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NIPEAHCJIOBHE

B «OcHOBHEIX HampaBJieHHAX 3KOHOMHUYECKOro H COHaJb-
Horo pa3putus CCCP na 1986—1990 roas # Ha nepuoa ao 2000 rona»,
yreepxaeHHalX X XVII eveapom KIICC, nocraBnenn Gonbinne 3afauu
nepen XOMOAHJBHLIM X03MHCTBOM AarponpoMblL/IEHHOTO KOMINIeKca,
KOTOPBIMH TIPENYCMAaTPHBAETCA YCKOpEHHBIMH TeMRaMH BHEAPATE
HOBefllyl0 XOMORHJLHYIO TEXHHKY, pa3BHBAaTh CETb XOJOAH/IBLHHKOB,
OCHallaTh- OTPACAH KOMIJeKca pedpuepaTopHeIM TPAHCTIOPTOM,
B ceere peann3auMu npoAoBOALCTBEHHOH NporpaMMel oco6eHHO 0cTpO
CTOHT npobieMa NHKBUZAUMH NOTEPL NPOAYKUHH noyel u depM rpH
y6opke, TpaHCNOpPTHPOBKe, XpaHeHHH W nepepaforke Ha OCHoBe
WHPOKOTO H 3(PPeKTHBHOrO HCNOMb30BaHHS MCKYCCTBEHHOIO XOJ0AA.

B peasnsauuu nocTaBaeHHbIX DaprHel 3a1ay 3HAUHTENbHAS POJb
OTBOJHTCS CpelHeMy TeXHHYECKOMY [epCcoHaly, NPH3IBAHHOMY He
TOJMLKO CO3AaBaTL XOJOARALHbIE OGBEKTHl Ha OCHOBE NOCAeIHHX Lo~
CTHAKEHHH HayKH H TEXHHKH, HO ¥ 3)DeKTHBHO HX SKCNAyaTHPOBaTh.

B HacToswee Bpems 3aaaya obeclleuenus noTpebuTeNed XONOAOM
HYHBIX TEApAMeTPOB HaHOOJee BRIFOAHHEIM Criocobom ¢ NMpHMeHEHHeM
COBpPEMEHHOH TeXHOJOTHH B KOMIJeKce ¢ aBTOMAaTH3alluell B MeXaHH-
sauueil TPoOM3BOACTBEHHBIX MNPOLECCOB, a TaKke 3ajaua AanabHei-
lIero pasBHTHS MaTepHalbHO-TeXHHYecKoH 6a3bl XONOAMALHBIX Npel-
NpuUATHH, ocHallleHWs HX COBPeMeHHBIM XOJOAHNBHEIM 08OpyROBa-
HHEM, MOCTOAHHOrC MNOBbiIEHAA 3(«peKTHBHOCTH €ro 3KCIJAyaTalHH
Tpe6yioT HOATOTOBKH KBaJIHQHUHPOBAHHEIX CNEUHAJHCTOB CO CPEIHUM
cnenHajbHeIM 0oGpa3oBaHHeM B 06JACTH  XONOAHALHOH TEXHHKH.
3HayuTeNbHOE BHUMAlHe AOMKHO ObiTh VIENEHO H3YYEHHIO TEOpeTH-
YeCKHX OCHOB XMNALOTeXHHKHM OO CNelHaNbHOCTH «XOoJOoAn/bHO-KOM-
NpeccopHEe MAallWHBl M YCTAHOBKH», KOTODHI@ SBJSIOTCA COIEepXa-
HyeM AHCUMAARHL ¢« TeXHuyeckana TEpMOAHHAMHKA € OCHOBAMH TenJo-
nepeAauyd ¥ rRAPABJIHKHD.

Kauecreo npenogaBaHusi U NOAFOTOBKH CHELHANHCTOB B TEXHH-
KyMaX BO MHOIOM 3aBHCHT OT HaJHYHA CHEHHaJH3HWpOBaHHHIX y4el-
HEIX NOcoGHH, mpegHa3HaueHHBLIX AJfA CpeAHHX YyueOHBIX 3aBejeHuil.

CymectByiolye AJS TeXHUKYMOB YYeGHHKH M0 TepMoiHHAMHKe
H Tennoo0MeHy OpHEHTHDOBAHEI B OCHOBHOM Ha NOATMOTOBKY CleELHa-
JIHCTOB-TENJIOTEXHHKOB. BonpocaM TepMoAHHAMUKHM LHKJOB M Npo-
LeccoB XONOLHABUBIX MallHH B 3THX Y4eGHHKAX yNe/eHO HELOCTATOUHD
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BHHMaHuf. B HHX He paccmarpuBawoTCa U3HYeCKHE .OCHOBB! NMPOiec-
COB, MPOTEKAWMHNX B anlaparTax XoJOAMJbHBIX MALIHH, H METOALI MX
pacuera, OrcyTCTBYET Takke yUeGHHK AJsi TeXHUKYMOB, BKJIOYAIOMHI
Bce pasjiedbi Kypea (TepMOAMHAMHMKE, TEIJIONePenay H rHAPABJNHKHY).

Ilpeanaraemelii yuebu#K Aas TeXHHKyMOB «TexHuyeckas TepMmo-
AJHHAMHKAa ¢ OCHOBAMH TEU-’IOHEPE,D,aqH 5] I‘H}IPHBJ]HKH)) OTJHYAaCTCH
Gofiee NOAPOOHLIM M3J0XKEHHEM TEOPETHYeCKHX OCHOB XOJIOJAHJbHOM
TeXHHKH AJS TNOATOTOBKH YYallMXcs, CAEUHAAU3HPYIOIHXCA B 06-
JaCTH SKCNAyaTalHH XOJOAHJLHBLIX M KOMIPecCOPHHIX MAIIHH H
YCTaHOBOK, a TaKe CHCTeM KOHAMIHOHHpoBaHHs Bo3ayxa, Conepxa-
HHE y4YeGHHKA COOTBETCTBYET y4YeGHOMY mnJaHY CPeAHHX cleLHalbs
HbIX yuyeOHbIX 3aBeeHmnit no cneuuanabHocTH Ne 0565 «XomopHabHO-
KOMD[)ECCOPHI:[E MallHHbl U YCTAHOBKH»?.

Faabpt 1, 8, 14 namucansl H. I'. Jlawyruuoii, raasp 2—7, 11,
12 — O. B. MakamoBoii, raaem 9, 10, 13, 15—23 — P. M. MenBenesuM.

3ameuaHHus M npepioXKeHHs, HanpaBjeHHble Ha yJyulleHHe yuel-
HUKa, OyAyT npHHATHI aBropamH c faaropapHocteio. [lpocum Ha-
npaBaATL HX no axpecy: 191065, Jlernurpan, ya. Haepxuuckoro, 10,
Jlenuurpaackoe orTaenenne HagatenbcrBa «MalunHocTpoenHer,



BBEAEHHE

Teopernyeckue OCHOBbl NPONECCOB XOJOLHJILHBIX MalIHH
H YCTaHOBOK, @ TAKJKe CHCTeM KOHJMLHOHMPOBaHHA BO3jyXxa 6asu-
pylorca Ha tpexX gyHIaMeHTalbHBIX HayKkax: mepmoduHamuke, menios
nepedade 1 eudpasauxe.

TepmoauwHaMuKa— 3TO HAYKAa O 3aKOHOMEDHOCTAX Tpes
BpalleHHs 3HEPTrHH B Pa3JHUHLIX PH3HYECKHX, XHMHUECKHX H APYrAX
npoueccax, paccMaTpHBaeMbiX Ha MakpoypoBHe. TepmoanHaMuKa
OCHOBLHIBaeTc Ha JLBYX (pYHAAMEHTaJbHLIX 3aKOHAX MPHPOALLL nep-
BOM H BTOPOM HayalaX TepMOAHHAMMKH. DTH 3aKOHHl GHIH cdopmy-
aupoBanbl B X1X B. H fIBUJAHCH Da3BUTHEM OCHOB MEXaHHYECKOH Teo-
PHUH TENJIOTH M 3aKOHA COXpaHeHMS W TpEeBpaLleHus 3Hepruu, chop-
MyJHpOBaHHEIX BeJHKHM pycckum yueHmM M. B. JlomoHOcOBEIM
(1711—1765).

Hau6osiee BamHbIM HanpaBJeHHeM TepMOIHHAMHKH IJIA Creuy-
anucToB B 06MAacTH XOJOAHMLHOH TEXHHKH HABJAETCA TeXHHuecKas
TEPMOZHHAMHKA, 3aHHMAIOL|aAcs H3yYeHHeM NPOleCCOB B3aHMHOTO
npeBpauleHna TeNJAoTH B paboTy H yCAOBHH, APH KOTOPHIX 3TH Npo-
neccol coBeplualotcs Hanbosee 3dpeKTHBHO.

3apoxieHHe TeXHHYECKOH TepMOAHHAMKHKH OHINO CBA3aHO ¢ H30-
operennem B KoHue XVIII B. napoBo#i MalMHBL M M3yYeHHEM yCIO-
BHH fnpeBpaimeHds TenJoTsl B MeXaHWuYeckyio pabory. OcHoBbl Tex-
HHYecKOH TepMOAMHaMHKH Oul/IM 3aj0ieHbl (paHUY3CKHM (GU3HKOM
1 uHxeHepom Camn Kapro (1796—1832), koropnii mepBeiii ocyime-
CTBHJI TEPMOAHHAMHYECKOE HCC/efoBaHHe TEIIOBBIX ABHraTe/]ed u
yKa3anl NyTH NOBLIWLEHHS HX 5KOHOMHYHOCTH. B pasButne Texmuue-
CKOM TepMOAHHAMHKH OTPOMHBI BKJajA BHECAH KpYIMHeHIHe yuyeHHle
P. Maiiep, k. Hdxoyab, I'. ['ensmroasn, C. Kapuo, P. Knaysuyc,
B. Tomcon (Kenosun), J1. Bonbuman. Hx ucchenoBanus oGycnoBHIIH
YCTaHOBJIEHHe [TePBOTO K BTOPOTO HAa4aJ TEPMOAHHAMKKH, YTO CO3LAN0
OCHOBY JJ151 TEOPETHYECKOrO H3YUYEHHsi H MPAKTHYECKOrO MpHMeHEeHH:
npomeccos npeBpalleHHsi TemIoTHl B pabory. [loMuMo yKa3zaHABIX
YUeHEIX B Pa3BHTHH TepMOAHHaMHKH yuacTBoBain JI. V. MeHpenees,
I'. B. Puxwman, T. Jlenu, ®. Bounskosuu, M. I1. BykanoBuy u muo-
T'He apyrue.

Boabwoit Bkaag B pa3ssuTHE TepMOAHHAMHYECKMX OCHOB XoJo-
. JMILbHBIX MalUMH BHECTH TaKiE MHOTHE COBETCKHe YueHble, Ha-
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npumep W. C. Bagsuibkec, B. C. MapruiHoBekuii, JI. M. PosendeJibs,
A T'. TrayeB v np. i

Tennonepenauef (uaM Tenioo6MeHOM) HA3bIBAIOT HAYKY,
H3y4aloUIyi0 3aKOHOMEPHOCTH CaMONPOH3BOJILHBIX HEOOpaTHMBIX Npo-
HeccoB nepeHoca TelJIOTH B NPOCTPaHCTBe, KOTOPHIH ocyliecTB/feTcs
TEeMJIONPOBOAHOCTLIO, KOHBeKILHeli, TelJOBbIM H3JyYeHHEM HJH HX
COBOK Y TTHOCTh10.

Tensonepenaya — HayKa CcpaBHHTeNbHO MoJoAas H ABASErcA
YacTbl0 OOIIETO YYEHH§ O TenJoTe, 3ajoKeHHOro B cepefHHe
XVIII cromerna M. B. JloMoHocoBeiM. YueHHe o rtemiore fecnpe-
CTaHHO paspabaThiBajoch H pa3BHBajaoch. Haunnas co Bropofl noso-
BuREl XIX B., ¢ mpuoGpereHdeM ombITa KCO/yaTallid NapoBbiX Ma-
WHH, Bce GoJblllee BHHMaHHe YIeaseTcs npomeccaMm TenynoobMeHa.
B aTH roasl nyGaukyerca pai ocHOBonoJaraioomux pabor no rensnoo6-
MeHY u cpeau HuX pabora O. Pefinosbaca o eanncTBe npoueccos iepe-
Hoca TENJIOTH M KoJiHyecTBa ABHxkeHUs (1874 r.). OkonuarenbHo yue-
HHe O Tensiore CHOPMHPOBAJIOCH B CAMOCTOSITENLHYIO HayKy B Ha-
gyame XX B.

OcofeHHO HHTEHCHBHO TelJonepeaaya pa3BHBaeTcs B Noc/elHHe
mecATudetns. Boabiuoit BKJaa B passHTHe YYeHHA o TelsioobMeHe
BHecJIH coBerckue yuenoie M. B. Kupnaues, M. A. Muxees, A. A. ['yx-
maH, I'. H. Kpyxnaun, C. C. Kyrarenazase, . A. Jly6anuos 1 MHo-
rde apyrue. JHa4MTEAbHBIH 00beM HCCNELOBAHWHA NpOIECCOB B anma-
paTax XoJOJMJ/bHBX MawHH Bemoasuau A. A. [oroaunn, I'. H. Ha-
nusiosa, C. C. Bynnesuuy, O. [1. MpaHoB u ap.

Tennonepenaua asasiercs 6a30Bo#l THCIHNIHHOA BCeX NHCUHILIHA,
GopMHDYIOUIHX TEXHHKA-M@XaHHKA [0 XOJOARJBHBIM yCTAHOBKEM H
cHCTeMaM KOHJIHUHOHMpOBAHHA BO3AyXa. 3HaHWe 3aKOHOB MepeHoca
TeNJOThl MO3BOJIAET, € OAHOH CTOPOHH, MPOEKTHPOBATL COBpPeMEHHEIE
annaparsl, a ¢ Apyroil — obecnednBaTh HX SKOHOMHUYHYIO 3KCIJIyara-
UHI0, 4TO TMPHBOAMT K 3KOHOMHH MaTepHana H 3HEpTHH.

F'uanpaBauga— HayKka, H3ydawuas 3aKoHbl paBHOBecud
H ABHKEeHHA XHUAKocTell H paspafarmiBarolllasd METOAbL NDHMEHeHHA HX
K pelleHHI0 HHXeHepHbIX 3ajay. 3aKOHH T'HAPABIHKH NPHMEHAIOTCH
MpH pelleHHH MHOTHX HHMXEHEDHBIX 3a4ad, CBA3AHHLIX C [IPOEKTHpO-
BaHHEM, CTDOHTEJILCTBOM H 3KCTJyaTalMefi pasiHYHLIX THAPOTEXHH-
YEeCKHX COOpYMeHHH, TPyOolpoBOAOB U MalUKH.

OcHoBONMOMOMHHKOM IHAPABJIHKH CUHTAIOT ADEBHErpeyeckoro yue-
Horo ApxuMena, Hanucaswero tpaktar «O n/JaBaloWHX TeJaxs.
mppaeanka Kak Hayka BO3HHKJAA ropasgo paHblie, 4YeM TepMoaH-
HaMuKa H Tem/omepejiaya, YTo CBfSaHO ¢ OOLIECTBEHHOH AesTelb-
HOCTbIO YejoBeKa. MHorHe ee ¢yHiaMeHTaJbHble 3aKOHH OBIAH OT-
kpuitbl eme B XV—XVI BB. u3BecTHHIMH yueHuIMH JleoHapdo aa
Bunuu, C. Crepudom, I'. laanneem, 3. Toppuueanu, B. Ilackanem,
H. Heotonom. B XVII B. Mexanukoll KHIKOCTH 3aHHMa/HCh
H. Bepuyanu, JI. 3itnep, K. n’Anambep, Koropsle paspafoTaan
OCHOBHblE 3aKOHH JBHXeHHfl xuakoctefi, B XIX B. ¢ paabHThem
TEXHMKH YBeIHUYHBAETCA UYHCAO HCCAELOBaHHA Xapaktepa HKBHXKeHus
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JKHIKOCTell, FHApaBIHYECKHX CONpPOTHBJEHHH. B stor mepwosz miao-
norBopHo paGorator A. [Iuré, A. Illesu, Ces-Benan, JK. Ilyaseiinn,
Hapcu, Beiic6ax, O. PefiHoabac, JI. [lpanaTis. :

Bonbmyioc poib B pasBUTHH THAPABIMKH CHICpaJH PYCCKHE H
coperckne yuenne: H. I1. [Terpos, H. E. XKykosckuit, H. H. ITasnos-
ckuit, H. I. Yeproycosa, P. P. Uyraes, H. H. Jlesu, A. H. KoJsmo-
ropoBa H MHOTHE JpYrHe.

INoctpoenne MatepraibHoll 6a3nl KOMMyHHCTHYECKOro ofliecTBa
npeanoJiaraer WHPoKoe Pa3BHTHE SHEPTeTHKH U XOMOAHJAbHON TEXHHKH
B HapogHOM XosaficrBe. Co3naHue CTauMOHAapHBIX M TepegBHKHBIX
XOJNIOZHJBHBIX YCTAHOBOK, a TaK#e CHCTeM KOHAHUHCHHPOBAHHA BO3-
JyXa NOCTABHAO HACTOATENbHYIC 34144y TOAFOTOBKH KBaaH(HIH-
POBaHHBIX TEXHHKOB-MeXaHUKOB N0 3KCIAYaTalHH, PEMOHTY, H3rOTOB-
JIEHHI0 H DOPOEKTHPOBAHMIO XONOAHAbLHOro oBopyaoBaHHs, IlosTromMy
LeJabl0 HacToAmero yvyeGHUKA sBJsercAd ofydyeHue yuallHXcA Tpa-
BUJILHO IIpeACTaBAATL (BH3MYECKYIO KADTHHY NMPOHCXOASAMWNX B anna-
parax TNpOLEeccoB, YMeThb MX aHaJH3HPOBATb H Je]aTh BBIBOAEI IIPH
3KCOAyaTaldK H pacyere oOOPYAOBaHHA.



PA3NEJ |
TEXHHUYECKAS TEPMOJHMHAMHKA

[JIABA 1. OCHOBHBIE MAPAMETPbl COCTOSIHUA

§ 1.1. YAEJbHbBIA OBDBEM W MJIOTHOCTb

[poiteccH B3auMHorc npeoGpasoBaHHs TEMJOTH H paGoThbl
B pas/HYHLIX TeNJOBBIX MAIUHHAX OCYWECTBJAAIOTCA € HOMOWLLIO
BellecTBa, HaseiBaeMoro pabounm tesoMm. Hanpumep, B pBurarensix
BHYTpEHHero cropaHHs # B Ta30TypOHHHEIX YCTAHOBKAX paboduHM
TENIOM fiBMAserca ra3 (Bosiyx). B napoBeiX gBuraressix H X0J0AWJb-
HbIX MaluHAX paGouyuM TeJIoM fABJASETCH Nap, KOTOPHI MOMer Jerko
nepexoiHTb B XHIKOE COCTOAHHE M, Ha0GOpOT, H3 KHAKOTO B Mapo-
ofpasHoe NpH onpelesIeHHBX YCJIOBHAX.

buanyeckoe coctosidue pabouero Teja XapaKTepU3yeTcH BelHYHs
HaMH, KOTOpLle HAa3bIBAT MepMoJuUHAMUHECKUMYU naApamempamu €o-
CMOAHUA.

B kadecTBe OCHOBHBIX TePMOAHHAMHYECKUX RApaMeTpPoB NPHHHs
MalwT yaeabHbiif o6beM, aGCOJMIOTHOE NaBjeHHEe H abCOMIOTHYIO TeM-
neparypy.

HMameHenne ogHoro WJH HECKOJbKHX NapaMeTpOB COCTORHHA Tesa
HasuBaeTca mepmoduHamudeckum npoyeccor. Ecan mapamerpe He
H3MeHAWTCA, TO pafouee TeJO0 HAaXOLAWTCA B pPABHOBECHOM CO-
CTOSIHHH.

YOenbusoim 06Bemos HasuBaeTea 00beM eHHUIIL Macch BewecrBal

v= Vim,

rae V — noaueil o6veM BewecTBa, M®; m — Macca BewlecrBa, Kr.
Macca eguHHIE OGBEMA HA3LIBAETCH NAOMMOCINGIO:

p=mlV.
[laotiocrs — BenuwHa, obpaTHas yaeNLHOMY 0OBEMY]

p= llv; pv=1,



§ 1.2, JABJEHUE H PA3PE)XEHHE

Hasaerue rasa obycnoBAHBaeTcsi COBOKYIHOCThIO YNapoB
GecrmopaAnoYHO ABUKYIHXCA MOJAEKYJN O CTeHKH COCyZAd, B KOTOpOM
3aKJIIOYEeH ras, B Mpeacrapiser coboii HopMadbHylo COCTABARIOLLYIO
cunl F, feficTByiOuyio Ha eRiuny njomann A noBepXHOCTH CTEHKH!

p = FIA.

B CH 3a epun#uy JaBieHHA npHHAMAeTCA naBJeHHE, NpPH KOTO-
poM Ha | M® mIollafB NMOBEPXHOCTH HOPMAJbLHO K Hefl neficTByeT cuia
B |1 uptoron (H). Takas enunuua HassiBaercsl nackanb ([1a), 1 [1a =
= 1 H/m®. BBuay wmajoct# sTolf epMHMuLl HCIOJNB3YIOT KpaTHHE
elMHHLEL AaBiaeHHs: Kudonackanw (klla), meranackamn (MIla)., [dns
[NPaKTHYECKOTO MONh30BAHHA cTAaHHapTOM BBejeHAa BHECHCTeMHas
eJHHNLa — Oap:

1 6ap = 10° Ila.

Muorue TexnuueckHe NpHOOpLl A5 H3MEPEHHA NaBJEeHHA HCNoMb-
3yIOT B KauecTBe eJUHHILI TEXHHUECK yI0 aTMocdepy, paBHyIo | kre/cm®:

1 grc/em® = 98 066,5 TMa = 0,98 Bap.

Jlna u3MepeHHa naBleHHS NpHMeHIOT NpHGOpLt: aTMocdepHOro —
Gapomerprt, Bbille arMocepHOro — MaHOMETpLI, HHXe atMocdep-
HOro — BaKYYMMETDHL.

lasnenne, npesolaiomee atMocdepHoe, Ha3biBaloT H3OLITOYHEM
(Puss). [eficTBUTeNnHOE paBieHHe pafouero Tena B cocyle Hassls
BAOT abGCOMIOTHBIM (Page).

Ha puc. 1.1 opuBeneHnr cxembl npuGopoB Ajs H3MepeHHs nasJe-
HHA. JKHIKOCTHHII MaHoMeTp mnpeictasiaser coboit U-obpasHylo
TPpYOKY, 3an0JHEHHYIO }UAKOCTLIO H OAHHM KOHILIOM NpHCOEANHEHH VIO
K COCYAy, B KOTOPOM H3mepsiercsi aabienue rasa (puc. 1.1, a, 6).
Ha x#uakocTh Ha ApyroM KoHlle TPyOKH geficTByeT aTMochepHOe nasiie-
HHE Pary. LCAH NaBAEHHE B COCYAE Page OOMBILE Papy, KHIKOCTH
3QHHMAaer MOAOKEHHe, cooTBeTcTBYomee puc. 1.1, a. B 31oM cnyuyae
pasHocTb YPOBHEH cTONGOB »uakoctu B oGoHX KoneHax U-ofpasuoft
TPYOKH COOTBETCTBYET H30LI-
TOYHOMY [IABJEHHIO:

Pace — Parm = Pusos
HJIH

Pase = Patm “+ Pusge (1.1)

B cnyuyae korna nasieHune
B cocyne MeHblne arMocdep-
HOro, JKHAKOCTb 3aHMMaer
NoJOXKEeHHE, COOTBEICTBYIOmEe
puc. 1.1, 6. Ilpu stom pas-

HOCTb yPOBHEH ypaBHOBELH- pye 1,1, CxeMu npuGOpPOB Al HaMepeHHs
BaeT PA3HOCTb 3HAYCHHH Paoy— NaBJNeHHA

9



— Pade» KoTropas Ha3pIBaeTCs paspexceruem HJTH 8aAKYYMOM

Bak/-
A6comoTHoe AaBJieHHe NPH BaKyyMe onpefensieTcsl COOTHOLIGHHEM

Page = Parm — Paag- (1.2)

[IpuGopsl, npHMeHsieMble A H3MEPEHHA KaK H3GHTOYHOro AaBle-
HHfA, TAaK H BaKyyMa, Ha3ulBalOTCA MAaHOBAKYYMMETDAMH.

KpoMe MHAKOCTHbIX mpHOGOPOB NMPHMEHSIOT METaJ/IMYecKHe HpY-
xuuHble 1 1p. [Ipyxunnsii npubop (puc. 1.1, 8) cocrout U3 cnupajbHo
H30THYTOH MeTalanueckod TpyOGkH. ONHH KOHel ee 3anasH H COeLH-
HeH Co CTpelko#l npubopa, a Apyro#, 3aKpenJieHHbIH HEMOABHKHO
B Kopnyce npubGopa, coobluaerTcsi ¢ COCYLOM, B KOTOPOM H3MepSIoT
AapseHne. Ha BHYTpeHHIOI0 NMOBEPXHOCTb TPYOKM HEACTBYET Page,
a4 Ha BHEUIHIOW — Pury. [lon peficTBHeM pasHocTH AaBiaeHHH
Pace — Parn TPYOKa IedopMHpyeTcs, W ee cBOOOAHKH KOHel, a clle-
[LOBaTe/bHO, H CTPeJKA NepeMewaloTcd, ykasebag Ha ILIKaJe onpe-
neneHHoe naBienve. Takne npubopbl MoryT OwTb MaHOMETpaMH,
BaKyyMMETPaMH W MaHOBAKYYMMETpDaMH B 3aBHCHMOCTH OT rpaiyH-
poeky wxansl. Qopmyns (1.1) ¥ (1.2) noka3sbiBaoT, YTO NpH HeHs-
MEHHOM COCTOAHHH Ta3a B cOCyle NOCTOAHHEIM OCTaeTcd JHILb 3Ha-
YeHHE Page, 4 Puss H Ppax HIMEHAIOTCH NPH H3MEHEHHAX Parwm.
[Tostomy napamempom cocmoanusa 2asa cayxcum moavko abcorrOmHoe
dasaerte, KOTOPOE H BXONHT BO BCE TEPMOAHHAMHUYECKHE 3aBHCHMOCTH.

§ 1.3. TEMNEPATYPA

Benuynny, xapakrepH3ywouiyo creneHb HarpeTOCTH TeJia,
HasblBalT memneparmypoii. CTeneHb HarpeTocTH TeJMa 3aBHCHT OT
CKODOCTH ABHMKeHua ero MoJekya. [lpu momBoge TensoTel K Teny
CKOpPOCTb MOJIEKYJl YBeJIHUHBAETCs M HX MeXaHudecKasi SHeprus nepe-
XoauT B renyoByio. Ilpu 3Tom Teso HarpeBaercs, T. e. ero TeMmnepa-
Typa TIOBBIIIAETCH, NPH OTBOAE TEIJIOTH ABHXEHHE MOJEeKY/ 3aMef-
JISIETCsl, TeJIO OXJIAXKIAeTCs, T. €. ero TeMNepaTypa TMOHHMKaercs.

[Ba Tena cynTalOTCs OAMHAKOBO HArPeTHIMH, T. €. HMEIOWHMH
OLMHAKOBYIO TeMiepaTypy, eciH NPH HX COMPHKOCHOBEHHH He MpoHC-
XOOHT Tiepexoja TemJOoTel OT OLHOIO Teja K JpYromy.

TeMneparypy u3MepslOT TEPMOMETPAMH, KOTOpbIE MOrYT HMETH
pas3/iHuHblE TeMOepaTypHbIe ILKAJbl.

[na nocrpoeHus TeMnepatypHoH [UKaJbl BbIOHPAIOT TEPMOMETPH-
YecKoe BellecTBO M ONpejeieHHYH TemMNepaTypy, XapaKTepH3ylwolyo
CBOHCTBO Bell[ecTBa (TePMOMETPHYECKYIO BEJHYHHY). 3areM 3aAal0T
HayaJbHYIO TOYKY OFCYETa H eJHHHLY TeMmMneparyphl.

B rpapycax wkaJjy rpagyupyior chenyiomsM obpasom. Bri6upatot
MPOH3BOJILHO ABE TeMmieparypbl — peflepHbie TOYKH — K AENAT STOT
TeMIepaTypHHI HWHTEpBan Ha HEKOTOPOe UYHCJAO paBHBIX YacTell —
rpagycoB, OfHOH W3 3THX TeMIepaTyp NPHIHCHIBAIOT ONpeAeAeHHOe
YHCIOBOE 3HaYeHHe, TEM CAMBbIM ONpejenseTcs 3HaueHWe BTopoil TeM-
nepatyphl # Jo6oft npomexyrouHoii. OChIYHO 3a penepHBE TOYKH
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nPUHHMAIOT TeMnepaTtypsl NAaBleHHs Nbja T, H KHNeRHSt Boabl Ty.
1leny nenenns (rpaayc) onpenensioT AeJeHHeM Pa3HOCTH 3THX TeM-
pepatyp Ha 100,

IlpHMeHsOT ABe TeMnepaTypHbe WKAaJbL.

1. TepmognHamuueckas TeMmepaTypHas [IKaja NpeAjoMeHa
B 1848 r. anraudickum ¢u3ukom KeabBunoM. Ee HasniBaioT Takike
wkanofi KeaeBuHa, a eauHuuy Ttemnepatypsl — keavsunosr (K).
Temnepatypa aaasnends aobna Ty no wkane KeasBuna pasna 273,16K,
a teMneparypa kuneaus Boasl Ty — 373,16 K. B CH ennnnua ¢ken-
BHH» yCTaHABJAMBaeTcd MO HHTEpBaJNy TeMrepaTypel oT afcosOTHOro
HyJi 1O TeMnepatypsl TPOHHOH TOYKH BoAbl. AGCOMIOTHRIH HYJb —
5TO TeMMepaTtypa, NPH KOTOPOH NMpeKpallaercst XaOTHYECKOE IBHIKE-
HHE MOJIeKYJ TeJa, T. €. HayaJo oTcyeTa alCOMIOTHOH TeMmepaTypHl.
Tpoitnas Touka Boabl — 3TO TeMilepatypa, NpH KOTOpo# BOAd, BOAfA-
HoH map W Jnep HaxoasTcs B paBHoBecuw — 273,16 K. Taxum obpa-
soM, | kedepuH papeH 1/273,16 wactH TeMmepaTypHOro HWHTEpBaJa
oT abCcoMIOTHOrC HYJsA A0 TeMmepaTyphl TPOHHOH TOUKH BOBI.

B rexunke u B OBITY YacTO MCIOJABL3YIOT TeMNepaTypHylo WKaly
Llenbcus, npennoKeHHyO WiBeACKHM dusukom Llenbcuem B 1742 r,
ITo sToit wxane teMnepatypy ! uamepsior B rpagycax Lleascus (°C).
Temnepatypa Tasinua nabaa npuesatra 0 °C, temmnepatypa KWIEHHS
Boael 100 °C. Temmeparypa f, uamepsiemas [0 3TOH lWKaJje, CBA3aHa
¢ aBcomotHol Temmepatypoil T COOTHOWIEHHEM

t=T — 273,16 °C.

Temneparypa TpojiHo#l ToukH Boakl mo wkanxe Ilenscus pasua
0,01 °C.

Beaezersre toro, uyto B wxanax Keawnpuna u llenscus nuuefinoie
pasMepnl, COOTBETCTBYIOIIHE OAHOMY rpalycy, ORHHAKOBH, TO JIOGYIO
reMnepatypy MoXKHo Belpaxartb uiau B rpajgycax Lleascus (°C), uan
B keanBuHax (K),

rasa 2. HAEAJNBHBIE TA3bl

§ 2,1, NIOHATHE OB HWAEAJBHOM H PEAJILHOM TA3AX

B TexHHKe B KayecTBe paboYHX TeA 4acTO NPHMEHRAIOT rasul
¥ HX cMecH — Takue, Kak O,, H,, Nj, CO,, NHy, neperpersiii Boas-
HOH nap, arMochepHbifl BO31yX W Ap. ITH rassl (MX Ha3HBAIOT peas-
HbIMU) COCTOSIT H3 ATOMOB H MOJIEKY/, HaXOASUHXCH B HenpepbiBHOM
XaoTugeckoM aBiHeHHH. MoJekynnl ofaanaoT Maccoit H coGCTBEH-
HbBIM OOBEMOM, MemMIy HHMH CYWECTBYIOT CHJbLI MEKMOJEeKYJsipHOro
B3anuMoJieicTBHA.

Cunnl BaanMoneficTBHS MeXAY MoJeKyJaMu ra3a HaMHOrO MeHblle
CHJI, JelcTBYIOIMMX MEeXAY MOJeKYyJaMHM TBepiablX Teld M HUAKOCTH,
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H3-3a 3HAYHTEJIBHO OOMBIUHX pPacCTOAHAA Mexay MoneKkyiaMmu. CRabt
OTTANKHBAHHS H NPUTIKEHUS MeKAY MOJeKylaMH oOpaTHO npomnop-
UMoHaJdbHE paccrosHuio ! mexay Humu. C yBenmuerHeMm 3TOro pac-
CTOAHUA CHJL TPUTAMEHHS CTAHOBATCA GONbUIE CHJ OTTAJKUBAHMSA,
HO 110 abco/THOH BeJTHYHHE OHM YMEHBbIIATCH H npH [ — o0 CcTpe-
mMaTcs K Hymo. CleloBaTeJbHO, BJAHSHHE CHJ MEHMOMEKYJsSpPHOro
B3aHMOAeHCTBHSA Ha CBOMCTBA [a30B CKAa3biBAETCSI TEM MeHblue, YeM
MEHbIE NJACTHOCTb I'asa, T. €. MeHbille €ro AaBJjeHHe M Buille TemIle-
parypa.

B XVII—XIX Be. aurnudaundu P. Boilns u ¢panuyss 3. Ma-
puort, XK. efi-Jlroccak u K. llapab sxcnepuMerTanbHO ycTaHOBHIN
pfAA BaXKHBIX Ia30BBIX 3aKOHOB, HA3BaHHBIX HX HMeHaMH. 3aKOHOMep-
HOCTH OBLIM IOJNyYeHbI Np¥ U3YYEHHH NOBEAEHUS ra3oB npu HeGOJMbe
MHX AaBJAeHusX, OMH3KUX K aTtmocdepHomy. Cuuraiock, YTO 3THM
3aKOHaM NOAYNHSAIOTCA BCE pealbHO cyulecTByiouye rassi. Oanaxo
BRNOCJEACTBUM, KOTAAa NOSBHJIHCE OoJee TouHble Npubopbl H ycobep-
{IEHCTBOBAMHCh METOABI MCCAeaoBaHu#A, OBLIO YCTAHOBJEHO, UTO pe-
afnbHBIe rasel jaxe NPH HeBRICOKHX AABJeHHSIX He COBCEM TOUHO Che-
AYIOT FA30BBIM 3aKOHAM. JTO pacXoM(eHHe OKa3kIBaJOCh TeM MeHblue,
yem MeHplue ObL1a MJIOTHOCTH rasa (MeHbllle AaB/ieHHe, Bhle TeM-
nepartypa), T. €. 4eM MeHbIle ObITH CHJIBI MEXMONEKYASPHOre B3auMo-
HeHCTBHS.

Jlna BelsicHeHWs npenena AefiCrBHs ras3oBHIX 3aKOHOB B TepMO-
AHHAMHMKe BBeleHO MNOHATHE udeaasro20 2asa. Tlog HUM TOHHMAIOT
TEOPeTHYECKYI0 MOLeNs rasa, NpeAcTaBAsouY co60i XaoTHIECKH
ABUAKYUlHeCH, paBHOMEpHO pacnpeaedeHubie 1Mo o6beMy H Hempe-
PHIBHO coypapsaioliyecd ynpyruae MoJekydasl. [lpy 3ToM He YUHTH-
Baercs B3aWMOAEHCTBHE YACTHL ra3a — MOJEKyN, O6BeM KOTOpbIX
npeHe6peUMO Mal N0 CpaBHEHHIO ¢ 06LEeMOM rasa U B KOTOPHIX OT-
CYTCTBYIOT CUJH MOJEKYJAPHOro CHenJeHus.

Takum o6pasoM, udeasbubili 203 — 3mo0 2a3, 8 KOMOPOM OMCYHM-
cmayiom cuavl 83aumodeldcmeus Mencdy MOseKyaamil, & Cami mOres
Ky anl, UMEIOWUE MACCY, PACCMATMPUBAIOMEA KAK MAMeEPUQLbHblE MOYKU,
He dmelowe 00vema.

["azosble 3akonmb Bolinga—Mapuorra, Uefi-/lioccaxa, lapas v ap.;
chNpaBejJiHBHE NPH MCIOMb30BAHHM B KauecTBe paboyuX BEIIECTB
HAealbHEIX [a30B, CTaN¥ HA3BIBATLCA BQKOMAMU UOEQAbHbIX 2a308.

B npupoze cymecTByIOT, KOHe4HO, TONBKO pealibyble rasbl, OHAKO
n3yyeHHe 3aKOHOB HAeaJbHOro rasa NpeicTaBfasieT NIpaKTHUECKHH HH-
tepec. Bo-nepBeiXx, B TeXHUKe YacTO HMEIOT Je]A0 C HATPETHIMH ra-
SaAMH NpPH OTHOCHTEJbHO MAJbIX AABJEHHSIX, KOrja CHJn B3auMmonefi-
CTBHSI MeXAy MOJeKyJnaMH MaJul H HMH MOXHO NpeHeGpeyb. B 3Thx
cayyasX uaeaansauus cBofCTB peanbHOro rasa 3HadutennHo ofJer-
YyaeT TepMogMHAMHYECKHEe HCC/AeA0BaHUs ra3oBHIX NpOLeCCOB, NO3BO-
JAS HCHONbL30BATH [IPOCTHIE MATEMATHYECKHE 3aBHCHMOCTH AAS Hpe-
ansHOro rasa. Bo-BropeiX, uleanbHBll ra3 MOMHO NpeACTABUTb Kak
npefedblioe cocTosi e peadisHoro upn p — 0. 310 gaer BO3MOWHOCTE
paccMaTpuBaTh pfii BelHUYMH, XAPAKTEPH3YIOUHX CBOHCTBA peanb-
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HBIX Ta30B, KAK CYMMY 3THX BeJHYMH AJIA HAEANbHOTO rasa ¢ HeKOTOpoll
monpaBKoli Ha HeugeanabHocTe. Taxofi moxXon B pAje ciyyaeB 3Ha-
yHTEJNbHO OfJersaeT NPAKTHYeCKME paCyeTHl.

