak
TuaMeTp TpyOOIIpoBoIa, OTPEaEIsIeM PACX0/I KUIKOCTH Ha KaXIOM YIaCTKE.
Cxema TpyOompoBosa (puc.l) u HCXoIHbIC JaHHBIC JJIs pacueTa MPUBEIACHBI B
MIPUJIOKEHUH A.

Q.
8 Q. Q-
X ‘10 ‘1 1
H.’
4 9 6 =
7
3 ¢ <
2
7 N
\__/ X X
12 13
1 Q'z Q13

Puc.1. Cxema TpyOomnpoBoia

2. OrmpenenseM TuaMeTphl Y4aCTKOB TPyOOIIPOBOA.
OmnpenenseM quaMeTpbl Ha KKIOM y4acTke TpyOomnpoBoja no popmyne 1.1
C YYETOM PacX0J/IOB Ha Ka)KJIOM y4aCTKe.

_ox [ Q 1.1
D=2 ”'Vm’ (1.1)

rae Q — pacxo/1 KUAKOCTH Ha pacCCMaTPpUBAEMOM y4dacTKe TpyOOIpoBOIa;
Vmax — MakCUMaJbHO JOMYCTUMAasi CKOPOCTh KUJKOCTH B TPYOOIIPOBOJIE.
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JlJ11 y4aCTKOB OCHOBHOM MarucTpaJiv noAo6vpaeM CTaHAapTHbIe
3HayeHus TpyoonpoBoaoB u3 I'OCT 3262-75 «Tpyobl cTa/ibHbIE
BogorasonpoBoaubie», 'OCT 18599-2001 «Tpy6bl BOAONIPOBOJHBIE U3
noausTuiaeHa», 'OCT 10705-80, 'OCT10706-76, 'OCT 8696-76 niun
I'OCT 102-39-84 «Tpy6bl BOAONPOBOAHbIE M KAHAJIM3ALUOHHbIEY.

3. Pacuer dakTHueCKMX CKOPOCTEH NBUKEHUS KUKOCTH.

[locne yTOYHEHHS BHYTPEHHUX JUAMETPOB TPYOOIPOBOJIOB, HEOOXOIUMO
MIPOBECTH YTOYHEHHBIA pacyeT (HaKTHUICCKHX CKOPOCTEH IBUKEHUS KUIKOCTH Ha
BCEX y4acTKax TPyOOIpoBOIa.

_4Q (12)
7d?

4. PacyeT MeCTHBIX IOTEPh HAMIOpa B TPYOOIPOBOIE.

\Y

MecTHbIe TUIpaBINYECKUE TTOTEPU — MOTEPH, 00YCIOBICHHBIE MECTHBIMU
TUIPABINYECKUMU COMTPOTUBIICHUSMH, T.€ TAKUMHU dJIEMEHTaMU TPyOOIPOBOIOB, B
KOTOPBIX BCJIEJICTBUE U3MEHEHUS MOTIEPEUHBIX Pa3MEPOB WM KOHPUTYpaIuU
MPOUCXOAUT Jedhopmaliis MoToKa.

[ToTepu gaBiaeHUs B MECTHOM COMPOTUBIICHUHU OMPEALIISIOTCS 0 popMyTie:
2

V7 1.3
AhM_gzg ( )

rae ¢ - K03 (PUIHEHT MECTHOTO CONPOTUBIIEHUS BHIOUPAETCS B

COOTBETCTBUU C Tabmuiei 1.1.

Ta6auma 1.1
Buj conporuBnenus Koad. &
BuezanHoe pacmupenue 0.8-0.9
BuezanHoe cyxeHue 0.5-0.9
3aKkpyTJIEHHOE KOJICHO 0.12 - 0.15
TpoliHukH
cnusiaue motokoB | 2.0 - 2.5
pazaenenue notokos | 1.0 - 1.5
TPaH3UTHBIN TOTOK 0.1-0.2
BenTunu 14-55

5. Pacder nuHENHBIX MOTEPH HAMOpa B TPYyOOIIPOBOJIE.

JluHeliHble MOTEPU — MOTEPHU JIABJICHUS HA TPEHUU T10 JJIMHE TPyOOIpPOBOIa,
T.€ ATO MOTEPU SHEPTUY BOSHUKAIOIIKE B MPSIMBIX TPyOaX MOCTOSHHOTO CEUCHUS
IIPU PAaBHOMEPHOM TE€UEHUHM KHUJKOCTU U BO3PACTAIOILINE MTPOMOPLIMOHAIBHO JIJIMHE
TpyOOTIpOBOa. ITOT BUJ MOTEPH O0YCIOBICH BHYTPEHHUM TPEHUEM KUIKOCTH.
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Ahi :/ILLZ, (1.4)
d 29