Cneayer OTMETHTb, 4TO He HaspaHye paboyerc Teia onpepensier
ero NpHHALJEXHOCTh K pealbHOMY HJH ijealbHOMYy rasy, a ta of-
JacTh COCTOsiHMiH, B KOTOpPOH nporekaer mpouecc. ONMH U TOT XKe
pealbHb¥i ra3 B 3aBUCHMOCTH OT yc.noanﬁ“ MpOTEKaHHs Tnpouecca
MOXHO paccMaTpHBaTb HMJIH KAk HAeaJdbHbH, HAH Kak peanbHbiH.
Tak, B TEOpHH MapOIHEPTeTHUYECKHX YCTAHOBOK NeperpeThit BOxsHOH
nap paccMaTpHBAlOT KaK peasibHbIA ras, a B TEOpHH KOHAMUHOHHpOBa-
HHA Bo3ayXa BOAsHOH nap, comepxaluMiicss B KOMHATHOM BO3lYyXe,—
KAK MaeanbHblil,

§ 2.2. 3AKOHBl BOAJA — MAPHOTTA, TEA-TIOCCAKA
H 1IAPSA

3akow bBo#is — Maprorra. B 1661 r. P. DBoitns,
a B 1676 r. 3. MapHoIT He3aBUCHMO JApYr OT APYra YCTAHOBH/H OMNKIT-
HbIM NYTEM 3aBHCHMOCTL YVIE€/NLHOIOC of’beMa WaeaJBHOrO rasa oT ero
JaBJeHUs TpH MOCTOSHHOK TeMnepatype: npu nocMOAHHOL memnepas
mype yoeavHole 06Bemol QaHH020 230 06PAMHO NPONOPYUOHANLHGL €20
abcontomnbis 0aBAEHUAM

v/, = py/ps (npu T = const), 2.0

rae wHaekcw | # 2 oTHocsATCS K HAuaJlLHOMY H KOHEYHOMY COCTOS-
HUSIM ra3a B npollecce ero pacliHpeHus HJH CKaTHs.
Us Buipamenus (2.1) cneayer, 4to pity = paoty, HUIH

pv=const| (npu T = const). (2.2)

[lpu nocmoannoti memnepamype npoussededue abeoaromroeo Oag-
AenuA Ha YOereHbill 00vem JAHMO20 2a3a ecb 8eAUNUHA NMOCMOAHHAR,

3akon [eit-Jlioccaka. B 1802 r. K. Teii-/Tioccak, uayyasluuit
noBeleHHe ra30B NPH NOCTOSHHOM JAaBAEHHH, YCTaHOBHJ 33 BHCHMOCTh
M3MeHeHUuss ofbeMa HAeANbLHOrO ra3a OT €ro TEMIEpaTypbi: npU no-
CHOAHHOM Oasreruu YdeabHbie 06DeMbt 2a3a NPAMO NPORODYUOHANLHO
€20 abCoAIOMHLIM Memnepamypam.

v/vy = T,/Ty (npu p = const), 2.3)
rie Uy, U — yaelbHbIe 06beMbl ['a3a B HAYaJbHOM H KOHEYHOM CO-

CTOstHMAX 7pH abcolioTHBIX TemnepatypaXx Ty u Ty cooTBercTBeHHO.
Uz ypashenus (2.3) caepyer, ure vy/Ty = v,/T,, viH

v/T =const | (npu p = const). (2.4)

3akon Wapas. B 1787 r. XK. llapas, uccnezosaBuinii pacumpe-
HHe Ia30B, YCTAHOBUJ 3aKOH H3MeHEHUs NaB/IeHUd HAeaNbHoTo rasa
C H3MeHeHHeM TeMNepaTyphl IPH NOCTOA HHOM 06beMe: 2pu ROCIHOAHHOM
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o0veme Oannotl maccel 2aza abcoaromubie dasarerHus udeassrozo easa
RPAMO NPONODUUOHANLHOL €20 ADCOMIMHLIM MeMNepaAMYDam:

pe/py = To/Ty (mpu v = const), (2.5)
Buipaxenne (2.5) MOXHO samdcaTe B BHae po/Ty = p, /Ty, unu

l p/T = const

{npu v = const). (2.9)

§ 2.3. 3AKOH ABOTAZPO

B 1811 r. uranbsnckufi yuennii A. ABoragpo OTKpHLI
BaXHBIH A/ GH3UKH H XHMHU 3aKOH, B COOTBETCTBHH € KOTOPHIM
8 pasHelx 0BBeMAX PA3HOIX UOearbHbIX 2a308 NPU O00UHAKOBHIX Memile-
pamype u OasreHuu COOepICUMC pAGHOE HUCAO MOAEKYA.

Jlns panbxefillero paccMOTpeHHs HANOMHUM CJaeRylollee:

1. KonuuecTBOM BeujecTBa 7 HA3HIBAIOT BeJWYHHY, onpezelse-
MYI0 YHCJOM CTPYKTYPHBIX YacTHII ATOrQ BellecTBa (MONeKyJ/, aToMOB
MM APYTHX 4HacTHL).

2. B Mexayuaponuofi cicreme epunun (CH} 3a eguHMUY KOJH-
YecTBA BellecTBa NPHHUMAETCS — M O J1 b, 110, KOTOPEIM IOHHMAIOT KO-
JIMYECTBO BellecTBA B rpaMmax, YHC/IEeHHO paBHOE ero MoJeKyJasipHoH
Macce. Dosee TOUHO M0Ab — 3mO KOAUMECMBO BewqecnBa, coOepcatiee
CMOABKO MOAEKYA, CKONBKO amomos yeaepoda naxodumen s 12 2 usomona
yeaepoda-12 (12C). Taxum oOpa3oM, B Mose M0GOro HaeansHOro rasa
coepKUTCs OAHHAKOBOE YHC/JAO MOJEKYJ. YCTaHoBIeHo, 4to B 12 r
yraepona copepxkurcst 6-10% aromos. 3uHauut, wanpumep, ! Moan
Kucaopona — 310 6-10% Monekysn kuciaopopa. 310 YHCAO HA3BaHO
uucaom Asozadpo: N4 = 6,022-10% moabp™. Tricaua Monell cocrab-
AT OAMH KuJaoModb {1 kmoas = 10° moaw).

3. Monraproi maccodd M sewjecmoa Ha3vigaemca geatuuna, PASHAR
OMAHOIUEHUI0 MACCH Bewecm8a m K e20 koaudecnsy n, T. e. M = min.
Epunana M — r/Moab (gr/Kmodb).

4. OmHocumenvran Mmosekyaspras macca M, sewecmea — 3mo
4UuCA0, NOKA3BIBAIOWLE, 80 CKOABKO DA3 MACCA MOAEKYAbl OaHHO20 Be-
wiecmsa Goavute 1/12 maccot amoma yeaepoda- 12, Unclennsle 3HaYeHAR
MOJIAPHOH Macchl BELIECTBA H OTHOCHTENLHOH MOJeKyJApHOH Macch
cosnapawt. Tak, eclin MoaspHas macca ammuaka M = |7 kr/KModb,
TO ero OTHOCcHTe/NbHas MoJeKkyaspHas wacca M, = 17 (M, — Bean-
qiHa Ge3pasMepHas).

Beauwuny, pasnyrno omnowernuw obvema V eeujecrmsa K e20
KOAUYECMBY 1, HA3LBAIOM MOAAPHbIM 06Bemom Vo, MP/KMOJBI

Vi = Vin.

M3 sakona Aporaapo BoiTekaer BamHoe cnaeacTsue. Jlomycrtum,
qT0 B JABYX OAUHAKOBEIX o6BeMax V mnpH OAMHAKOBHIX YCJAOBHAX
{naBseHUHn U TeMnepaType) HAXOAATCA 1BA pasJH4HBLIX rasa (mepBrii
M BTOpOil) ¢ MonApHbiMH MaccaMu M; u M, 1 MaccamMH MOMEKYJ my
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u ms. TTocKoMbKY YHCAO MOMeKYA B 06BeMax ORMHAKOBO (ng = f,),
TO MaccoBOE KOJHYECTBO 1a30B NpPONOPUMOHANBLHO HX MOJAPHHM
maccam:

mln?mg = MII{MQ. (2.7)

Pasnenns QucauTens U 3HaAMeHaTellb JIBOil YacTH ypasHeHus (2.7)
Ha o6beM V u yuurmBas, uto m/V = p, NOAyuHM

p/pe = My/M,, win Myv, = Myv,,

rie p = l/v — nnoTHoeTH Fa3a.
Takum obpasom,

My = idem. (2.8)

Benuunna Mu npeRcraBaser coboft Monapueil o6bem raza Vi,
H3. soipamenus (2.8) crenyer, 4To MonsipHbie 06beMbl MOOLIX Haeab-
HEIX ra3oB, B3ATHX NpH OIZHHAKOBHX JAaBNEHHH W TeMmepatype,
uMelT oaHo H To e 3Havenue (idem). Ilockonbky 06BeEM oaHOrO
KHJIOMOJIt HAaeaJbHOrO rasa NpH JAaHHBIX p W T He 3aBHCHT OT NpH-
ponbl rasa, To ero MOXHO BHICYHTaTh Mo JMwo6oMy rasy. Tak, ans
HOpMaJbHeiX  ¢u3uyeckux ycaoput {p = 760 MM pr. cr. =
= 101,325 kIta n T = 273 K) o6bem | xunoMons asora, AAs# KOTO-
poro M = 28 xr/kmons, v = 1/p = 1/1,256 = 0,80 Mm*/kr, paseH
22,4 M*/kmoONb, T. €.

Myv=V, =224, (2.9)

Ha sripamennsn (2.9) nerko onpefenaiorcs MAOTHOCTbL H YAeabHBIR
06be¢M J060T0 Ta3a NpH HOPMAJbLHBIX YC/JAOBHAX:

Ve = 22,4/M; py= M/22,4. @.10)

§ 2.4. YPABHEHHE COCTOSIHUSI HAEAJIBHOIO TA3A

IAsi paBHOBECHOrO COCTOSIHMSA ras3a MeXAYy €ro TepMozu-
HaMHUECKHMH TlapaMeTpaMi COCTOfiHHA P, v, T CyLIiecTByeT BnojHe
onpeae/eHHan aHaJAHTHUecKas 3aBHCHMOCTb, Ha3biBaeMmas ypasHe-
Huem coCmoanus 2a3a. B obluem Buje ypaBHEHHE COCTOSHHS HMEET BHA

Fp, v, T)=0. (2.11)

Ins pealbHBIX ra3oB 3Ta 3aBHCHMOCTb BECHMA C/IOXKHA H TOJLKO
1714 HAeaJdbHBIX [a30B MoXKeT 6bITh NOAYYeHA B CpABHUTENBHO NPOCTOM
BHAe H3 3akoHosB Doflas — Mapuorra u [eii-/Tioccaka.

DonyctuM, 9to Kakoi-1uGo uieanbHBIf rad Maccoit 1 Kr mepe-
BOAMTCH H3 COCTOAHUS ¢ mapaMeTpaMu py, ¢y, 7y B ApYroe COCTOSHHE
¢ Py, Uy, Ty. IlycTe 3TOT mepexon ocylecTBAsieTcH B ABa 3Tana: cHa-
Yada npu mocrosiuHofi TeMnepatype Ty A0 NPOMEKYTOYHOro YAENIb-
Horo odneMa vy, a 3ateM ﬁgu TIOCTOSTHHOM AABJEHUH Py KO KOHEUHOTO
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yaeabHoro ofbema vy, Torpa ana mepBoro 3tana no 3akony Boiias —
Mapuorra uMeeM

Un/UL = P1/Pyy HAH Uy = pyUy/ Py,
HAns BTOporo 3srama B COOTBETCTBHH ¢ 3akoHoM [ei-JTioccaka
vp/vg = T3/Ty, unu v, = 0,7/ T,
M3 cpasnenus Bhipawewu#l AJf Uy NOAYYHM
P10y /Py = 0 T1/Ty, uau pyu/Ty = pavy/Ty = const.

Taxkum obpasoM, 0as aw0boeo cocmoanus udearsrozo 2a3a OMHO-
werue npoussedenuss abGCOAWOMHO20 OasreHun Ha yOenbHbill 06BeM
K abcoaomuoil memnepamype — GeAUdUHA NOCHIOAHHAR,

pu/T = const. 2.12)

dra nocrosHHAas BejyudHa 3aBHCHT OT OPHPOAL rasa, HO He
3aBMCHT OT €ro cocTofHHs, T. €. OHa siB/siercd QH3H4ecKoH KOHCTaH-
Toll BewecTBa. Ha3suiBaercs oHa 2a3osotl nocmoarnoti U o603HauaeTcs
yepe3 R, Ilx/(xr-K). Buipawmenue (2.12) MoXHO samHcath B BHIE

po/T = R, unu |pv = RT. (2.13)

¥YpaBuenne (2.13) 610 nonyyexo 8 1834 r. dpaHumy3ckuM ¢usu-
koM [l. Knameiiponom. 3ro ypaBHeHHe 0AHO3HAYHO CBSI3LIBAET MEXKAY
cofiol, napameTpnl cocToARuA rasa (p, v u T) # HaswlBaeTcs ypasHe-
HUueM COCMOARUA uleqaAdbHo20 2a30 WIH YpasHeduem Karaneipona.
Tak Kak R BelHYHHA [10CTOsHHAA AJA KAMAOro rasa, To 1Mo ABYM
U3BECTHBLIM MapaMeTpaM rasa MOKHO ONpeNe/HTb 3HaueHHe TPerhero.
Enunuila rasoBod mocTossHHOH HaxomauTcs M3 Beipawenus (2.13)

[H/m?] [M®/krl/[K] = [H-mVIxr-K]1 = [dx&/(xr-K)].

Taxkum obGpasom, rasoBasi MOCTOSHHAS HUMeeT (U3HYeCKHH CMBIC!
OHAa npejacTaBiseT coGoi yderonyro pabomy usmexenus obvema, Co-
sepaemyro 1 ke pabowezo meaa npu U3MeHEHUU €20 MeMnepamypol
#a 1 K 8 usobaprom npouecce.

YMHOXHB npaByio H JeByio YacTH ypasHeHus (2.13) ua wmaccy
rasa m, TOJYY4UM BEIPAXKEHHE YpaBHEHHS COCTOSHHA HIEANLHOrO
rasa Ana NpPOH3BONLHOH Macchl rasa:

pum = mRT, umu | pV =mRT, (2.14)

rae vm = V — oObeM, M?, 3aHuMaeMbiil rasoM Maccoit m.
YMHOMHB 0fe dacTi ypasHeHus (2.13) Ha MonApHYyI0 Maccy ra-
sa M, noay4uM ypaBHeHHEe COCTOSIHHUA HIealbHOro rasa an1a 1 KMons}

puM = MRT.
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O6o3nauB MR = R, W yuuTeiBaf, 4To mpou3BeneHue vM ecte
obvem | kmons Vi, noayuum

PV = RoT. (2.15)

Buipawenue (2.15) sBasierca naubosee oOImHM ypaBHeHHeM CO-
CTOSIHUS HMJEAJIbHBIX rasoB. JTo ypaBHEHHe fnpeanoXua B 1874 r.
BeJMMKRH pycckui yuenntit JI. M. Menaenees, KoTOpHIA NepBLIM NpH-
MeHun 3akoH ABoragpo K ypasrendio Kaanefipona. ¥pasHeHue
(2.15) naswiBawT ypasuenues Mendeseesn unn Kaanetipona — Met-
deneesa. Bxopsuas B nero Beldunna R, HE 3aBHCHT OT NPHPOAHl Be-
IECTBA M A/s1 BCEX HAeasibHbIX I'a30B B /TOOOM COCTOAHHH MMeeT OAHO
u TO xe 3nadenne. Beauuuna R, Hasvieaemca ynusepcanbroti 203060l
nocmoanuold. Ona Moxer ObTb BhiYWciAena u3 ypasHenus (2.15),
ecJH H3BeCTHa BeJddunna V,, A xkakuX-/nubo 3uagenufi p u T. Tak,
OpH HOPMANbHHEX (GH3UYECKHX YCJIOBHAX

R, = pVa/T = 101 325.22,4/273,15 = 8314 JIx/(kMons-K).

Takum obpazoM, R, = MR = 8314 Jlx/(gkmonb-K) — yHuBep-
caJbHAs Ta3oBaf MOCTOAHHAas, oTHecenHas K | kMomo rasa. Pusn-
gecKMH CMBIC R, MOXKHO TPAKTOBAaTb KaK pabomy usmenetus o0vema,
coseprugemyio 1 Kmorem 2030 NPU uSMeHeHUU e20 MeMnepamypu HQ
1 K & usobaprom npoyecce.

3Hast yHHBePca/lpHYI0 Ta3oBYIO MOCTOAHHYIO, Jerko onpeleiutb
rasoByl0 mocTosHHy©0 R moforo rasa, MoJsipHas Macca KOTOPOro
K3BecTHa:

R = RyM = 8314/M. (2.16)

Hanpuwmep, rasoBas nocToRHHasn aMMHuaKa R = 8314/17,032 =
= 488,16 Jx/(xkr+ K), a xnaparenwta R12 — R = 8314/120,92 = 68,76 IDx/(kr-K).

C yuerom (2.16) ypaBnenne cocroanus (2.15) npuHuMaer B

pVn = 8314T, @.17)

a focne yMHOMXKeHHs obeux 4acrtell 3TOr0 ypasBHEHHT HA KOJUYECTBO
BelllecTBa 1 ¢ yueroM toro, 410 nV,, = V, noayuum

f oV = 8314nT. 2.18)

Heo6xoaumMo oTMETHTb, 4TO Bce peadibHbie rasbl B TOH WJAH HHOH
Mepe OTKJIOHSIOTCS OT 3aKoHa ABorajipo, HO A/ TeXHUYECKHX pacye-
TOB 3TOT 3aKOH NOCTATOYHO TOUYEH.
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IJ1ABA 3. CMECH HAEAJIbHBIX TA30B

§ 3.1. MOHATHE O CMECAX. 3AKOH AAABTOHA

B TepMoanHaMuke B KauectBe pabouux Tesl KpoMe 4LCMbLY
Seufecma, UMEHHX OfMHAKOBLIE MOJEeKYJBl, YacTo UCNObL3YIOT 04HO-
poansie cMecH 3THX Beulects (pacTBophl). [IpuMepoM YMCTHIX BeulecTs
AIBASIOTCA KHCJOPOA, BOAOPOA, aMMHaK, Boaa u ap. CMecH COCTOAT U3
HECKO/MBKHX YHCTHIX BEIIeCTB, HASBIBAEMBIX KOMROHEHIMAMU CMECU,
KOTOpbIE He BCTYMAKOT APYT € APYTOM B XHMHYECKHe peakud. Tunuy-
HEIM IPHMEPOM OnHOPOoAHON ra3oBofl cMecH MOeT CIYKUThL aTMochep-
HHIl BO3AYX, COCTOAMME H3 a30Ta, KHCJAOPOAA H PsAa APYTHX rasos,
[Tpumepamu onHOpOAHBIX cMecel (paCTBOPOB), HCMONB3YEMBIX B X0JO-
JAMNBHBIX MallWHaxX, sIBAAIOTCH aseotponHble cmecH (R500, R501,
R502, Al u np.), B a6cop6uMOHHBIX MamyHaX — CMech Boabl K Gpo-
MHaa Jnutds, B abcopOudoHHO-aH(bY3HOHHEIX — CMech AaMMHaKa,
BOJB H BOROPOAA.

['azoBbie cMecH SBASIOTCH YACTHBIM CJydYaeM OJHOpPOAHEIX CMecedl
(pactBopoB). Bonbimol MHTepec mpeacTaBASIOT CMeCH, HaXoAfLIHecH
nox HeGONbLIIMM JABJMEHHEM, KOrga OTAelbHble KOMIOHEHTH BEeAYT
celsi HEe3aBMCHMO APYI OT Apyra H HX MOXHO paccMaTpuBaTb Kak
ujeansHue rasel. B 3ToM cnyuae v cama cMech paccMaTpHBaeTCs Kak
udeqrbHaA, NOAUMHSAIOUIAsICA 3aKOHAM HAEAJBHBIX ra30B K YPaBHEHHIO
Knaneiipona — Menpeneesa. IIpu paccMoTpeHHM cMeceil mpepmnoa-
raercsi, uto: 1) Kax Al ras, BXOAAUKH B COCTAB ra30BOH CMecH, BejeT
cefsi Tak, KaKk OyATO OH OJMH 3aHHMAaeT Bech OGLEM CMecH, T. €. ero
06peM pasen o6beMy Beeil cmecd; 2) KamKAblll U3 KOMIIOHEHTOB CMeCH
UMeeT TeMnepaTypy, PaBHYK Temnepatype cMmecd; 3) Kaxauid H3
BXOASIWUHX B CMech ra3oB HMEET olpeAesIeHHOe JaBJeHHe, Ha3biBaeMoe
napuvalbHbIM.

[10d napyuasvrnoim  dasrenuem noHumarom JdasreHue, KOMopoe
umen Got 2a3s, éxodawuli 8 cocmas e2a3080ti camecy, ecau 6ot o4 OOuH
sanumanr 06vem, pasHbil 00vEMy CMeCUu npu moil e memnepa-
mype.

B ocuose u3yueHusn rasoBbix cMeced JexurT 3axoH Jlaae
TOoHa, chopmyaupoBanubii B 1801 r. aHrAufickuM XHMHKOM
k. JanoToHOM: noaHoe Oasirerue 2a3080U CMeCU PABHO CYMMe
napyuanchelx  Gasrenul  udeandbHolx  2A308, COCMABAMOWUX — SMY
cMECH, m. e.

p=p1+pz+---+pn=i§tpz. @.1)

rie p — ofuwee AaBMEHWE CMECH; Pi, Pz, +.., Pn — NApUHAILHEE
NaBJeHH COOTBETCTBYIOWIMX T[A30BEIX KOMIOHEHTOB; p; — NapLH-
ajbHOE JaB/ieHHe (-TO MAeaJbHOI'0 rasa.
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Ypasuenue (3.1) mossoasier onpefeanTb ofmee AABACHHE CMECH
10 NapuHaJdbHBIM JaBJeHHAM KOMIOHEHTOB HJIH NapunalibHoe AaBJje-
HUe OJHOMO H3 KOMIOHEHTOB N0 AABJAEHHIO CMECH H TNaplHANbHHIM
naBJIeHUAM OCTANbHHIX KOMMIOHEHTOR.

§ 3.2, CMOCOBB 3AJAHHMA TrA30BOA CMECH

HPOBEB,EHHE paC‘-IETOB C ra30BbIMH CMECSMH Tpeﬁye'r 3Ha-

HUS PAAA BeNHYHH, MX XapakTepH3ylOUIHX: rasoBoH MOCTOAHHOH,
MOJIsipHOH Macchl, nnoTHocTH M T. A. Jis HX HaxoxIeHHs omupefe-
JISIIOT ra30BbIH COCTAB CMECH, KOTOpbIH XapaKTepH3yeTcs KOMUYECTBeH-
HEIM COJEpIKAHHEM KaKAOro KOMNOHeHTa, BXOAsAulero B cMeck. Koau-
YeCTBEHHOE COOTHOIIIeHHe OTARJbHBIX KOMIIOHEHTOB CMECH (KOHIJ,EH-
TpaLHIO KOMIIOHEHTOB CMeCH) OGBLIYHO 33Jal0T MACCOBBIMH, OGBEMHBIMH
HJAH MOJbHBEIMH JOJAMH.

- Maccosoii Ooaeti KoMnoHenma CMecu g; HQ3bI6aeMCA 8eAudura,
PABHAR OMHOWEHUI0 MACCOL KOMNOHERMA K Macce 8Cetl CMeCU.

Takum ofipazoM, eclin ra3oBas CMech MaccoH /M COCTOHT U3 1 KOM-
MOHEHTOB, TO UX MAacCCOBBIE AOJU COCTABJSIOT:

g1 = My/M; o= My/M; ...} Gn = My/m, (3.2)

The My,Ma, ..., M, — MACChl KOMIOHEHTOB CMecH.
OuyeBHIHO, YTO CyMMa BCeX MACC KOMIOHEHTOB, COCTAB/SIOUIMX
CMech, paBHA Macce CMecH:

m=my -+ mg -+ ... -y (3.3)

YpaBuenue (3.3) HA3HIBAOT ypasHeHueM MACCOBO20 COCMABA 2A30-
goii cmecy. CJIOXKHB MaccoBHE 10JH BCEX KOMIOHEHTOB cMecH [cM.
ypaBuenue (3.2)] ¢ yueroM (3.3) momywum

atgt..-+e=1 (3.4)

T. €. CYyMMa maccossix 00reil 6CexX KOMROHEHMO8 CHeCu pasHa eduruye.

Obvemuoll 00aell KOMNOHEHMA CMeECU T; HASHLIBAEMCA BEAUMUHA,
DABHASA OMHOWEHUIO NAPYUAAGHO20 060eMA KOMNOHEHMA K NOAHOMY
o00BeMYy CMeCU.

Moa napyuasststm (npusedernsis) 06 vemom KOMIOHEHTA CMeCH V),
MOHUMAaT 00BEM 5TOrC KOMIIOHEHTA, HOJIY‘IEHHHﬁ B pe3ynLTaTe ero
CXKATUsl OT MaplUabHOrO AABJEHUA A0 NABJEHHA CMeCH MpH MOCTOAH-
HOH TeMmepatype, paBHOU Temnepatype cMecy. OueBHAHO, YTO CyMMa
napuuajbHEX 06bHEMOB KOMMOHEHTOB, COCTABASIOHX CMechb, paBHA
o6reMy cmecu (3akoH Awmaro, 1893 r.).

¥pasrenue 06wveMHO20 Cocmasa cmecu umeem 6ud

V=V, 4 Vo+ ...+ V, (3.5)
rie Vi, Vs, ..., Vo — napuuanbHele o6BEMEL KOMIOHEHTOR,
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Ecau obnem cMecu V cOCTOMT M3 n KOMOOHEHTOB, TO OGDBEMHBIE
J0JY KOMMOHEHTOB Onpefe/sioTcs paBeHCTBAMH!

n=VyV, ro=VyV;, ...; rp,=V,/V. (3.6)
Cymma oOBeMHBIX AOJeH KOMMOHEHTOB CMEeCH paBHa eJXHHHME!

r1+r2—~|~...+fn=1. (3.7}

Moaprol Qoactll KOMNOHEHMA CMecu X; HA3bIBAEMCA BeAUUUHA,
PASHAA OMHOWERUIO HUCAG MOAEH 3Mo20 KOMMOHenma K obuwemy
QucAy Moaett cMecu,

Ecau 0603HaudTL 4HCAO MOJIEH KaMIOTO KOMMOHeHTa cMecH uyepes3
My, Hgy vuey Mp, @ OGS THCJIO MOJIEH TOHM e cMECH # = fy -+ Hy -
+ ... *+ n,, TO MOJBHBIC AOAM KOMIOHEHTOB OnpeAensioTcs U3 Bblpa-
MEHH X{ = My/Nn; X3 = RNy .0 Xy = Ny/n. OQueBRZHO, YTO

XX .. Fx, = 1. (3.8)

MouibHBIE [OMH, TAK e KaK Maccopbbie H 00BeMHEBIE, BHpAKAIOTCH
JOJIMH  eIMHUILE HJAH B IponeHTax.

BhbiBejeM COOTHOWEHHE MEMAY MACCOBEIMH M OOLeMHBIMH AOMAMH
cmecd. Jlass kamporo xKOMnoHeHTa, 0fpasylollero CMeCh, MOMKHO 3a-=
[THCATb

gi = mym = p;Vi/pV) = ripi/p = rivjv;. (3.9)

Ha ocuosanwu crejcTeusi M3 3akOna ABoraipo, a Takke Y4HThb-
Bag, uto MR = M,R; = 8314 [lx/(xMoan.K), noayuaem

gi=rMyM =rR/IR; umu ry =g M/M; = g;Ri/R.| (3.10)

3neck p, v, R, M — n/i0OTHOCTDL, y/e/bHBIA 06bLeM, rasoBasg MOCTOSH -
Hasi U KaXyLascs MojasipHas macca cMecHd; p; = m;/V; — NAOTHOCTb
KOMAOHEHTa, OUpEAeNneHHas npu napamerpax cmecu (p u T).

MoJunpHas macca 3jeck Ha3BaHa «KaXylueHcs» u3-3a yCJI0BHOCTH
STOr0 MOHATHS At CMECH, COCTOAIIER U3 PAJA KOMNOHEHTOB, KaMKJIhif
M3 KOTOPHIX MMEET CBOIO MOJSPHYIO Maccy (CM. Bbie).,

CooTHouleHHe Mex 1y O6BeMHbIMH H MOJIbHBIMU JONAME KOMIIOHEH-
TOB CMECH MOXKHO fioJy4HTsh M3 ypaBkehns Kuaaneiipona — Menjeneesa
(2.18). YpabueHust cOCTOSIHUS JJisT {-I'O KOMIOHEHTA CMECH WJeallbHbIX
ra3cB NpH HaBJAGHUM CMecH p H ISl BCEeH cMecH HMMEIOT B

pVi = mR,T; pV =nR,T.
Paspenvs mepsoe ypaBHeHME Ha BTOpOE, NOJNY4HM

ViV = nyn, van |ry = x;, (3.11)

T. €. 06BeMHbe J0AU KOMROHEHMO8 CMECH UOAAbHBIX 20308 paBHbL UX
MOAAPHOIM doAAM. CJIB,I[OBHTEJ]bHO, 3a]aHHE CMECH MOJIf pPHEIMH JA0JIAMH
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Ta6nuua 3.1

CooTHollenun MEKy KOHUEHTpPAauusAMH CMeCH,
3apAHHBIMH PA3HBIMH cTiocoBaMu

Cnocol 3afaHHs i .
Kotmcurpaénunu &i i u
‘ M, M;
MaccoBas pons, g; 1 n=m X
M
Ob6uvemuas jgond, r; £: —M!_ 1 xq
M i 1
onbHan JIoaf, X; g4 M, 1

KOMIIOHCHTOB DABHOCH/BHO 3aJaHHIO €¢ 00BeMHBIMH AOMAMH OTHENb-
HBIX Tas3oB.

ABanornyHo MOMHO MOMYYHTL COOTHOINEHHA RJIS NepecyeTa KOH-
uentpanyil, BLpameHHLX JApyruMu cnocobamu (rabna. 3.1).

§ 3.3. CBOHCTBA CMECER

CMmech uJ€a/bHBIX IasoB MOXKHO paccMaTpHBaTh KaK ORHO-
poiHoe pafoyee Tes0, TePMOAMHAMHYECKHE CBOHCTBA KOTOPOrO OfIpe-
NeASTCA cBONCTBAMH KOMNOHEHTOB H HX KOHNEHTpAUHEeH B CMECH,
[lostoMy paccmorpeHHBE B T/l 2 3aKOHBl H1€aMbHBIX T'a30B CripaBes:
JIMBBI U /IS cMecel HieanbHBX rasos. [lapaverpamu cmecH aBasoTcA
He ToMbKO p, R, T, HO U ee cocCraB, ompelensieMbH KOHUEHTpauued
KOMINOHEHTOB B cMecH. Ecau uspecTHs! obillee JasieHue, Temepaty pa,
COCTAB H TEPMOLMHAMHUYECKHE CBOHCTBA KOMTQHEHTOB, COCTAB/AIMHX
CMech, TO MOMHO OfIpeleNHTh TepMOJHHAMHUCCKHe CBOHCTBA CMECH.,
Tak, ecin cMech 3ajlaa OOLCMHDBIMH HOMAMH, TO OCHOBHBIE (OPMYJIH
A1 ONpefefeH#A CBOHCTB CMeCH BEIBOAATCH C/eAYIOuMM 06Gpasom.

MaotHOCTL cmecH p. Ecan cMech ujeaqbHHIX rasoB COCTOUT
H3 1 KOMOOHEHTOB, TO B COOTBCTCTBHH C BolpaxKeHueM (3.9) umeem:

€1 = 01/Ps G2 = rade/0} .13 Gn = InPa/p.

[pocymMMHpOBaB [1paBhie W JIeBble YACTH 3THX BbIPMEHHHl € yue-
TOM ypaBHeHua (3.4), noayuum

Gt &+t gu=1=/p)(rpr+repa+ ... +rppn),

OTKYRa

0= 2;.,] 0 (3.12)

31ech Pyy Pgy «ovy Pn — TAOTHOCTH KOMINOHEHTOB CMECH, BIATHIE npH
TeMriepatype H JLaBJAeHHH CMECH,
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Takum 06pa3oM, NJIOMHOCHI CMECK pABHA CYMMe npoussedeut
RADMHOCTEL OMOBAbHLLY €8 KOMAIOMEHMO8 HA WX 00DemHble 00Al.

YaeabHbili 06bem ra3osofi cmecH ©. YenabHslfi o6LeM Trasosof
CMecH $BJIAETCH BelHYWHOH, o6paTHOM ee NNOTHOCTH!

U= l/ i 7iPis 3.13)

=1

lazosas nocrosunas cmecn R. /1151 KaKZOro KOMIOHEHTa CMECH,
coryiacHo Bslpaxenuto {3.10), moxeMm 3anucars:
81 = Rri/Ry; 8y = Rra/Ry; oo .3 gn = Rrp/R,.

Tak kak Y g; = 1, T0 noc/je noyseHHOT0 CYMMHPOBAHUS JeBHIX
H MNpaBblX uacTeil COOTHOLIEHH{I mosyyaem

=R (."]J'R]_)“}‘ R (r2ffR2)—|— v '—}— R (rn/Rn):

OTKyJa

R=1 é (ri/R)). (3.19)

[TockoAbKY 3HaueHue rasOBOH MOCTOAHHOH KOMIOHEHTd CMeCcH
MOXeT OLIThL ONpeJeneHo Mo ero MoasapHof macce, T. e, R, = 8314/M,,
To Bhipaxetne (3.14) npurumaer Bug

n

R= 8314/ YoM, (3.15)

=1

T, €, 203068 NOCMOAHHAR CMECU PABHA ONHOUEHIIO YHUBEPCANbHOL
2a3080i nocmosnnol R = 8314 [xc/(kmoae- K) & cymme npousse-
OeHUil MOAAPHBIX MACC KOMROHEHMO8 HO UX 0DBeMHbie 00AlL,
Kamxymasca moaspras macca cMech M. Tax Kax njoTHOCTH rason
NPONOPIHOHAALHE HX MOJAPHBIM MaccaM (CJAeACTBHE H3 3aKoHa
ABorajpo), To, 3ameHsiqa B ypaBHeHuu (3.12) p na M, noaysaem

n
M=) rM,. (3.16)
=1
CaejoBateibHO, MOAAPHAA MOCCA CMeCl PABHQ CyMme npoussede-
HU MOAAPHBIX MACC KOMNOHEHMO8 Ha ux 00Bemrbie doau.
Hs ypasuennit (3.15) u (3.16) caenyer, uro Kaxyiasca MolnpHas
Macca CInpefensercs BbipaXKeHuem

M = 8314/R, (3.17)

U ee paccMaTpUBAlOT KaK JAeHCTBHUTENbHYI0 MOJADHYIO Maccy BoOGpa-
KaeMoro rasza, obmas Macca H YHC/I0 MOJEKY/ KOTOpPOrO paBHbl Macce
B YHMCJY MOJIeKyJ rasoBof CMecH.

MapunanbHoe papjeHue p;. B COOTBETCTBHH € 3aKOHOM Hans-
TOHZ, KamJALIH KOMNOHEHT HWAeaJLHOH rasoBOH CMecH 3aHHMaeD
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TaGnuna 3.2
¥Ypasuenns ANR pacueTa ceoficTe razosodl cmecu

Cnocol 3ajaHHR KOHUEHTPAUHR
PaccunTubaeMas
BEARYHHA
& iy *i
M f L M v oM
, KI/KMoub YR TES r o]
E (g,/M;) F
P 8314 8314
R, ILx/(kr- K) z giR:’ B M; m
i
p, Kr/m? T@0) Lrne L X9
g; (Ri/R) p:
p., Ma L rip x;p
! g MMy p !

ofbeM Bcell cMecu V H HMeeT cBoe napuHaanHoe JaBjeHHe p;. Ecau,
HE H3MEHAN TeMNepaTyphbl CMECH, CXaTh 3TOT KOMNOHEHT A0 AaBIEHHSA
CMECH p, TO ero ofbeM YMEHBIUHTCR A0 napuuansHoro V; u Ttorja
Ha OCHOBaHHH 3axkoHa bohas—Mapnorra Moxuo 3anucars p;V =
= piVy, orkyma p; = p (Vi/V) = pr,, wmu

pi = rip. (3.18)

TaxuM o6pasoM, napyuaibroe Oasienue Kax020 i-20 KOMNOHEHMA
cmecy onpedersemcs Kak npoussedenue e2o o6veMHOn 00au Ha Oasae-
HUe CMecit.

AHaAOTHYHBEIM 06[.)830M BLIBORATCA pACUETHBIE 3aBHCHMOCTH JJIA
rasoBofl CMecH, 3ajJaHHOH MaccoBuiMH JoqaMu (Tabn. 3.2),

[Mpusenem npumep Hemonb3oBaHHs Taén, 3,1 u 3.2, I'asoman cmech obmefi Mac-
coit m= 17 xr, cocrosmmas H3 KHCIOposa — my; = 10 kr (M; = 32 kr/rmoas)
H 230Ta — My == 7 KU (M, = 28 Kr/KMOoJIb), HMeeT cOCTaB, BBIpaKEHHWA B Macco-
BHX JAOASAX:

gy = my/m = 10/17 = 0,588,
g =1—g, = my/m= 0,412,
IMpn HEOGXOAHMOCTHM TepecYeTa MACCOBWX AOJef B MONbHHE WIH APYTHe HOJA
Hcoonssyior Tabn. 3.1. Kamymascd MOAspHas Macca cMecH
M = IS (g:/M;) = 1/(0,588/32 4 0,412/28) = 30,22 kr/kMons.
Monbubie momu:
X = gyM/M, = 0,588-30,22/32 = 0,555;
xg= 1 — x; = | — 0,555 = 0,445.
OGpemubie RONH paBHH MOJBHEM, T, € 7; = X;:
r= x;==0,555; r; = x, = 0,445.
lasopas nocrodunas cmecu B cooTeeTcrBud ¢ (3.17)
R = 8314/M = 8314/30,22 = 275,1 Odx/(xr-K),



TepMoaunaMuuecKue 1apaMeTpPhl CMECH PACCYMTHIBAKT MO TEM Ke
YpaBHeHHAM COCTOAHMA, YTO H AJf HIeajnHeIX rasom: (2.7)—(2.9).

Hanpumep, ynenbHuii o6beM PACCMOTPEHHON TA30BOH cMecH NPH AABNEHHH
p=10% [la u Ttemmeparype T = 273 K cocrasaser

v= RT/p = 275,1.273/10% = (,751 m¥xr,

ri1aBA 4. NEPBBIA 3AKOH TEPMOJHHAMHUKH

§ 4.1, IOHSTHE O TENJIOTE, PABOTE,
BHYTPEHHER 3HEPIHH

[Npexne ueMm paccMoTpeTh NepBblA 3aKOH TEPMOZHHAMHKH,
OCTAHOBHMCA HA HEKOTOPHIX OCHOBHEIX TIOHATHAX —— TAKHX, KaK
TepMOAHHAMHYeCKHH npouecc, Tenjora, paboTta fpouecca H BHYTpeH-
HAA 3IHEPTHA.

Tepmopnsamuyecknii npouecc. [lon Bo3nelicTBHeM BHEIMHHX CHJ
UJIH OKpyzkawlledl cpexbl pabouyee Teao H3MmeHsAeT CBoe COCTOsHHe,
uTQ CBA33HO C W3MEHEHHEM €ro [tapaMeTpos, T. e. NpoTeKaer TepMo-
JAHHaMHyeckul mpouecc. B TepMoauHaAMUKe MMEIOTCA NMOHATHS PaBHO-
BECHOT0 H HepaBHOBECHOTO NPOLECCOB.

Pasrosecnoum npoyeccom Ha3BIBAETCA TIPOLECC, NIPH KOTOpOM Bee
COCTOAHNA paloYero TeJsa ABJAIOTCA paBHOBeCHLIMH. PaBHOBecHBIM
COCTOAHHEM HAa3bBACTCA TAKOe, NPH KOTOPOM BO BCeX TOUYKax pabo-
4ero rteja NapameTpbl HMEKT ORHWHAKOBHE, HE H3MeHfAeMble BO Bpe-
MeHH 3HaueHHA. TepMoaHHAMMKA M3yuyaeT B OCHOBHOM paBHOBECHBIE
TIPOLECCH.

[Ipoyecc, B KOTOPOM B Ka/ILIi MOMEHT BpeMmeNH COCTOsHHe pabo-
4ero efqa He SBAACTCH PaBHOBECHBIM, HA3bIBARTCA HePUBHOBECHLIM.
Bce peanbHble npolecchl ABAAIOTCA 1epaBHOBECHBIMH,

Hns usobpakeHns ¥ HCCAeIOBAHHA TepMOILHHAMHMYECKHX MIpO-
11eccoB lenecoo0pa3Ho NpHMeHATh rpadpudeckne Metodnl. [aa rpadu-
YeCKOTO H306paKeHHA B TEPMOLHHAMHKE HCIIOJb3YIOT 11PAMOYTOMLHYI0
CHCTeMY KOODAMHAT, B KOTOpOil no ocAM alcliHCc W OpZHHAT OTKJa-
AHIBAKT NapaMeTphl cOcTOAHUA. Takue cHcTeMbl KOOpPAMHAT HAasbl-
BalOTCA Quazpammamy cocmoaxud. Hanpumep, B TepMOIMHaMHKe
HCNOJB3YIOT TAK HA3bIBAEMYIO U—p-AHarpaMmmy, B KOTOpOH M0 OCH
abcuuce OTKJAaabBaeTcA yaenbHeiH 00beM, No ocH opAHHAT — abco-
aAfeTHOe AaBjenne. OueBHAHO, YTO Ha 3TOH AuarpaMve COCTOSIHHE pa-
Gouero Tesna Moxer GuiTb H300paxieHo TOYKOM, a nocjeroBaTebHO
H3MeHeHHe COCTOAHHM, T.e. npouecc, — Kpusoil. Tak, Touka [ Ha
puc. 4.1 usobpamaer paBHOBeCHOe COCTOSTHHe pafouero Tesia, € H3-
MeHeHHeM COCTORHHA TOYKa TmiepeMeriaetcd, 00pasysd KpDHBYW, Xa-
pakrepusyomyio npouecc. Kpusas 1—2 usofpakaer paBHOBeCHHIA
TepMOIMHAMHUYECKHH Iponecc, a Touka 2 — cocrosiHue pabogero
Tesa B KOHLE Npouecca.
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Bui kpHBOil 3aBHCHT OT XapakTtepa npo-
pecca. Ecn B TaKOM T€PMOZHHAMHYECKOM P4 y
npouecce MPOUCXOAHT YyBeJHUYEHHE YIAedb-
HOTO 06beMd, TO NPONECC Ha3BIBaeTca pac-
wiupeHuem. Ecmu B nponecce ofkeMm raasa
YMEHBILIAETCH, TO NPOILECC HASHIBAECTCH CLHQ- 2
mues.

Temnepatypy pabouero tena B v—p-aua-
rpaMme He HalTH, OJAHaKO ee MOMHO BbIUHC -
JIUTH, 3HAR 3HAYCHUA JABJCHHA H YAeAbHOro
o0beMa, MO ypaBHEHHIO COCTOAHHA pabo+ Puc, 4.1, HsoGpaxenue
yerQ TeJa. TEPMOJHHAMHYCCKOrG npo-

BuyTpenuan oneprus. Pafouee Teno, UeCCa B U— p-iHarpamme
HaxopAch B JmofoM cocToAHHH, o6aazaer
OnpejeeHHBIM  3anacoM BHyTpeHHeil sueprun. [Jod enympenned
aHepeuelt NORUMQIOM 8Ce Budbl FHEp2ulL, COASAHHLIC C 6HYMPEHHUM
OBUMEHUEM  MOACKYN KUHEMUYECKYID SHEPEUD  ROCMYNQMeAbHO20
U BpAUAMENbHO20 OBUNCEHUR MOAeKYN, NOMEHUUAALHYIO FHEp2UrD
MOACKYA.

Y HAealbHOrO rasa OTCYTCTBYIOT CHJLI B3aUMOAEHCTBHA MEXJLY
MOJICKY/TAMH H, CACEOBATENLHO, [IOTEHLHANbHAS HEPrHA ero MoJe-
Kyn paBHa Hyqwo. Takum oOpasoM, moj BHYTpeHHEH sHeprued uge-
aJLHOTO ra3a MOHUMAIOT TOMBKO KHHETHUYECKYIO 3HEPrHi0 TeNIOBbIX
ABrxeHuE Monexya. M3 Mojexky/spHO-KMHETHYECKOH TEOPHH rasoB
M3BECTHA 3aBMCHMOCTE MEXJY SHEPrueH NocTynartejqbHOro JBHIKEHHA
MOJIEKYJl H TeMmieparypei

(2/3) mv*/2 = RT.

CrenoBatennno, BHYTPEHHSs SHEPrHA HALANbHOrO rasa He 3aBH-
CHT OT XapakTepa Inpouecca, a 3aBUCHT TOJILKO OT TeMnepaTyphl
rasa ¥ apasercd (QyHKUHEH COCTOAHMA:

u=f(T). @.1)

s peanbHBIX ra3oB BHYTPEHHss JHEPTHA 3aBHCHT TakKe H OT
AaBJeHus.

B xaxaom coctosnuu paGoyero Ttejga ero BHYTDEHHAS 3HEPTUA
HMeeT CBOe 3HAaYeHHe, OJHAKO TEePMOAMHAMHMKY HHTepecyer He abco-
MIOTHOE 3HAYEHHE BHYTpEHHEH 3HEPrHH B JaHHLIH MOMEHT BpeMeHH;
a ee H3MEHEHHE B npoLEcce

2
AU = [du =y — w, (4.2)
1

The i, — 4y — PA3HOCTL BHYTDEHHHX SHEpPrHii rasa B Havyalne W
B ROHIe npouecca.

PaGota npouecca. [lpu BsammopeficTBuu ¢ BHewHeil cpeaoit pabo-
Yee TeNO MOMKeT M3MEHATh CBoii oObeM. [lpu 3TOM Npomcxomut nepe-
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Maya BHYTpeHHefl SHepruu or paGo-
Yero Tend K BHeLIHEH cpele WX Ha-

2
N N 060opoT.
\\ § PaGora, o0ycnoBnenHas u3MeHe-

HueM oObeMa paGouero rvena, Hasbl-
p  Baercss pabomoll u3meHenus 06veMa
(mMexannyeckoli paGotod). Pabora, co-
v av BepluiaeMass padouuM TeIOM FNPOTHB
JeicTBAR BHeWHel CUALI NpPH pacilH-
- peHHH rasa, HasbiBaerca paGoTOi
2 paciiupenus U CUHTAETCH  TIOJIOMH-
. TempHoHl.  Pabora, 3arpaunBaemas
5 BHEIHHMH CMJIaMu Ha cxarue paGo-
yero Tesa, Ha3miBaerca pabomod cxca-
mus ¥ CUATAETCA OTPHIATENLHOH.
PaGoTa u3meHeHHs 00beMa MOKET
Xz 6LiTe ONpefeseHa AHAMUTHUECKH H
rpapnyeck. Jdaqa ee suuncienus pac-
Pue. 4.2, HaoGpaenne paGot  cMoTpuM MPONECE pacluipeHus HAealb-
pECHMgERiR TpH pestonst HOTO Ta3a MpH MOCTOSHHOM JaBJAeHHH
(puc. 4.2).
[Mpumem, uro uaeanbHLIH ras ofbemoM V, ¢ napamerpamu p,, vy,
Ty 3akmoyeH B LUJHHEPE C MOJBHXHBIM NMOpPIUHEM, €ro HayaJbHOe
COCTOSIHHE Ha Auarpamme coorBercTByeT Touke I. [lomsemem k rasy
KAKO0e-TO KOJIHYeCTBO TENJAOTHl, ¥ TOTAA Fa3 Moj BO3/eiicTBHEM TeNJI0TEI
Ha4yHeT paclIHpATbCA, AABUTh HA NOpLIEHs H MEpeaBHraTh ero, co-
Bepias npu sToM pabory. PaccmMoTpuM  3/eMeHTapHLlii  nmpomnece
nepeMelneHuHs NOpLIHA OT noJjoxeHHa x 10 x + dx. W3 ¢Pusuxu
M3BECTHO, YTO NPOH3BeJEGHWe CHJH HA NyTs paBHO padore. Torpa
3/ieMeHTapHaa paboTa pacwmpenus upeansHoro rasa dL = Fdx,
rie F — cuma, ¢ KOTOpO# ras maBuT HA NOpLIEHb; dX — MYTb, KOTO-
pblil npoxoguT nopuweHs. Cuja F paBHa NpoOU3BeLCHHIO JaBAEHHS
rasa p Ha nJjowanb nopwrs S, TOTAA 3ieMeHTapHas pabota dL =
= pS dx. Tax xak dV = Sdx, 10

dL = pdV. (4.3)
Ypasuenne (4.3) nosy4yeHo A TNpPOH3BOJBHOTO KOJHYECTBA

raza m. [na | kr rasa, yuuteiBafd, yto V/m = v, snemeHwrapHas
yhennhas pabora

dl = dL/m = p dVim = p do. (4.4)

Bepremcsa k phc. 4.2. PaGota dL sitementapHoro mpouecca Hso-
6apHoro usvmeHenus obvema or V go V + dV usoGpa:kaercs sawmrpH-
X0BaHHON B XMeTKY m1omagkod. IIpy KOHeuHoM H3MeHeHHH napa-
METPOB B npouecce pacluHpeHHs /—2 pabora mpouecca

L=|pdV=p(V,— V) =naa-l-2:b (4.5)

H‘—'\PJ



Ananmornynbie paccyxaeHus MOXKHO Obio 6Ll mpoBecTdH Ana 1 Kr
MI€aJbHOTO Tasa B U—p-RuarpaMme H MOJAYUHTDH

2

1 =[pdo=pw—uv) 4.6)

1

s npouecca pacLipeHHs npd nepeMeHHoM iaBJieHuHH (puc. 4.3)

OT HayaMbHOro cobema Vj 10 KOHEeYHOTO Vg MOXHO c/enarh aHafoTHi-

Hbie BbIBOgBl. [PaccMmaTpuBasi 3jeMeHTapHBIHE npouecc GECKOHEuHO

ma/noro usmeHeHus obsema ot V o V -+ dV, moxHO n0Kasats, 4970

ypaeHenus (4.3) u (4.4) cupaBegiHBLL M B ITOM C/ydae, a JeMeHTap-

Haa paGora mpouecca dL paBHa 3aumpuxoBanHOHd naowanxe. s

HaxoXJeHnua paGoTe pacmmpeHus B npouecce ]—2 HeoOX0AHMO
NPOHHTErpHpOBaTh ypaBHenue (4.3):

2
L=|pav=nna12b 4.7

1

Ana nonydyenns sToro MHTerpana HeOGXOJMMO 3HATh 32BHCHMOCTB
Mexy p u V, He ONMHAKOBYIO I/l Pa3jMYHBLIX [POIIECCOB.
Ananorpuno npepsiayinemy anas 1 xr paGouero Beiuecrsa

2

!=jpdv.

t

Huarpammst V—p 1 v—p 061a1310T OYeHb YJ00HBIM AJMR HCCAERO-
BaHHA NPO1ECCOB CBOHCTBOM — INIOWAAH NMOJA H306paXKeHHLIMU B 3THX
JuarpamMmax MpOLECCAMH 9MCJEHHO paBHH [OJHOH WA YRelbHOH
pabore nponecca. [lo 2TuM AHarpaMMaM MOMHO ONpPeNeNHTL HE TOAbLKO
KOJIHYecTBO paGoThl, HO H ee 3HaK. Pabora noJoOXHTENbHA, €C/H
NPOUCXOJHT yBedudyeHne obbema (pacliMpeHue), W, Hao6OpOT, OTpH-
nareinbHa, ecly NPOHCXOANT yMeHpleHHe oObeMa (cxKarne). B npo-
neccax MpH NOCTOAHHOM W NepeMeHHOM JaBjaeHHsiX pabota uMeer
pasHoe 3HA4YeHHe, OHa 3aBUCHT OT Xa- P i
pakTepa npouecca H SBJAETCS €ro P
pynxnnes. ! Sﬁ

[Momumo paGorbl u3MeHeHus olnbe-
Ma BaxKHOe 3HAYeHHMe HMeeT noAe3HAR
éHelinAR  paGoma, KoTopas MoOXeT 'S
OLlTh MpoM3BefeHa HaJ Kakoi-aubo
BHEIUHeH cpejoil npu H3MEHeHHH CO- ' i 3
CTOSIHHA HaXoAdAllerocs B Hedt paGo- v
yero tena. Bonee nogpofuo stoT BOM- 4 | ¥
poc paccmotpeH B ra. 8, B .

Tensota. Tennota, Tak e Kak v
u pabota W3MeHeHus ofbema, #AB- Py w8, TIAOOHANEURS. ST

NAETCA  ONHOE M3 (OPM MEePelaYf  pacuimpenus npH DepeveHHOM Aab-
BHYTpeHHed 3Heprud. Ilpu B3aumo- JAEHHH (P 5= CcOnsi)

Z %

SN
A

N
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JeACTBHH JBYX Tesl C Pa3JHUYHON TeMmepaTypofl MpOHCXOMUT nepexava
BHYTpeHHel sHeprun or Tena GoJjlee HarpeToro K Tedy MeHee Harpe-
tomy. Tenaora, noaydyeHHas TeaOM, CUHTAETCH MOJOMHUTENLHOM,
OTAdHHAs TeJOM — OTpHUaTensHOl. Tak e Kak BHewHsas pabora,
KOJIMYeCTBO TEMJIOTH 3aBUCHT OT Xapakrepa npouecca, Gopumyas Ans
onpejesieHHA KOJHYECTBA TEN/IOTH (pHBeieHel B § 5.1.

§ 4.2. ®POPMYJIHPOBKA MEPBOT0 3AKOHA
TEPMOIUHAMHKH. ISHTAJbLIIHS

IlepBnii 3aKOH TEPMOAHHAMHUKH ABJIAETCA YACTHBIM CJAY-
uaeM OOILEro 3aKOH& COXpaHeHUS SHEPrHH, MO KOTOPOMY 3SHeprHs
He HCuelaeT W He BO3HHKAeT BHOBL, 8 TOMBKO MEPEXCIHUT H3 OJAHOr0
Buaa B apyroii. [lepBolii 3ax0OH TepMoAUHAMHKY JaeT KOMHYeCTBEHHOE
COOTHOIIEHHe MeXay MOABOLUMOH K CHCTeMe TemsIoTOH, H3MeHeHHeM
BHYTpeHHeH sHepruHH H coBepuaeMoll paborofl.

PaccmorpuM 3aMKHYTYI0 TeDMOAHHAMHYECKYIO CHCTEMY, B KOTOpOH
He MPOUCXOAUT o0MeHa MacColt MeXy paboyiM BelleCTBOM H BHEWIHe#H
cpenol, a TaKmKe OTCYTCTBYIOT ApYIHe B3aHMOASHCTBHA MeXIy HHMH,
KpOMe Tepenayl TemaoTsl M coBepieHHA paborel. Ecan k paBouemy
Tedy 9TOH CHCTEMH! MNOLBECTH KAKOe-TQ KOJUYECTBO TEMAOTHl, TO
yacTs ee Oyjer pacxXolOBATHCA HA HAarpeBaHue paboyero rTena, T. e.
Ha yBengdeHue TeMmeparypst tesfa H, cleloBatebHO, HA M3MEHeHHE
BHYTpeHHeH sHepruu. JIpyras 4acTs TemAOTH HAET Ha yBeJHUeHUe
ofbema pabouero tesa M, CleloBaTelbHO, Ha coBeplleHHe BHeLIHeH
paboThL.

[lepBeii 3a3KOH TepMOAMHAMHKH MOXeET OLiTe cOpMYyJHPOBaH
TaKHM 00pa3oM: 60 menaoma, no0se0eHHas K meay, pacxoOyemcs Ha
H3MEHEHUE BHYMPpPeHHEN JHepauu MeAq U HQ CosepuicHue BHeuiHel
pabomat.

AHaJHTHYECKH NepBuIH 3aKOH TepMOJNUHaMMKH Ans 1 Kr paGouero
Tela MOMET OLITh 3anHCaH CcaelyomUM o6pasoM:

Gz = (Ug — thy) + 0, (4.8)

Ile qy_, — NOABeJeHHas K ey tenjora, JIK/Kr; u#,, #y — BHYTpeH-
MR SHeprHs Tejd B Hauaje U KOHue npouecca, x/kr; {_, — BHeur
usa padora, coBepmaemas paGounm Tenom B npouecce, JK/Kr.

CDopmy.na [epBOro 34KOHA TepMOJHHAMHKH 174 H[JOHSBOJII:HOI‘O
KOJIHYECTBA BewECTBA HMeeT BHJ

Qo=U, - U+ L, t (4.9)

npuueM BCE TPH WiEHa 3TOr0 YpaBHEHH MOTYT MMeThb MOJOKHTEJb-
HBIH MJIH OTpULATETbHBIA 3HAK W/IH PaBHATHCA HYMO B 3aBUCHMOCTH
01 XapakTepa mponecca.

Taknm o6pa3om, nepBolil SaKOH YCTaHaBJIHBAET KOJHYECTBEHHOE
COOTHOIEHHE MY BHAAMH SHEDTHH, HO He paccMaTpHBaeT yCJIOBHiL,
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npH  KOTOPHX npoTeKaeT npeofpasoBalne OAHOTO BHAAZ 3HEPruu
B Apyrofi.
PaccmMoTpuM  ypaBHEHHe NepBOro 3aKOoHa TEPMOJAMHAMHMKH IJIA
npouecca NpH MOCTOAHHOM JAaBJICHHH:
Qroa = (g — ) + 1,
npHuem npu p = const, kak u3BectHo, paborta Bhipaxaercs Qgopmy-
goi L, = p (v; —v,), TOrIA
Qo2 = (Up — uy) + p (Vs — ),
HJTH
Grz = (U3 + pra) — (41 + poy).

B rtepMopunaMuke RJAA YNPOUIEHHA HEKOTOPHIX DACYETOB BBOAAT
BEJIMYHHY 4 - pU, KOTOPYIO 0603HAYAl0T i ¥ HashBawT snmaibnuel.
B zuddepenunassioit popMe MOKHO 3anuCaTh

di = du - d (pv). (4.10)

SHTANLNHA ABJAETCA OZHOH M3 BaKHeAIIMX NPHMEHSEeMBIX B Tep-
MopuHaMuke QYHKUMHA cocrosHusi paboyero tesa, Tak Kak u, p U 0
ABJSIOTCH MNapaMeTpaMH COCTOAHMA pabouero tesa. Koauuectso
TENJOTH B Npounecce Npu p = const MOXHO OMpenesuTh Pa3lOCTHIO
IHTALIHNE

oz =iy ~— 11, (4.11)

rae ¢,y — Tenaora, nepexaBaemas B npouecce, Jk/kr; iy, i, — 3H-
TaNMbIHH TeMa B Hauvase H KOHme npouecca, [k/kr.

[Nepsutft 3aKOH uMeET OrpoMHOe He TOJAbKO TeXHHYeckKoe, HO H
MH#pOBO33peHyecKoe 3HayeHue. OH ellle pas NMOATBePKA&ET BLIBOABI H
NOJIOXKEHHA MAapKCHCTCKO-/IEHHHCKOR IHA/NeKTHKH, MarepHaJHCTH-
yeckoil unocodun. IToHATHE 3HEPrUH HepaspuIBHO CBA3AHO C 1BHXeE-
HHeM MaTtepuH. DHeprus ecrb (uauyeckad Mepa JBHMKEHHA MaTepHH.
Pasiuyne oTiebHbIX BHAOB 3Hepruu 06yC/OBJAEHO KO/HYECTBeHHBIME
pas/IMYHAMH  KOHKPETHDLIX I}]OPM JABUKEHHA MarepHaJbHBIX Tel.
BsauMuoe npeBpamieHHe SHEPrUH Tesa OTpakaet GesrpaHHYHYK cno-
Co6HOCTh JBHKeHHA NEpeXoauTh H3 oxHHX (opm B apyrue. Crezosa-
TeJbHO, COXpaHeHHe 3HEpPrHH BblpaxdeT co00H (akT HeYHHYTOXH-
MOCTH ABHXXeHHs MarepuHanbHoro mupa. B. M. Jlewnn ykasaa, uro
nepBeIfl 3aKOH TEPMOAHHAMHKH fBJAfETCA ¢yCTAHOBJEHHEM OCHOBHBLIX
NMOAOKEHHH MaTepuanuaMar,

[NABA 5. TEINVIOEMKOCTb TA30B M HMX CMECEH
§ 5.1. OCHOBHBIE TIOHSTHS W ONPEAEJEHHA

Briio samMeyeHo, 4To AMA TOTO YTOGLI HATPETh ABa pas/ndy-
HHIX BelIeCTBA € OJMHAKOBOH MacCol A0 OJHOH U TOH Xe Temnepa-
TYPsl, HEOOXOAUMO MOABECTH Pa3/qHUHOE KOJHUYECTBO TENJIOTH. TaKHM
0o6pasom, KaxJoe Teso NO-CBOeMy BOCMpHHHMaeT Tenjory., Cnocob-
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HOCTB TeJia BOCIPHHHMATh TENJAOTY XapaKTepH3yercs TenJOeMKOCThIO,
KOTOpas yCTAHAB/IHBAET COOTHOLIEHNE MeXJY KOMHYECTBOM NOABEJEH-
HOH K Teny TeMJIOTH H YBejudyeHHeM TeMnepaTypel. Kaxaoe teno
ofNajiaeT CBOGH TENAOEMKOCTHIO.

Tenaoemrocmpr) HA3bIBAETCH KOJHYECTBO TENJIOTH, HEOGX0AUMO#
AnA NOBHINIEHHS TeMMeparype! Te/la Ha ORMH rpagyc. TemnoeMKocTsb
He fABJseTcA IOCTOAHHOH BEAUYHHOR M B ofileM cayuyae H3MEHSETCH
C U3MeHenHeM TeMNepartypol ¥ NaBJAeHUS. B HEeKOTOpBIX CaydasiX 3Ta
3aBHCHMOCTE MOXET ObITh SHAUHTENbHOH, NOITOMY BBOAAT MOHATHS
cpelHed H HCTHHHOH Tell/IOeMKOCTH.

Cpednell menacemrocmsi0 Ha3LIBaeTcsd TENJAOEMKOCTh B WHTepBase
remneparyp Ty — 7,, oHa o0o03Hauyaercd Cp. [IpH yMeHbIIEHHH
PA3HOCTH TEMNEPaTyp CPelHAN TENJOEMKOCTb NPHOMHXKAETCA K UCTHH-
noil. Taxkum oOpa3om, cpeniss Ten/JOeMKOCTb OTHOCHTCH K Ofpeje
NEHHOMY HHTEDPBAay TemMneparyp:

Cm = Q!(Tl = T?-)!

rpe (¢ — KOJMHYECTBO NOABEASHHOH Ten/OTHL.

Ecan e npencraBurh cefe, 4TO K TeNy MOABEAEHO 3JeMeHTapHOE
KO/MIMYeCTBO TenJOTH dg W TeMnepatypa teja MOBLICHJIACE Ha Gecko-
HeyHO Maayro teMmmneparypy d7T, TO UCMUHRYO MenaoeMKocmb onpeje-
JAIOT KaK MPOU3BOAHYIO OT KOMHYECTBA TENJOTH, NOXBEASHHOM K Teay,’
no Temneparype srvoro teqa: ¢ = dg/dT. Taxum o6pasoM, HCTHHHas
TENA0eMKOCTh TeJla — 3TQ ero TeJIOeMKOCTh TIpH RAHHOH TeMme-
parype.

B npubamxeHHBIX pacyeTax 4acto npeHeOpPeraT 3aBHCHMOCTLHIO
TEMJAOEMKOCTH OT TEMMNEpATYphl H JaBJAeHHA, T. €. CYHTAKT TenJoeM-
KOCTb Be/JIMYMHOH MOCTOAHHOH B JAaHHOM HHTepBaJje TeMIepaTyp W He
saBUCAllefi OT AaBieHHA. B npaxTHueckux pacuerax, Kak npaBHJo,
HCNIOABL3YIOT CPElHIOI0 TeMJM0eMKOCTh.

TemnnoeMKoCTh 3aBHCHT OT KOMHYECTBA BemlecTsBa: ueMm GoJblie
BElleCTBa COREPMMHT TeNo, TeM O00Jblle TEeNJAOTH HeoGXOAHMO TIOA-
BecTH, YTOGR HarpeTh ero J0 onpefeneHHof TeMmnepatypwol. [lTosTomy
65110 BBeJlGHO MOHATHE YJASNbHOH TENJOEMKOCTH.

Voeavrod menaocemrocnivl) Ha3BIBAETCH KOJHUSCTBO TeNAOTH, He-
O6XOJMMOH JJIA HarpesaHHs eRWHHYHOTO KOJMMYecTBa BellecTBa Ha
OAHH rpaayc. 374 TenJ0eMKOocTh 0003HaY2eTCs ¢ H B AanbHeluem OyneT
HaSBIBATLCA MPOCTO TEMI0BMKOCTHIO.

Konuuectso Bewecrsa Moxer GbITh H3MepeHO B xr, M® U B KMOJISX.
B 3aBHCHMOCTH OT TOTO, K KAKOf KOJMUueCcTBEHHOH efMHULE GTHOCUTCH
TEeNJ0eMKOCTb, Pa3JHYAI0T MaccoBYI0, OGBEMHYI0 M MONLHYIO TEmJo-
EMKOCTH.

Maccosan menaoemxocns — 3T0 KOMHYECTBO TEMJAOTHL, KOTOPYIO
HeoOXonUMO TIOABECTH X E€IHHHIE Maccsl BelllectBa (00bIYHO 1 Kr),
YTOGL HarpeTb €ro Ha OJnH rpalyc. OGosnadenne: ¢, kllx/(kr-K).

O6vemuan mMenAoemMKoCHd ~— 3TO KOJHYECTBO TENJIOTBl, KOTOPYHD
HeoOX0auMO noiBectn K 1 M® BelllecTBa, yToGLL HAarperh ero Ha 1 rpa-
nyc. O6osnauvenue: ¢, wllw/(M*. K).
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MonrbrHot menroemxocionw Ha3piBAETCA KOMMYECTBO TENJIOTH!, KOTO-
pyto HeoOXOAMMO MOABECTH K | KMOJIO BeumlecTBa, 4TOOBI HATPETH ero
na | rpamyc. O6Gosnauenue: c,, KJx/(kmons.K).

Cpsi3p MeXIY 3THMH TeNJIOEMKOCTAMH YCTAHABAKBAETCA CJAGLYIO-
[IMMH 3aBUCHMOCTAIMH, BHITEKAIOIIHMH H3 HX ONpefeJleHHH:

MeXIy MacCoBofl H MOJbHOH —

¢ = cu/M; 6.1

MexIy o6beMHOl H MaccoBoil —
¢ = pc; (5.2)

MeXAY O0BEMHOH H MOJLHONH —
¢ = pey/M, (5.3)

rae M — MOJIApHasA MacCa BelecTBa; § — ero MJA0THOCTL.

§ 5.2. TENJIOEMKOCTH H30XOPHAS H H30BAPHAA

[Mponecc HarpeBaHHf HAM OXJaXKAEHHS MOMET MNpOHC-
XOJHTb NPH PasJHYHBIX YCAOBHAX. Y Tasoo0pasHblX Tej, B OT/AHYHE
OT TBepIBIX MJH JHAKHX, TENJOEMKOCTb 33BACHT OT BHEIUHHX YCJO-
BHH, NpH KOTOpHIX HAET MNpolecc MNOoABOAA HAH OTBOIA TelJCTHL
B stoM MoxHO yOelMTbCHA Ha CIELYIONIEM OIbITE.

PaccmorpuMm npolecc HarpeBaHHA OXHOTO H TOTO e KOJHYECTBa
raza (1 Kr) B ONMHAKOBEIX NHJAHHAPAX NPH HCXOAHBIX HauaJbHEIX
mapamerpax p,, v;, 71. [lopiieHe nepsoro umAMHApa 3aKkpenfeH
H HE MOXeT nepeAsHratbca (puc. 9.1, a). Bropo#i ke mopuenp —
MOABHKHLIA (puc. 5.1, 6). Hauxem nofBoauTh Tensoty, 4tofbi HarpeTh
ras3 B 060X LMJAHHApPAX [0 OJHHAKOBOM TeMnepatyph T,. B nepsom
cnyyae TerJloTa GyIeT NOZBOAMTLCA NpH [OCTOSHHOM ofbeme, T. €.
nporecc OyleT H30XOpPHBIM, KOJHYECTBO NOABeleHuoll TenaoTet c6o-
3HayuM 4Yepe3 ¢,. Bo BTopoM uHJMHJApE ras npu NOABOJE TENJOTH
MOMKeT pacHmHpaTbesa OT Uy JO U, NMPH MOCTOAHHOM LaBJAEHHM p, T. €.
NOJABOZL TerIoThl OyIeT H306apHbeIM, KOMHYeCTRO NoJBejleHHOH TenNoThHE
0603HAYHM Yepes ¢p.

B nepBoM nuAMHADE Ta3 He MOXKET PACLIMPATLECH H, CJeOBATENLHO,
He coBepiliaeT paboTy, BCA NOABEJEHHAS TemJOTa PACXOLYETCH TONBKO
Ha HarpeBaHue rasa Ao Temmepatypbl Ty, M Ha NOBHIUEHHE NaBIcHHS.

KosnuecTBO nopgBeleHHON TemaoThi 2 3
MOKHO onpene.nm; no ;}JOPMWZ . 7] ‘
= — 5 .
QD I'J( 2 I.} ( ) ///1

Bo BropoM nuiusipe noasenes- g,
Has K rasy Temjora ¢, pacxoiyetcs
KaK Ha [MOBLIIEHHE TeMNepaTypH
rasa, Tak U Ha NepeMELeHHE IOPIHA  pPyc, 5.1, 3aBHCHMOCT TEIOEMKOCTH
(T. e. Ha coBeplueHHe pabOTHI). OT XapaKTepa mpollecca
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Kojuuectso nopseseHHofi TenjoTEl B STOM CJAy4ae MOXKHO onpeie-
IuTe 1o Gopmyle
gp = ¢p (Ty —T)). (5.5)

[Tomorpes rasa B ofonx UHAMHIpaX HJAeT KO OLMHAKOBOH TeMIre-
parypu T,, HO BO BTOpPOM cayyae TelioTel HeoGXOOMMO 3aTPATHTBL
Gosiblie Ha BeAHYHHY paborbl [, COBEPUIEHHOH A nepeMeLieHus
nopunga. Toraa

Qp gy = l» Hak Cp (T‘a_Tl)“cv (Tz“ Tl)_“'_' "" (56)

M3 nepBoro 3akoHa TepMOLMHAMMKH caAelyeT, uTo paGoTa npu no-
CTOAHHOM AaBJeHHu cocTaBasetr [ = p (v, — v,), uau I = pu, — puy,
HO Tak Kak pv = RT, 10 { = R (T, — T,). IlogcraBus nonyuenHoe
Beipaxkenue B dopmyay (5.6), umeem

Cp (Te—Ty) =, (Ty—Ty) =R (T, —Ty),
OTKYAa

cp — ¢ = R.

[Tonyuennast csa3p MeXJAy H30XOpPHOH H n3o6apHOil TenjoeMKo-
CTAMH HaspiBaeTcd ypasnenuem Maidepa, 21a 3aBHCHMOCTD NOJNYYeHa
JAJiA MACCOBBIX TEMJIOEMKOCTeH. 3Haf 3aBHCHMOCTb MEKAY TenJoeM-
KOCTAMH, MOXHO 3alHcarb

CI-IP —_— Cj“, _— MR == Ru,

tak KaKk MR = R,, rie R, — yHHBepcaJbHas ra3cBas MOCTOSHHAA.

Taxum o6pa3oM, B 3aBHCHMOCTH OT TOTO, K KaKOH KOMHYECTBEHHOM
eHHHIIE BEIECTBA OTHOCUTh TelJOEMKOCTh, DP23JIHYaloT clelylollie
BHAbl H300apHO# H H30XODHOH TEMJIOEMKOCTeH: Cp, €, — MACCOBblE
n300apHas M H30XOPHAA TENAOEMKOCTH; Cp, C; — 00beMHBIE H300ap-
Hafd M H30XOpHas TEMJIOEMKOCTH; Cnp, Cpu — MOJIbHbIE H300apHasg H
H30XopHas TenJIOEMKOCTH.

Hrak, TenjoeMxoCTs 3aBHCHT OT XapakTepa npolecca H OT TeM-
nepaTtypsl, XoTd B npuOJUIKEHHBIX pacyetax JOMNYCTHMO CUHTaTb Ter-
JIOEMKOCTh He 3aBHcAmed oT TeMmnepatypui. Ec/iu mponeccel mnpore-
K4loT B 00JacTH CPaBHHTEJNbHO HEBBICOKMX TeMINEpaTtyp, TO TenJdoem-

KOCTh CYHTAlOT BeNHYHHOR Mo-
Tatnuna 5.1 crosunofl, OneITHeIM NyTeM Gblaa

MogbHBE TenJoeMKOCTH rajoB YCTaHOBJeHa 3aBHCHMOCTE MOJIb-
HOH TenJOeMKOCTH OT 4TOMHO-

o up ctv rasoB (tada. 5.1).
Taa B tabn. 5.1 sagaHel MOJbLHEE
« ik /(rmons: K) TENJIOEMKOCTH, OJHAKO, BOCHO/Ibe
30BaBUIMCh CBA3LI0 MEXKAY Tell-
Opmoatompui 12,6 20,9 JOeMKOCTsIMH  [cM. ypaBHeHHA
%Byx‘”om‘”ﬁ 20,9 | 29,3 (6.1)—(5.3)}, mMoxHo HaiiTH

pex- ¥ MHoro- 29,3 37,7 '

e o MacCOBLIE H OOBeMHBIE TEIJIOEM=
KOCTH,  ONpejesNHB  KOTODLIE,
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HETPYAHO BHIYHCIHTE obllee KOJIHYeCTBO TenJoTh, NOABORHMOI K rasy
B Npolecce HarpeBaHuA MJH OTBOAHMOH B Mpollecce OXJaxAeHHs!
ana 1 Kr rasa:

go =Cp (Ty — Ty); Gp = Cp Ty —Ty);
AJs POM3BOJILHOH Macchl rasa:
QD = Cull (Tz - TI); Qp = CpM (T2 - Tl);
aaa 1 »® rasa:
o= (T:—=T); gp =cp (T2 —Th);
L/ NPOH3BOALHOTO Of'bEMA rasai
Q= C;;VH.y (T~ Tl); Qp == C:UVH.Y (Tz —~T);
Mg | KmoJas rasa:
Guo = Cpp (Tz == Tl); Gup = Cup (Tﬂ — Tl);
IJ1S IPOH3BOJILHOTO YHCHA KHJOMOJeEH BellecTBa:
Quo = CuoN (T3 — T1)s Qup = CupN (Ty —T),
rae T;, Ty — HauaJbHasi W KOHeuHasi TeMmnepartypsl rasa, K; m —
Macca rasa, Kr; V, y — o6beM rasa npu HoOpMaJbHBIX YCJIOBHAX, M®
(8 fopMyJiel HEOOXOAHMO NOACTABJIATL O6BEM IPH HOPMANBHEIX YCJO-
BHfIX, T4K KaK B OIHHAaKOBHIX 00HEMaXx MPH pasaHYHBIX YCJIOBHAX

MOXKET HAXOJHTHCA pPa3HOE KOJHYECTBO BELLLECTBH); N — uucno xu-
JIOMOJIel  BelllecTra.