I'ne V. yCJIbHBIN BeC pabouel KUJIKOCTH; A ko3P bunreHT
runpasnuaeckoro Tperns; d u | - quamerp u amuHA yyacTtka Tpyoorposoaa; V -
dakTHdecKkasi CKOPOCTh KHUIKOCTH Ha y4acTKe TPyOOmpoBoa.

Jlnst BeruncieHus: kKoddGuireHTa ruipaBiIniyeckoro COpoTUBICHUS A
HEO0OXOMMO OTIPENICTUTh PEKUM JIBIKESHUS KUJIKOCTHU 10 yucity PeliHonbaca.
Yucno Pelinonbaca onpenensercs mo dhopmyrie:

vd
Re =7 (1-5)
1%
rae V - Koo PUIMEeHT KHHEMAaTHIEeCKON BSI3KOCTH pabodeit sKUIKOCTH.

HpI/I Re < Re Kp PEKNM ABMKCHUA ) KUJAKOCTH HA JAHHOM YYAaCTKC —

JaMUHAPHBIA U KO3(DPUIIMEHT rUIpaBIMYECKOr0 COIPOTUBIICHHS ONIPEACIISAETCS 110

dbopmyie
_64 (1.6)
Re

Ecmn R, > Rex > TO PEKUM JIBUKCHUS paboueil XKUAKOCTH Ha JaHHOM

y4acTKe — TypOyJEHTHBIN U ISl TUAPABINYECKHU TTAAKUX TPYO A oTpenensieTcs
no ¢popmyine biasuyca:
1 _ 03164 (1.7)
{Re

Kputnueckoe 3Hauenue uncia PeitHonbaca ais TpyOonpoBoaa Kpyriioro

MIONIEPEYHOr0 ceyeHus NMPUHATH 2320.
Pe3ynbpTaThl pacueToB cBecTH B Tabimiry 1.2.

Tabanma 1.2
JIvHenHbIEe TUAPABIMYECKUE TTOTEPU
¥a)
A& = ] ~ m
Q = 9 <
S E% o oy Qm H - 53 iv
Qi < 5 m EYd e w 3L o B on = g o =
o= H = — = S =g B = 3 o | © 2 = o
e S o QCQEME ovm ~ = o O = o~
O =l E @ ol g Ho 5 = FE = o B o S
S EE o 2lo © A w 5o S5 LTS = =
Nyt & g B 8% 2258823838 &) £ |23 2438S
e @ g E g o E
58 : Es35EEEs 2| B O|BEET
S S 2 N e O = =8 R S o T O v =
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6. IlocTpoeHne MbE30METPUUECKON JIMHUH, OIpEIeTICHHE Hamopa Hacoca
rpaduyecKuM crocooom
CocraBnsieM ypaBHeHUE bepHYIIM 111 y4acTKOB TUIPOJIUHUM:

2 2
+ Py Vie, 1Py Viish (1.9)
CyMMa TpeX 4JIEHOB ABJISIETCS MOJHBIM HAIIOPOM PacCMAaTPUBAEMOM yUYaCTKe:
p P _ 1.10
+ - +ar_—=H (1.10)
Ly 29

[lonHbIi Hamop Ha ydyacTKe B TOYKE YCTAHOBKM HAcoca pPaBeH HAIopy
CO37[aBa€MOMY HAaCOCOM, YCTaHOBJICHHBIM B CCTEME.

JInst mOCTPOEHUS TbE30METPUUECKON JIMHUUA PACCMOTPUM YYacCTOK OCHOBHOM
MarvcTpaiy, OJHbIC HAOPhI ONPEIESIOTCS UCXOAS U3 CIICTYIOIIUX BhIPAXKEHUN:

JUIA ceueHus 2: - H,= Hl—Zh(l_Z),
IS cevennst 3: -H, = HZ_Zh(H) U T.1I. (1.11)

AJis ydacTka N -H, = Hn_l—Zh((n_l)_n) .

Tak kak oOwmMI 3amac yAedbHONM SHEPrUU BAOJL IOTOKA HENPEPHIBHO
YMEHBIIAETCS, TO JIMHHS IOJHOTO HANOpa MOHMXKAETCsS, @ B MECTAX YCTAHOBKH
MECTHBIX THUIPABINYECKUX CONPOTUBICHUN (TPONHHUKH, MOBOPOTHI, pa3ieiicHue
MOTOKOB U T.[] ) OHA CHUXKAETCSI CKAUKOM.

Ha ocHOBaHMM pacyeTHBIX TaHHBIX CTPOUM JIMHHIO IOJIHOTO HAIOpa U JIMHUIO
YAEIbHON NOTEeHIMAIbHOM SHEPTHUH. [IpriMep nocTpoeHus MpUBEEH Ha puUC. 2.
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Puc. 1.2. JIuaus noaHOro HAopa v JIMHUA YAEIbHON MOTEHIIMAIbHON
DHEPI'UH.
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2. THAPOJUHAMUYECKHUN PACYET KOPOTKOI'O
TPYBOIIPOBO/IA.

TpeOyeTcs onpenenuThb SIBISIETCS JI JaHHBIN TPyOOIPOBO KOPOTKHUM.

B mpakrtuke TpyOOnpoBOJIbI AEISATCA HA KOPOTKUE U JIMHHBIE. K KOpOTKUM
TpyOOTIIPOBOJIaM OTHOCATCS BCE TPYOONPOBOIBI, B KOTOPHIX MECTHBIE MOTEpHU
Haropa npesbimarot S...10% noreps Hanopa o JJIMHE.

T.e TOIKHO BBINOJHATHCA CIEAYIOIIEe HEPABEHCTBO:

2.h.>2h (2.1)

FI[C: Z hM - CYMMAapHbIC MCCTHBIC ITIOTCPH HAIIOPA, Z h| - CYMMAapHBIC

JIMHENHBIE NTIOTEPU HAIlopa
2.1 N3obpaxkeHne cxembl TpyOONpoBOa

Peskoe cyxeHne BeHTUNb NPSMOTOYHbIN

—_—a 88— ——X - —
! L1 12 L3
Aundbcbysop
2.2. OnpenensieM MECTHBIE TOTEPU HAlOpa Ha KaX0M ydacTke 1o ¢popmyre.
2
hM =G \2/_g

rae ¢ - ko3 UIHEeHT JaHHOro MecTHOTro conpotuBienus (Ilpunoxenue 1).

2.3. OnpenensieM nTuHEHHBIE Haropa o Gopmyne 2.2.
hoal V2 (22)
d 29

I'ne: A K03 dunmeHT ruapasindeckoro Tperus; d u | - tuamerp u MHa
y4acTKa TUAPOJIUHUY; V - CPeAHsIsE CKOPOCTD KUJIKOCTH Ha y4acTKe THAPOTUHUM.

Jlist BeruncneHus: KodhGuireHTa ruipaBiIndeckoro COMpOTUBICHUS A
HEO0OXOMMO OTIPENICTUTh PEKUM JIBUXKEHUS KUJIKOCTHU 10 yucity PeliHombaca.
Uucno Peiinonbaca onpenensercs mo ¢popmye 2.3:

vd
Re=—, (2.3)

1%
['ne v — ko3 punmreHT KUHEMaTUYECKOM BA3KOCTH pabouet xuakoctu; V —
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CKOPOCTb JBWKEHUS KUIKOCTH Ha YIaCTKE TPyOOTpOBOa;

y__m_

p-F
['me m — macca paboueit )KHIAKOCTH; p — INIOTHOCTH paboueit xunkocth; F —
IUIOIIAh PACCMATPUBAEMOTO CEUEHUS
B 3aBucumMocTu ot yucna PeitHosb/ca onpeensieM pesKuM JBUKEHUS
KUIKOCTU B TPyOOIPOBOJIE.
[Ipu TaMUHAPHOM PEXXUME IBUKECHUS KUJKOCTH, T.€ pu Re<2320

KO3 GUITUEHT THAPABINYECKOTO COMPOTUBIICHUS A omnpeaensercs no ¢popmyie
2.4:

_64 (2.4)

Re
[Tpu nepexonnoM pexume, T.€ ipu 2320<Re<4000 ko3P punueHT

TUIPABINYECKOTO COMPOTUBIICHUS A omnpenensiercs no gopmyne 2.5:
A=1.47*10° *Re (2.5)
[Tpu TypOysI€HTHOM peKUME:
A. O6nacte rmagkux T1py0 npu  4000<Re<10®  ko>dpuimenT
TUIPABINYECKOTO OMPOTUBIICHUS onpenensieTcs no Gopmyine brnasuyca (2.6):

- 0,3164 (2.6)

YRe

B. O61acTh 10KBaAPaTHYHOTO conpoTusiaenus mpu 103<Re<10°

omnpenensiercs no Gopmyne AnbTiryms (2.7).