§ 5.3. TENJIOEMKOCTh TA30BbIX CMECEH

Ha npakTuke dame BCero NPHXOAMTCH CTAJKMBAThCA HE
¢ OTleJbHBIMH rasaMi, a ¢ MX CMecsMH, 4To TpebYeT onpelefeHust
TenyoeMKoctn cmecu, Ilpu Harpesanuu rasoBoii cMecH NojBeneHHas
TENJAOTA PAaCXOLyETCs HAa HarpeBaHue OTAeAbHBIX €€ KOMIIOHEHTOB,
H TENJIOEMKOCTb CMECH OMpeleAsieTcsl N0 ee COCTaBY.

np[{ 3aJlaHHH MacCOBBIMH IOJAMH MNOABEAEHHYHO TEIJAOTY MOMHO
onpeflenuTs clexyiomuM obpasom: Q@ = cm (Ty — Ty), wam

Q=cymy (T, —Ty)Feams (To—Ty) + ... -ty Ty — T),
Ecnu npaBele Yact 3TMX ypaBHeHuil paBHH, TO MOJAy4YHM
em (Te—Ty)=am (Ty—T)) 4 camy (T —Ty) o0 -
'+ Cpilly (T2 = Tl)r
cm = ¢y - Catitg -} + + + -} crmy. (6.7)

PasgenuB neByo. W npaBylo HacTH ypaBHeHMs Ha Maccy cMecw,
HaiiJeM

n

c= 2 Ci g, (5.8}

=1
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rje £, C; — MaccoBasi TENJIOEMKOCTb CMECH H KOMIIOHEHTA CMECH; gy —
MaccoBas AOAS KOMIIOHEHTa CMECH.

Takum 06pa3cM, Maccosas menicemMKocms CMeCti paBHa CyMMe
NpoU3BeJeHHHl MaCCOBBIX TeNJOEMKOCTEH TasoB, BXOASLIMX B CMECh,
Ha HX MA4CCOBLIE LOJH.

B cooTBercTBuH ¢ ypaBHeHHeM (5.7), a TaKxKe ¢ yueroM TOro, 4ro
m = Vp u ¢’ = cp tennoeMKkocTb cMecH (MpH 3ajaHuM cMecH obbeM-
HEIMH JOJAMHU) OfNpelendioT H3 BHIDAMKEHHA

c’=cir1—}—c§r2—}— "“‘}‘C;lrm
RJIH

n
¢ = E Ciryy (5'9)
=1
rae ¢, ¢; — oGBEMHAsl TENJIOEMKOCTh CMECH M KOMIIOHEHTd CMEcH;
ry — ofreMHas X0/ KOMIOHEHTa CMecH.
TakuM 06pasoM, o6BeMHAA MERA0EMKOCb CMeci: PaBHa cyMMme
npousBefeHHil OGLEMHBIX TENNOEMKOCTell ra3oB, BXOASAIIHX B CMECh,
Ha HX o0LeMHEE IOJH.

riaBA 6. TEPMOAMHAMHYECKHE TMPOLECCHI

§ 6.1. OCHOBHBIE TOHSTHS

Jhoboe cocrosinne paboyero Tella MOKHO OXapaKkTepH3o-
BaTh ero napametpamu. Ecnm non geficTBieM KaxRX-/HM60 BHeUIMHX
CHJ UJIH B3aHMOAEHACTBHA ¢ OKpYyKalollell cpeloll oinH U3 napaMeTpoB
cocToAHHA pabouyero Tela MeHsieTCH, TO NPOUCXORHT TePMOAHHAMHYe-
ckuit npouecc (cm. § 4.1).

Bce peanbHuie npouecce ABJAIOTCA HepaBHoBecHeiMH. Haydenue
HX 3aTpyAHeHo, U AJIH YIPOLEHHA HX 3aMEHAIOT HAea/H3HpPOBAHHEIMH
paBHOBECHHIMA MNpPOLECCAMH.

B TepMoanHaMHKe cyLIEeCTBYIOT IOHATHS OOpaTHMHX H HeoOpaTH-
MBIX npoueccos, O0paTHMbIM HA3BIBAETCA MPOIECC, NOC/E COBEPUICHHS
KOTOpOro B NMpSMoM, a 3ateM B oOpaTHOM HamnpaBjeHuH pabouee Teno
BO3BpAllAeTCA B CBOE MePBOHAYANBLHOE COCTOSIHUE 6€3 TOMONHHTENbHBIX
3aTpar SHepruu. B nanbHefinieM moi caoBoM npouecc GyLeM MOHH-
MaTb DaBHOBecHblfi oOpaTuMBIH npolecc.

Kak yxe ropopusiock, IJf HCCAENOBaHHA TepMOJHHAMHYECKHX
NpOLECCOB NPHMEHAIOT rpaduyeckue MeTOAH, AMAS Yero HCNoJb3YIOT
NpAMOYTOJIEHYIO CHCTEMY KOOPAHMHAT, B KOTOPOH COCTOSIHHE paboyero
TeJla MOMET GHTE H300pakeHo TOYKOH, 4 MpoOLEce — KPHBOH.

TepMoanHaMuka H3yuaeT NATL OCHOBHLIX MPOHECCOB HACANBHBIX
T430B!

1) uswﬁ)pubni, NpOUCXOAAUAA NpH MocTosiHHOM of6LeMe Trasa
(v = const);
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2) usobapueil, NPOUCXOAAWIME NpPH MOCTOAHHOM JAaBjenuu (p =
= const);

3) usomepmuueckudl, npOUCXOAAWHII NPU NOCTOAHHOH TemNepa-
rype (T = const);

4) aluabamnesitl, npoucxolsuil 6e3 NodBoAa MJIH OTBOJLA TENJIOTH
T. e. npoTekaouwuii 6e3 TenoobMeHa ¢ OKpY:Kamwolwefi cpefoi (¢ = 0),

B) noaumponnvili — o6001EHHLIA [pOLECC H3IMEHEHHA Bcex a-
pameTpoB pafouero Tena, ANMA KOTOPOro 4YeThipe MNPEAbIAYLIHX HAB-
JAOTCH YACTHBIMH CJydYasaMH.

Jlist M3yuerHs 3THX [POLECcCOB HEOGXOIUMO onpeleanTs: 1) ypas-
HEHHE [POLEecca, KOTOPOE YCTAHABAKBACT 32KOHOMEPHOCTb H3MEHEHHS
cocrofnus pabouero Tena; 2) rpaguueckoe usofpameHHe npouecca
B AuarpamMmax; 3) CBfi3b, CYLIECTBYIOILYI0 MEXLY Napamerpamu
B Npoulecce; 4) n3Menenue BHyTpeHHeH 3Hepruy pabouero Tena B npo-
necce; 5) pabory, copepluaeMyio paGo4dM TesnoM B mpouecce; 6) Ten-
JIOTY, YYacTBYIOILYIC B MpOLecce.

§ 6.2. M30XOPHbIA NPOLECC

ITpumepoM H3oXOpHOro npomecca MOMKeT CNYXHTb Harpe-
BaHHe WJH OXJIaXjeHHe rasa B 3akpblToM cocyle. [aa usyuedus
XapaKTEPUCTHK "H30XOPHOTD npouecca (4 TakiKe BeeX APYrHX Opo-
neccos — cM. § 6.3—6.6) Oyiem paccMaTpHBaTh NOC/EAOBATENLHO
eCcTb MYHKTOB, NepeuncaeHHulx B xouue § 6.1.

l. Y¥paBsunenude H30XOpHOTO npouecca: v=
= const.

2. TpadbuueckH B v—p-aAuarpamMme H30XOp
Helfi nponecec Hu3ob6paxaerca nuauel, napaniessHoR
ocH JaBJeHuil. JIHHHA M30XODPHOTO MpoIlecca B JHarpaMMe COCTOAHHSA
Hasbisaercsl udoxopod (puc. 6.1). Bee Toukn Ha MHeuM {—2 0JHHAKOBO
yAajeHbl OT OCH p, a 3HAYHT, 006bEMBl BO BceX TOYKAX OJMHAKOBHL.

3. Ina npouecca I-—2, usobpakentHoro Ha puc. 6.1, ypapuetne
COCTOSIHHA Tasa B Toukax / ¥ 2 uMeer BHI:

pvy = RTy;  pavy = RT,.

YtobLul ycTaHOBUTH CBA3b MEXAY MNapaMeTpaMu
B H30XOPHOM MNpolecce, Pasjle]lHM NepBoe 7k

ypaBlieHHe Ha BTOpOE: ‘ 2
P1/Pz = T/T,. g,
Takum obpasoM, nosyuaem sakod Ilap™ | 1 §
A5, KOTOpbIi XapaKTepu3yeT COOTHOWIEHHE '~ x
MEXJy mapameTpaMu fpu v = const: ¢ uso- f
XOPHOM Tpoyecce OmMHOWeHUe QBCONOMMbIY ol '
OasreHuti NPAMO NPONOPYUOHANbHO OMHOWE- . T
HUWIO aBCORIOMHbIX MeMnepamyp. I
4. Jlnn solaMcneHnss W 3MEHEHH S Pyc, 6,1, Msoxopusit npo-
BHyTpedHHe# o9sHepruu rasa necc
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paccMOoTpUM IPOUECC u30XOpHOTO TOABOAA TENAoTel K 1 Krp
HieaanHoro rasa. B 9stom cnyuae, Tak Kax dV = 0, us ypas-
Henu#t (3.3) u {3.4), a TaxKe H3 NEPBOro 3aKOHA TEPMOJAHHAMHKH
lypasuenns (3.8) u (3.9)] cnenyer, uro Bcs mogBegeHHas TenJoTa
pacxonyercd Ha u3MeHeHue pBHyTpeusnefl SHepruu Tena. Torpa ans
9/leMEHTAPHOTO [pOLEcca MOXKEM 3anucathbl

ans 1 kr paGouero Ttena

du = ¢, dT; (6.1)
LA NpOH3BOJNLHOH Maccehl BelUecTBa
dll = me, dT. (6.2)

Jna HieaJbHEIX ra3op HHTeTPHPOBaHHE ITHX ypaBHEHMH npHBO-
AUT K CJEAYIONHM BbIPaKEHHSAM!

2
ty =ty = [ 6, dT = ¢ (Ty — T); (6.3)
1

2
Us— Uy = m | ¢, dT = me, Ty — T). (6.4)
1

YpaBueunsa (6.1) u (6.2) nonyueHel M3 YyCJIOBHH H30XOPHOTO
npouecca, 10 COpaBeNJHBH NS BCeX APYTHX MPOLECCOB.

5. Tak Kax B M30XOpPHOM Npollecce HeT H3MeHeHHA 0Obema, To,
clefoBatenpHo, M paGora H3MeHeHuns obGbema He
coBepwaerca hy=0.

6. Kak 6bL10 N0Ka3aHo paHee, KOJHYECTBO TENJIOTH, OABENEHHOH
K paGoueMmy Tes1y B AaHHOM [poLUecCe, PaBHO H3MeHEHHIO BHYTpeHHeH
SHEPTHH:

oas 1 xr Bemiectpa

Uy — ty = Gy =C, (T3 —Ty);

AJA MPOHM3BOJBHONH Macchl BellecTBa

Ql-—z = Cpm (T2 - Tl)'

§ 6.3, H30BAPHLIA TNPOLECC

[Ipumepom H306apHOrO Npouecca MOMET CJAYKHTb Npo-
uecc, NPOTeKAOIMHA ¢ rasoM B UMWJHHAPE € NOABHXHLIM NOPLIHEM.
. Ypapuenue uH3006apHOroc npponpeecar p=

== const.
2.Tpaduyeckn H3065apnblil mpomecec B v—p-
aHarpamMe H 306 p a X aeTcq NMHAed, napanienpholl och 00b-
emoB. Jlunns usobapHoro npouecca HasuBaerca usobapod (puc. 6.2).
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3. Cps3n Mexnay fMapaMeTpaMH B H30- P

6apHOM npollecce ONpeNlesnM W3 ypaBHe- 1 H3oapa 2
HHA COCTOSIHHH HMjaeasbHOro rasa JAJd ]
HayaspbHOH I KOHeuHOH TOYeK npolleccai 1

=N

poy = RTy; pwy = RT,.

Pasnenus mepBoe ypaBHeHHe Ha BTO-
pOe, moaydnM, v
t'll,U% = T]_/Tz. .

D10 BhIpAXKEHHE SHBAAETCS 3aKOHOM  pye 6.2, KsoGapuuit mpo-
Feii-Jlioccaka; 6 u30baprOM npoyecce om- 1ecc
HOtwlerue yoeabHbix 000eM08 UOCAABHO20
2030 NPAMO NPOROPLUCHAABHO OMHOWEHUI0 e20 aOCOMOMHBIX MeM-
nepamyp.

4, H2MeHenunue BHYTpeHHeH SHepTrHH rasa
paccuuThiBaeTcs no ¢GopMmynam:

Uy —ty =0, (T, —Ty); Uy—Uy=c,m (Tyg—T).

5. B u3obapHom mponecce NpoHCXoAHT H3MeHeHHE oOhema pabo-
wero Tena, ClneNoBaTellbHO, coBepwaercs paboTa, onpelenseMas No
dopmynam (3.3) u (3.4).

Has 1 kr paGouerc Tena npn p = const dopmysia HMeeT BUJ

lis = p (U — 1)) = puy — pU;.
[Tpn samene B 5TOM ypaBHeHHU pU, uepe3 RT,, a pv, yepes RT,

HMeeM
l1-_2 =R (Tz - Tl)'

M3 31X ypaBHeHH]I MOXKHO GoJee HarAsSnHO OPEACTaBHTE {li3l-
yeCKHA CMBICH paHee BBeieHHolf ra3opofl mocrosiHHoH R:

R =1[,,/(Ty— Ty,

T. €. 2a3osaf nocmoaxsHaf — amo paboma, Komopyio coeepuaem 1 K2
2a3a Npu U3MeHeHUU eec Memnepamype Ha I epadyc é npoyecce npu
RocmossHoy OasaeHUL,

Jnas nporspoanHo# Maccel rasa m GopMysa NPHHHMAET BUJ

Lig=p({Vy—V)=Rm(Ty,— Ty,

rae Vy, Vo — ofheMm m Kr rasa B HayaJe W B KOHIe npomecca, M?,
padbuyeckn yaenbuast pabora npouecca [-—2 B v—p-guarpamme
MOKeT ObITb Onpejesela II0MAIbIo Mod MiHHeH npolecca (3aITPUXO-
BaHpas maomans Ha puc. 6.2).
6. TennoTy npoimecca, BOCNOIb30BABIINCE TEPBLIM 3a-
KOHOM TepMOIWHAMMKY, MOXEeM 3allicaTe B BHe

Qo= —t)F+ o= (Teo—T)+R(T: —Ty) =
= (¢, R)(Ty — Ty

o
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Hs ypasnennn Mafepa cneiyer, UTo Cp — Co = R, Torma ewipa-
MeHHe U8 OnpeleseHHs KOJHueCTBa TenJIOThl s 1 KT rasa npuMer
BUA

qrez = Cp (T3 — Ty);
IJIsl MpPOW3BOALHOW Macchl rasa
Q1-2 — Cpm (T2 — Tl)-

Taxum o6pa3oM, B H306apHOM Tpollecce T€MJIOTa pacxoayerca Ha
coBepuleHHe palioThl ¥ Ha W3MeHeHME BHYTpPeHHeH suepru# padouero
Tena.

§ 6.4, U30TEPMHYECKHA [TPOLECC

[MpuMepom H30TEPMHYECKOTO MNpOIECca MOXET CAYXKHTh

TpoIECC, MPOHCXOASINA ¢ Ta3oM, KOTOPHH HaXoAHTCA B LMJIHHADE
G NOLBWXKHEIM MNOpHIeM, Korgs o6bweM rasa yBeIHYHBAETCH POBHO
HACTO/IbKO, 4TOObl TeMMepaTypa €ro OCTaBa/iach HeH3MEHHOi.

l. YpapHneHHe H30TEPMHUYEGRKOTO Bponeccal
T = const

M3 ypaBHeHUS COCTOSHUA UAEANBHOrO rasa H3BeCTHO, UTO pU =
= RT. CnenoBatesibHo, npu T = const npaBas 4acTb ypaBHEHHH
ToMe SBJAAETCA BeJUUMHON nocrosiHHOH. ¥ paBHeHHE H30TEPMHUECKOTO
npolecca MoXKHO elle 3anucaTs cjenylomnm obpasoM: pv = const.

2. FTpadpuueckoe nsobpaxenue npolecca B v—p-
JHarpaMMe HMeeT BHJ PaBHOGOKOH runepGosinl (pHc. 6.3), uto BHITE-
KaeT U3 ypaBHenus pv = conist, H HasmBaercA w3omepmol.

3.CBA3pr MeXAy napameTpamit A1 H30TepMH-
yeckoro npouecca /—2 onpejensiercs ypaBHEHHEM COCTOAHNA HAGaJb«
HOTO rasa nJs Touek I u 21

Pty = RTy; pv, = RT,.
[Toxenus mepBoe ypaBHeHHe Ha BTopoe, NoJyd#M 3akoH Boilisg—

Mapuorta, BhHpaXaloiuii  COOTHOIUGHWE — MEXIY  napamerpa-
MH B HSOTEPMH‘«IECKOM [poueccel

f pi/py = vylvy,

T. €. 8 U3OmepMUHECKOM npolecce
omuowernue abLonomublx OasaeHull
00pamHo  NPoROPYUOHAABHO OMHO-
wenurn yoeasrslx 00vemos

4 Wamenenne BHY-
TpeHHEeH SHEePIrHH HICAND:

Vz £ HOro rasa B W30TepMHYeCKoM fpo-
///// ~ liecce paBHO HYJII0, TAK KaK OB 0po-
v

p

H3zomepma

Dy

Py

T TekaeT 6es H3MeHeHMR TemMepa-
2 TYpH, 4 BHYTPEHHAA  SHeprus
HAEaNLHOr0 ra3a 3aBHCHT TOAbKO

Puc. 6.3. Uaorepmuueckuii npo- OT  TEMNEPATYDHL Uy — Iy = 0,
1ece tak kKak T, = T,.

Yy
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5 B n3orepMHYecKoOM [1poUecce ecTh HM3MeHenHe o6neMa, crejo-
BaTeNbHO, coBepumwaeTca pabGora.

Hns uzorepMuueckoro npoiecca ypabnenue (3.4) misi onpejene-
HHS paGoThl MOXHO NpeoGpa3opaTb, MOACTaBHB B HETO 3HAaYeHHe P
H3 ypaBHEHHA COCTOSHHS HieanbHOro rasa 3Hasd, 9TO B H30TEPMHUE-
ckoM fiponecce RT = const, noayuum

Ce

U, U,
hoo= | pdv= | (RTp)do = RT [ dujw = RT In (ty/vy).

Honssysace 3akonom Bo#ins—Mapuorra, noayunm
lie = RT In (pd/p,).

PaGory npouecca a1a | Kr HIEa/bHOTO rasa MOXKHO BbIpasHThb
TaKe, HCMOML3YA YpaBHEHHE COCTORHMSA!

lia = pyvy 100 (Uafty) = pyoy I (py/p2).
HAns npousBonbHOf Macchl paboyero Tesa ypaBHEHHA NPHMYT BHA:
L = mRT In (v./v;) = mRT In (p,/ps) =
= pVy 10 (v./v1) = p, Vi o (p/ps).

Ilpumenenue TOH MMM MHOHA GoOPMYJn Aas BLIYHcHAeHHs paboibl
34BHCHT OTF YCJAOBHH mocraBjeHHOH 3afaud. ['padHueckn B v—p-gua-
rpamme paGora B npouecce [—2 onpexensercst MIOWAABIO 1104 JH-
HHEeH mpouecca.

6 PaccvoTpHM aHaaMTHYecKOe Bhipa)keHHe [epBOro 3aKkoHa
TepPMOJMHAMHKH, COrIacHO KOTOPOMY TenJoTa npollecca
Grs = (ty — th) + ;5. B wu3oTepMuueckoM npouecce Uy, — 1y =
= 0 CrenopaTeibHo, ¢y2 = ;s. Takum obpasoM, Bca fojBse-
JenHasd TensaoTa B M30TEPMHYECKOM Mpollecce pacXoARYercAa Ha copep-
Lenye paboThL.

§ 6.5, ARHABATHbBIA fPOLIECC

Aduabamuom Hasesaemcs npoyecc, npomexaouwuil 6e3
nodsoda uau omsoda menromoi, m. e. 6e3 menrcoGMena ¢ OKpYNcQOLel
cpedodi. TIpuMepoM MOXKeET CIyXKHTh NPOIECE CKATHA HJAH paclulipeHHA
rasa, HaXoAAIEToCcH B IHAMHJDE, TOKpbiToM aGCOJIOTHO Temotie-
npoHntaeMoll usonauueli. B peadbHbIX ycloBRAX agHabaTHbe mpo-
LEeCChl OCYILECTBHTE HeJIb3d, TaK KaK HeT HIeaAbLHOH TeNNOH30JALNY,
Ho ecan npouecc NMpoTekheT OLICTPO, TENRoOOMEH MeXAY paGouuM
TeJIOM H OKpyKamouwek cpenoii HeaHayuTeNeH, H TAKOH nporecc MoXHO
cyHTath ajauabaribIM.

l. YpapHenunue aamabarHoro npoHecca BH-
BOGHTCHA C MOMOLIbIO BhICIUEH MaTeMATHKH M HMEET CAeAVIOWHUA BHLI

pv* = const,
rle & — noka3arefb ajuabaTel.



[Morasarens agnabatel Apjasercs
(H3HYECKHM CBOMCTBOM BEILECTBa.
Has  upeanbuoro rasa k = ¢plcy.
2. Tpaduyeckoe uso-
Opaxetde aauabaTHOTO Opo-
Aduadama 1ecca B y—p-nuarpaMMe HWMeeT BUJ
KPHBOH, KoOTOpast Kpyue H30TEp-
MBI, TAK Kak

2 k-——cp,fc,,:cu—i—R/c,,:l—l—Rfc!,}l.

)
4 {

P

A
Wl V777

z e Jlunus apMabaTHoro npoluecca

it HasblpaeTc aduabamotl {puc. 6.4),

Y2 & 3. B orauune or panee paccmo-

. TPEHHBIX npoleccoB B ainabaTHOM

Puc. 6,4, AanaGamiuit npouecc  ppopecce Bce TpH mapaMerpa, BXo-

Jflle B ypapHeHHE COCTORHMA
HieaJbHOrO Tas3a, HaMeHsAlorc. CBsi3b MeX Iy napame-
TpaMu p M v onpejensercs ypasHeRneM afuabaTHoro npouecca
pv* = const, naum pvf = pok, orkyza
Pu/p: = (Va/ty)k, HIH U0y = (p1/pa)'/*.

Uro6el onpefenuTh 3aBHCHMOCTb MEXLY napamerpamud v u T,
HalHIUIeM ypaBHEHHE COCTOSIHHA HAeaNbHOTO rasa jJs Hauada H KOHLA
apnabaTHOro mOpouecca: .

Pty = RTy; pw, = RT,.
IlonennB nepBoe ypaBHexWe Ha BTOPOE, MOJYUHM
p|U1/pgvz = TI/T‘Z' (6.5)

HspectHo, 4T0 p1/p; = (vy/v;)*. [ToAcTaBHB 5TO OTHOUWEHHE B ypaB-
Henue (6.5), uMeeM
Ugvl/(va‘.’.) =TT,

[IpeoSpasoBaB sty dopmyny, Haiizem
(vafvy)t~t = TyTs.

Jia HaXoXaeHHs CBA3H MeXAY T ¥ p B NMoJlyueHHOe paHee ypas-
Henne (6.5) momcraBMM BhIpakenue '

Up/ty = (Py/Pa)t/*, miu v/, = (py/py)'/*,
B pesysbraTe 4ero MNOJYUHM
pp* [(poPi) =T\ [Ty waa pi='%(pi=1% = T T,
W (py/pa) =% =TT,

4. B apuabatdHoM npolecce TeMNepaTypa rasa H3MmeHsercs; cJe
JAoBaresbuo, Oyler NpoMcXoIuTh H3MeHeHHe BHYTpPEH-
He# 3 HEeprHH, KOTOpoe MOXKHO ONpeiednTb o hopMyaam:

aasg 1| Kr pemecrrea

Uy — Uy == Cp (Ty — Ty);
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IS m KT BelllecTBa
U2 _ U]_ = Cyihl (Tg R Tl)'

5. Ian seiBopa Gopmynsl pa6 oTw B aguabaTHoM mpouecce
NPHMEHHM NepBLlil 3aKOH TEePMOAHHAMHKH ¢ = (U — 4;) + l_s-
Tak xak B aguabGaTHoM npoiecce ¢ = 0, To

lyp = (Ug — th) =ty — Uy == Cp (T1 — T). (6.6)

[peo6pasyem 3Ty (opmyny, mnoasayachb ypaeheHHeM Maiiepas
Op — Cp = R. PasjenuM KaxIblfi 4YleH STOrO ypaBHEHH Ha' Cpl

cpley — 1 = Ric,,

k—1=Rlc,; cy=RNkR—1).

OTRYAd

Torza
lis — R (TyTo)/ik — 1), nan ly_y = (RTy — RTy)/(k ~— 1).

IMocse noncranoBkH B a1y dopMmyay p,v; BMeécto RTy u p,v, BMECTO
RT; nonyunm dopMyibl AsA nojcyera yaeNbHOH paboThl HIea/ibHOro
rasa:

hoa= pyy [1 — (vy/va) "Ik — 1);
1.2 = pty (1 — (po/pn)E—D7)(R — 1);
lia = [1/(k — 1)] (p1ty — pata).

JoMHOXKHB noJy4yeHHble YPABHEHHA HA MacCy, MoJyudM Boipaxke-
Hue paGoTh /i MPOH3BOALHOH Macch rasa.

[NprMeHenre TOH HJH HHOH (opMyaB A/f8 BHUHC/AEHHT paGoThl
3aBHCHT OT YCJIOBHH MOCTAB/IGHHON 3alauH.

6. Anuabaremii npouecc nporekaer 6e3 MOABOAA HJH OTBOAA
TenJaoOTEH, creloBarenbro, ¢ = (. Pabora paciinpeHds <oBep-
maercsi B aauabGaTHOM mpolecce 3a cYeT yMeHbIUEHHs BHYTpeHHed
SHepruy rasa, Tak Kak B 3TOM DIPOlECCe HET MOABOAA TeNioThl K pa-
GoueMy Tesly H3BHE H eAHHCTBEHHBHIM HCTOYHHKOM COBeplIeHHs pafoThi
ABNAETCS BHYTPeHHAS 3HeprHs pabouero TeJa.

§ 6.6. MOJIUTPONHBIA MNMPOLECC

B nosnTponHoM mpouecce, KaK H B ajauaGatHoM, H3Me-
HAIOTCSL BCE [apaMeTphl, HO BOSMOXEH NOABOL HJH OTBOJ TelJOTH,
COFMIACHO Onpeje/leHHOMY 3aKoHY.

1. B paccMoTpeHHBIX paHee IpoleccaX oCTaeTcf Hen3MeHHBIM
ON¥H H3 napameTpoB coctoaHus (v = const, p = const won T =
= const) uan Her TensooGMena ¢ oxpymxaioweil cpexoii. B moantpon-
HBIX [poleccax NPOMCXOIHT M3MEHEHHe COCTOAHHA rasa C H3MeHe-
HHEM BCeX napaMerpoB. Y paBHeHHEe HOJHTPONHOrQ
npounecca HMeeT BHIL:

pu" = const,
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P rie n — nokasateJp NOJHTPONEI, NpH-

5 h=-e9 geM JLJAf pAasAHYHBIX  TIOJHTPOITHBIX
A NPOLLECCOB N1 MOXET NPHHHMATh JoOLIe
N 8HaY€HHA OT 00 [0 — o0,

[TonsiTHe nOAMTpONMHOrC Apouecca
obofiiaer BCe paccMOTpeHHble M[po-
~n>g  uecce  JlokaxeM, 9To H3IOXODHBIH,

n=1 H300apHbIf, H30TEPMUYECKHH ¥ ajua-

n=+oo n=k GaTHBIA NpoueccH ABIAIOTCA YaCTHHIM

by cJIy4aeM [ONHTPOIHOrO.

Puc, 6.5, TepMoLHHAMHUECKHE B CAYHdE, Eoil k= 0, no-

NpONeCCH B U —— p-afarpamme  JIMTPOMHBIA  npotlecc  npeacTaBAses

cobofi  usobaprett npouece. [Mle#-

creuTeabHO, ecan # =0, To v° = | ¥ Bupaxenue pv" = const upu-
MeT B p = const,

Ypaeuenne pv" = const MoxHo npeacraBuTe Kak p'/"v = const.
[py n = --c0 uMeem 1/n = l/oo =0 u p® = 1. Crenoearensno,
nNpH n = +4-00 ypaBHEHHE MOJHMTPOILl NpeBpamaercs B v = const,
T. . B YpaBHEHHE UI0X0pHO20 Tpollecca.

B cayuae ecin n = &, To ypaBHeHue pv" = const mpeepawaercd
B ypaBHeHHe ajHabarHoro npouecca: puv® = const.

B rom cayuae, Koraa n == 1, ypaBHeHUe NOJHTPONb NMPHHHMAET
Bug pv = const, uam T = const, 4TO cooTBeTCTByer ypaBHEHHIO
H30TEpMHUYECKOTO [ponecca.

Takum oGpasoM, HasBaHHble HeTLIPE NPOLECCA ABMAKTCA HACTHLIM
caydaeM [OJHTPOIHOTrO.

2 'pagnueckoe H3obpaXkeuue MOUIKTPOIHOrQ
mpolecca B 0 — p-AHarpaMMe uMeer BHA KPHBOH, KOTOpas Ha3plBaercs
noaumponodi. Ha puc. 6.5 u3ofpakeHH HeKOTOPHE MOJHTPONHbIE
NPOLECCH, BK/OYAA H30XOpHBEIA, H30DADHEI, H30TepMHYeCKHA U
agMabaruulii.

3. YpaBHeHue NOJUTPONHONC MpOlECCA aHANOMHYHO YpaBHEHHIO
apuabatHoro mpomecca. CnezopaTeflbHO, COOTHOMEeHHHE A a-
paMeTpOB MOXHO MONYYHTb, 3aMEHHB B ypaBHeHuWAX afHabat-
HOro Mpollecca [oKasaresap CTeleHH R Ha nokasarens hl
COOTHOILEHHE p H Ui

PP = (Vs/vy)";
cooTHOWEHHe v H T
(vo/v1)"~! = T/Ty;
coorHowenne T n p:
T1/Ty = (py/pe) "=,

4 MamMeHeHde BHYTPEeHHEeH 3HeprHH B IolH-
TPOMHOM MPOIECCE MOXKHO BHPasuTb (popMyJioA
ans 1 gr pabouero Tena

ug — g = ¢y (Ty — Ty);

n=0
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ana l'IpOH3BOJIbH0ﬁ MACCH BellecTBa
Ug e Ul S5 Cvm (Toa i T]_}-

5, PaGoTy B UOJHTPONHOM Mpollecce MOXHO BHIDa3HThL MO

aHaJorun ¢ anHaGaTHHM, 3aMeHHB & Ha M
Lia=R (T —Ty)/n — 1), nau I = pyvy [1 — (©/v)""{n — 1),
HIH 5o = pioy [1 — (po/p) " f(n — 1) w0 T. A

VMHOoXxHMB 3TH ypaBHeHHA Ha Maccy, NoJayuuM paGoTy fpouecca
ANA npousBodbHOR Maccel rasa. C yueroM toro urouvimt = V, ml = L
B 0,/u; = Vyo/V,, MomeM 3anmucathi

Lyy=mR (Ty— Ty)/(n— 1), unu
Lio=p Vi [l —(VyVa)yn—1) 8 1. R

6. Ecau nogcraBuTh B ypaBHEHHE NepPBOro 3aKoHa TePMOAHHAMHKH
BBIpaXKeHus A5 paboTH M H3MEHeHHs BHyTPeHHel 3HeDru#, NoNyynaM
thopMyly AAsA oNpefefieHHA Koad49ecTBa TeHODAOTH B no-
JUTPOMHOM Mpolecce

o= (g — )+ 1=0c, (To—Ty) — R (Ty—Tyj(n— 1)

[TonctaBnB B 3TO BhHIpaMeHAe ypaBHeHWe Mailepa R = ¢p —
~— ¢, = €y (R — 1), mocse npeobpa3oBaHHA MONMYYHM:

aas 1 xkr paboderc rtena

Q2 = Cp (T2 — T) l{n — &){(n — 1)I;
LJSl m KI BellecTsa
Q2 = e, (Ty — Ty) [(n — &)/(n — 1)].

M3 nonydeHHHX ypaBHEHHEI MOXHO ClefaTh BRIBOJ, 9TO COOTHO-
meHHe ¢, (n — k)/(n — 1} aBAgeTCA TEMAOEMKOCTLIO MOJAHTPOMHOrO
npouecca Cn, T.e.

Cn =20y (R — R)(n— 1)
Torza
fia=10Cn (Ty—Ty); Qs =mey (Ty—T4).

rnaBA 7. BTOPOH 3AKOH TEPMOAMHAMHKH

§ 7.1. ®OPMYJIHPOBKH BTOPOro 3AKOHA
TEPMOAHHAMHKHU

IlepBuifi 3akoH TepMOAHHAMHKH YCTAHABJHBAET CBA3b
MEKAY TenyioTod B MexaHHdYeckoH PaGoTofi, XapaKTepH3yeT npoueccH
npeppalleHys SHEprHH ¢ KOJHeCTBeHHOH cToporsl. Ha ocHose atoro
3aKOHA MOMHC CYHTATh OCYNIECTBHMEIM M0GOH TepMORMHAMMYECKHH
npotecc. OnHAako we BCe OpoileccH PeatbHO OCYLIECTBHMEL,
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Bropofi 3aKoH TepMONMHAMHKH pacCMATpPHBAaeT KAYeCTBeHHHE
YCAOBHA NPOLECcCOn Npeofpa3oBaHMa TENJOTH B paGoTy. ITOT 34KO0H,
TaK e Kak H nepoeifl, copMynHPOBAaH HA OCHOBE ONLITA [O3HAHHA
OPHPOALL YeJIOBEK OM.

Hanbonee o6uias GopMyaapoBKa BTOPOro Hayasia 1epMOLHHAMHKH
mpeptoxkena JI. BoaeumanoMm: npupoda cmpemumes K nepexody
om meHee GEPOAMHLIY COCMOAR UL Kk 00Ace BepOAMHBLIM,

M3 ncex dopn nerxkeHHsT HawboJee BEPOATHO XA0THYECKOE TEM0-
Boe ABHXeHHe MoJeKya. OnbToM YCTaHOBJIEHO, 4TO PA3JIHYHLE BHJIRI
SHEPIHH MOTYT CaMOMNpPOH3BOJILHO MEPEXOAHTH B TEMJOTY, HO HEBO3-
MOMHbl COpaTHHE CaMONPOH3BOJBHEIE [PEBpALIEHHA TelJAOTH B JIpY-
rue BHALL 3HEPTHH. JTO OTparKeHo B Apyroi GopMyJHpOBKE 3aKOHA
TEPMOAHHAMUKH! w060t pearsHoil Camonpoussorbabili npouyece He-
obpamum.

Hanpumep, nepexon paboTs B TENNOTY RBAAETCA CAMONPOH3BO/be
HBIM TNPOLECCOM M OCYHIECTBJIAETCA MOMHOCThiO. B mpoTHBOmonox-
HOCTb 3TOMY CaMONpOH3BOJbHOE NpeBpalende TenJoTe B paGoTy He
ycranosacno. Takoe npeBpainenne BOSMOMHO TONLKO B OpraHH30BaH-
HOM OpOWecce U He NOJHOCTBIO. 3T0 HAILJIO OTPa)KeHHe B caedyloulei
GopMyJNUPOBKE BTOPOr0 3aKOHA TePMOAMHAMMKY, NpPeaJoXeHHOH
M. [MnaHkoM: HegoaMONCHO nocmpoums nepuoduteck OedcmayOUYI0
Mmawuny, peayrsmamanu Oeticmeus kKomopod Ootan 6sl 1046K0 1OLY-
Herle MexanuMeckotl pabomer u oxaamcOentie UCIOMHUKQ MENAOmbL.

Taxum o6pasom, mepexon TenfoTel B pabory Momer OHTEH OCyIre-
CTBJIeH TOAbKO YacTHyHo, (craBmiadcs NOAA TelNOTH NOMKHA GHITH
nepefaHa IpyToOMYy HCTOUHMKY ¢ Gosee HH3KOH TeMneparypod. [laa
OCYlUiecTBIEHHA HecaMoIpOH3BOJLHOIO npollecca noJydyeHHa paborbl
B TENJOBOM ABHraTene HeoOX OXHMbI 4B HCTOUHHKA TENJOThl, HMEIOHHE
pasHbie Temnepatypu. HMHaue 310 copepxanse Broporo sakoHa TepMo-
AMHAMHKK (GOPMYJHPYIOT CJeLVIOHIHM OOpa3oM: Heso3MONCHO OCY-
wecmaume seunsill dsueamens amopoeo poda. B oranune OT BeyHOro
HABHraTens MepBoro poAa, KOTOpPLIH NpeanoJaraer HapylileHHe 3aKoOHa
cOXpaHeHHSA 3HepruH, BeYHLIM ABMrareleM Broporo poia B. Ocsalibn
HA3BaJ TakoH, B KOTOpoM TenJiora fipeoBpasyercs B paGoTy mpH Ha-
JHYHH TOJNbKO OJHOTO HCTOYHHKA TEMNJOTH.

IIpuMeHnTeNbHO X nponeccaM mepeHoca temsots P. Kiaysmycom
AaHa clenywan QOpMYJHDPOBKA! HIENAOME He MOJNCerml CAMONpOU3-
B0AbHO nepexodunts om x0ao0no20 meaa K Goree nazpemomy. Ilpouece
nepe/laqn TemJIOTH OT Tella ¢ MeHbllefl TeMmepatypod kK Teny ¢ 6oJb-
mefl Temnepatypofi — HecaMONMPOH3BOJBHEIH H flosToMy Tpebyer 3a-
Tpathl paboTH AJA CBOEro OCYHIECTBJEHHA.