C yBennueHnem uncia Re naMrHapHas iieHKa CTAHOBUTCS TOHBIIE,
HEPOBHOCTU HAYMHAIOT BBICTYNATh CHJIbHEH, TpyOa CTAHOBUTCS THIPABIUYECKU
HIEPOXOBATOM.

68 A 7
j (2.7)

A= 0,11(—+
Re d

['ne A, — abconroTHas IEPOXOBATOCTh CTEHOK TPYOBI. BriOupaeTcs B
COOTBETCTBHH C MaTepuajoM cTeHOK TpyOsI (IIpunoxenue 1).

C. O6nacTs kBagpaTHuHOTro conporusienus npu 10°<Re.

B paccmarpuBaemoii 0071acTH JIaMHUHAPHBIN TIOJICTION HUYTOXKHO MaJl, TaK Kak
BBICTYTIbI IEPOXOBATOCTH B3aUMOJIEUCTBYIOT HETIOCPEACTBEHHO C TypOYyJIEHTHBIM
anpom. KoappuuenT ruipaBandyeckoro COnpoTUBICHUS B TOM CIy4ae
BbIuucisiercs no popmyne udpuncona (2.8).

A' 0,25
A= 0,11( dsj (2.8)
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['me A, — abcomoTHAsI IEPOXOBATOCTh CTEHOK TPyObl. BriOupaercs B
COOTBETCTBUM C MaTepuasioM cTeHOK TpyObI (IIpunoxenue 1).
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3. PACUET COILJIA JIABAJIA

3.1.  Kparkas Teopus.

Comuto JlaBanst — TEXHMYECKOE INPUCHOCOOJIEHUE, KOTOPOE CIYXKHUT IS
YCKOPEHHUsl Ta30BOr0 IOTOKA MPOXOJALIET0 10 HEMy JI0 CKOpPOCTEH,
MPEBBIIIAIONINX CKOPOCTh 3ByKa. IIIMpPOKO HCHONB3yeTcss Ha HEKOTOPHIX THUMaxX
NapoBbIX TYpOMH U SBIAETCS BaXXHOM YACThIO COBPEMEHHBIX PpAKETHBIX
JIBUTATENIC U CBEPX3BYKOBBIX PEAKTUBHBIX aBUAIMOHHBIX IBUTATEIICH.

Comio mpencraBisieT co0OM KaHall, Cy>)KEeHHbIA B cepeauHe. B mpocreiiniem
cllydya€ TaKO€ COIUI0 MOXKET COCTOATh W3 Tapbl YCEYEHHBIX KOHYCOB,
COIPSKEHHBIX Y3KUMU KOHIAMH. D(PPEKTUBHBIE COIJIa COBPEMEHHBIX PAKETHBIX
JBUrareneil mpoUIupyroTCs Ha OCHOBAHUHU CIIELUATIbHBIX T'a30JIMHAMUYECKUX
pacy€ToB.

17‘—*

&

Fe pc"'pa'_*

Kp v >a

AAAREA]
g

!S.L_,,._

Como Obut0 nipemioxeHo B 1890 r. mBeackum uzodperatenem ['yctadhom ne
JlaBanem nst mapoBbIX TypOuH. B pakerHoM aBurarene coruio JlaBans BoepBbie
OBbLJIO KcToIb30BaHo renepaiom M. M. ITomopuesbim B 1915 .

DEHOMEH YCKOPEHUS Ta3a J0 CBEPX3BYKOBBIX CKOpOCTeW B coruie JlaBas
Ob11 oOHapy»keH B koHIle XIX B. akcriepuMeHTanbHbIM MyTEM. [103Ke 3TO siBIeHHE
HAIIUIO TEOPETUYECKOE OOBICHEHNE B PaMKax Tra30BOM IMHAMUKH.

[Ipu ananu3e TeueHusl rasa B coruie JlaBayisi MPUHUMAKOTCS CIEAYIOIIHE
JONYIIECHUS:

— ra3 CYUTAETCS UACAIbHBIM.

— Ta30BbIi MOTOK SIBIISIETCA HM303HTPONHBIM (TO €CThb MMEET MOCTOSHHYIO
SHTPOMHIO, CWJIBI TPEHUS U JUCCUIIATUBHBIE TOTEPH HE YUYUTHIBAIOTCA) U
annabaTudeckuMm (TO €CTh TETUIOTa HE TIOJBOIUTCS M HE OTBOIUTCS).

— ra30BOE€ TECUYCHHE SIBISIETCS CTAMOHAPHBIMBIM M OJHOMEPHBIM, TO €CTh B
00011 (PUKCHPOBAHHOM TOYKE COIJIa BCE MAapaMeTphl MOTOKA IMOCTOSHHBI BO
BPEMEHH M MEHSIOTCS TOJIBKO BJOJb OCH COIUIa, TPHUYEM BO BCEX TOYKax
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BBIOPAHHOI'O MOIEPEYHOI0 CEYECHHs] NapameTpbl MOTOKA OJMHAKOBBI, a BEKTOP
CKOPOCTH Ta3a BCIO/y NapayljieJieH OCU CUMMETPHUH COTLIA.

— MacCCOBBIM pacxo/l ra3a 0JIMHAKOB BO BCEX MOMEPEUHBIX CEUCHUAX MOTOKA.

— BJIMSTHUEM BCEX BHEIIHMX CHJI U TOJIeH (B TOM YHMCIE TPAaBUTALIMOHHOTO)
npenedperaeTcs.

— OCb CHMMETPHH COIUIA SIBJISIETCS IPOCTPAHCTBEHHON KOOPAMHATOM.

Ha Bxome B COIUIO TOTOK JBWXKETCS C JO3BYKOBOM CKOpOCThIO. B
KPUTUYECKOM CEYEHUH CKOPOCTh IIOTOKA JIOCTUTaeT CKOPOCTH 3ByKa @,
Ha3bIBAEMOW KPUTHUYECKOM CKOpPOCThIO 3ByKa. OTHOIIEHHWE CKOPOCTH VU K
KPUTHUYECKON CKOPOCTHU & Ha3bIBAIOT KOIPPUIIMEHTOM CKOPOCTH

1y
A=—;
. (3.1)

OTHoI11IeHNE HJ'IOH_IaI[teI, 3aHATBIX HCBA3KHM SAAPOM B KPHUTHYCCKOM H
AHAJIIU3UPYCMOM CCUCHUAX, IIPCACTABIIACT coOoi ra3sogJMHaMHU4CCKYIO q)YHKI_[I/II-O

q):

o[22,
=102 | (32)
rac de, d — JUaMCTPbBlI KPHUTHYCCKOI'O H aAHAJIU3UPYCMOI'O ceueHun

COOTBETCTBEHHO, MM;

5Kp, o — TOJIIHMHA BBITCCHCHHA IIOIPAHHUYHOIO CJIOA KPHUTHYCCKOIO H

aHAJIM3UPYEMOTr0 CEUCHUIN COOTBETCTBEHHO, MM.

ITpu pacuere ¢ykiuii (A) B mepBOM MPUOIMIKCHHUH BCIMYHHBI 5,:10, 5 -

OpUHUMAOT paBHBIM 0, a B MOCIAEAYIOUIMX MNPUOMMKEHUAX HMX 3HAYCHUS
OTIPENIEISAI0TCA U3 pacueTa NOrpaHuyHOro CIOS.
MakcumanbHoe 3HaueHuwe, paBHoe | ¢Qyakmus ((A) npuHUMaeT B
KPUTHUYECKOM cedeHuH. B aToM xe ceuennn kodpduiimeHt ckopoctu Al JpaBHa 1.
Cra3p Mexay dynkiumeit ((A) u k03 PUIMEHTOM CKOPOCTH A [BhIpaskacTcs
COOTHOIICHUEM:

1
k+l E k_l 2 k-1 .
q(4) = - 1——k+1i A, (3.3)

rae k — mokasarens anuabatel (a1 Bo3ayxa k=1,4, 1ist mpoyKTOB CropaHus
k=1,33).