Bmecte ¢ tem P. Knaysmye, ocHoBHBasiCh Ha HeHayyHOM npen-
CTABJeHHH © KOHEUYHOCTH BCENEHHOH M OAHOCTOpoHHeH HanpaeyieH-
HOCTH Teloo6MeHa, Aal ownGoYnyl (GOPMYMIHPOBKY BIOpOro 3a-
KOHA TEPMOAHHAMHKH: <(SHTPONUSA BCeJIEHHOH CTPEMHTCH K MaKCHMYMY»,
INo Knaysuycy, BO BcesleHHOH BCe BpeMs [POHCXoLAT HeoGpaTHMble
NpoUeCCH MpeBpalleHHs 2HEPruM B TENNOTY. A Tak Kak BceleHHas
KOHEYHA M ofliee KOJHYECTBO SHEPTHH B CHCTeMe HeH3aMeHHO, TO
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H3-3a HeoOpaTHMOCTH IpoleccoB 3Heprus perpaaupyer. Temjora sa
cyer Temnoo(MeHAa CHHU3HT CBOH TeMiepaTypHBIH ypOBeHbE A0 MHHH-
Manenoro (0 K), 1 HacTymur «renjioBaf cMepTe» BcedeHHOH. Ouinbka,
ponynienHsie P. KaayssycoM ¥ HeKOTOpPHIMHM ApDYFHMH C031aTelsiMH
TEPMOIHHAMHKHY MpH (GOpMYHPOBKE BTOPOro Ha4alla TePMOIHHAMHKH,
CJyxaT NpHUYMHOH OCTPOH HAeOJOTHYecKONi OGOpEGHL HA NPOTAXKEHHH
nocnennero cronterusn. [Ipobaema «renfioBofi cmepTu» M cefiyac ne-
NoAL3yeTcd CTOPOHHUKAMH GypiyasHoil WIEONOrHH B NOMHTKE Onpo-
BePTHYTE MaTepHAJNHCTHYECKHE NPEJICTAB/IEHHA O pa3BUTHH BCelleHHOH,

§ 7.2, TEPMOAHHAMHYECKHE LHKJbI

HasectHo, 4T0 cocTofiHne paboyero Teja XapakTepusyercs
ero napamerpamH. [loX BoszeficTBuem BHeliHuX cHA pabodee TeJo
H3MeHAET CBOE COCTOAHHKE, CBA3aHHOE C H3MEeHeHHEM ero [lapaMeTpos,—
mpoTekaeT TepMOZHHaMHYeckH# mpolece.

INocnenoBaTenbHE PAJ TEPMOAHHAMHYECKHX NPOLECCOB, B KOTO-
peIX paboyee Tesl0 mpeTepreBaeT H3MeHeHHA H B pe3yJbTaTe BO3Bpa-
IaeTca B MepBoHAauallbHOE COCTOAHHE, HA3LEIBaeIcs Kpy2osbiMm Npo-
yeccom WIH YUKAOM.

Huras MoryT 66T 0GP A TH MBI MH, COCTOAMNMH H3 06pa-
THMBIX TIPOUECCOB, ¥ HeoOpPaTH MBMH.

B ocHoBe aHann32 3PbeKTHBHOCTH COBPEMEHHLIX TEMJIOBHIX MalliHH
JAexar obpamumeie UMKILL, T. €. HAeaJbHEIE UMKJEL, He YYHTHIBA-
[OKE MoTepH, CBA3AHHBIE ¢ HafHYHeM TPeHHS M OTCYTCTBHeM abco-
JIOTHO TellaoHeNpoHHUAaeMol HaonAuud. Msydenye Takux ujeanpHEX
HHKIOB HEOOXOAMMO AJIA OUEHKH paGoTH peasbHBIX TENJIOBHX [BH-
ratenefi, B XOTOPLIX NPOHCXOIMUT NpeOGpa3oBaHHe TeNJOTH B pabory.

[luknael noppasjensorcss Ha mpsAaMble H obGpaTHHE.
IIpAMBIME HASWBAIOTCA HHKMAE, B KOTOPHX Tenjaora npeobpasyercs
B pafotry, OOpAaTHLHIMM -- B KOTOPHIX TennoTa nepejaeTcAd oOT GoJee
XofoaHoro refla K Gosiee HarpeTomy.

[IpsaMble uuKAL B ZHarpamMmax #306paxaiorcs MpoucXoasimiMHe
0 yacoBoil cTpeaxe (MO TakUM UMKJAaM paGoTaloT BCE TENJOBBE JBH-
rateJH), o6paTHHE — IPOTHB YacoBOH CTPefikd (0 TAKEM NHKJ/aM
paGoraiorT XoJOAHJBHEIE MAtUHHEL),

Hpsamod uuxn. Vimeerca cucrema, cocroallas H3 AByX HCTOYHHKOB
TENIOTH H paGodero tena (puc. 7.1, a). [lpy nsyveHuu HZeanbHEIX
ILHKJIOB MPOLECC NMOJBOAA TEMAOTHl paccMaTphBaercA Ges H3MeHEHHS
XHMHYECKOro cocTaBa paboyero Tena. B GonbUIMHCTBe pealibHO cylue-
CTBYWIIHX JABHraTtefe#l Tenaora NOABOAUTCH B Ipolecce CropaHHA
TonJiuBa. [Ipollece oTBOXA TemNOTH paccMaTpHBaeTcsl Kak Nepenada
TeNJOTH X HCTOYHHMKY C HH3KOH TeMmneparypoll. B peanbHHX JBHra-
TeNAX TENJ0OTa MOXKET OTBOAHTLCST BMECTe C BEIIYCKOM oTpaboraBiuero
pabouero Tena (mapa Hau rasa) B armochepy. Msobpaxenne npamoro
06paTHMOro 1HKJA B U—p-tHarpaMMe jaHo Ha puc. 7.1, 6.

Ecan or Gosee Harperoro HCTOYHHKA TEMJOTH K paGoueMy Teqay
MoABeCTH TenJdoTY ¢y, TO cocToAnue pabouero tesa Mensercs, Npouc-
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2) Hemoynux ¢ Bsicorod @P gf
memnepamypa 4 '/.':
d; Lt P
[ Padovee meso | L ]
1% g
MCma kK ¢ Huanod
memnepamypbol
q. b v
Pue. 7.1, llpaMoll oOpaTuMmfi LHMEJI. a — cXeMa, 0 —

H306paxeHHe B v — p-gHarpaMue

XOAMT paciuHpende noJuuun /—e—2. Tax Kak uv—p-guarpaMma—
paGouass gwarpamma, TO, CJeAoBaTeJbHO, M0OJe3Hylo pafoTy, coBep-
IIEHHYIO B MpPONECCe paciiHpenus J—c—2, MOXHO ONPEAeANT: 1/0-
WALl NoX JUHMeH sTOrO npouecca, T. €. 1. a—I1—e—2—b.
B npouecee 2—d—I paGodee Teao BlaBMOIeACTBYeT ¢ HCTOYHHKOM
#u3kHX TemnepaTyp. [lpn sroM npoHcXooMT oOTBoJ TenaoThl ¢, OT
paBouerc Tena v ero cxarde. B npollecce cxKaTHfl 3aTpadnBaETCA
paboTa, koropafi Ha [HarpamMe HsobpaxkaeTca nn. a—IJ—d—2—b.
W3 guarpamMmb BHAHO, YTo paboTa pacmiupeHds GoJsile paboThl CKa-
tua. TlonesHan paGoTa uMKJIa paBHa Pa3HOCTH paGoT paclinpeHus
H CXKATHA:
=1l —{lex| 7.1y
B pesysbTare cOBepUICHHA TAKOI0 UHMKJA Noayyaerca noJesHas
pabora, KOTOPYI0 MOKHO HCROJAbL30BATh 3aTeM [ PasJHYHEIX ueseH,
HalpHMep, MyreM OpeoOpascBaHHA €8 B 3/eKTPHYECKYIO 3HEpIHIO.
B cooTpercTBuK ¢ NepBbIM 3aKOHOM TEPMOAMHAMHKE ) ¢ = Au +
+ {. Nan paccMmatpHBaeMoro Kpyroeoro mnponecca [—c—2—d—1
Au =0, nostomy 2 g =1, aan

b= — |- (7.2)

Jlna oueHKH CTeneHH CoBeplIeHCTBA APAMBIX LHKJOB HCHOJB3YIOT
mepmudecK ull Kophuytenm noresnozo Oelicmaus, 1ox KOTOPHIM NOHH-
MaioT OTHoleHHe paboTH, [OJNYyYeHHOH B UHK/AE, K 3aTpayeHHOH
TenJore:

M=l = —|q)a="1—]¢|n {7.3)

Taxum obpasom, repmuHdeckdd KII[ noxassiBaer ZOMIQ0 TENJOTH,
npespauiaeMod B nonesHyio pabory, 0 <1, < 1.

O6patHLiit uHkA. PaccMoTpusM, Kak oCyIHECTBASETCA oOpaTHHI
o6paTHMbIH [HKJ, HCNOAb3YeMHI B XOMONHABHOH TeXHUKe (pHe. 7.2).
HmetoTcsi nBa HCTOYHHKA TEMNOTH H pabouee TeAo, Hal KOTOPHIM
cosepuiaetca pabora (puc. 7.2, a). PaGouee Teno fepeHOCHT TENJOTY
gz OT HCTOYHHKA € HHU3KOH TeMIepaTypoli K HCTOUHHKY c GoJiee BH-
coKkoi TeMneparypofl. Ha coBsepllieHHe Takore HecaMonpOH3BOALHOrO
npouecca saTpaunBaerca pabota g
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? Hemoynur € Buiconod ?
cmoytuk € Boiconod
mEMnEpamypot P 1 (] q"/(

4 Llu
|__Padouee meno J*Eﬁ

ta, d/?

Hemoynuw ¢ wuskal
meMnepamypol

b a v

Puc. 7.2, OGpatimii ofpaTiMblii LHKJI: 6 — cXeMa; § —
Haofpaxenue B v — p-AHarpaMme

INpowece paciiupeHHs paGoderc Tesa OCYINECTBAAETCA ¢ I0OIBO-
IOM TenJIOTH g, o JHHAR [—d—2 (puc. 7 2. 6) Tlonesnan paGora,
coBepllaeMas B STOM Npollecce, YHCJISHHO paBHa NJOWALR RON JHHHEESH
npouecca, T.e. nf. b—Ii—d—2—a. B npouecce cxarua 2—c—/
pabGouee Teno B3aMMOZEHCTBYET C HCTOYHHKOM ¢ Goslee BHICOKOH TeM-
neparypoif, nepeiaBas eMy TendoTy ¢,. B mpouecce cxaTua saTpaun-
Baercsi pabora, YHCNeHHo paBHas MUIOWANH Mol JAWHHeld nponecca
cxatua — i, 2—1—b—a. Y3 quarpamuer BUHO, yTo paboTa cxKaTHs
6onplue paborw pacumpennst. Pabora uHkaa nosfy4aerca OTpHNA-
TeabHoll [eM. gopmyny (7.1) L

B pesynnTare coBepieHHsi 06paTHOTO NMKJA TeMJIOTa OTOHpaeTcs
OT MCTOYHHKA C HHM3KOH TeMnepaTypoil M [epelaercid K HCTOSHHKY
leTcoKoﬂ TeMlleparypoli, IpH 3TOM B LKKJe 3aTpauuBaerca pabora

el

[lnsi paccMaTpHBaeMoTO KpyroBoro npouecca, T. e. J—d—2—
e—I1, Au= 0, nostomy ¥ ¢ = | Ixl, nan

[ el =1!q1]— s (7.4)

Ilns oUeHKH CTemeHM COBEpIIEHCTBA OOpAaTHOrO LHMKAA BBONUTCH
MOHATHE X0400UAbHO2O KO3PhuyUernma

e=gy/| lnl (7.9)

10T KoabpUUHMEeHT I[O0KA3BIBAET, KAKOE KOJIHIECTBO TeNJNOTH
MOMHO OTBECTH OT HH3IKOTEMIEpPaTYPHOrO HCTOYHUKA, 3aTPATHB €1d-
HHLYy pabotel, 0 e < oo.

§ 7.3. IPAMOA W OBPATHBIA UMKJIbI KAPHO

B 1824 r. Gmna omyGaukoBana pabora ¢paHuY3cKoro
HHxeHepa Cann KapHo, Koropasa 3aTeM craia OCHOBOH TEOpHH Ten-
J0BbIX MalkH. B stofi pabore KapHo paccmorpes LEKJ TenJoBoro
IBUratesisi, KOTODHil Ha3BaH e€FO HMEHeM H €AYXKHT 3TalOHOM s
OUEHKH COBEPIIEHCTBA HWiealbHEIX HEK/IOB, TAK KAK OH HMEEeT MaKCH-
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ManbHoe 3HauetHe TepMmHuecKoro KIII B cucreme, HMeome#i asa
H30TEPMHYECKHX HCTOYHHKA TENOTHI.

Npamoit uuka Kapwuo. [Npamoit uuka Kapro moxer GuTh npens
CTaBJeH CJeIYIOUIHM 0o0pasoM.

CyluecTBYIOT 1Ba HCTOYHHKA TENJOTHI HCTOYHHK c GoJee BbICOKoi
Temaepatypoil T, KM ncTouHHMK c Gomee Hu3KoH TeMmnepaTtypofi T,
npudeM T, = const u T, = const, Tak KaK npeanojaraercsi, 4To
HCTOUHHKH TenjoThl 00Mafai0T GOJABIMHM KOMHYECTBOM SHEpPrHu H
4TO MOABOL HMJH ©TBOI HEKOTOPOr'0 KOMHYecTBa TenJoThl He HaMes
HAeT HX TemmepaTypwl. PaccMoTpum mpouecchl fpsMOro obpaTumoro
unkaa Kapro ana | kr uOealbHoro rasa B vU—p-gparpamme
(puc. 7.3, a).

IlpennoJioKuM, 410 B UHJHHADE [OL ROpIYHeM 3akJioueH 1 kp
HAeaNLHOro rasa c mapamerpame py, v, H Ty. B v—p-anarpamme 310
COCTOfIHHE XapaKTepH3yeTca ToukoH 1. B 310M cocTodHuE K paboueMy
Teny oT GoJee BEICOKOTEMNEpPATYPHOrC HCTOYHHKA NOABOAMTCH Ted-
Jora g, OcyuecTsnserca npouecc {—2 H30TepMHYECKOro pacitHpeHU s
(BcA mopBeleHHAA TeN/0Ta pacXoAyerca Ha paclpenue). B Touxe 2
pafouee TeJIO C mapaMeTpaMm# pP,, Uy, T; H30MHDYETCA OT UCTOYHHKA
tTennotsl. [losToMy npH pafdbHefiuleM paciiMpeHHH mpouece 2—3
nporexaer ajguatGarno (dg = 0). B kouue nponecca aguaGaTHoro pac-
wHpenusa (Touka 3) pabouee Teso XapakTepH3yeTcs NapaMeTpamu pg,
g, 2. 3aTem paGoyee Teq0 HAUMHACT CKUMATBLCA PH B3aHMOAEHCTBHH
¢ UCTOYHHKOM C HH3Koil TeMnepaTypoll, # OT Hero OTBOAMTCA Tell-
Jota ¢,. TlpoucXoaut H3oTepMmHyeckoe caaTne (mpouece 3—+4).
B Touke 4 paGouee Teso ONATH H3OMHPYETCA OT HCTOYHHKA TEMNJOTH,
U fansHefiliee cxarie v BoaBpalleHHe pabouero Teja B nepBoHAyYab-
HOE COCTOSHHE TNIpOTeKaeT o aanabare 4—7 C MOBBIUIEHHEM TeMrie-
parypel. lluka sameikaercs. Takum ofpasoM, UHKJA COCTOHT H3 ABYX
H30TepM H JABYX anuabar. [lomesnas paGora, HmonydeHHasi B TaKOM
LHKJe, onpenensercs gopmydof (7.2), rpaduyeckH oHa H3obpaxaercs
ANOWALbLIO, OrPAaHHYeHHON JHHUAMH LHKJA.

TepMunueckult K[Ilnwb6oro npamMoro wHKAa
1, onpenenserca no gopmyne (7.3).

a.)p J

Puc, 7.3, Hukawt Kapso B v — p-guarpaMue; a — npsMoif;
G — oBGpaTuhi



Tennora ¢, noABomumasi K paboyeMy Teny (HAealbHOMY Traay)
B H30TEpMHYecKOM npouecce /—2, MoxeT GLITL BepaXeHa GopMyJiof

ql = RTL ln (Uz./v]).
TerIJIOTa Ja, QTBOAHMAA B HSOTEPMH"]ECKOM ﬂpouecce 3‘—*4, Onpe-

JensieTcsl aHaJlOrHYHO;
| g2 | = RT In (v,/vy).
CrenoBaTeNlbHO, BHIpaXeEHHE v, = (¢, — | g3 |)/gy lcm. dopmyay
(7.3)] npeobpasyerca K BHAY

- RTy In (vg/v1) — RT, In (vgfvy)
M= RT, I (vafty) '

Tak xax mpouecch 2—3 H 4—1 — azuabGaTHbie, TO ANA HHX
To/Ty = (vy/)t=" 1 To/T) = (vjry)
CpaBnuBasl 3TH ypaBHEHHS, MOJydYaeM
Uo/Uy = /0, WNH Uy = 0,/v,.

(7.6)

3ameHuB B ypaBHeHuu (7.6) /v, uvepes vy/v,, nocae npeofpaszoBas
HUA Donydqum
nT == (Tl e Tz)le HJIH T"l' == l e Tg/T;_. (7-7)

AHnannaupys Beipaxkenue (7.7) aas npamoro unkja Kapuo, nps-
XOAMM K CJHELVIONIHM BLIBOLAM.

I. Tepmuuecknit KIII npkna 3aBHCHT TOMLKO OT TeMIepaTyp
ropfiverc M XoJoaHOI'0 HCTOYHHKOB H He 3aBHCHT OT NpHpoIH pa6o-
9ero Tefa.

2. 3unagenne tepmuyeckoro KIL unkna tem Gonbiue, deM Gonblie
pasHOCTE TeMNepaTyp ropsdero 1 XOMOLHOI'O HCTOYHHKOB,

3. Tepmuueckusi KIT[ umkna Bceraa MeHbie easiHHIH.

4. Tepmuyeckuit KI1J nuxna Kapno np# #3orepMHYecKUX HCTOU-
HHKAaX HMeeT MakcHMa/lbHOe 3HAYeHHEe B 3aJaltHOM HHTepBalfe Temile-
paTyp 1o CpPABHEHHNO C ADYFAMH LUMKJIAMH H, CJIELOBaTellbHO, AB-
JHeTCA 3TAJOHOM, C KOTOPBIM CPABHMBAKT IMKJEL CYLLECTBYIOLHK
TenJoBBEIX MalWnH. PeanbHbll TenxoBoH ABUraTesb TEM COBeplUEHHEE,
uem 6anxe sHagenne ero KIT k KIT[ uskaa KapHo B ToM XKe HHTEp-
Bane TeMmmeparyp.

O6partusiit uuka Kapro. Bee npouecch unkna Kapno asasiores
00paTuMbIMK, TNOITOMY, €CJIM MPOBECTH LMKJ B oGpaTHoM HanpabJe-
HEH (NPOTHB 4acoBoH CTPENKH), noayyaTca ofpaTHolil nuka (puc.7.3,0).

WMa touxn I ¢ mapamerpamu py, v;, T) paGouee Teso anHaGarHO
pacuHpseTcs n0 coctoaHns 2 (npouece I—2) 0 coepuHAETCA € HCTOY-
HHKOM ¢ HU3KOH TeMmnepaTypoil. [JlaneHelimmee pacwupeHHe (mpouecc
2—3) npoucXoAMT ¢ MOLBOLOM TeNJOTH ¢, K paGouemy Teny. [lpore-
KaeT NpoilecC H3OTepMHUECKOro paciiupenus. B Touke 3 Temo BHOBb
M30JIHpYeTCA OT HCTOYHHKA TEMJoTHl # B mpouecce —4 aavabaTHo
cHHUMaerca C noBbIeHHeM Temnepatypel oT Ty, no Ty, B Touke 4
paGouee TEJO COEHHAETCA C MCTOUHHKOM C BHICOKOH TeMmnepatrypoi,
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W faqbHEHINES CIKaTue MNPOHEXOAWT MO u3orepme 4—J ¢ oOTBOIOM
TeOnJOTH §; K BLICOKOTEMIEpATYPHOMY HCTOUHHKY Pabouee Teno
BO3BpALIAETCA B CBOE NepBOHAaualbHOE COCTOSIHHE, LHKJ 3aMBIKaeTCs.

Takum ofpasom, oSpaTublH uuka Kapno Takxe COCTOHT H3 ABYX
M30TEpM M IBy% andabat. B pesy/sTarte cosepmienns T4KOro mHKJa
TeNJ0Ta OT HCTOYHHKA c (oslee HH3KOH TeMmepaTypo#l mnepenaercs
K HCTOYHUKY C OoJiee BbICOKOH TeMuepaTypolt H NPH 3ToM 3aTpavu-
BAETCH 3Heprus B BUAE TENJOTHl HJIX pafork B auarpamme satpayen-
Has B uHkie pabora {cm ¢dopmyny (7.4) | usobpaxaercs niomansio,
OrpaHHYEeHHOH JHHUAMI WHKJA.

XonoLunesHuil kKo3pdumnuesr ob6GpaTHOTO
nuKaa KapHo HaXxoAHTea, no adHatorHy ¢ tepmudeckum KI1JI
NpfAMOro HHKJA4, KaK KOJHueCTBeHHOe OTHOUeHHe noNe3Horo sdiexTta
K 3atpaTam [cM. Qopmyny (7 5)1:

e=q/l lu|l=q/lq]—q)

Hponsﬂens{ ﬂpE(JﬁpEEOBaIIHﬂ, aHanoruunble BHNOJNHEHHBIM AJHA
npaMoro nukaa, Moayd4dM BLIDaX»KeHHe

g = Tg/(Tl i Tz). (78)

Hs anannsa ¢opmynel (7.8) BeitexaeT caenyioiiee.

1. Xonoausbublfl KosdbuuneHT WHKAA 3aBUCHT TOABKO OT TeM-
nepatyp ropsuero W XoJOLHOro HCTOYHHKOB H He 3aBHCHT OT IPHPOIR
paGogero Teaa.

2 3nauenune xosonndbHOro Kosppauventa uukiaa teM Goldbuie,
YeM MeHbllle pasHOCTE TeMIlepaTyp FOPAUEro # XOJORHOTO HCTOUHHKOB.

3. 3HaueHHe XoNMoIMABHOrC Ko3ppHUHMEHTa UHKAa W3MEHSercs
B npegeaax or 0 go oo.

4. Tlpu H30TepMHYECKHX HCTOYHHKAX XONMOLHJBHLH KoshdHEuent
uvkaa Kapro uMeer MakcHManbHOe 3Ha9eHUE B cpaBHEHHH € JIP YFHMH
OUKAAMH M sIBJIfieTCA 3TAJOHOM, ¢ KOTOPHIM CPaBHHBAIOT LHKJEBI
CYIEeCTBYIONINX XONOOHJABLHLIX MallHH,

§ 7.4. OHTPOIIHS

Hdas ynofcrBa TepMOLMHAMHUECKHX pacyeToB HeMenKwui
yuensifi Knaysuyc seest noByio gyukunio coctonanua paboyero rena -—
SHTPONHIO.

Tepmuuyeckuit KILI npamoro wnkaa Kapno unu smoGoro apyroro
npaMoro o6paTHMOro LHKAZ MOXKHO onpenedurs no gopmynam (7.7),
KOTOpHE MOMHO 3anucatb CJAedYIOLHM ofpasoM:

M=T1—T)T1=1-TyT1=1—]¢q, /g1,
OTKYAa CaAenyer
TyTi =g liqy wn qTy =g, |IT. (7.9

B mpuBeneHnbie OPMYAB BXOAHT abCOMOTHas BeJHudHA | gy |
OnrEaKO NOMHsA, 4TO BEHHUKHHA ¢, — KOJHUYECTBO TerJoTsHE, 0TaaBaeMol
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pafouyiM TeJoM, MMeeT SHAK MHHyc, ypaBHenue (7.9) MomHo sanu-

catb B BHIE .
QLJ’Tl -+ Q2J’T2 =0, uau L q,‘T =0,
B nudxpepennuaanHoit popme
Y dqy/T; = 0, uan g(ﬁdqﬂ‘ =0, (7.10)

rile nojbIHTerpanbHoe BbipaXkenve npeicTaBAseT OO0 noAnbii and-
depernan HeKOTOPOH (QYHKLHH S, KOTOPYIO Ha3blBAalOT 3HTpoNHeH,

g ox/(kr - K
$dg/T = Pds=0. 7.11)

Mrax, Benuuuna s apnasercs dyunkuuedl cocroanusi s = f (p, v, T).
Ilpocrora ¥ yao6cTBO SHTPONHH KakK QYHKHHMM COCTOAHHI TPUBEIH
K LMPOKOMY HCNOML30BAHHIO €¢ B TEenNOTeXHHYeCKHX pacyeraX. Tak
Kak ds — noanstil pudrpepennnaln, MoXHO sanmHeaTb

ds = dglT. (7.12)

TepMogMHAMHKY 4dallle HHTepecyer He a0COMIOTHOE 3HaueHHe
SHTPONHK, a H3MEHEeHHEe SHTPONHMH B TEPMOAHHAMHYECKOM MpOLecce,
Ona onpeneneHvst uU3MEHeHAs SHTPOONMM B npollecce f—2 crepyer
NPOMHTErpHPOBaTL ypaBHerue (7.12):

2

s —5 = | dgT. (7.13)
7

DTo ypaBHeHuWe npeaciaBaseT coboH Ma-
TeMaTHUYeCKOe BHPaXeHHEe BTOpPOFrO 3aKOHA
TEepMOAHHaAMHKHN Ana obpaTuMbLX npolueccoB.

Us ypasuenus (7.12) cnenpyer, uTe B ofpaTHMHIX npomeccax ds
H dg uMeloT OflHHaKOoBBIH 3Hak. Toraa npu DonBode TeRAOTH K pado-
Yemy Teay (dg > 0) sHTPONHA YBe/wunBaercs, APH OTBOAE TERJOTH
(dg < 0) srTpon#sa ymeHbilaercd, B fipouecce 6e3 oTBoAa H NojBoja
tennotH (dg = 0), T. . B aguabaTHOM Npouecce, SHTPONHA OCTAETCA
nocroafuon: ds = 0. Takum o6pa3om, N0 XapaKTepy H3MEHEHHA
3HTPOUOHH MOXHO CYAUTL O HanpaBAeHHH NPOULCCa NepeHoCa TeNJoThL.
Ecau surponusi pacrer, IPOHCXOAHT NOABOA TEMAOTH, YMEHbIMAETCA—
OTBCIL TENJIOTH, OCTAaeTCs HeH3MEHHOH — NpOoTeKaeT anuabaTHbA [po-
necc Hes TenyoobMeHa ¢ OKpyawuledl cpenoi.

§ 7.5. IHATPAMMA s — T

[NonaTHe 3HTPOIHH 1103B0/A€T BBECTH OYeHs YAGOHYIO /1A
MCCACNOBAHHA TEPMOAHMHAMHYECKHX NPOLECCOB H LHMKAOB AHATPaMMY
COCTOSIHKE, B KOTOPOH MO OCH ABCUHCC OTKAALIBAOT 3HAYEHHA SHTPO-
nu¥, HO OCH OPAMHAT — aGCOMIOTHYIO TeMnepaTrypy, VCJOBHO apH-
HHM2OT PHTPONHIC PABHOH HYNW B KaKOM-JUGO COCTOAHMH Tefa.
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7 94 2

s
1
T—— :
- 5
/ +q \
a // % b AN L
5y g [ as ds
- 5
p=k flmtee Puc. 7.4, H3o6pamenie TeJI0TH, yyas
T n=4g CTByloWel B Opouecce, 8 § — I-aHa-
rpamme
n=f

Puc, 7.5, HsoSpaxkenue TepMonuHa-
MHYECKHX OpoueccoB B §— T-jua-
5‘ rpaMme

B s—T-puarpaMme cocrosiiHe pafouero Tesa Haolpaxaercs
TOYKaMH, TepMOAMHAMHYecKHe NPOHeccH — JHHHAMH, a TenJsora,
y9acTBYIOLlas B npoiecce, NJOUAAbI0 MoA JMHRMeli nporecca.

HeiicTBuTENbHO, B NpOUecce MOABOAA TeNJIOTHl /—2 NpPH NO-
CTOAHHOH Temunepartype (puc. 7.4, a) umeeM

S — 58, = ¢/T, uu q = T (83 — §). (7.149)

Ha nnarpamme orpeaok I—a paser T, a otpesok a~b — pasHocTH
gHTpONMUIii s;—s; . Torla nporaBeleHne STHX OTPE3KOB, PaBROE NJOLLA/H
npaMoyrofoHuka /—2—b—a, onpegenser Tenaory npouecca /—2,

B nponecce ¢ nepeMelHoll TeMOepaTypol TEIJIOTY, YJacTBYIOLIYIO
B npopecce, TAKXKe MOXHO rpadHyeckH ompefesmte miollaibio ¢u-
rypbl nof JuHueil npouecca 1—2 (puc. 7.4, 6). Ina storo pasoboeM
npouecc I—2 Ha OeckOHedHO GOJMbILOE UYHCAO GECKOHEYHO MAajbiX
ApPOLECCOB, CYATAf, 49TO I KaXKAoro 3JeMeHTapHOro Hponecca TeM-
nepatypa nocrosinHa. Toria s/ieMeHTapHOe KOJAMYeCTEO TENJIOTH df,
paBHoe Tds, uHclieHHO paBHO NJoulanke, HMewowed Beicoty T u
ocHoBaHue ds. OueBHAHO, YTO BCA TEM/IOTA IpOIECca YHCAeHHO PaBHA
or. [—2—d—c noa kpHBOH mporecca.

Ecnu B v—p-anarpaMme rpaHyeckd MOXHO onpejesivTh noJjes-
HYK HJIM 3aTpadelilylo pabory, To B s—T-guarpamme MoXHo rpagu-
uecKH ONpelennTh TENNOTY, YYacTBYOULYlo B npouecce. Jduarpamma
s—T HOCHT HasBaHHe men40604 Ouazpasmst.

B s—T-auarpamme rpadHuyeckH MoxKHO H300pasHTb Bce H3yueH-
Hble paHee TepMoOIHHaMHYecKHe npoiecchl (puc. 7.5): Hz0TEpMH
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{n == 1) — ropH30HTAJbHEIMH AUHUAMH, annabatsl (n = k) — BepTH-
KaNbHBIMH; H30XOphl H H300ape K306pakKaoTcss MHHHAMH, KOTOpble
ODMCBIBAIOTCA YPaBHEHH MU

= [$] s =%

T le=const’ Jpzconst g

Hanpnmep, ans 1 kr uleaisbHoro rasa u3MeHEeHHE SHTPONHH MpH
H3MeHeHHH TeMnepatypsi oT Ty 1o Ty COCTaBMT
2 4

= dg
[s2—5 1]u=c0nst = J [? ] G=dhnst ;
1

dg

2

Lo mmm i == i

[S2 — 5t]p=const j [ T ]p:const
1

Tak kak ¢, B> ¢, (¢, — ¢, = R), To usobapm B s—T -nnarpamme
Gonee nonory, 4eM HM30XOpHI.

§ 7.6. UHKJ1 KAPHO B s—T-AHAIPAMME

Npsavod uukn Kapuo. Ilpamoit obpatumbifi mukn Kapro
usobpaxaerca B S—7T-AHarpaMMe nNpPAMOYTOJAbHHKOM [—2—3—4
(puc. 7.6, @), Bce mpomecchl B KOTOPOM HanpaBJieHbl MO 4acoBofi
crpenke. Touxka I xapakTepHu3dyeT HayajlnbHOe cocrosHHe rasa, Kak
oTMeyasoch, unka KapHo cocTouwT W3 IBYX M30TepM M ABYX aauabar,
Torja I1—2 — usorepMHyecKoe paculipenne, 2—3 — aauadaThoe pac-
mHpeHue, J—4 — u3oTepmuueckoe cxartve, 4—IJ — BoaBpalenne
paGouero Tesa B mepBoHayalbHOe COCTOSIHHE B Mpolecce agnadaTHoro
CKATHA.

Konwuecrso Tennorsl, noaBopuMoli B mpouecce /—2 Kk paGouemy
Teny u onpefensemoe no dopmyne g; = Ty (53 — S;), Ha auarpamme
n3obpaxaercs nJoMaiLio npsMoyroishuka [/—2—b—a, komvue-
CTBO Ten/0Tbl, OTBOAMMOIl OT paouero Tesia, T, €. gy = Ty (Sy — ), —

y F)]

a) T

T p 93/ s

7 2,

Ly /
Sy 4 g 77 7 = [
o B2
a % b |

5 5
- 5,

Puc, 7.6. Lukner Kapao B s — T-puarpamme; o — npsaMoii; § — o6paTHE
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niowmansty 3—4—a—b. Torna nonesnas pabora nukaa Kapno,
coraacuo  Gopmyae (7.2),

In=q1—|go | = i1, 1—2—3—4. (7.15)
Tepmuueckuit KI1J] uukna Moxer GuiTh BhIYHCAEH no obwedl dop-
myae (7.3). IloactasuB B BpaxkeHue N, = (g — | g, |)/g, 3Hauenus

cnaraemMblX, ﬂO.ﬂy'—IHM BJIA DHKJa Kapno
Ny = Ty (82— 8y) — T (8, — SONT: (55 — 81)] = (T — To)/T1,

YTO COBNANAeT ¢ paHee NoJyYeHHLIM pe3yinLTaToM.

O6pathuiit muka Kapro. OG6pathrelil unkn KapHo nsobpaxaercs
B s—T-j1uarpamMme Takxe npsMoyroabnakom J—2—3—4 (puc. 7.6, 6),
HO BCE MPOLECCH B HEM HanpaBJieHHl NPOTHB YaCOBOH cTpenkH, LMK
TaKKe COCTOMT M3 ABYX H30TepM H JIByX aauatar: I—2 — npouecc
anaatHoro paclmpesns, 2—3 — npouecc H30TePMHUECKOTo pac-
umpennsi, 3—4 — npouecc anuabatHoro cxkatus, 4—I — npouece
H30TEPMHYECKOro CXKaTHA.

KonuyectBo tennorsl, noiBoaumMofl K pabodeMy Tely, ¢, = Ty X
X (S, — §) H3ofGpaxaercs NOWALLIO MPAMOYroMbHHKA 2—3—b—a.
KonuuectBo tensoTei, orBoaumoll oT paGouero Tena, | ¢ | = Ty X
X (53 — §,) U3oBparkaeTcs NJOHIAALI NPSAMOYroJbHUKA [—4—b—a.
Pabora, saTpaueHHas B 3ToM [HKJe, coriacHo Gopwyne (7.4),

lhy=|q | — g =nn. [—2—85—4. (7.16)

Xonoguasueit kKosdpuuneHT nukna Kapro Moxker OwiTh onpenenex
no dopmyne (7.5%: & = go/| Iy | = ¢2/(| g1 | — g2)- Tlocste nmoAcTanoBKH
COOTBETCTBYIOUIMX BeJHYUH HMeeM

ex = To (So — S )17y (82 — 81) — Ty (83 — 8,)] = Ty/(Ty — Ty),
YTO T2KX€ COBNAajaeT ¢ paHee MOJYYEHHHM pe3y/bTaTOM.
Huarpamma s—T yno6ua Tem, 4To B Heit HarnaAHo H3o0paxaiorcs

TenjaoTa, NoABOJMMad HJAH OTBOAMMAR B npouneccax, u paGOTa. noJny-
YeHHasg HJAH 3aTpA4Y€HHas B pe3yJbTaTe COBeplUeHHS IHKJOB.

r7ABA 8. TEPMOJHHAMHYECKHUE HNPOLECCHI
B KOMIIPECCHOHHbLIX MAIIHHAX

§ 8.1, HASBHAYEHHE, TNPHHUMII REACTBHA
H KJACCH®PHKALHA KOMIPECCOPOB

KoMnpeccop — 3T0 MawMHa, npefiHasHayeHHas AAs Cka-
THA ra3oB W napoB. B 3aBHCHMOCTH OT AaBAEHHS,
KOTOpOe CO3JaeTCsl KOMIIPeCccopaMH, OHH MOAPa3AeIAIOTCH CAELYIONIHM
o0pasoM: 6axyym-HACOCH — MALIMHBI, KOTOpbie OTCACHIBAlOT ra3 u3
NPOCTPAHCTBA € JaBleHHeM HHMKe aTMOChepHOro H, CKHMas ero,
OOBIYHO HarreTaloT B NpOCTPaHCTBO, HMeEIOIee jaBlieHue aTMocdepHoe
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M BHIIE! 24300Y6Ku — MAlIWHBI, OpelHasHayeHHbIe LS CXEKaTHA
rasa no paeiaeHus 0,2 MIla (oHu wHpoxo npHMEHAIOTCA B MeTalnyp-
I'MUECKOM npOM3BOJACTBE JAS TIORAYK BO3AYXa); KOMAPECCOPbL HUSKO20
dasaenus, OCyLIECTBISIOMHKE cxKaTre 1o aaBaenus 0,1—0,2 MIla (Takue
MalHHLl NPUMEHSIOTCS B [THEBMATHYECKHX YCTaHOBKAX); KOMMPECCOpY
cpednezo Oasaenusn, CRymallye LA CKaTHA rasza A0 AaBjeHus |—
10 MITa (npumeHsiloTcA B xuMHueckoil, HedrenepepabaThiBaolleli
HedTenofuBaloWeli NPOMBILIIEHHOCTH ¥ H2 MArHCTpalibHBIX CTAHIHMAX
Nepekauku rasa); KOMRPECCopbL 66LLOK020 0aBAeHUA, NPeJHA3HAYCHHLIe
IJs cxarus rasa no gasaenns 10—100 MIla u BeIe (OHM mpuMe-
HAOTCA B a30THO-TYKOBOM H JPYrMX NPOH3BOACTBAX CHHTe3a rasob
noj NaBJeHHeM, B YCTAHOBKax [As pasjejleHHsi BO3AyXa MeTOIOM
ray6okoro oxnaxaenus). Komnpeccopsl HH3KOro 1 CpeAHero nasnenua
NpPHMEHSAIOTCA, KPOME TOro, B JABHUraTeAsX BHYTPEHHEro CcropaHus,
XOMOAUTBHBIX YCTAHOBKAaX, rasoTypOGHHHBIX H peaKTHBHbIX JABHra-
TeNsAX.

[lo npuBHENYy AeHRCTBHSA KOMIPECCOPH MOMXKHO pas-
HeMMTh Ha JiBa KJaacca: nopuinessie W mypbokomnpeccoprse. K nep-
BOMY KJIacCy OTHOCATCA KOMIPECCOphl cOOCTBEHHO NOpILIHEBLIE ¢ BO3-
BPATHO NOCTYNATEJAbHBIM [BHKeHHEM TOPILHS, DOTAaUHOHHBIE H BHH-
ToBuie. Bropo#t kaace o0belnHAET LeHTPOOEXKHLe H OCeBbie KOoMIpec-
COpHL.