[TonyunTh TOYHOE aHATUTUYECKOE pellleHue ypaBHEHUS (3.3) HEBO3MOXKHO.
HNckomoe pelieHre MOXKET OBITh HaWJICHO METOJOM  II0CJIEeIOBATEIbHBIX
npUOIMKEHUH.
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Cytp MeTosma coctout B 3aMeHe ypaBHeHHs Buua f(X) = 0 skBUBaJICHTHBIM
ypaBHeHueM X = f(X).

[Tepexon ot ypaBHeHus (3.3) K SKBUBAJICHTHOMY YPaBHCHHUIO MOXET OBITh
BBITOJIHEHO JBYMS CIIOCOOAMHM:

L a(%)
N 1 1 (3.4)
E -t 1_E12 k-t '
2 k+1

2-1
P k+1 1_ q(4) ;
k-1 (k +1) et (3.5)

2

Kopens B ypaBHeHuu (3.4) unu (3.5) oTBICKUBAETCS METOJIOM

IIOCJICA0BATCIIbHBIX I/ITepaI_II/Iﬁ C MHOTI'OKPATHBIM HCIIOJIb30BAHUCM I/ITepaHI/IOHHOﬁ

hopMYyIIBL:
/1n+1 = f (/ln) (3.6)

rae A, — mepBoe MpHOIHKEHHE.

HNrepanimoHHBIN TPOLIECC CXOIUTCS, €CIU ﬂ«n —> A npu N —> 0,

I/ITepauI/IOHHHﬁ MIpOoLECC 3aKaHYMBAIOT IIPU JOCTHIKCHUH YCJIOBUS:
— <
M’l 21+1‘ Sé&

rjae €l1- 3agaHHas MOTPENTHOCTh BEIYMCIICHU.

B cyxaromierics yactu coruia JlaBassi, rae MOTOK ABUXKETCS C JO3BYKOBOM
CKOPOCTBI0, a KOO(PMUIIMEHT CKOPOCTH A [ IMPpUHUMAET 3HAYCHUSI MEHbIIIE 1,
CXOJUMOCTh peleHus: ooecrneunBaet ypaBHeHus (3.4). B pacumpsitomeiics yactu
coruia JlaBassi, rie MOTOK JBUYKETCS CO CBEPX3BYKOBOUM CKOPOCTHIO, a
KO3(GUIIMEHT CKOPOCTH A IPUHUMACT 3HaUYCHHS OOJIbIIe 1, CXOOUMOCTD PEIICHUS
obecrieunBaeT ypaBHenue (3.5). [1o nHaiinenHoMy 3HadeHUIO KoddpuimenTa
CKOPOCTH IS TAHHOTO CeYCHUS coruia JlaBasi pacCYUTHIBAIOT Ta30IMHAMHUYCCKUE

byHKINH:

r(A)=|\1-—4"| (3.7)

7(4)=1--——2% (3.8)



1
k _1 2 E .
8(1)2(1——k+1ﬂ ) ) (3.9)
Kputnueckasi CKOpocTh axp paBHa:

K .
L RT; (3.10)

rae R — razosas nocrosiHHast; T - TeMiiepatypa 3aTOpMOKEHHOTO 1ToToKa, K.
["azoBas moctosHHast 1 kr paboyero Tena paBHa:

8314

R= 7; (3.11)

I'ne p- MonsipHas macca pabouero tena. g Bozayxa pll= 29 Kr/KMoJb.
MaccoBblit pacxoj pabodero Tena B aHAIM3UPYEeMOM CEYCHHUHU COTLIa
paccuuThIBaeTCs 1o Gpopmyre:

o _ MFPA(A).
N (3.12)

2
rne F =7(d —26)" /4 - nnowans cedeHns MOTEHIMAILHOTO SAPA, M2;
Bxopsmuii B ypaBuenue (3.12) koaduiiueHT m onpenensior mno
BBIPKECHHUIO:

k+1

kK( 2 k1
m= Rlkz1) (3.13)

AOCOIIOTHBIE 3HAYECHHUS CKOPOCTH B sAp€ IIOTOKA, €TI0 JaBJICHHUC,
TEMIICPATypa U IMJIIOTHOCTD OMPCACIIAIOT 110 BEIPAKCHUAM:

v=A4a,;p=p'z(4),
T=T't(A);p=p'a(A); 419

HalinenHpie 3HaueHUs TapaMeTPOB MOTYT ObITh UCIIOJIb30BAHBI IPU PacueTe
MIOIPAHUYHOTO CJIOS B KAYECTBE TPAHUYHBIX YCIIOBHI HAa €r0 BHEIIHEN TPAHMUIIE.