B nopmmeBnix KoMnpeccopax c:aTHe W HarHeTaHHe rasa ocylie-
CTBJAIOTCA NyTeM Cokpallenus ofbvema palouyeil nONOCTH HMAHRApA,
Haxonsimulics B Heli ras NoABepraercd CKATHIO H NPH OOBLILICHHMH
JaBNeHHs [0 COOTBETCTBYIOIEro 3HauyeHHs BHITAJIKUBAETCs B HarHe-
TateNbHblfl TpyGonposox. B KoMnpeccopax BToporo Kiacca cikathe
OCYWIECTBAAETCA B ABA 5Talla H HOCHT AWHamuueckud xapakrtep. Ha
nepBoM 3Tamne rasy cooblllaeTcs HEKOTOpas CKOPOCTh, @ 3aTeM (BTOpOI
3Tad) KHMHeTHYecKasm 3Heprusi MOTOKAa npeobpasyercs B SHEPruio
JaBJieHus.

Hopinnessie KoMIpeccopbl HMMEIOT pa3jIHYHBIE KOHCTPYKIMH M
¥ KOMMOHOBKH C {UHPOKHM RHanasoHOM nojad.

Obvemrofi mojauell KoMnpeccopa HaswBaercss 00beMHOe KOJHye-
CTBO ra3a, 3acachiBaeMOro KOMIpPEeccopoM B eIMHHIY BpeMeHH mpH
HadalbHHX napamerpax rasa. O0bemMHas nojaua KoMmpeccopa siB-
JIeTCA ero KoAHYECTBeRHOH XapaKTepuCTHKON,

OtHowenue HavaabHOro o6peMa rasa V; Kk KoHeuHomy obmpemy Vg
(mocsie cxaTHA) HASLEIBAETCH CTENEHBIO CXKATHA

g = V]_/Vg.

BsasucumMocTr 0T o6BeMa BcacohBaeMoro
rasa pa3iInyalT KOMnpeccophi: matoi nodaiu — fo 0,003 m/c;
cpedueld nodadu — or 0,003 o 0,03 wm¥/c; Goaswioli nodauu — ot
0,03 m*/c u Bhuue.

BsaBsucHuMocTH OT 9ucha cTyneHnefi nocage-
AOBaTedbHOIrO CHMATHA rasa KOMOPeCCOPH AensATcA
Ha QOHOCMYNEHYQmBe H MHO20CIIYHCHUATIbE,
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KauecTBenROIl XapaKTepUCTHKOH KOMnpeccopa fBRSiETCA cTeneHb
NOBLILIEHHS AABACHUA
= po/pr.

B 3aBHCHMOCTH OT CTeNeHH DOoOBBHIUeHHUSHA
AaBJeHHUSs pasnHyawt: sedmuasmopo. (n = 1,0+1,1); eas0
oyexu (= 1,1=-1,4); cobcmsenno komnpeccopet, npeiHasHadeHHBIE
AT CKATHA rasob (n = 3-+-4).

TepMoAHHAMHYECKHE TPOUECCH B KOMOPECCHOHHBLIX MaIlIHHAX pace
CMaTpHBAIOTCA B LEAAX onpeleneHus paboTel, KOTOPY HeOGXOAHMO
3aTpaTHTL AJIA NOMYYeHHA OnpeieneNHOro KONMHYECTBa CIKATOro rasa
H/IH BO3JyXa IIPH 3aJaHHLIX HAYanbHplX M KOHEUHLIX AABAEHUAX Py

H Do
§ 8.2. TEPMOAHHAMHYECKHE TPOLECCH!

B OAHOCTYNEHYATOM HAEAJIbHOM
KOMIIPECCOPE

TeopeTnuecknit paGounii npomecc. PaccMorpum paGouni
npolecc B NOpPIUHEBOM KoMnpeccope Kak Haubonee mpoctom. Kom-
npeccop cocTouT (puc. 8.1, a) u3 unaungpa I ¢ nopuwHeM 2, KOTOpoifi
NpH NOMOILH KPHBOLIMOHO-IIATYHHOTO MeXaHH3Ma &, CoellMHEHHOTO
C BaloOM, COBepllaeT BO3BpaTHO-MOCTynaTeibHOe JBHXKeHue. Ban
noJiy4aeT BpallaTeNbHOe ABHKeHHe OT 3JIEKTPOABHIaTeNsi WM ABH-
rarens apyroro THna. Hjs BcaceisaHMA M HAarHeTaHUs rasa WMeEHTCs
COOTBETCTBEHHO BcacbiBalOWKA 3 W HarHeTaTelbHulil 4 KJanaHbl.
Ofa xnanaHa caMoAefiCTBYIOIIHE, OTKPHIBAIOTCS W 3aKPHIBAIOTCS I10J
flefiCTBHEM pa3HOCTH JaBieHW#l B MUAHHAPe H TpyGONpPOBOLE.

PaccmMoTpum TaK HasbiBaeMblil meopemuMeckutl, WA uOeaibHbitl
npouecc B KOMIIpeccope, cAenaB CJeAYHliHe JONYIEeHHA! 06beM
BCAcHBaeMoro rasa V¥, pabeH
TeopeTHueckol oOBeMHOH mO-
nave V,, T. e. OTCyTCTBYeT
MepTBOe NPOCTPAHCTBO — Npo-
CTPAHCTBO Mexly KpblWKO#i
LMJIMHAPA W NOpUIHEM B Kpai-
/I HeM [O0J0¥KeHHH; OTCYTCTBYer
J Z TpeHWe NOpUIHS O CTEHKH IH-
a JHHIPA; OTCYTCTBYET rujpa-

N < BJIHYECKOE COTpOTHB/EHHE BCa-

CHIBRIOUMX M HarHerare/bHbIX

K/amaHoB, T.e. B npomeccax

BcacblBaHWS H  HarHeTaHMA

X IaBJieHUe rasa He H3Me-
v b z ) HAeTCA.

i Teoperudecknii  pabounmii

v NpOIECC B KOMAPECCOpEe npel-

Puc. 8.1. MMopwmesoii xommpeccop: @ —  CTABJEH Ha pHC. 8.1, 6 B Buze

cxeMa; 6 — HBAHKATOpHas JHarpaMMa HHAWKATOPHOH AHarpamMmeul,
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KOTOpan MOKa3biBaeT H3MeHeHHe JaBJeHHs W pafouyero obbemMa B IH-
JHHADE MO XORY NOPLIHS.

[lpy ABHKEHMH UOpLIHS BOPaBO TNPOHCXOAMT BcachiBaHWe rasa
B LMAMHAD KOMNPeCcopa no AUnny 4—I1 npH nOCTOANHOM RABACHHH Py,
npH o6paTHOM IBHXKEHMH NMOpPWHSA ras CxHMaercs B nponecce /—2
OT HauYaJbHOTO AABMEHHSA p; N0 KOHEUHOTO py, @ 3aTeM NPOHCXOAMT
BLITAJIKUBaHKe ra3a no JAHHHU 2—J3 OpH NOCTOAHHOM AABNEHHH po.
Tak Kak B paccMaTpHBaeMoM TEOPETHUECKOM KOMIpeccope npejnoJa-
raeTcsi, YTO OTCYICTBYET MEpTBOE [1POCTPAHCTBO, TO JuHUA S—4 COB-
naj@eT ¢ OCbl0 KOOpIMHAT, T. €. B JeBoH MepTBOH TOYKe aaBjeHue
MeHSIeTcsl MrHOBEHHO OT p, 10 p. Kpowme Toro, BcreicTBHe npeanona-
ra4eMoro OTCYTCTBUS THAPABANYECKOro CONPOTHBJEHHS BCACHIBAKOILErO
M HarHeTaTeJbHOFO KJanaHoB Jurun 4—7 v 2—3 coBHApamwoT CoOT-
BETCTBEHHO C JHHHAMH p, = const u p, = const,

PaccMotpum Teopernyeckuil pabodHi UK KOMOpeccopa B Leasx
nosy4eHus opMyasl ANA onpeleNeHHss paboTel KoMmpeccopa. [lpu
BCACHIBAHHH M HarHeTaHHH o0beM rasa, 3aK/YeHHOr0 B HHAHHApE,
H3MeHseTCH BMECTE C €ro MAacCOBHIM KOJIMYECTBOM, HO €ro yjelbHbie
06beMbl Uy H Uy OCTANOTCHA NOCTORHHBIMH. [lo3ToMy myMka koMmmpeccopa,
u3obpakeHHBH B KOopiuHaTax V—p, He Moxer OLITb OpeRcTaBjeH
B KOOpJAHHATAX U—p.

B 3aBHCHMOCTH OT yCJIOBHI MPOIECT CXKATHA Id3a B TEOPETHUECKOM
UHKJe MOMET npoTeKaTe NO H30TepMme, agHabaTe HJH NOJHTPOME,
BC/GICTBHE Yero NHKA KOMmpeccopa Ha3slBalOT COOTBETCTBEHHO H30-
TepMHYECKHM, ainalaTHLIM HJAH NOJHTDOMHBIM.

Ipoueccw Bcacoibawua 4—If u HarHeranus 2—J3 He sABJAAOTCA
TepMOAMHAMHYECKHMH, T2K Kak AN KieaJbHOr0 KOMIpeccopa OHH He
H3MeHAIOT TepMOAHHAMHUECKHE NapaMerphl rasa, a npH H3MeHeHHH
o0beMa [HJMHAPa NPOHCXOAAT MeXaHHYecKHe NpOLEcCH ero 3anon-
HeHHsl ras3oM H ONOPOXHEHHuS.

PaGora L, pacxopyeMas Ha oCyILeCTBJGHHE TEOPETHYECKOro
UHKAa, T. e. Ha cxatue V M® rasa oT LaBNeHMs p, L0 AABJAEHHS P,
BbIPA3HTCH B BHIE anrebpaHdecKoi cyMmbl Tpex pafor: paloThl Bea-
CeiBaHHA Ly, pabGoTel ckata Loy ¥ paborsl Harsetanns L. PaGory
BCACHIBAHHA NPHHHMAIOT MOJNOMHTENLHOM, TAK KaK NpH BCACLIBAHUH
yBenuduBaeTcs ofbeM rasa B uuAHRIApe, a paboTel CKATHA U HarHeTa-
HHST, CBA3ANHHLIE C yMeHbllleHHeM o0bheMma rasa B HHJMHLpe, — OTpH-
1aTe s HeIMH.

B cBasu ¢ Tem, 4TO BecachiBaHHE W HarHeTaHWe SIBJASIOTCH MEXaHHU-
YCCKMMH NpPOHECCaMH HAnolHeHHs W OCBOOOXKIEHMS LUHAMHAPA, HX
pafory BeIUHCARIOT cneaywownM o6pasoM. Ecinu naouans nosepxHocTr
nopulHsa oGo3HauuT, 4epes A (M°), a X0 ero npH BCACHLIBRHHH —
uepe3 S, (M), To nponsselieRHe A Ha Sy BoipakaeT o0beM HUIHHIPA.

Torna Lyo = mAS; = pVy.

OGosnaunB 9acTh Xoia MOPUIHS, COOTBETCTBYIOULYIO TNpoleccy
ldarderauus, ueped S,, MOXKHO HANHCATL

Ly=—p,AS, = —p,V..
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Ha puc. 8.1, 6 Beauunnnl Ly, 1 L, KOTHYECTBEHHO BHIDAXKANTCH
NJaomAAAMy TIOA JHHUAMH BCACLIBAHWA W HarHetaHus, T. €. na. 4—J—
a—c 1 1ud. 2—3-—-c—b.

Tak Kak Npouecc CxKarus SABAAETCA TEpPMOAHRAMHYECKHM, TO €rQ
Eaﬁora onpene/jfgercs NyTeM CYMMHDOBAHHA 3J/eMeHTapHuIX pabor.

aboTa 3J1IeMeHTapHOrO NpPOIecca CKATHS PABHA NPOU3BEEHHIO laBJle-
HHA p Ha 37€eMeHTapHoe u3MeHeHHe oObema dV BciencTBHE 3JemeH-
TapHoro mepemelleHus nopuwHs dS, T.e. pdV. Pabora cosepuaerca
Hal rasom, ofbeM KOTOpPOro B 3TOM npolecce yMeHbllaercs.
TaknMm ofpa3sowm,

2
Loy = Jp av.
3

PaGora cxkatua B V—p-auarpaMme npH 3TOM OTpHLATENbHA,
tak Kak dV <t 0. Ona usmepsercsa nuaouaapio I—2—b—a, pacnoJo-
KEeHHOH nof auHuedl /—2 npouecca ckatus (puc. 8.1, 6). Pesynbtu-
pytoman paGoTa 3a HHKJI BbIpa)kaeTcsi cyMMOH

2
Le=Lao+ Low+ La=pVa+ [ pdV —paVs  @1)
!

ume | Ly | = nn. /—2—b—a + nn. 2—3—c—b — nn. 4—1—a—c=
= na. ]—2—3—4.

STy naowaze MOXKHO HAHTH CYMMHPOBaHHEM 3JIeMEHTAPHBLIX 0AO-
wanok V dp B WHTepBaJe OT py RO Pt

2
| Le| = [V dp.
i
2
Hanomeaum, ure L= —J' Vdp, w paGora B xommpeccope
1
saTpayuBaeTcH.
Patory B Komnpeccope MOHO OTHECTH K 1 Kr rasa, Toraa nonydum
2 2
b= Lym=— [ (Vimydp = — [vdp. 8.2)
i

i
Panee Goiio nosnydeHo BuipaxeHue dg = di — v dp, HUurerpupys
2

ero B npefesax or py; A0 P, 3aNHLIEM § = iy — i; — Jv dp. Torma
i
B COOTBeTCTBHH ¢ (8.2) mMoxHO HaHTH

ly =iy —iy+g. (8.3)
INonyuennoie Beipaenna (8.2) u (8.3) abaswoTes obumME bopMy-
NMaMy A5 onpepeseHHs paGoTHl KoMnpeccopa.

PaCCMOTpHM, KaK HW3MEHAETCH BeJHYHHA Lu B 3aBHCHMOCTH OT
TEPMOAHHAMHYECKOTO XapakTepa npouecca CxaTHs.
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B HSOTepMH‘IECKOM nmponecce cEaruid
HieajibHOTO Ta3a AaBieHHe p K yAeluHbll o6bem U cBA3aHbl YpabBHe-
nHem pv = const. CneroBatensHo,

Py = Pals-
Torpa u3 ypasuenns (8.1) Buano, uro paboTa Komnpeccopa B 3TOM
clygae paBHa paGoTe cKaTHdA, T. €.
L wa = Low- (&4)
Ilpn stom Moxer OwTh HcnonbsoBana mwbas H3 BuBeleHHbLIX
¢dopMyn paGoThl M30TEPMHUYECKOTO npounecca s HAeanLHOro rasa:
Ly = ~—p:iVy1n (0/vg) = —mRT In (py/p1),

Wav ans 1 Kr
2

e wa = — | 0 dp. (8.5)

1

HErerpupys Bolpaxenue (8.5) n 3amensia ¢ noMollpl0 ypaBHeHus
COCTOSIHHS LJIA HjealbHbiX TasoB v yeped RT/p, nonyuum

p)
!H. n3 = !cm = —Mi J-dp"’p = —D1U In (P2 — 1) =
1

= RT In (01/t) = —p0y 10 (01/0s).

B aguabatTHoM npouecce CHaTHA HIEANLHOrO
rasa mMexjy AaBJeHHeM p H yIenbHbLIM 00BEMOM U CYILECTBYET COOTHO-
LIeHHe

pv* = const, T. e. pvt = pot.
{loncraBus B ypaBrenue (8.1) 3nauenne paboThi aanabaTHOro
npouecca CxatHs
lowe = [1/(k — 1)] (py0r — pava)s
HONYYUM
Ly = pyoy 11k — 1)] (P10 — Pats) — pats.

BouiHecem 3a CKOOKH pasHOCTL pyU; — Pal, TOTAR

be = {1 4 Ltk — 1)] (psty — potia)y
WM

Le. an = [RI{R — 1)] (p10y — pava);
a Tak Kak pty = RTy; poty = RTy, 1O

L an = [k/(k - l)] R (Tl = Tzﬂ- (8'6)

Ly, AT kLcm-

A Tak Kak BenmuMHa £ = CP/C,, Bcerna Oonbllie efHHHILL, TO npHu
aguabaTHoM nponecce paboTa KoMmnpeccopa Bceria Gofblie, dYem
npu usotepmuyeckoM. Tak Kak Ans aguaGaTHoro npouecca q == 0,
TO u3 (8.3) caepyer

=1l —Ip. (8.7)
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S
T=const
< -
4
Puc. 8.2. Teopernueckan ungukarop- Pue, 8.3. HaoGpakenue mpomeccon
Has JIHArPaMMa  KOMIpeccopa MnpH CKATHA B TENJIOBOH AuarpaMMe

Pa3IMyHLIX MponecCax CXaTHf

Takum ofpasom, paSoTa Komnpeccopa mpu apuadaTHOM nporecce
MONET GHITb H3MepeHa pa3HOCTHI0 JHTAALMHK B Havale U KOHIe
npouecca cxkartud. PaGora nonmydaercs OTpHHaTeNbHOMH.

Jdns moamTponHOro npomecca cxartudrasa—
KaK HIealbHOro, T2K M peajlbROro — YIelbHbilt 06heM M JaBleHHe
CBSI3aHbl YypaBHEHHeM

pu* = const, T. e. p, vt = p,oh

TemnepaTypa HAeaNbHOTO ra3a B KOHIE CXATHA B NOJHTPONHOM
npouecce paBHa Ty = Ty (pao/py)tn—1/n

[TonctaBus B ypaBdenue (8.1) 3uavenue paGoTel NOJHTPONHOTO
carus

lewe = [1/(n — 1)] (p12y — pata)y
HOJIY IHM
L. non = (nin — 1)] (P1th — Pabs) = nLcm- (88)

W3 cpaBuenns serpaxennit (8.4), (8.6), (8.8) BunHo, uto 3aTpats
paboThl KOMHpeccopa MHHHMAALHBI TPH H30TEPMHUYECKOM npolecce.

BuuankatopuHoi auarpamm e(puc.8.2) n3obpaxeus
JUHUM MNPOLECCa CKATHA OpH PasAHuHLIX NOKA3aTeNsX MNOJUTPONEL
Gonee nonorue — npu n < R, Gonee xpyruie — npu n > k. Tepmo-
IHHAMHYECKH HanGosee BHITOMHBIM ABASETCA H30TEPMHYECKHH mpo-
uece (L 4o = 0. [—2—3—4), uaHMenee BBIFOAHBIM — TMOAH-
TPONMHLIR npn a > k.

Ha npakrthnke uszorepMHYecKHH NpOINECT CXATHA OCYLIECTBHTL 3a-
TPYAHHUTENLHO, TaK KaK OXJaxIalollHe LHJIHHAP KOMIPEccopa Bola
HAH BO3AYX HE MOTYT OTBECTH BCKO TENJOTY, BBIAENSAIOULYIOCH NpH
cxarny rasa, B peanbHBIX YCAOBHAX MPOIECC CIKATHH NPOTEKACT Mo
moautpone upH n > 1.

[Npoueccel cxaTus rasa B KoMIpeccope MOryT ObiTh M300parensl
B auarpasmme s—7T (puc. 8.3).

60



Haomepmuneckuli npoyecc cxatus HAealbHOro rasa nsaobpakaercs
OTPE3KOM H3oTepMBbl [ —2, 3akNOueHHLiM MexAy #3o6apamM p; u p,,
IMmomans AuarpaMmel, Jexamas nol orpeskom [—2, Bulpaxaer
KOJIMYECTBO OTBOAUMOMN TensioTh g. JlAs uiealnHOFO rasa u3 nepBoro
3aKOHA TEPMOJHHAMHMKM cledyeT, 410 § = lopu.

B gouabamnom npouyecce 6e3 TPEHHH HIM NPU NOJHOM OTBeLEHUM
TENJOTE. TPEHHS B OKPYKAIOHIYIO cpeny AAs HeoOpaTHMOTO npoliecca
npupaiente 3HTponun paGouero Tena ds = dg/T = 0,

[lostomy B s—T-auarpamme JHHHS aAnabaTHOro Nnpouecca u3obpa-
xaercsl BepTHKAJbHbHIM OTpeakoM [—2", Touka 2" HaxoauTCA Ha
nepeceyerH ¢ H306apoil p, 4 XapaxkTepuayeTcs mapameTpaMu T
H U B KOHLE mpolecca.

Hoaumponneuii npoyecc B s—T-anarpaMme HacOpakaeTcs HaKJIOH-
HOM JuHHCH, HAnNpaB/CHHE KOTOPOH 3aBMCHT OT NOKAasaTeNAs NoJAH-
tponnl. Ecin npouecc ckaTHA NPOTEKAeT C OTBOAOM TEIVIOTH IIPH
n <§ k, To no;uTpona pacnoJjaraercs cjeBa oT aguabarwi (AMHuA [—
2:2,) ecq¥ C MOJABONOM TenJoTHl npu n B> k -—— cnpasa (AuHua [—
2").

DefictuTennnble paboune npouecchi, JeHCTBHTENLHLIE NPOLECCH
B TOPLIHEBOM KOMMpECCOpe OTJIMYAlOTCA OT TEOPETHUECKOro. iH
OTKJIOHEHHA 06YCJ/IOBJIEHB! C/IEIYIOIIMMH NPHIHHAMHU! HaHuMeM OGb-
eMHOI0 MEpTBOTO IPOCTPAaHCTBA, PHAPABIHYECKHM CONPOTHUBJCHHEM
BCAachIBAIOIEro0 H HAalHETaTeNbHOTO KJAaNaHOB, HaNH4HeM INepeTedex
rasa yepes Kjanansl ¥ NOPLIHEBHIE KOJbLA, TPEHHEM B OCTAJbHEIX 3J€=
MEHTaX H CJIOKHBIM TEIJIOBBIM B3aHMOJEHCTBHEM INOTOKOB rasa M
KOHCTDYKIHMOHHBIX MATEPHAIOB KOMIpPEccopa.

[lpumepHas neficTBMTeJbHAasl MHAMKATOPHA® AuMarpaMma [oOpLiHe-
BOro KoMmpeccopa npeacTasncHa Ha puc. 8.4. OcHOBHBIMH npoLec-
camy paGoThi KoMmmpeccopa aBjafliotes: [—2 — cxarune; 2—3§ — Ha-
rHeranne; 3—4 — paculipeHHe M3 MepTBOro npocTpaHcrBa; 4—I —
BCACHIBAHHE,

HeoGxonHmMO OTMETHTb, 4TO AaBNEHHE Hauyasa CXKATHS p; B TAKOM
KOMIIpeccope OT/IHYEETCA OT HAyabHOTO NABJEHHST Ha BXOAE B KOM-
IPECCOP Pyuaq HA BenHuuHy Ap,.. B KoHne npouecca cxkatus (Touka 2)
JaBJeHHe Takxe OGoJblie KoHeu-
HOrO JaBJIeHHS Ha BBIXOfie M3 KOM- 2
Npeccopa pPyoy. JIpouecc parHera- £ JN’J\\ e
HHA 2—3 OCYINECTBJASIETCH C nepe-

MEHHBEIM JaBjieHHeM, GOMBILUM Pyog.
B koHme nmnpouecca HarHeraHus
napneHse py OONbINE P, HA BEJIH-
Pugi -
YHHY Apy... Tak Kak koMmpeccop
uMeeT o0beMHOe MEPTBOE NPOCTpaH-
¢80V, To npu XoAe MNOpIIHA m 7 s
H3 BepxHe# MepTBOIl TOUKH Hasajg

fyleT RDpPOHCXONHTL pacLIMpeHHe Puc. 8.4, JleficTBUTENLHAR HHAHKA=

(npouecc §—4). B Touke 4 OTKpLK npeccopa

.
7 KoH

APy,

Alpe

_~
A
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BaeTcs BCACHIBAOWIMA KJaltaH, NoOcJe 4ero MpOHCXOAHT BCACLIBAHHE
(ponecc 4—I) mpH nepeMeHHOM IaB/IEHHH, MCHLIIEM Puaq. Ha 3TOM
HHKJ 3aMbIKaeTcs.

§ 8.3, MHOTOCTYNEHYATBIE KOMITPECCOPBI

B npaxrtike uacTo TpeGyercs MOAYUHTh CKATHIR ra3 ¢ 04eHb
BHICOKHM faBneHueM. JIpH OAHOCTYNEHYaTOM CHKATHH C YBeJHYeHHEM
OTHOWEHUA JABJCHHNA H36BITOK paboThl B aguaGaTHOM UMKJAE 110
CpPABHEHHIO C M30TEDPMHYECKHM LHMKJOM NPOTPECCHBHO BO3pacTaer,
M name camoe TwiaTe€NbHOE OXJaXKIeHHE WUHJHHADA He NpuOAMKaeT
MpOLECC CHATHS K H3OTEPMHYECKOMY, YTO MPHBOAMT K OOJbLIOMY
mepepacxogy paGotel. Kpome ftoro, Bricokas Temnepatypa rasa
B gouue cxkatna Ty = Ty (py/py)*—"/% MomeT 6bITb TpUUNHOIH camo-
BOCNJIaMEHEHH sl MaCJ/1a, CMa3bIBAIOLIETO NHIHHIAD U noplieks. [losTomy,
HanpuMep, B XOJOLM/IBHOA TEXHHKE OJHOCTYHEHYATblE KOMIpECCOpH
NPUMEHAOT OOBIYHO NPH OTHOIIECHHH AABJEHHD po/p, He Gosee 8—12,
Hpu HeoGxonumocTi Moy4YdTh GOJlee BLICOKHE NaBJEHHS NpHME-
HAIOT KOMIpeccopnl MHOTOCTYNEHYATOTO CKATHSA, B KOTOPHIX NPOHECS
CHAaTHA OCYWECTBNAETCA MOCAEAOBATENLHO B OTASNbHBHIX CTYNEHRX
(puc. 8.5). Tlocme cxkatna B nepBoit crynesu KMI o Hekoroporo
MPOMEIKYTOUHOTO AABNECHWS Py, a3 NOCTYNAeT L8 OXJaXKAEHHHA
B DpOMEXKYTOUHBIH XO0ANAbHUK TOJ. 3ateM ras cxumaior Bo BTopoi
crynenn KM2, umeioumell membmii o6beM UHAHHIpPE, 10 AaBie-
HHA Pups. EclM IByX crymeHell HENOCTATOYHO, MOC/e OXJasIeHHS
B XomoaunbHuke T02 nanpaBasoT ras B caenyiomyio cryneds KM3
T A
Ha puc. 8.6 8 nuarpamme V—p nokasad iHKA MHOTGCTY NEHYATOro
cxatus. B 9TOM nmkne, ys/ioBhe TOYKM KOTOPOTO COOTBETCTBYIOT
YKasaHHbIM Ha puc. 8.5, npouecchl CKATHS TNPHHATH AANAGATHHIMM,
4 OXJaXIAeHWs — H300apHEIMH. B nepBoii cryness ras cxumaercs
no aguaGate J—2 oT naBJeHHS p, IO NPOMEKYTOUHOrO Pup1 M Hanpas-

101 p

¥, oz

Puc. 8.5, [Ipununnuanshas cxema
MHOTQCTYI@HYATOrO CHATHH

Puc. 8.6. Ilponecc cxarna B Muoro- .
CTYMCHYATOM KOMIpeccope v
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JASeTCA B XOJOOMJLHHK, TJie OXJaXKAAeTCd NpH Pgpy = const (mpo-
nece 2—3). O6LIUHO CTPEMATCH K [MOAHOMY OXNaiKISHHIO rasa B npo-
MEXKYTOUHKIX XOJOAH/AbHHKAX, 4TOGH H3 XOJOJMJbHUKA ra3 BbIXO-
AMA € TOR KE TeMIepaTypoH, ¢ KoTOpo# OH noctynas B npeabliyllylo
CTYNEeHb, CAeNOBaTeNbHO, 4 = la= t;. Benencrtsue oxaamieHns
o6BeM ra3a ymMeHbIIAETC HA BeJMHUYMHY oTpe3ka 2—3. Bo BTopok
CTYNEHH CKAaTHE rasa HAYHHAETCR OT Pgpy M MPOHCXOAMT MO anua-
Gate 3—4 10 pypg. [loche 37010 ra3 BHOBb OXJaXKAAETCHA B XOJIOAHb-
HHKe (npouecc 4—35), a aaTeM CxMMaeTca B TPEThel CTYNEHH A0 Ko-
HEeUHOTO NaBJeHHA p,. DKOHOMHA pabOTH B IHKJE ABYXCTYNeH4aToro
CXKATHS COOTBEeTCTBYeT NI 2—3—4—2', a B UMKJe TpexcTyneHua-
TOro cxatua — ma, 2—-3—4—5—6—7.

Uucno cryneHefl BO3NyIIHBIX KOMIIPECCOPOB TNPHHATO BHIOHpPATh
TaKHM, 4TOOBl OTHOIUEHHE JABJeHHH B KaMJOH CTYNeHu He 0peBHl-
wano 4eTbipex. IIpH TakoM OTHOIUEHHH JaBJieHHH pasorpeB CTEHOK
LUJIHHAPOB HE CHKUIKOM BHICOK, YTO OOECneyMBaeT HMX HaJEKHY:0
CMa3Ky, a CJeIOBaTeNbHO, M MeHblUlee HM3HalMBaHHe. B xosopub-
HEIX KOMIIPECCOPAX pPEKOMEeHIyeMbie 3HAueHHA 3ITOTO OTHOUIEHUS 3a-
BHCSIT OT CBOWCTB XJIaJlaTeHTOB W pewumoB paGorsl. Jlis xsanoHoenix
KOMIIpPecCOpoB OHH MOTYT OLITh BIlE, 49eM JJ1s1 BO3AYIIHbIX. [IpH
VBEJHUEHHH 9HCNIA CTYTNEHeH KOMMpeccopa erc TEOpeTHYECKHH LUK
Bce GoJee npHOMMKABTCR K H30TepMHuecKoMy. Ho onpHoBpeMeHHO
C 5THM pacTyT moTepH paGoThl Ha NPEOJOJNEHHE CONMPOTHBJEHHH KJaa-
NaHOB, a TAKME YCJOXKHAETCH KOHCTPYKIMA MawKHLl. [loatomy BriGop
YHCJIA CTYNEHEH ONpelesAaercA NpaKTHUECKOH [enecoo0pa3zHoCThbIO.

Pekomennyemoe oTHoweHHe NaBNeHHH BO BCeX CTyNeHAX OOBIYHO
NPHHUMAIOT OQHHAKOBLIM:

Pup VP = Pup z/ﬂnp 1= ph/pups = I,

TaK KakK Ipid 3TOM YCJOBHH 3aTpaTa paGOTbI B MHOroCTyne¢H4yaToMm
IHKJe MuHuManbHa. H3 NPHBeEHHMX COOTHOLLIEHH A CJenyeT, 4To

R? = Pup1Prep 2pnf(Plpup 1Pop 2)!
OTKyIa

n= y P::fP1

=Vodpr . 8.9)

Fe M — YHCJO CTYNeHeH CMAaTHA, p,, — KOHEUHOE JAaBJeHHe.

[Tpn ONMHAKOBHIX YCJOBMAX CxaTHA B KaMUOH CTYNEHH, T. €.
NpH paBeHCTBE OTHOUIEHMI JABJEHMH, HAuaNbLHBIX TeMNepaTyp H Io-
Kasartenedl no/INTPON CKatiA, OYAYT paBHbl H KOHEUHBLIE TEMITEpATY Phl
F'a3a poTHENLHBIX CTYneHsX Komupeccopa: Ty = Ty = Tg. Caesosa-
TeNbHO, OYAYT paBHbl H paborsl L., norTpefisemble Kaxioh cry-
nekbio. Toraa nonmas paGota, 3aTpaueHHas #1-CTYNEHYAThIM KOM-
IIPECCOpPOM, COCTaB/fAeT

B ofuiem cayuae

L, = Lom.



KoanuecTBo TenJoTH, OTBOAMMON OT rasa npH OXMNANKAEHUH MocJe
Ka)JOoH CTyneHH B H300apHOM IpoLecce, ONPEIEfIOT Nno (opMmy.Je

gp=cplls—h)=(ls—i) =cp (fa —ty) =
=iy~ ig=20Cp(lg—ls) =1g — i

[TpuBenenHble peKOMEHAANMH NO BHGOPY NPOMEXYTOUHHIX AaBJe-
HUf cripaBefJIMBbI TOJbKO Uil CoKATHAl B KAXIOH H3 CTyneHeil ofHOro
M TOTO K€ KOJM4ecTBa HAeanbHOTO rasa. Jlna MHOrocTyneH4aThHIX Xo-
JIOJH/ILHBIX MAIIMH OHH BecbMa NpHONMMKEHHBI, TaK KaK XJalalreHTbl
HE ABJAIOTCA HIeaJbHbLIMK Ta3dMH M pacxXol areHTa no CTYNeHAaM
KoMrpeccopa, Kak NpaBHMO, pa3/jHYeH,

§ 8.4. TYPBOKOMITPECCOPHI

Ilo npunpuny paloThLi TYpOGOKOMIIPECCOPHI pasfeasiorTcs
Ha unueHTpolbeXHBEe H OceB o e OceBpe TypfokoMnpec-
COpHl MPUMEHSIIOT 1A OYeHb Gombmmx nogpau: 0,11--0,14 M*/c. B xo-
JOAMJIBHBIX MallHHAX NpHMEeNAIoT [eHTpoOexHble TypGoKoMmpec-
COpHl, KOTOpbe MOTYT npu Temneparypax 5—100°C npats xonono-
NpPOH3BONHTENLHOCTE OT 100 ThIC. 10 HECKONLKHX MHJJHMOHOB BaTT.

Tipunuun peiicreus. HezasncuMo OT KOHCTPYKUHH B 1 € HT p O-
GexHbnx TypOloKoMnpeccopax CKaTHE rasa ocyiue-
CTBASIETCS yTeM cooOeHns eMy GoJbUioH CKOPOCTH H NMOCAEAYIOMEro
npeo6pasoBaHusl KHHETHYECKOH SHEpruu NOToKa B paboTy CKaTHA
Harueraemoro rasa. OCHOBHBIMH 5JeMeHTaMH LeHTpoGexHoro Typ6o-
KoMmnpeccopa (puc. 8.7) aBasiorca: kopnyc /, pabodee KoJeco ¢ jo
naTkamM 2, HacakeHnoe Ha Ban, muddysop 3, o6paTHufi Hanpasns-
lomuit annapat 4. Komnaexe snemedToB, cocTosuwui H3 pabodero
Kojeca, mugdysopa v oOpaTHOro HanpaBJisliOWEro annapaTad, Hasbl-
BAaeTCA CTyneHbio. B 3aBHCHMOCTH OT TpeGyeMOro KONHEUHOro AaBJe-
HuA TypOOKOMOpPECCOpPbl MOTYT H3rOTaBJHBATbCA C ONHOH HJH He-
CKONbKHMH cTynensMH. HanGosee pacnpocTpaHeHbl XOJOAHNLHLIE
TYp6GOKOMIIpeccopHl € ABYMS HJIH TpeMsa
crynensmy. [lpu Gonbliom UYHCJe CTy-
neHel KOMITPECCOPbI BRINOAHAICT B ABY X
uay Gosiee Kophycax.

Ilpunnun paGorel TypOokoMnpec-
copa cienyromui: napooGpasueli Xnag-
aredT W3 BcacLIBalOMeH KaMepel 5,
coobllaiuieicss co BeachlBalMIUM Tpy-
6onpoBoAoM, MOCTYnaeT B INPOCTpaH-
ctBa, 06pasoBaHHbLe jonatkamu palo-
gero Kojeca, Bpatarwouierocst ¢ 6oJibs
woi  OKpyxHOH ckopocThio. DbBanaro-
AapA JEHCTBHIO [EHTPOGEKHBIX CHJI

Puc. 8.7. Crymems uempoSex- 43 OTOpacwiBaeTcs  k  nepudepuu
HOTO xoMmnpeccopa paﬁoqero KoJeca, IpH  3TOM [OBH-




maeTcs €ro AaBjeHHe M YBeJHUH-
BaeTCsi CKOpOCThb, a CJIeA0BaTesbHO,
KHHETHUecKan sHeprud. Ms koseca
ras BuibpacklBaeTca B Auddy3op,
rge ero CKOpocTb  YMEHBIUAETCS
BCJEJACTBHE YBEJHYEHHS! NPOXOLHOIO
CeuCHHsl, W KHHETHUECKAS SHEpPTHS
npeobpasyercs B IOTEHIHAJBHYIO,
B CBA3M C ueM JaBJieHue rasa yse-
auuuBaercs. [locse  BbiXxoma u3
Auddysopa B MHOrOCTYneHYaTHIX
KOMMpeccopax NpOHCXOIHT NOBOPOT
NOTOKA rasa K LEeHTpY, W uepes 06- Puc. 88, Cxema oceBoro xomnpeccopa
pATHBIH HanpaBAAKMHKI annapar ras

NOABOAMTCA K cledylomemy Kosecy. [Ipoxoas nocnefoBatensHo
yepes pfAA KoJec, ra3z npuobperaer TpeGyemoe nasmenue. [dns ymenn-
IIEHUA NEPETEKAHHA ra3a BHYTPH MAMMHL MEMXAY BpamalmuMHUCA
H HENOABHXKHHIMU 3JIEMEHTAMH YCTaHABANBAOT Aa0HPHHTHBIE YnJOT-
neHus. Mexay cTyneHaMH MOXET OCYIECTBAATLCA TPOMEXKYTOUHOE
OXJIaXKEHHe Tasa.