3.2.Ilopsimok pacyera.

3.2.1. Tlo paccuntanHbIM pa3mepam Ha Jucte hopmara A4 n300pa3uTh
npoduiib coruta JlaBamns. B cykaromieiicst u pacmupsonencs 9acTsax coria
BBIJICTUTH 3...5 pacueTHbIX ceueHuil. I3MepuTh napameTpbl paCUETHBIX CEUCHUH.

3.2.2. Tlo BeipaxkeHuto (3.2) onpeaeuTh ra30AMHAMUYECKYI0 (DYHKITHIO
q(A). TonMHBI MOrPAHUYHOTO CJIOSI 0 ’xp U O’ MPUHATH paBHBIM 0.
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3.2.3. Ompenenuts KO3PPHUIHEHT CKOPOCTH ALIB Cyx)aromieicst 4acTi coruia
1o BeIpaxeHuto (3.4) MeToI0M Moce0BaTeNIbHbIX UTepanuid. [lepBoHadanbHoOe
npubImxKeHue BeiopaTh MeHee 1. MTepalinoHHBIN npoliecc 3aKaHYUBAIOT IPU
JOCTHXKEHUHU MorperrHocT Berunciiennit €= 0,001,

3.2.4. OmpenenuTs KOYPPHUIIMEHT CKOPOCTH A B PACIIUPSIONICHCS YacTh
COILIA MO BBIpaXXEHHUIO (3.5) METOA0M MOCIIEI0BATEIIbHBIX UTEPALIUA.
[TepBonayanbHOE pubIMKEHHE BEIOpaTh Oosbiie 1. MTepanmoHHbiii porecc
3aKaHUMBAIOT MPH TOCTHKEHUU MorpenrHocTy Beraucienui 1= 0,001.

3.2.5. Omnpeaenuthb razoguHaMuuecKue QYHKIIUU JJIs paCYCTHBIX CEUCHUM
1o Beipaxkenusim (7) — (9).

3.2.6. Ompeaenutb KPUTUYECKYIO CKOPOCTH 10 BbhIpakeHuto (3.10).

3.2.7. Ompenenutb MacCOBBIN pacxoa padodero Teja i PaCYCTHBIX
ce4yeHul 1o BeIipakeHuto (3.12).

3.2.8. Omnpenenuts 11 paCYETHBIX CEYCHHUHN a0COIOTHBIC 3HAYCHHS
CKOPOCTH V, JaBJIeHUs p U Temneparypsl T no Beipaxkenusim (3.14).

3.2.9. JlanHbIe pacuera CBOJUM B TaOmwmIy 3.1.

Ceu. |d, qh) | A n(A) |t(A) |e) |F, v, P, T, K°

MM mM2 | m/c | MIla

3.2.10. [TocTpouTs rpadyiku U3BMEHEHHUSI CKOPOCTH V, IABJICHUS P U
temreparypsl T 1o jumHe coruia JlaBais.
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Bapwuanr 1.

I/ICXOI[HBIG JaHHBIC UL pacducTa pa3BCTBJICHHOI'O pr60r[p01301[a:

['ne n — 2 nmocneauue nudpsl 3a4eTKU

Qs=120+0.5n (11/c); Q10=120+0.9n (1/c); Q11=250+0.75n (;1/c);
Q12=180+0.5n (11/c); Q13=220+0.6n (11/c); Q7=190+0.5n (1/c);
L1=10+0.8n (m); L,=20+0.5n (m); L3=250+2n (m); L,=180+0.9n (m);
Ls=150+0.6n (m); Le=220+0.6n (m); L;=300+0.8n (m); Ls=180+1.1n (m);
L=50+0.69n (m); L10=150+0.9n (m); L1;=150+0.9n (m); L1,=180+0.85n (m);
L13=280+0.55n;

Vmax=5Mm/c; H;=50+1.5n (m); v=0.659*10"° (m?/c)

PabGouas »XuIKocTh — BOJA.

HcxonHble faHHbIE 1)1 pacyeTa KOpOTKOro TpyoonpoBoja:

m=150+0.5n (kr/c); T=300+1.2n (K); >XuaKOCTh — MAacji0 aBHAIMOHHOC,
Matepuan Tpyoer — crekno; D;=0,8+0.001n (m); D»=0,3+0.01n (m);.
D3=0,42+0.001n (m); L1=1+0.05n (m); L,=0.9+0.05n (m);. L3=1.1+0.05n (m).

WcxonHble AaHHBIC 11 pacdera coruia JlaBams:

dp=10+0.9n (mm); D=(2+0.06n) dy, (mm); L=(0.5+0.05n)D+(1+0.02n)D
(Mm);

r1=0.4D (mm); 1,=0.5 d, (Mm); 8:=(30+0.2n)°;

0,=10°; p’=(2+0.1n)MITa; T°=(500+14n)K

Bapwuanr 2.

HcxonHbie TaHHBIC 71 pacyeTa pa3BeTBISHHOIO TPYyOOIPOBO/IA:

['me n — 2 nmocneguue nudpsl 3a4eTKH

Qs=130+0.5n (11/c); Q10=140+0.9n (;/c); Q11=350+0.75n (;1/c);
Q12=250+0.5n (11/c); Q13=270+0.6n (n/c); Q;=220+0.5n (i1/c);
L1=50+0.8n (m); L,=40+0.5n (m); L3=300+2n (m); L,=210+0.9n (m);
Ls=180+0.6n (m); Le=280+0.6n (m); L;=320+0.8n (m); Ls=160+1.1n (m);
Ly=80+0.69n (m); L10=170+0.9n (m); L1;=250+0.9n (m); L1,=200+0.85n (m);
L13=310+0.55n;

Vmax=4m/c; H;=60+1.5n (m); v=0.659*10"° (m?/c)

Pabouast >kuaKoCcTh — BOJA.

HcxonHble naHHbIe 1) pacyeTa KOPOTKOro TpyoonpoBoja:

m=175+0.5n  (xr/c); T=350+1.2n (K); kuakocTh —  Maclo
TpancopmaropHoe; matepuai Tpyosl — crans; D1=0,8+0.003n (m); D»,=0,3+0.03n
(m);. D3=0,42+0.003n (m); L1=1+0.07n (m); L,=0.9+0.07n (m);. L3=1.1+0.07n (m).
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WcxonHble AaHHbIE U1 pacdera coruia JlaBams:

dp=15+0.9n (mm); D=(3+0.06n) dy, (mm); L=(0.6+0.05n)D+(1.1+0.02n)D
(Mm);

r1=0.45D (Mm); ,=0.6 dy, (Mm); 6:=(35+0.2n)°;

0,=12°; p’=(3+0.1n)MIIa; T’=(550+14n)K

Bapuanrt 3.

VcxomHble TaHHbBIE ) pacdyeTa pa3BeTBICHHOTO TPYyOOIIPOBOIA:

['ne n — 2 nmocneauue nudpsl 3a4eTKU

Qs=140+0.5n (11/c); Q10=150+0.9n (11/c); Q12=380+0.75n (;1/c);
Q12=290+0.5n (11/¢); Q13=290+0.6n (11/c); Q7=280+0.5n (11/c);
L1=45+0.8n (m); L,=60+0.5n (m); L3=290+2n (m); Ls=230+0.9n (m);
Ls=190+0.6n (m); Le=290+0.6n (m); L;=330+0.8n (m); Lg=170+1.1n (m);
L9=90+0.69n (m); L10=175+0.9n (m); L1;=260+0.9n (m); L1,=210+0.85n (m);
L13=315+0.55n;

Vima=7M/c; H;=65+1.5n (m); v=0.659*10° (m?/c)

Pabouas KHUAKOCTHh — BOJA.

HcxonHble TaHHbIE U1 pacyeTa KOpOTKOro TpyoonpoBoja:

m=190+0.5n (kr/c); T=355+1.2n (K); XuaKOCTh — MACII0O HHIYCTPHAIBLHOC;,
Matepuan Tpyoer — uyryH; D;=0,8+0.007n (m); D»=0,3+0.07n (m);.
D3=0,42+0.007n (m); L1=1+0.07n (m); L,=0.9+0.07n (m);. L3=1.1+0.07n (m).

Hcxoanbie nanHble 11 pacuera coruia JlaBans:

dp=1740.9n (Mm); D=(4+0.06n) d., (mm); L=(0.7+0.05n)D+(1.2+0.02n)D
(Mm);

r1=0.5D (mm); r,=0.65 dy, (Mm); 6:=(40+0.2n)°;

0,=13°; p’=(4+0.1n)MIIa; T’=(560+14n)K

67