- OcHOBHLIMA 3JieMeHTaMH O0CeBOTo TypG6GoKOMI pec-
copa (puc. 8.8) asasiorca: kopnyc /, BHYTPH KOTOPOTO NOMeILAeTCs
porop 2, npexcraBasiomuil coboii craabnoii nonsifi GapabaH. Ha no-
BepXHOCTH poTopa Haxoasarca paGoune JonaTkH 3, a Mexay HHMH
pacnosioxenbl HepaGoune Jaonatku 4, YyKpenJeHHble Ha KopIyce
Komipeccopa. Pauaul paGouux 3 M HepabGouux 4 JonaTokK o6pasyior
CTyneHd c¢xaTusa, [a3 noxaBoAuTCd B KOMIpeccop uYepe3 BXOXHOH
Kauan § n gepes nanpaBasiomuii anmapat 6 nocTynmaeT Ha NepBYIO
CTYIlEHb CXKaTHA, a 34TeM Ha BTOpyK) H T. A

OceBble KOMIpeCccopbl OTAMYAIOTCA OT HEHTPOGEHHBIX TEM, YTO
B HHX Ta3 NpOXOIMT 4epe3 KayKIYIO CTyneik CHATHI B HaNpasjeHHH,
napaJijieshHOM npogosbnoli ocu. baaroaaps Gonee KopoTKoMy H Me-
Hee H3BHJAMCTOMY IyTH, NPOXOAHMOMY Ta30M, OCEBble KOMIIPecCcopHl
N0 CpaBHEHHIO € HERTPOOeXHBIMH ABJARIOTCA OoJee KOMNAKTHBIMH
u umeoT Goapumi KIII. Onu npumensitorcs riaBHuiM 06pasoM
B rasoTypOHHHBIX yCTaHOBKax.

permymecTsa H HEAOCTATKH LEHTPOOEKHBIX TYpOOKOMNpeccopos.
XonoAMAbHBIE TypGOKOMIIPECCOPbl OTAHYAIOT CJELYIOMHE TPEHMY e
CTBa: MeHbluas Macca, a TakKe rabapuTHbIe pa3Mepbl MalluHbl (npH
OQUHAKOBOH, 0COOEHHO GOoMbIHOR XOMOAOIPOH3BOAMTEILHOCTH Macca
TypOoKoMIIpeccopa BMecTe ¢ pefly KTOpOM B NATb—BOCEMb pa3 MeHbMIe
Maccel TOpIUHEBOW MallHHBI); NPOCTOTA YCTPoficTBa; HaueXHOCTh
B paoTe; MOYTH NOJIHOE OTCYTCTBHE M3HALIHBAHHWA H IOJIOBEYHOCTD,
TaKk Kak B TypOoKommpeccope He HMEETCS KJanaHoB, KOJeHuaToro
Bana, waTyHa, WATYHHLX GOJNTOB M ApPYrHX JeTaned, 4acTo NpHXo-
JAWMX B HEroLHOCTL B HNOPIUHEBOM KOMIIpeccope; BO3MOMHOCTDL
HENOCPEICTBEHHOTO cOoeMNeHHA ¢ BLICOKOOGOPOTHBIM ABHTATENEM, 4TO
NO3BOJACT BHINIONHKTL APeraT KOMNakTHBIM M noBbicuth ero KITI;

3 Nawyrwusa H. T. u ap. 65



BLICOKAR CTelleHb YPaBHOBEIIECHHOCTH MAlIMHBL, OTCYTCTBHE HHep-
LMOHHLIX CHJ 1pH €& pafoTe; JerkocTs GyHlameHTOB, KOTOpLIE CJY-
®ar Juum onopaMi (0OHIYHO TypGOKOMMpeccop yCTAHABJHBAIOT He-
nocpelCTBeHHO Ha allnaparax); paBHOMEPHOCTb 10TOKA XJajareHTa,
BLIXOAAIEr0 U3 MAIIHHDB], W OTCYTCTBHE B HeM CMa304HOTO MAcjad, 4To
NoBbIAeT KOSPPUUMEHT TEmJOOTAau¥ B XOJOMMJBHLIX anmaparax;
ya0GCTBO OCYIIeCTBAECHHA MHOTOCTYNEHYaTOro CXATHSI W ApPOCCeNH-
pOBaHHA C MONBOAOM Ilapa K NpPOMeXyTOUHEIM KoJlecaM KoMmpeccopa,
BCJIEICTBHE YEro MOXKHO MOJYYHTh HECKOJNbKO TEMIepaTyp KuHneHus
B OTLENLHBIX HCIapHTeNfX.

Hepoctatkamu TypOoKOMNpeccopoB ABAAIOTCA HECKOABKO MeHb-
wre KIIJL npn nHeGolibmiod u cpexHeil XoJOACTIpOH3BOAKTENLHO-
CTH H HeoO0XoAMMOCTb B MOBBIHAKMEd nepefave (MyAbLTHIJINKA-
TOpE).

Mpoumeccnl cxatha B TypGokomnpeccope B s— T-aHarpamme
(puc. 8.9). Ecau OB c:kaTHe ocymecTBasiock 1o apuaGare, To Npo-
necc Ol Onl npeactasneH JuHuedi /—2. Ho B neficTBHTENLHOCTH
BCMeACTBHe OOMNbUIMX CKOpOCTel W TpeHHs BHYTPH ra3a H Mexnay
rasoM H CTEHKaMM [HJIHHApPA NPOLECC MpPOTEKaeT CO 3HAUHTENbHBIM
OTKJIOHEHHEM OT BePTHKAJbHON JUHUH K U300pakaercs Juuued [—2',
T. €. 3HTponus yBennuuBaercs. [eiictBuTennHas paboTa, 3arpayeH-
Hasg Ha ckaTve rasa, Moxer OnbTbh onpejeneHa mo Qopmyae (8.7):

EK,I[ = t.{ —_ igl.

Ha puc. 8.9 ara paGora npencrasneHa naomansio 2'—3—4—6,
T. €. N0 CPaBHEHMIO C aaMaGaTHHIM NponeccoM GoJiblle Ha BEJHYHHY
naomaan 2'—2—5—6, Kotopasa xapakTepu3yer paGoTy CHJ TpPEHHS.
TNonnas paGora TypOoKoMnpeccopa pacXOAyeTcsl Ha cxaTue H nepe-
MelleHHe rasa, M3MEeHeHHE ero KMHEeTHYECKOH HEDPIHu H NpeoJoJieHHe
THAPABIMYECKHX TOTEPL MNpPH CXKATHH.

Ins xapakTepucTHKH paGoThl TypGOKOMIIpeCccopa BBOASAT NMOHATHE
eHympenneco omuocumervnoeo K1/, kotopbiif, yauThiBas NOTEpH Ha
TpelHME, XapaKTepH3yCT OTKJOHEHHe NeiiCTBUTENLHOTO MpOIecca CxKa-
TMA OT HAeanbioro. Ecanm upeanbHbIM npoueccoM cxkaThi CYHTAIOT
anuabaTHeif, To KoadpunHeHT HasmBator annadatHeiM KITM, kotophiit
npeacTasafeT coboff OTHOWEHHe pa-

T b A/  Gore B anmabaTHOM Tpolecce Cia-
e THA Iy a4 K ZACACTBHTENBHOH paGoTe

, Kommnpeccopa Iy !
nanﬂln. anﬂu. m

HJIH

z ; Mag = (i1 — iD)/(ir — iz). (8.10)

% -5 ” HAnst  MjealbHOro Trasa ¢ Cp =
= const

Puc. 8.9, [Tlpomecc cxartaa
B TypGokoMapeccope Nag = (T — T)HT\ — Te2).
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O6biuro n,, = 0,66--0,75. M3 dopmymur (8.10} onpenenssor
v = iy -+ (Iy — {)/May.
Io BehAwuMHe 3HTAJNBMHH {3 YCTAHABJMBAIOT MOJOMKEHHE TOYKH 2

Ha nuarpamve s—7T, TeMiepaTypy B KoHue cxathst T M HaXoAsiT
NOoJHY10 paboTy B KOHUE CIKATHS

Iy p = 81 — ior = (i1 — i2)/Mayp.

rABA 9. TEPMOAUMHAMUYECKHE ULHKJIbI
KBUTATEJNEH BHYTPEHHEIO CrOPAHHSI

§ 9.1. OCHOBHBIE MOHATHA H ONPEAEJEHHS

MMopmneBule jBUraTend BHyTpeHHero cropaunus (ABC)
GJaroaaps BHICOKOH 3KOHOMMYHOCTH, HeGOJbIOH Macce, GHICTpOMY
3anycKy HauuTH HPOKOoe MPHMeHeHHe B pas/IHYHBIX OTpacisXx Ipo-
MBIILJIEHHOCTH, 0co0eHHO B aBHauny H Ha Tpancnopte. JIBC ornocarca
K TENJIOBLIM ABHTaTe/lAM, B KOTOPHIX BCe pabouue mpolecchl NpoTe-
KaoT BHYTpH pafounX uManuapos. PaGouum tenoM B J[IBC aBasiorcs
B HayaJie BO3AYX HJIH CMeCh BO3[yXa ¢ TONJNBOM, 4 B KOHIE — CMECh
rasoB, o6pasoBaBIuascs NpuU CrOPaHWH TONJKBA. TenqoTa K paGouemy
TeJy MONBOLHTCH OT CIKHMaeMOro TONJHMBA BHYTPH LHJHHIPOB IBH-
ratesst, B KOTOpHIX PaciIMpSIOMHKACA OT HarpeBaHHS ras nepememaet
noplieHb. [ToMyuenHas rasom 3Heprus 4acTHYHO PACXOLYETCH HA CO-
BeplleHHe MeXaHHuecKoH paloTbl, a OCTa/MLHAR YaCTh OTHAETCH OKpY-
}Kawome# cpene.

OcHoBHBIMH 3JeMeHTaMu  jwGoro mopuHesoro JIBC saBasorcs
UHAHHAP | ¢ mopmHeM 2, BO3BPATHO-ROCTYNATeILHOE JABHIKEHHE KOTO-
poro npeolpa3yercs Bo Bpaware/bHOe ABUMKEHHE KOJEHUaToro pana &8
C MOMOWBIO KPHBOUIMIHO-WIATYHHOTO Mexamusma 6, 7 (puc. 9.1).
B BepxHell uacTn nuuMAHHAPA pa3MEIEHBl BNYCKHOH 4 ¥ BHINYCKHOM §
KJanauel, NpHBOAMMLIe B [BHXKeHHe OT TIJIaBHOrO Baia pABHrartens,
a TaK¥e cBeua 3aKUraHus 3 TONJMBHON cMecd (WaH dopcyHKa aas
pacnuuieHHs Tonausa). [lomumo sroro y JBC umeioresn mexanuam
rasopacnpeneneHus, CHCTeMbl NUTARKA TOTIJIHBOM, 3a:KHraH|s, CMA3KH,
OXJAXKACHHST M pery/jiupoBaHHA (Ha PHUCYHKEe He MOoKa3aHbl).

B B03BpaTHO-nOCTYyaTeNbHOM ABHXKEHHH NOPIIHS pa3JjinyaloT ABa
KpaiHUX MOJOXKeHufA: BEpXHEE H HHXKHee, B KOTOpPBHIX NOpLUEHDb
MEHSET HanpaBJieHHe ABHIKeHus Ha o6paTHoe. 3TH noJiosKeHHs HA3BL-
BAIOTCS Mepmesimy moyKamu. Bepxnsa M HWXKHAS MepTBbE TOUYKH
(BMT u HMT) nokasaun Ha puc. 9.1. Paccrosinue Mexay MepTBHIMH
TOYKAMH Has3bLIBAKT Xodom nopwina S, a nepeMellieHue NOPLUHA H3
BMT B HMT nau HaoGopoT — makmosm. BHYTpeHHu#H o0BEM LH-
JUHApAa B npeienax Xola NODIUHS HAasbIBAOT paboium o6BeMOM
IHJIHHApa MM o6BEMOM, OMHCHIBAEMbIM NOpiuHeM, M 0003HaYalT
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Puc. 9.1. Cxema pafotsl yetmipextaktHoro JIBC:

I—1V — Takrhl: [ — BcacwBaune pafouefi cmecu; [/ — cikarne cmecw; [J] —
pabounft xoa (paclupenne cMmecH NHH  Cropaunu TOnnuea); fV -— suTankuBayHe
OPOAYKTOB CrOPaHHSR

OykBoit V. HacTo o6weMd udAHHADE, 33KMIOYEHHYIO MEXIY KpPHIIKOH
# TOpuOM MopiuHR, Haxopsulerocss B BMT, HaswiBaor xamepoid ceo-
panus (3alWTPHXOBaHHAA naoLlanka), a ee ofrem ofo3HauaT GyK-
Bofi V,. lNonnwii o6bem uunnuHapa V, pasen cymme paGouero ofnema
H o0nema KaMephl cropaHus:

Vo=V, + Ve

Baxuo#t xapaxrepnctukoft JIBC sigisteTcs OTHOweHue TMOJHOTO
06bgMa NUAHHAPA K 00BEMY KaMephl CrOpalHsi, Ha3LIBAEMOR CIMENeHbI0
cxamusn e

e=V, V.. ©.1)

HJH, 9TO TO }E CaMOe, 3T0 OTHOIIEHHE HAYANLHOTO YISNLHOTO 00BheMa
paboyero tena U, (v;) K ero ylenpHomy 0oGBeMY B KOHUE Nponecca
cRaTha Ug (Uy) (eM. puc. 9.3):

& = Uy/U; = Uy /Us.

Jpyroil BamHO xapakTepHCTHKON SBJAAETCA Crmenens NOSbIUeHUS
Oaérenusn A, npeAcTaBasioman coGofi OTHOLIEHHE JaBJEHHH B KOHLE
M B HayaJe W30XOPHOTO MpOoUecca noxasopa Tensorh (cM. pue. 9.3),
T. €. NIOKa3bIBalollas, BO CKOJMBKO pa3 NoBLICHAOCH faBJeHHe paGouero
TeNa B 1HJHHAPE [0CNE CropaHuf Tonjauea (npH v = const):

A= py/p,, (9.2)

rle p, — naBnenHe paGouero Tejid B KOHLE Mpolecca CKATHA; py —

naBJenue paGouero Teaa B IRAKHApE [OCAE CTOpaHHA TOMJHBA.
Cmenensio npedeapumenrbiozo pacuuuperus p Ha3pBaOT OTHOWEHHE

yAeabHOro ofbeMa vz paGouero Teja B KOHLE Mpoliecca CrOpaHMs
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TONMHEBA npu p = const K ylelbHOMY ofbeMy U, B HayaJe 3TOro
npouecca (cM. puc. 9.5):

P = Us/Us. (9.3

[na obecneueHns HanGosee NOJHOrO CropaHHs TOMJHBA B 1H-
JIUHAPE ABHTATeN OHO AOMHHO OBITh XOP OO NEPEMEIAHO ¢ BO3AY XOM.
Cwveck pacnblieHHOTO B BO3[JyXe TONJHBA, NpeAHA3HAYEHHOro pIif
CHMTAHMsT, Ha3bIBAIOT palouell cMecoi0, a npouece MPUTOTOBICHHA pa-
6ouell cMecH — caeceobpasosanien.

[To cnocofy npuroroBieHHs ropmoueli cmech JIBC noxppasge-
JSIOTCA Ha JBe TPYNNB: ¢ BHEIUHHM W BHYTPeHHHM cMeceolpa3o-
BaHHEM,

KaiBHrateAaMCBHemHHM cMeceo6pa3oBaHUEM OTHO-
cates kapOropamophste U 2a306bte 1BAraTeny. Pabouas cMech B HUX npH-
roTaBiMBaeTCH B CNEUHAIbHOM YCTpOHCTBe — KapOopamope (npu pa-
6ore Ha GeH3HHe HJIK KEPOCHHE) UK B caectimene (NpH paBore Ha Ta30BoM
TonJivBe). B 3ToM caydae B Kamepy cropaliua mogaercs ye rotopas
paGoyasi cMech, KOTOpas BOCHJIAMEHSETCs HPHHYIUTENbHO OT 3JIEKT-
pHYecKOH HCKphl (ceequ sascueanus). Crenenb ckaThs paGouel cMecH
y jBuratellel ¢ BHewHMM cmeceofpa3oBaHMeM JOBOJIbHO HH3Kad
(e = 4--10) u3-3a omacHOCTH ee CaMOBOCNJiaMeHEHHS ele o npHxoaa
nopuwus B BMT.

B aBHratenax ¢ BHYTpeuHuM cMeceobpa-
30BaHHeM mNpHroToBJaeHHe paboueli cMeCH NPOMCXOAMT BHYTPH
pabouero uunuHapa I, Kyga Bo3nyX H TOIJIMBO IOAAIOTCH PasiebHO
(puc. 9.2). CHayana nopiueHsp 2 CXKMMAET UHCTLIA BO3AYX A0 AaBJEHHSA
3—4 MIla, BcaenctTeue dero ero TemnepaTypa B KOHue CXaTHA Jo-
cruraer 600—650 °C, sarem B Kamepy cxatus & uepes dopcyHKy 4
BrPLICKHBAETCS KHAKO® TOMJHBO (AH3ENBHOE HIIH moropHoe). Ton-
JUBO K (QopCcyHKE mnojaercs cre-
U¥aNbHBIM TONJMBHBIM HacocoM J.
IIpoxoas uYepe3 ¢OpCYHKY, TOMINBO
pPacnblIAeTCa M BOCINJIAMEHSIETCH TIpH
CMEIIEHHH ¢ pacKaNeHHLIM BO3LYXOM.
Hsuratenn, paGoraiomye no [pHH-
Luny BOCNJAMEHEHHS1 TonjuBa [pH
BLICOKOM CXAaTHM, Ha3plBalOTCR O08U-
2amesamu evicokozo cocamus, CTeneHs
cxarua pabouefi CMecH y TaKkMX JBH-
ratenedl  3HAUMTeNbHO  BHILIE, YeM

KapGiopaTopHbX (e = 12--20).

o cnocofy ocymecTBAGHUA LHK-
aa ABC Moryr ObiTk [ByX- H YeThI-
pextakTHuMH, B 4emeipexmaxmron
Osueamese {(cM. puc. 9.1) paGouuit
LUHKJ COBepIlaeTCA 332 4YETHPe XOAd  pyc, 9.2, Cxema QBHraTels BLCO-
nopmus [—IV (rakta), r. e. 3a nBa KOro CxarHs
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oGopora Bana, a B dsyxmakmuom dsuzamese — 3a nBa xona (Takta)
nOpiuHA, T. €. 33 OJHH 060POT KOJeHYaToro BaJia.

Huxgaw [OBC B 3aBucumocti or cnocoba noxsopa TenjoThl
K paGoyeMy TeJy nOAPa3geNsioTcs Ha TPH CPYNNEL

1) ¢ noaBopoM TenJOTHI MpH HOCTOAHHOM oObeMe — v = const
{yuxa Ommoy;

2) ¢ noNBONOM TENJIOTHEl IPH NMOCTOSHHOM NABAEHHH — p = const
(yuxa Huseas);

3) €O cMewaRHBIM TORBOAOM TENAOTHI: HACTHYHO npu v = const,
a 3aTeM npu p = const (yuka Tpunkaepa).

§ 9.2. UHKJ JBC C NMOABOJOM TEMJOTHI NMPH p= const

Hukn OBC ¢ M30XOpHEIM TNOLBOAOM TEMJOTH, HAW [MKJ
Orro (HasBaHHEI No uMeHH Hemeukoro koucrpyktopa H. A. Orro),
ABNAGTCS HJeaNbHBIM AJIS1 BCeX KapGlopaTopHGIX H Ta3oBbIX JBHIa-
tenefi. Ha puc. 9.3, a n3obpaxena neficteutenuas mHAHKaTOpHAs
AHATpAMMA UYeTBIPEXTAKTHOTO ABMraTeNst ¢ GBLICTPEIM CTOPaHMEM pa-
Goueit cmecu npu v = const. PaceMorpum pa6oty gsurarens no Ky
Orro.
1. Tlepuog Bnycka (auHMa 6—1), BcacbiBanue pabouell cmecH
B IMJIMHAP [ NpPOHCXOAMT NPH ABHXKeHHH mopuiHs 2 U3 BMT 8 HMT
yepe3 BnyckHod xjaanad 5. [lasienune BcachiBaHus HeCKOMbKO HHIKE
aTMOCEpHOro H3-3a THAPABNHYECKOTO CONPOTHBMEHMS BNYCKHBIX
KJallaHoB H BCacHIBAIOMIEro TPy6onpoBoja.
2. Tlepwon cxatus (kpusas [—2). IMpyu npnmxennu mopiuHa M3
HMT B BMT (knanassi 3 # 5 3aKpLITH) NPOMCXOANT YMeHblIEHHE
00BEMa CMECH OT Uy 0 Uy, BCACACTBHE Hero ee JaBJeHHe H TeMIepa-

Iy D
J B
C g,
2, A 2,
2 Z %,
’*ﬂo-n 2 ﬂé¢¢
] o B L}
| e 1 1< &
| oy, ey 7~ 4
l &z 4 * G 7
T Y R 7,
Bcacsibanue { f
» aMT Vg i
5 Pauc. 9.3. UHzukaropuble anarpam-
o BMT \HMT  mu1 kapGopatopuoro JIBC: a —
g” ] PR ZelficTBHTENbHAN; 6—TeopeThyecKan
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Typa BO3pacCTaloT OT o, A0 pp H oT T, mo T, coorBercrBeHHo. Benen-
CTBHE OUeHb ObICTPOTO MPOTEKAHHA NMpoLecca cKaTha (M pacluHPeHnd)
CUMTAlOT, UTO Tenaoo0MeH C OKpyXawiell cpeloil NPOH3OHTH He
ycneBaer (Ag = (), a caejoBaTeNbHO, 3TH MPOUECCH MPOTEKAIOT aju-
abarHo.

3. TIepuox ropeHns paboueil cmecH (auHna 2—3). B kouue TakTa
CKATHA NPOHCXOJUT BOCN/JAMEHEHHe CMECH OT HCKpPhl CBEUH 3aXHTa-
HHA 4. B unauHape TONMMBO CrOpaeT HacTOAbKO ObICTPO, YTO NMOPIUEHD
NpaKTHYECKH He YycNeBaeT NepeMecTHTbes M Kpupas 2—3 npHOJIH-
XKaerca K H3oxope (v = const), K pabouemy Teqy nogsoautcs TenaoTa
¢y, BHI3bIBalOIlas BO3pacTaHHe €ro TeMMepaTypbl M [aBJEHHA.

4. Ilepnon pacumpenus (kpHBas 3—4). CxkaTeie rassl paclunps-
fotcsl H, nepelBuras nopueds 3 BMT B HMT, cosepmair mexa-
HHYecKyw pabory (noplienb penaer paGounii xoa). BenencrBue 6ul-
CTPOTHI MPOTEKAHNA 3TOT NPOLECe TAKKE NIPHHUMAETCA HAYLLHM [0 afH-
abare (Ag = 0). JlaBneHne u Temneparypa orpaboraBLiell cMecH no-
HHKAKTCA, a 00beM YBeJHUHBaeTCH.

5. Tlepnon BuixJaona (Mnuusa 4—35). BuinyckHOH kaanai 3 oTKphI-
BaeTCH ¢ HEKOTOPHIM ONEpe:KeHHeM, M03TOMY BHIXJION OCHOBHOH Macchl
IPoAYKTOB CrOPAHHA H3 HHMMNAPA IPOHCXONHT N0 MOMEHTa NPHX0Aa
popimHa B HMT. B cBasu ¢ stum AeiicTBHTeNLHBIA npouece BuXJ0nA
4—5 HeckONLKO OT/JHYaeTCHA OT TEOpeTHYECKH IPHHHMAEMOro H30-
xopHoro npotecca. C orpaGorasiiuM rasoM, BHIGPOIIEHHEIM B aTMO-
chepy BcneACTBHE Pa3sHOCTH JaBneHuH, oTBOJHTCA Tensota gy, locuae
BLIX/IONA JaBJeHHe B LHJHHIPe H3-33 COMPOTHBJACHHA B BpINYCKHOM
KlanaHe 3 W OTBOAsILLEN TPYOe OcTaeTcs HECKONbKO Bbille aTMocdep-
HOTO.

6. Tlepuox BuTankneanus (Anuusa 5—~6). Tlpn gBUKEHHH NOpPIUHS
u3 HMT u BMT npoHcXoanT BeITaNKHMBaHHe H3 1HAMHjpa OCTaB-
wuxcsi oTPadoTaBLIMX Ta30B NPH OTKPHTOM BHITYCKHOM KJanaue,

Ha onmncanna paborer JIBC BuaHO, U4TO mpolleccsl, NpoTeKaloute
B HeM, Heo0OpaTHMEL, T, €. IMEITCA TpeHHe, Ten0o6MeH NPH KOHEeYHOH
pasHoCTH TeMmneparyp, H3MeHeHHe KaueCTBEHHOIO M KOJHUeCTBEHHOro
cocrtaBa paGoyero Tesla NpPH €ro CrOpaHHH W T. I, a UHKJA paGoThl
Jaxe He 3aMKHYT, Tak Kak pabouee TeJO NOCTyIaer H3BHE W BuiOpa-
cbiBaeTc B aTMocepy Mo OKOHUAHHM LHKJA,

AHanH3 cnoxHeIX HepOpatuMbix npoueccoB JBC He mMoxker GuiTh
mpoBeaeH METOAAMH TEPMOAHHAMHMKH, OCHOBAHHBIMH Ha 0GpaTHMOCTH
npoueccoB. CTpeMyenHte ke BbIABHTb OCHOBHBEIE NPUYHHBI, BJHSIOUIHE
Ha 3KOHOMHYHOCTb PaboTel jBHIaTeseH, OILEHHTh COBEPLIEHCTBO [IPo-
TeKalolHX B HHX [ipolleccoB NPHBENO K HeoOXOZHMOCTH OTOXiecT-
BJ/IeHUSl 3THX MPOLECCOB ¢ OOPaTHMBIMH TeDMOJHHAMHYECKUMH.

I1pu TepmoaHHaAMHUecKOM aHaau3e uukaoB JBC mpuusata creny-
olnYe JONYINeHN s, NO3BOAAOLINE 1 IeaTH3HPOBATb paboTy ABUraTEIEH.

1. B xauecTtsBe paGouero Tefa NMPUHHMAaeTCs HjealbHbIH ras, ten-
JIOEMKOCTb KOTOPOTFC He 3aBHUCHT OT TeMIepaTypHl.

2. HukJ 3aMKHYT, M Ha BCeX €ro CTajufiX KauyeCTBEHHBI M KOJH-
YeCTBEHHBId cocTaB palouero Teja OCTaeTcs HeH3MeHHBIM.
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7 3. Tenmora & paGoueMy Teny

NOABOAHTCA OT BHeIIHEro TOPSUero
HCTOYHHKA, a He 3a cuUer CKHIaHHA
TON/INBA, & OTBOAHTCA K BHELIHEMY
XOJIOAHOMY HCTOUYHHKY, a He BEIGPOCOM
B at™Mocdepy.

4. Tlponeccsl catus H pacLmpe-
HUA pabouero TeMla NOPOTeKaloT Ges
trensocOMeHa ¢ BHeWHeR  cpenoH
(aanabatHo).

5. OTcyTCTBYIOT TpeHHE MeKuy
3JleMeHTaMH LWATYHHC - NCPIIHEBOH
TPYONBl H THAPABAMYECKOE CONPOTH-
BJeHHe B KJaDaHaXx M NoXBOLALLHX
Puc. 9.4, Upka ABC ¢ u3oxop- TpyGonpoBosax.

HBIM YIOABOAOM TEIVIOTBl  (LLHKJI 6. PasiocTs TeMmneparyp Mexiy
Or110) HCTOYHHKOM TENJOTH B pabouHM TenoM
ecKOHEeYHO MaJna.

Teopernuecknit 3aMKHYTHIH KA OTTO IPY TPHHATLIX 10N YILEHHAX
npenctassen Ha puc. 9.3, 6, a ero nsofpaxenne B s — T-auarpaMme
AaHo Ha pHc. 9.4. [uxa cocTout u3 aByx auuabatr (/—2, 3—4) u
ABYX unsoxop (2—3, 4—-10).

KonuyecTBo nonBeseHHOR ¢, H OTBEJeHHOH gy TEIJIOTHl B Hjealb-
HOM UHKJe MOMXHO MPeLCTABHTb MPOH3BELEHHEM TeNMOeMKOCTH Mpo-
11€cCa Ha COOTBETCTBYHOILYIO pasHocTe TemnepaTtyp. B s — T-ana-
rpamme nuomaib 2—3—b-—a noa nununell n3oxopHoro npouecca 2—3
npexcTasasfer co0oH NOABEREHHYIO TEMNJOTY

g1 =0, (T3 —Ty). (9.4)

a maouans 4—I—a—>b nop Jnuuedl n3oxopHoro npouecca 4—I —
OTBENCHHYID B UMKJE TEMJIOTY

1g2] = €5 (T4 — T). (9.5)

Tennora, skBuBaneHTHas COBepLIEHHOH NOJME3HOH pafoTe LHKJA,
B COOTBETCTBHH C T€pBEIM 33KOHOM TePMOJAHHAMHEH COCTaBJaAET
BeJIHUNHY

ud
<

Foer

In=ly= g1~ g/ (9.6)

U usofpaxaerca naowaavlo [—2—3—4 (puc. 9.4).
Tepmuueckuit KI1J] unxna HaXoANTCA M3 U3BECTHOrO BbIPAKEHHS
N = lu/?l =1 [fh !ilql- (9-7)

Ias xonuuecTBeHHOH oueHkn paGorhl ABuratesnell no uukay Otto
npejctasuM Belpaxenune (9.7) B ynoGHoM Asd aHanusa suge. Jlasa atoro
NOACTAaBAM B Hero 3HaueHHd ¢; M ¢y M3 Beipaxenui (9.4) u (9.5)

_a(Ty—T1) et § e Ty—Ty TyTy—1

ik i TR S e s e R
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[na apuabatHoro npouecca —2 c:kaTis HAEaJbHOrO rasa crpa-
BEJJIHBO COOTHOILEHHE

T/ Ty = (n/v)*—! = e*—!, nau T,/T, = lfe*—L 9.9)
Auanoruuso ana agnafarer 3—4
TolTy = Uafva) =1 = (vy/0y)*—1 = e*,
torna To/T, = T4/Ty H, crepoBaTeabHO,
PilTs = TstPy (9.10)

C yuerom (9.9) u (9.10) Beipaxenue (9.8) nns repmuueckoro KIT/]
uieansHoro pukJaa OTTO mpumer BUJA

Np=1—l/e*~L (9.11)

s Boipamenns (9.11) caenyer, uto tepmuteckuit KIV1 unrna
OTTO 3aBHCHT OT NOKasaTess afuabaTbl k& W CTeneHH CXKaTHA e pa-
Goueil cmecu. Bemmunua k = cp/c, yunTeiBaeT cBoicTBa paGouero
Tesla H OnMpefeNiaeTca ero MOMEKYAAPHeIM cocTaBoM, CTelleHb cKaTHs
3aBHCHT OT KOHCTPYKIHH BHraTeqas H cocTasa paGoueil cMmecH. C BO3-
pacTauneM e W k2 Tepmuueckuit KI1Jl nuknaa yseauuusaercsa. Hs3
Boipaxenus (9.11) Takmxe crepyer, uTo AN AaHHOro paGouero Tesa
BeJIH4HHa 1); B uHk/ae OTTO 3aBHCHT TOJMBLKO OT cTeneHu cxxatns. MMen-
HO MO NYTH yBeJHYeHUS € LLI0 pasBuTHe M coBeplieHcTBoBanue J1BC.
Onnako oxasa/iock, YTO YBeJHyeHHe CTENeHH CKaTHA paboueid cmecH
OTpaHHyHBaerca Temnepatypoll T, KOHIA CKaTHA, OPH KOTOPOH BOS3-
HHKaeT ONacHOCTb CaMOBOCHJIaMeHeHHs Toplouedl cMecH elle A0 IIpH-
Xo[a MOpLHA B KpaiHee BepXxHee MOJOCKEHHE, YTO HapywiaeT HOp-
MaJpHyro paboTy ABHTares.

§ 9.3. LUKJ ABC C NOABOAOM TEIUIOTHI NPH p = const

Crpemnenue nosbicHTe TepmuueckHit KIIJ] asurarens sa
CUET YBEJHUYECHHS CTENEHH CHATHA OPUBEJO K 3aMeHe JeTKoBocHJa-
MeHseMoll paGouelf cMecH HeroprunMm paGounm Tejdom. Deim cospan
HOBLIA ABHraTeNb — AH3€Mdb, B UHJAHHApE KOTOPOTO CXKHMaeTca YH-
CTHIH BO3YX A0 BBICOKOIO JaBJeHHS, & TONJIMBHAs cMech BBOAHTCS
B KaMepy CropaHus cnenHaJpHEIM KOMIPeccOpoM B KOHIe Iipoliecca
cKaTHA. 3TO NO3BONHJO HCKJIOUATL pekieBpeMeHHOe caMOBOCH/Ia-
MeHEeHHe CMeCH, UTO CJ€p:KMBano noBbiltenHe Tepmudeckoro KIT/I
B unkne Orro. Pabouas cmech Bocn/ameHseTcs OT BLHICOKOH TeMle-
pPaTypel CXKaTOro BO3JYyXa, HAMHOLO [peBuINalouel TeMIepaTypy
CaMOBOCIJIaMeHeHHsA TOUMHBa. TONJHBO B WHAHHAp ABHTaTess Iic-
HaeTc NOCTENEHHO, a He cpasy, 4To o0ycAOBANBAET €ro nocTeneHHoe,
a He MrHOBeHHGe cropanHe. [Ipu sToM naBeHne B HIHAHHAPE HECKOMBKO
NOBHIUAETCA, HO OCTAETCH 60Jiee HAH MeHee MOCTOSHHBIM (p = comst)
32 cuer MOCTENeHHOro YBeJaHUYEHHA oObeMa Kamepbl CropaHus npH
JABHXKEeHWH [10pILUHA.
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Puc, 9.5, Hukn IBC ¢ waoGapseiM nogsofom TenaoTs (Luka Jlusens):
a4 — B v — p-jHarpamme; 6 — B § — T-Iu arpamMme

Hapeanusuposannnii nuka JIBC ¢ H306apHbIM NOABOAOM TeMJIOTH
(puc. 9.5) cocront M3 gByX aauabat (I—2 u S—4), oaHo#l M30Bapw
(2—3) u usoxopsl (4—7). Haspanne sToro nukjga cBA32HO C HMEHEM
HeMenKoro KoHcTpyxropa P, Jlusens, BnepBble MOCTPOHBILIErO [BH-
rartenb, paGoTaBIUUH [0 3TOMY HHKAY.

B uukne Jlusena noBTOPSAIOTCH Te e MEPHOJE!, YTO H B LHKJE
OrTo, U OH COCTOUT H3 CJELYIOMMX IIPOIEeCcCOB:

I1—2 — ppouecc ajuabaTHoro cxkatus Bosayxa (Ag = 0) no
GoJiee BEICOKOIO KOHEYHOIrO AaBleHHSl Py H TeMiepaTypsl T, IO Cpas-
HeHuw ¢ nuraoM OTTO;

2—3 — npouecc cropaHus TOMMHBA IPH p = const, IpH 3TOM Npo-
MCXOAHT H300apHuIH NOABOA TenJIOTH ¢, K paoueMy Teny; 3TOT Iipo-
necc fIBASETCA YacTbio paGouero Xoaa MOPIUHSA, NPH KOTOPOM 00beM
UHIHHAPE YBENTHUMBAETCA OT Up N0 Us, YTO ObecneunBaeT NpHMEpPHO
NOCTOSIHHOE JaBJeHHe Mpollecca FOPeHHs;

3—4 — anuabarHoe pacwnpenne paGouero tena, Ag = 0; npo-
IoJKaercs pabouyHl Xoj [OPIUHS, BO BPEMA KOTOPOTO COBEPLIAETCH
BHEWIHAA MeXaHHyeckad pafora ABYratesis; TEMIepaTypa H AaBAeHHE
OPOAYKTOB Cropanus uajawT, a ofbeM YBeJudHBaeTcH;

4—1 — npouecc Buifpoca B aTmochepy OTpaboTaBIINX TIa30B,
a C HUMH H TeIJIOTHI g,.

Hs s — T-puarpammer (puc. 9.5, 6) BHAHO, UTO TenJoTa, 3KBH-
BaJeHTHasa pabore umkaa [y, uzobpaxaercs naomagpio I—2—35—43

o =lg=q1— gz

rue q; = ni. 2—3—b—a — Tennorta, nogselcHHan K paGoueMy Teay
B HsoBapuoM npouecce 2—3; g, = na. 4—J[—a—b — Tennora, orse-
AeHHas oOT palouero Teja B H30XOPHOM lipouecce BhixJjona 4—I1

r=Cp (Ts—To); |gal=10¢,(Ty—Ty). (9.12); (9.13)
74



Tepmuueckuit KITA nukna dusens, cornacHo obmemMy BuIpaxKenuio
nns Tepmudeckoro KIII mo6oro nmxia, ¢ yuerom (9.12) u (9.13),
NpHMET BHJ

Me=1—=|qlg=1—¢(Ts—Ti)lcy (Ts — Ty)l.
[Tocne mpeoGpa3oBaHHsl € y4eTOM TOrO, 4TO €,/c, = k, HMeeM
Mo = | — (TUT) (VR [(T4/T1 — W(Ty/Ty — 1)]. (9.19)

Ina wsobapHoro mnpouecca 2—3 B COOTBETCTBHH ¢ 3axkoHOM [efi-

Jlioccaka
T/T, = vg/uy = p, (9.15)

rie p = U3/, — CTeneHb NpeNBapHTENbHOIO pacLUHpeHHs,
Jlna apuaGat paciupenns S—4 n cxaTua /—2 MOXKHO HalHCATb:

k k k 4
PVl = PaUs;  Pals = Pyl
Pa3snequB HOYNEHHO 3TH PABEHCTBA M VUNTHIBAS, YTO B HHKJIE Uy =
= Uy H pPg = Py, HMEEM
Pa/P1 = (Uy/0a)* = p*.

B coorBercTBHY ¢ ypaBHeHHeM KianefipoHa 3ameHseM OTHOLIeHHe
AaBJIcHUH Ha OTHOLICHHE TeMIepaTyp H, TPHHHMas BO BHHMaHHe, 4TO
vy = Uy, TIOJIyYaeM

TyTy = p*. (9.16)

INopcraBnasa coorHoweHus (9.15) u (9.16), a Takxe (9.9) B dop-
myny (9.14), noayuaeMm cheayioiiee BuIpaKeHHe AJNA TEPMHUYECKOrO
KITO wuxna Husens:

=1 =Y Rl — e —n1 | O1D

CoorHotrense (9.17) noxkaswBaet, yro Tepmudeckuii KITM nukna
C [MOABOAOM TENJOTH HPH MNOCTOAAHHOM JaBJIeHHH no-npemuemy 3a-
BHCHT OT CTEMNECHH CXKaTHA & (kak W B pHkJae OTTO) M yMeHblUaeTes
C YBeJHUeHHEM MpPeJBAPHTENBHOTO pacUIHPEeHHs p. )

Bnusinue creneHu cxkatus e Ha KIIJ1 unkaa sugvo us s — T-
Avarpammul (puc. 9.6). Tak Kak BemMuHHA 1)p MOXKET GHLITh BLIpaXeHa
Yepe3 OTHOLIEHMe MIOMAxed

_ly g —lge|l _(nne—2—38-b)—(ma—1—~4—0b)
il = n R - na. a—2—3—bh -
. 1—2—-3—4
T ae—2—38-b"

TO pH OAHHAKOBOH OTBOAMMON Tenjore | g; | (1. a—I—4—b) KIII
6ynér Gonbiie Y LMK ¢ GoJsliefi cTeneHelo CKaTUs BC/EICTBHE G0Jb-
ifieit paGorel nvukaa (ia. I—5—6—4 > nn. 1—2—3—4).
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Crenels  cKaTHA B jgBHraTessX
[usens onpejenserca TeMnepaTtypo
BocHJIAMEHEHHSA TONJAMBA U JICHKUT
B unpelenax e = 13—+-18. [anwbueii-
iee ee yBeJHueHHe B IEJHX [IOBbE-
UeHUs 1); OKasblBaeTcs Hellenecoob-
pa3HLIM H CBOAWTCA Ha HeT pe3KkuM
yMeHblleHHeM MeXaHHuecKoro KI1
JABHratessi. 3TO CBA3aHO C BOSHUKHO-
BeHHEM 3HAUNTEABHBIX CHJ COMPOTH-
BJEHHS B Yy3Jax TpeHus, yBeJIHUH-
BAIOUIMXCA C BO3PACTAHHEM JABJEHHA
Puc, 9.6, Bn_uﬂﬂue CTENCNH CKA* g yHHAPE.

g Ha KII wexkna  Jwsexa JIBHTATEH, paGoTalouie 10  LHK-

ay Jusenst, uMerT pPAl npeHMYIIECTB
no cpaBHewnw ¢ uukaoM Orro: Goaee suicokur K[, orcyr-
cTByeT KaplopaTop, HeT 3aNanLHoero YCTpOHCIBA, HCIOML3YETCA je-
L1eBOe HHU3KOCOPTHOE TOMJHBO (Ma3yT, cOJNAPOBOE Mac/o H ap.).

§ 9.4. HHKJ ABC CO CMEIWAHHBIM HOABCAOM
TENJIOTBI APH o = const n p = const

CrpemneHlte ynpocTHTh KOHCTPYKUMIO U YAYUILHTE paboty
nsurareseil Jlusena npuBelo K cO31aHHIO GECKOMNPECCOPHOTO ABHTa-
TeNMA cO CMELAHHKIM cropalHem pabouero Teaa. lluka, no Kotopomy
paboTalT TAKUe ABHrATENH, MOJyuu) HasBaHue L K 1a T pu H K-
Jepa (oo mnmenn pycckoro nuxenepa [T B. Tpuskaepa, npenno-
JKHBLIETO 3TOT WHKJI),

Lukn Tpunknepa sapasercs rkoMOunanuell UHKJ/JIOB C NOABOAOM
TermIoThl npR ¥ = const # p = const ¥ JHIWEH HX HeLOCTaTKOB.
HneanusupoBanlpii WUk ABHratels €O CMEIIAHHEIM MOABOAOM Tell-
JoTel {puc. 8.7) cocrout U3 ABYX aauabar (/—2 n 3—4), 1ByX usoxop
(2~-5 n4—1I) u uzobapeul (5—3), B atux ABHraTeNaX, Kak W B AU3eHAX,
CKAaTHEe TOMMHBA M CMECH I[IPOM3BOAMTCA pasjenbHo. J[lBHrarenu
Tpuuxiepa B BepxHeil 4acTH UMAHHAPA HMEIOT CHELHAALHYIO Ka-
mepy [ {thopkamepy), coeiHHEHHYfO ¢ HHIHHAPOM Y3KHM KaHaJIOM.
Bosayx ¢ napamerpamu Ty, py, v; agiabaTHO CXKHMAETCH B LHJIHHLpe
(npouece /—2) no naBheHHsa p,, COOTBETCTBYIOIIETO TeMIeparype,
kotopas na 200—300 °C Bele TeMnepaTypsl CcaMOBOCIIAMEHEHWS
KugKoro TonauBa. TonnuBo, pacnbliisemoe B ¢opxamepe ¢opcyH-
KaMmH 2, noJaercs K HMM HOR GOJbIUIAM AAaBJAEHUEM [JIYHKepPHbIM
HacocoM. YacTe tonmupa (MeéHblnas) mOYTH MPHOBeHHO (OpH v =
= const) cropaer B dopramepe (nponece 2~-5). I'lpu sTom x paGouemy
Tely nogBoAuTeA TenaoTa g1. O6pazoBaBluMCa LaBlexHeM GOMbriaf
uacTh HecropeBUIero TOMJHBA M BO3AYXa BLITalKHBaercd u3 Qopka-
MEpbLl B UMJIHAAD H JoropaeT B HeM NIPH ABHXKY[IEMCA cJieBa HanpaBo
nopwse 3 (npomecc 5—3). IaBnendne B mpollecce ropenusa 5—3
He BO3PAcTaeT pPe3Ko, kaK B ABHTATeNAX OLICTPOro cropaliHs, & M3-
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MeHsercsl He3HAYyNTeNAbHO, NPUBIHKEACh K aukuu p = const. K pa-
GoueMy Tesy mOABOAMTCA Terusora ¢. Jansuefimee annaGathoe pac-
WHpPEeHHEe NPOAYKTOB cropanus (npouecc —4) ofecneunBaer paGouiil
XOA4 MOpPLUHA, N0 OKOIYaHHH KOTOPOrO NPOHCXOAMT yAalleHHe OTpa-
foTaBiinx rasoB (BeIXJom) B atMochepy (npouecc 4—1), ¢ HHMH OT-
BOJHTCA TENJAOTA (.

Pa6ora uukJaa, Kak W pawxee, onpenenaserca no dopmyae (9.6).

Tepmuuecknit KI1[L uumxna co cMewmawHBIM CcropaHveM TONJHBA

N = 1— in ffm =1- fq? V(CI[“E*Q]}

OtBopuMas Tem/aoTa B H30XOpHOM mnpolecce 4—/ onpemensercs
no ¢opmyne (9.5).

IloaBoiuMas B UMK/ TeNJOTa ¢y CKJAajsBaeTcs W3 TENJOTH §i,
DOJIBOAHMON B H30XOPHOM Npouecce 2--5, ¥ TenJoTsl §;, NOABOAHMOH
B u3obaproM npouecce 5—3, T. €. g1 = g + ¢i, TAe

qi=co(Ts — T3); g1 = ¢p (T3 — Ts).
Torna rtepmuueckuit KITJ unxna
Ny = 1 — Cy (T4 = Tl):"lcu (To e Tﬂ) + Cp (TB - Ts)],

1 2 o TyT,—1 Ty
T (To/Te — 1)+ e (Ts/To) (Ty/Tg—~1) Ty *

HenonpsyeM BbefeHHbie paHee OOO3HAYEHHS OCHOBHBIX KapakTe-
PHCTHK WMKJAa AJaA LHKJAa TpuHKIepa:

HJAH

©9.18)

U,/vy = U,/v; = & — cTeneHb ckaTud;

ps/Py = Palpa = Ty/Ty = A — CTeNeHb NOBLILEHHA AABIEHHS;

q} "
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Puc. 9.7. Huxa OBC co cMemanasm

nonBoaoM TenJothl (UWHkA TprHKAe-

pa); @ — B v— p-aHarpaMme; 6 —
B §~— T-pHarpamme
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v,/uy = wyfvy = T3/Ty = p — crenelb OpeABapHTEABHOTO pac-
LIMPeHHR,
Torza selpakende (9.18) MoxXHO npeobpascBaTbh K BHALY

_ I ¥ — 1
L NV by ey (9-19)

H3 aHaausa Boipaxenus (9.19) caenyer:

1) tepmnueckuit KI1I uukna Tpuakaepa Bospacraer ¢ yBesHde-
HHeM & ¥ A M C yMeHblUeHHEM p;

2) npu p = | (orcyrcrByer H3o0apHul npouwecc 5—3, Uy =
= v, = ¥,) Buipaxenue (9.19) npeBpamaerca B Boipamenne (9.11)
ana Tepmuueckoro KIU unkaa Orro;

3) mpu A = 1 (orcyTcTByeT H30XOpHBI npouecc 2—5, p, =
= p, = p;) U3 ypasHenHusa (9.19) nonyuaerca Buipaxenne (9.17)
aasa Tepmuueckoro KILI uuxmaa Hnsens.

Bce coBpemenHble ABUraTesNH BHYTPEHHETO CTOPaHHA ¢ BOCh/ame-
HeHneM paboueil CMecH OT TENJOTEL CKaTHsl padoTalT O HHKAY CO
cMellaHHbIM CTOpaHHEeM TOMJINEA, UTC ofbsicHAeTca Gojee BEICOKHMH
3HaueHuAMH TepMuueckoro K[ mo cpaBHEHHIO C APYTUMH P&CCMOT-
PEHHbIME LHKIaMH.

§ 9.5. CCABHEHHE LMKJIOB MNOPLIHEBbIX JBHIATEJEHA

B tepmoanuaMuke cTeleHb COBepLIEHCTBa RHKJA Ompefe-
JfeTCA 3HauenweM ero tepMHueckoro KILM, nosTomy esnarenbHo,
yrolGsl pafoTa jBHTaTeNeH BHYTPEHHETo cropalHs oCYIlecTBJAAIACkH
no uHkay Kapuo xak umetouieMy HauGoabinii Tepmuueckuii KILI.
OnHAKO NpaKTHUYeCKH OCYILeCTBHTH LUHKJ KapHO okasaloch HeBo3-
MoxHBIM, noatoMy JIBC paGoralor mo apyrum, MeHee SKOHOMHYHELIM
uukaaM. TepMognnaMuueckasi 3QpQeKTHBHOCTb STHX LHKJOB 3aBHCHT
OT KOHKDPETHBIX YCJOBUH HX OCYILECTBAeHHs. B oiHHX ycmoBHax sKo-
HOMHUECKH BBIFOAEH OAHH UHKJ, B APYTUX YCAOBHAX — ApPYIOM.
CpaBHenie HieanbHbix uukaoB Otro, [usens w Tpumkmepa noka-
3LIBAET:

1) NpH OAHHAKOBHIX CTENEHAX CHKaTHA (Eor = Epg = &;p) HaH-
6omee cOBeplLIEHHBIM OKasbiBaeTcsl MHKJA OTTO (C MOABOAOM TETJIOTHI
npi v = const), nanmenee sadbexTusHbiM — puxa usens (¢ moa-
BOJAOM TenaoTel npH p = consl), a uuka TpuHKAepa co cMeluaH-
HelM [OABOAOM TeOAOTH 33HUMAET [POMEHKYTOUHOE TOJOKEHHe
(puc. 9.8, a), 1. e.

N> >
2) npH OJIMHAKOBLIX MAaKCHMaJLHBIX TeMNeparypax M AaBJeHHAX

unkaa (puc. 9.8, 6, Touxa J) uukaA OTTO OKa3LIBAETCA HaMMehee Co-
BepUIEeHHbIM, a Haubodee appexTHBHEIM — wika [duseas, spdexTns-
HoCcTh LHKJAZ TPHHKJepa OKa3hiBaeTCA CpeiHeld MeX1y HUMH:

o7 TP a

N <M <'I‘|¥.
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Pue, 9.8, Conocrasnenne nukios JBC: @ — mpu onuHakoBofi cremedn
caTys; § — npy onuHakoBuK 3HavenwaAx Tgay M Prmax

OTH nonoxeHus JArK0 YCTaHOBHTb € noMOIbio § — T-auarpaMmel.

[Tpu opunakosolt crenenu cxkatns (puc. 9.8, a) orsogumas Ten-
nora | qy | = na. a—I—4—>b ana scex tpex uukaos (Orro, Huseas
n TpuHKZepa) OAMHAKOBa, a NOABOAUMAfN (, — pa3Hasg: ANA UHKJA2
€ MnogBOAOM  TemJOTH NpH U = const ona  Haubosbluad
(na. a—2—3,,—>b), a pnn uuKIa ¢ MOABOAOM OpH p = const — Ha-
uMeHplas (1. a—2—3;,—b). [Mockoasky Tepmuteckuit KT nukna
onpenensieTcsl BlpameHHeM N, = 1 — | g, |/g;, To Ans wukna Orro
on OGyzner HanGoJplUMM, a ANA uMKMa Jlu3ena HaHMEeHBLIIHM U3 TpeX.

Cnenyer oTMETHTb, YTO TakOe cpaBHEHHE He BCerja NpaBHJbHOE,
TaK KaK BennyHHa & B uukaax Jlusens m TpHHKJIepa BCerla HaMHOTO
BhILIe, yeM B iiHKJe OrTo. LlenecooBpasHee cpaBHuBaTh 3peKTH BHOCTD
5THX HHMKJOB NIPH OJMHAKOBHIX MAKCHMaJbHBIX LaBI€HUH H TeMIepa-
Type, T. €. OpH OAHHAKOBRIX Mapamerpax Touky 3 (puc. 9.8, 6).
Ha srom pucyHxe nuga OTTo mpesctaBneH KoHTYpoMm f—2,,—3—4,
nuka qusens — I—2,,—3—4, cMelwlannbil muKA — I—2;,—6—3—
—4. OrBonuMas TemjioTa ¢,, H3MepsieMas mJowanpio a—IJ/—4—b,
NS BCeX LHKJOB OAMHAKOBa, a MOABOAHMAA ¢y, H300paxaeMas IJIO-
Manabio NoA JAHHHEH mpollecca MOABOJA TeNJIOThl, — Pa3jHyHa, M
OYeBHAHO, uTO ¢ > [P > ¢f". CJaepoBaTe/ibHO, MaKCHMaJbHOE
sHaueHne tepmuyeckoro KIIM anocruraercs B uuxnae Jdusens, a mu-
HHManbHOe — B 1HKJe OTTO.

Ho u Tako#i MeTox cpaBHeHWS LHK/OB He COBCceM OOLEKTHBEH,
TaK KakK OH Heé yUHTHIBAET B [OJHOA Mepe MOoTeHuHaJbHbIe BOSMOMHO-
CTH KaXporo uHkaa. HccnepmoBaHue nHKAOB NpH HauBhFOAHEHUINX
YCIOBHAX paboThl KaXA0ro NoKasajo, uTo NpPH ONTHMadbHbIX CTele-
HAX cxatua (oA uuxnaoB Jusens w TpuHknaepa epn, = 1618,
Ans nukaa Orro goyp << 9) TepMuteckndt KINJL ulxaa co cMelaHHBIM
[IOABOAOM TeNJIOTH OKa3LIBAETCSl HaWBHICIIHM, a nHkaa Orro — ca-
MbIM HH3KHM, T. €.

>0 > e
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Ha paccmorpesns UHRJAOB NpH
gopr B 5 -— T-anarpamme (puc. 9.9)
BUAHO, uTO pabuta nHkJa Tpuukaepa
{nn. 1—2—5—3,,~—4—1) Gonpwe pa-
Gorel uukaa Musean (na f-—-2—3,—
4—1I) Ha BeJHYWHY 3alUTpyXoBaHHOH
naoinaggkn 2—56—3,,—35,—2, pabo-
Tda e nuknaa OTTo — HauMeHsiasn
(nn. 1—250—8op—4—1).

Creyer OTMETHTb, YTO MEXaHH-
uyecku#i KI1[1 nBuratesneh, paGora-
OIHX [0 CMEIMAHHOMY UWHKJY, BLilue
OCTalbHBIX B CBSI3H C OTCYTCTBHEM
AOMOMHHTEILHOTO KOMOpeccopa, uTo
H NpenonpeieH/o HX LIWPOKOe TNpI-
MeHeHHe.

DKOHOMHUHOCTD pealdblipiX nopwheBuX /IBC Beceraa menniie Teope-
THYECKWX, PaCCYHTAHHBIX TO H1eaJbHOMY THKJY, TAe He VUYHTHDBY-
I0TCH TMOTepH Ha TpeHHe THAPaBIHYecKire CONPOTHBJCHHA [OTOKY
ra3oB B KJamaHax, HENOJHOTZ CI'OPaHHUS TONJHBA W H3MEHeHHe co-
CTaBa H TenaoeMKOCTH pabouelt cMecH, HealWabaTHOCTb NPOIRCCOB
CKaTHA W paclUHpeHHs, HaCOCHEIe MOTePH H T. J1.

DKOHOMITYHOCTL PEANbHLIX JBHratenel OUEeHHBAIOT CreHeHbI0 e
SPAUUEHUA 3AMPAteHHO man 20mbL MORAUsa 8 addhek musnyo pabomy —
mak Hasvsaembim sppenmucrom KI1[

Puc. 9.9. Cpasuernue nuxaos JBC
IPH ONTHMAJNLHOI CTCNICHHA CKATHSA

(9.20)

N = LefQ'!‘v

rie L, — shdexTtnrnan paboTa, KoTopas MNepelaercs BHeIHeMY Mo-
Tpebutesio (paGoTa Ha Bany ABHratens); Q, — Tensora, BheJse-
Masi npH To/JAHOM CropaHHH TOMJHBa B UHJAHHIpE.

S¢pdertupnnil KI1 yunTeiBaeT He TONBKO TepMOAHHAMHYECKHE
noTepH IHKJa, onpepenneMele Tepmuueckim KL (n.}, HO 1 MexaHu-
decKHe MOoTepH Ha TpeHMe, oNpelenseMble MeXa U HUeCKHM
KITI (ny), I nOTepy BHYTPH ABHraTeNs, BLI3BaHHbE HEOOPATHMOCTHIO
NpoLeCCOB H HECOBEPIICHCTBOM PeaNpHOTO IBHTaTeN1s, ONpelssieMble
uHAMKaTopueM  KITI (1n,).

Hannkaropustii K[ ouennBaer BeAHunny noTepb paborst LHKAa,
EBI3BAHHEIY TENJIOOOMEHOM MeXIY CTeHKamMd UMJHHApAa H pabouuM
TeJIOM, NepeTeyKaMu, THAPABAHYECKHMH CONPOTHBIEHHAMH B KJa-
NaHAX, HecOBepILEHCTBOM IIpolecca CTOPaHARA TONAMBA M Ip.:

N = Li/Ly, (9.21)

rie L, — paGota mIMKMNa pealnHOro ARMraTeNs, paBHAA IJIOMAJH
JEHCTBATENIbHOH HHAHKATOPHONH puarpamMmb! (HHAMKaTtopHas paora};
L, — paGora umMKsia Wjaea’abHOTO JBHraTesis.
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B cBfisn ¢ HasmuHeM B. EBiiraTenne )"Eh'lflﬂ TPpeHHA 4acCTh 1oAY4YLH-
HOH mosieanol paGoTsl HHKAA PACXOAYETCS HA TIPeofoJieHHe B HHX
CHA Tpeuus (Mexanuueckue notepu). Bor novemy pabora ua seixon
HoMm Bany apuratens (L,) MeHbule WHAHKATOPHOR paboTst HHKAA Ha
Beanuuny mexaHnkdeckoro KT1JL, onpepensiemoro BeipaskeHuem

e = Lo/l (9.22)

Takum ofipasom, sddextupupii KIT lem. dopmyny (9.20)]
¢ ytetom dopmyn (9.21) u (9.22) Buipakaerca npousBeneHueM

Ne = LefQ'r = N NNy (9.23)

OuepuaHo, yto yrennuenne spepexriproro KI1I asHrarens ces3ato
¢ yBenudenviem kaxporo w3 KIIA, sxoaswux B dopmyny (9.23).

IVIABA 10. TEPMOAUHAMHWYECKHE LKKJbl
IF'A3OTYPBUHHbLIX YCTAHOBOK

§ 10.1. OCHOBHBIE NOHATHA W NPHHUKI PABOTbHI I'TY

TennosnepreryueckHe YcTPOHCTBA, B KOTOPHIX palouHM
npuraTenem sapasercd TypOHHa, a paGouny TeaoM — ra3ooiipasHule
NPOLYKTHl CTOpaHHs TONJHBA, HA3HIBAIOTCH 2a30mypOuxHHuMi yoma-
noskamy (T'TY).

Cosganne neppoll naporasonofi TypOuun B 1897 r. TanaHTNHBLIM
pyccknm ummenepod IL JI. Ky3sMiHckuM M paGoThl HHXeHepa
A. B. Kapopogura (1906 r.} mocay:Xuny HAYanoM MNpPaKTHYECKOTO
ocytiecteaenys wied [ TY. lanbuefiiuas paspaboTka U CoOBepLIEHCTBO-
BalHe KOHCTPYKLHH [a30BbIX TYpOUH CBA3AHLI C HMEHAMH COBETCKHX
yueHHXx u uHxenepo B. M. Maxkosckoro, A. M. Mukyauna,
I'. Y. 3otukosa, I'. C. JXupnukoro, H. H. Kupunaosa, B. B. ¥sa-
poBa H MHOTHX [IDYTHX., BHeCIUHX SHAuUTeAbHBIA BKJIaJ B TEOPHIO
u npaktuky codpanus I'TY.

lasorypGHHHKEE YCTAHOBKH, #BASACh OTHOCHTENLHO MOJNOALIM-
THOOM IBUTATENEH, HAXOAAT Bce B0Mbliee npHMeHeHHe B HAPOIHOM
xo3nfictee, OQHH HCNOMB3YIOTCH B ABHALMH, a TaKMe /s (PHBOAA
MEKTPHUECKUX TenepaTopoB TeNJOBHIX 3NEKTPOCTAHUMH, AAA MpH-
BOJla HACOCOB H KOMIIPECCOPOB HAa MATHCTPAJEHBIX Ta30- H HeTenpo-
BOJAX, B CYAOBLIX YCTAHOBKAX H Ha Kesne3HOJOpPOKHOM TpaHCHOoOpTe,
Manas yaenwHas croumocte I'TY W Bo3MaKHOCTL OBICTPOrO BBONA
B paboTy NO3BOJAIOT TAKMKe HCIOAL30BATE HX B KAYECTBEe NHKOBHIX
H aBapuUiHO-pe3epBHLIX ArperaToB HepreTHYeCKHX CHCTEM.

Onnako B nacrosiuee spemst ['TY HMelT orpaHduenHoe npume-
HeHHe B KPYnHBIX 3NepTeTHYecKHX YCTAHOBKAaX H3-3a HeKOTOPHIX He-
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Puc. 10.1, KoHCTpyKi(us rasosol
TYPGHHB: @ — CXeMa TYpGUHBI;
6 — pafodee KoJjeco; 8 — COILIO-
Bag pelleTKa H JonaTKu TYPGHHBI

Puc. 10.2, Cxema T'TY ¢ HaoBap-
HBIM HOABOAOM TemJOTH

nocratkos: 1) cpaBHMTeNbHO HH3Koro Tepmuueckore KII (20—
30 %); 2) Goabuoft paorul, 3aTpaydBaeMoll Ha NPHBOJL BO3NYLIHOFO
KoMmrpeccopa (10 75 % MOULHOCTH rasoBoil TYpOHNH); 3) HEBO3MOX-
HocTH paCoThl Ha TBEPAOM ToINUBE; 4) HENOCTATOUHO BHIGOKGH Mak-
CHMANbLHOM MOIMHOCTH B ONHOH ycTaHOBKe.

OnunocrynenyaTtas rasosas typ6una (puc. 10.1) cocrour us pa-
Gouero Koseca 3 ¢ 3aKpENJiEHHBIMH 10 OKDPYMKHOCTH paboduMH Jo-
natkamu 2. Koneco HacameHo Ha Ban TYpOWHEI &, KOTOPHIH onmpa-
ercsl Ha NOJIUHMHHEKI 4, ycTatucBleunble B Kopuyce 6. [lepen paboutimu
JoNaTkaMi TYpOHHBE! HAXONATCA HefojBUKHBIE HanpaBasiollie Jo-
natku 7, obpasylouHe conaosyo petemsy, MeXIonaTodHse Kanaunl 7
KOTOPOH HIPAKT pPOJb CORJL.

B TypGune noteHnuasbHas 3HeprHs (naBienue) pabouero Tena
npeofipasyercss B MeXaHHWUecKyl pafoTy BpalleHHA BaJa.

Pa6ouum tenom B I'TY apasiorcs npoayKThl CropaHus XHIKOIo
HAK Ta3000pa3HOro TOMJHBA, KOTOpPEE 707 GOJbIIAM 1aBIEHUEM 0O
crynalt B connopoii annapar TypSuHel. B conyosbix kaHanax 7
CKOPOCTH pafouero Teja YBeJHyuBaercs, a JaBJeHHE najaer, Npo-
HCXOQYT TNepeXxoll BHYTPEHHeH 3HEPrHH AaB/eHUA Ta30B B KHHETH-
YeCK YK DHEpPTHI0 MOTOKA3. ITOT MOTOK TasoB, BXOAA ¢ GoabIuoHl cKo-
POCTLIO B KDHBOMMHERHBIE KaHaasl 8, obpasopaHHble paGoduMH Jo-
naTkaMy TypGrHel, OKa3piBaeT Ha HHX JaBJeHHe W 34CTaBJiAeT Bpa-
mathen pabouee Kojeco. Kuheruueckas sxeprus pabouyero Tesna npe-
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ofpasyeTca B MeXallMueCKYIo pafoTy BpalleHus pabouero xodeca,
a ¢ HUM M pana TypGuHLL OTpaGoTaBiune [ash BhOpachiBaOTCs B OKPY-
HKAOWYI0 CPefLy.

Ha puc. 102 wusobpaxena npuuupnuanssas cxema [TY co
cropanueM TONAHBA [pH NocToANHOM Aabletini. Bosaywmpeft KoMn-
peccop 7, NPHEOARMLIN B ABHkeHde rasonoil TypOMHOH 6, ciKHMaer
atMmocdepHBIH BOZAYX H HarHeraer ero B Kamepy cropanus 4. Tyaa xe
U3 TOMIHBRHOrO Gaka [ non DaBneduen BNPLICKUBASTCH TONJAHRBO ¢ HO-
MOLLBIO TOTJMBHOIG Hacoca 2, npH BOAHMOro B ,LL’;‘I:ICTEHE TOH MKe ra3o-
Bol Typ6unoii. /Lna obecneveHus ycTOHYRBOIO H MOJHOTO CHKHTAUHA
TONJNBa B KAMEPe CropaHus ero pacublifioT B Hell ¢ momonibio Gop-
cyHok 3. B pesyabTaTe moaBoja TenNoTh TeMNepatypa v AaBjieHHe
ras’oB B KaMepe Cropalnf NOBLILAIOTCH. 3aTeM MTPOAYKTH CropaHus
noj AaBneHHEM Hampasasiiorcst B TypOHHY, T'lle HX noreHIHaNbHAas
sHeprus npeobpasyercs B MexanHuyeckyio paboTy, KoTopas nepeue-
ercsi 3JIeKTporeneparopy 4.

Bosayx, noctynamouHi B Kamepy CropalMs, JeJMTCs Ha ABa LO-
roka. ITepsblit (MepBHYHBIA) noAaeTca HenOCPeACTREHHO B 30HY rope-
HHS W ofechiedlBaer cropaHne tonanBa. Bropoll (sropuuHmii) BRO-
JIUTCS B KaMepy CropaHHs Takum oOpasom, 9To, OMBIBas BHYTPEHHIOO
ee NOBepXHOCTL, HE COMPHKAcaeTcsd ¢ AApoM (akesa H CMeIIyBaeTcH
C pacKasieHHbIM Fa3oM TOJIbKO TOCJE CropaHHa TOOMHBA. DTOT MOTOK
CAYKHT IS OXJaxJIeHUs Kamepb! H NPOAYKTOB CropahHs Nepeld HX
BXQJAOM B COMJOBOHR anmapar.

OtrpaGorapluye rasu cjelyer 0X/la¥/]aTh, Tak KAK OHH uMeloT BH-
COK yI0 TempnepaTypy B 3olie ropenusa (nopsiaka 2000 °C), koropas cno-
cofeTeyer OLICTPOMY PaspyLIeHHIO CONNOBHX U pafouuX JOMaTok
Typ6unn. CoBpeMeHHHe KaponpodHsle CIVIaBEL M CTAMM, CNOCOGHLIE
IJHTeALHOe BpeMst HajexHuo paborate B ['TY, nonyckawr na Bxome
B Typ6iHy Temmepatypy 650—800 °C (npu opraHH3anHu Fa30BOT0 HIH
KHIKOCTHOrO OXJaXieHHs TypOWUH TeMmllepatTypa rala Ha BXoje MoO-
xker Owith mnosbimena a0 1300 °C — selcokoremneparyphste I'TY).

B sasucuMoctd oT cnocoba nofiBoaa TenjoTh K pafouemy Teny
PasNuualoT ABa THNA Ta30TypOHMHHBIX YCTAHOBOK: a) C MOABOAOM Tef-
JIOTHL IPH MOCTOSHHOM Jamjelkd; 0) ¢ nOABOAOM TENJAOTH NPH no-
crosnnoM oGneme.

§ 10.2. HHKJ I'TY ¢ MOABOAOM TENJIOTHI MNPH
p = const

Ilpn uccmepoBaHUM TepMOAMHAMHUECKHX CBOHCTB pAKJAOR
I'TY, Tak xe Kak ¥ npu paccmorpedun unkjaos JIBC, peanbhbl»
npouecck paGoTH YCTAHOBKH 3aMeHslorca oOpamumoimit (Raeasnsi=
posaHHbiMH). Ilpoliecc cropahus TORJAMBA OTOXKAECTBAACTCA ¢ H30-
GapHbeIM HJIH H30XOPHBEIM NOABOAOM TENJIOTH, IKBHBaJCHTHONR Telore
cropaHus TonauBa. M3ofapuslii nponece orBoaa TeNJIOTH oT paboyero
Tela K XOJIOAHOMY HCTOUHHKY 3aMeHfeT VIaJeHHe TelNoTel H3 Typ-
GuHB BMecTe ¢ oTpaloraBumMu rasaMu. CxkaTHe ¥ pacwMpenue pa-
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Puc. 10.3. nka I'TY ¢ nzobapHbIM MOABOAOM TEMAOTH: & —
B U — p-puarpamme; 6 — B s — T-pHarpamme

foUero tesaa OPOMCXOAAT 6e3 NoABoAa H OTBoLA TemAoTHl (Ag = 0),
H [Opoluecc npoTekaeT Mo H303HTpone (aguatate). PaGounm Tenom
B LHKJe ABAACTCA HMAeaJbUuli a3 C NOCTOAHHOH TEMJIOEMKOCTHIO,
macca koroporo (1 kr) B nponecce paboThl He H3MEHSIETCA, a Cam MK
CYHTAETCH 3aMKHYTBIM.

Teoperngecxust wuka I'TY ¢ noaBofioM Tennotl npu p = const,
NpHHUHN  paboTel KoTopoH 6B H3JM0KeH Bbille, H300paXeH Ha
puc. 10.3: 1—2 — aduabamwnoe caamue BosAyXa B TypGoKoMOpec-
cope; 2—3 — usobapueui nodeod mensomst q; K pabouemy Teay;
3—4 — aduabamnoe pactuuperntie paboueroTena B TvpiHHe (coBepuie-
HHe MeXaHHuecKoll paboThl); 4—I1 — wsobapueti omeod menionier g,
or padovero Tena. [locaenuui npolecc nepesona pabodero tena U3
cocrosiHs 4 B cocTosiHMe [ c/lejyeT CYMTaTh YCJNOBHBIM, TaK KaK OT-
paboraBluiHe B TypGuHe rasel B YCTAHOBKY He BO3BpalialTcs, a B
KoMipeccop NOCTYnaeT CseME atMoc(epHbl Bo3ayX. YcTaHOBKH
TAKOro THNa HoCAT HasBauue [ TV pasomknymoeo yukaa.

[NpuHaATE  chenyioude ofio3NaducHHA  XapaKTePHCTHK  IHKMal
0, /Uy = & — CTeneHn CKATHS; Pu/p; = B — cTeneHb NOBLILIEHHS NaB-
Nends B npogecce aanabatHOro Cxarna,

Tepmuvecku#i KITJ paccmaTpuBaeMoro nHKJAa

e =ly/qy = | — | g2 |/ 1. (10.1)

Tennora, noxsenennas K paGoueMy Tely B Kamepe cropaHHs pH
p = const,

G1 = ¢p (T3 — Tk (10.2)
TensoTa, oFBeleHHast OT pafouero rena B npouecce 4—17,
|ga| = cp (T4 — T). (10.3)
[Moacranun Beipakenun (10.2) u {10.3) B popmyny (10.1), nonyuum
cp(Ty—Ty _ TyTy—1

N=1—|glg =1 T @a—T) T Ty 5 =1 (10.4)
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Haiinennoe coornowenne (10.4) u Bupaxenue (9.11) nna repmu-
geckoro KITJ umkna OTTO OAMHAKOBLE

Ne =1 — ljet—, (10 5)

Heiicrentensvo, Ans ainabart /—2 u 3—4, cornacuo (9.9) u (0.10),
HeTpyaHo Rokasatn, yro T4/Ty = T4/Ty, a ¢ Apyroil cropoHsl, 1108
.agMadarHoro npowmecca [—2

To/Ty = (a/vg)*—" = (p,/py)+—"V* = b= = BU=DA, (10.6)
C yuetom coorsowenns (10.6) supaxienne (10.5) ans Tepmuge-

ckoro KILI auxaa I'TY ¢ nonronoM Tensorsl npu p = const npumer
BH]

Ny = 1 — Ligh=1 = | — 1/ptk—10/k, (10.7y

Caenobarenbno, Tepmuueckyit KILA nnkna noBrluiaerca ¢ yBesH-
geHieM CTeNeHH CXKATHA € HAMW CTeneHH NOBbIWeHHs gapieHns
H cootrowerte (10.7) anasornuno BRPaMeNnHio AN TePMRUECKOTO
KI[ uuxna ABC ¢ noasoiom Teunors npH v = const (uukny Orro).

Onnako ¢ ypenuuenHeM e BO3pacTaeT i TemmepaTypa pabouero
TeNd, KOTOpas pesko cokpaiaer cpok cayxoel ['TY seneicrsue no-
TePH NPOYHOCTH MeTalia TYpOMHHEX Jonatok. Jasi coBpeMeHHBIX
TYPGHH, pagoTaoliuX ¢ BHOpoCoM oTpaBoTaBWINX ra3oB B atMochepy,
npH cpoke cayxOu 80— 100 ThC. 4 TeMnepaTypa paboduero Tesa Ha
BXxojle B Typbuny agocturaer 750—=800 °C, uTo coOTBETCTBYET CTENeHH
noppupenns aabpnenun f = 6--8. lassieiiee nophlenne TepMule-
ckoro KI1J 3a cuer ypesnuenvis CTeneHHM CxkaTHR OPUHIHIHAALHO
BO3MOMXHO, HO TpeOyeT pellueHHs ABYX OCHOBHBIX NPobJeM coBpeMeH-
noro TypboCTpoeHHs: CO3AaHUS HOBLIX, 6OJee MXapolpO4YHBIX Mate-
pUaNoB W OpraHH3aluN OXJIaXKICHHS TYPOHMHHBX JOHATOK.

CywecTByloT 1 Apyrée nyTH nosbiienns skoxnoMuunoctd [TV,
Onvn #3 HMX — 3TO MCMOJIL30BaHwE TEILIOTH OTPaGoTaBHIMX Ta30B
IJst MOAOTPeRa CHATOrO BO3AYXa MEPeil ero NnoCTYNJCHHEM B KaMmepy
cropanusa. JleficTBUTENLHO, TeMOepaTypa a30k Ha BbIXOJE H3 Typ-
Gunst T (Ty = 400--500 °C, puc. 10.4) 3nauuTenbHO BHIUE TeMuepa-
Typul Bosayxa T3 Ha BXole B Kamepy cropanusi KC, 4To mo3Bonser
OCYUIECTBITE 3TOT NpollecC, Ha3bBaeMHR pexyrnepayuetd menaomst,
Annapar, B KOTOPOM NPOHCXOIHT peKynepaiust TenJNoTEl, HA3biBAETCS
pexynepatTuBHEM vTennoobMeHHHXoM PT (pe-
KyfeparopoM}, B MyeanbHOM UMKJe BO3MGXKHA NOMHAs peKynepanus
TENAOTHl, T, €. oXJaxiende oTpaboTaBIIHX Ta3oB B TelJOOOMEHHHKe
A0 reMnepatyphl Tg=T, H NOLOTpeB CKATOTO BO3AVX4A L0 TEMOEPATYPHI
Te= T,. M3 Tenaosoli iuarpamMMel BUIHO, 4TO TEMIOTA Gy = Cp (Ty —
— Ts), KOoTOpast OTBOLAMTCH OT TFOPAYEro NOTOKA B TEMJIOOOMEHHHKE
(npomecc 4--5), MONHOCTLIO MOABORUTCS CHKATOMY XOJNOLHOMY BO3-
RyXy gp = ¢p (s — T,) (npouecc 2—6). CaepoBatensno, ajas ocy-
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U2 ammgcpepsl

2
J ammacmepy

Prue. 10.4. TTY c noakoii perenepauneil ¥ H306apHEIM NOZBOJOM TEN/OTLE
a — cxema; 6 — OHKR B § — T-pHarpamme; /
I' = reneparop; K = Homnpeccop; KC — HaMepa cropanusa; T — TypGuua

mecrBaeHda uukaa [T'TY ¢ pekynepaiueli HeaGXOIMMO NONBOIHTH
K paboueMy TeJqy B KaMepe CropaHHs MeHbIle TenJOTH HAa BeJHYHHY

Gp, T. €.
ec = ¢ —gp = i 2—3—d—a — na1. 2—b6—b—a =

= ma. 6—3—d—b,

a 3HauMT, TpefyeTca CHUFATh Melblle TONJIHBA.

B c¢Basu ¢ Tem, 4ro pabora uukJa B o6OMX ciaydasx OJUHAKOBA
H 3KBHBaNeHTHA njomamn [, = na. [—2—3—4, 10 TepMHuecKuil
KT uukaa ¢ pekynepauded TenyioTH MOJYYHTCA OOMBIUMM H3-32
MeHBIIErG KOJNHYECTBA MOABOAHMOH TemJIOTH g;:

Nep = lu,"‘!(q]. = q;;) >Ny = lu‘;ql-

B neficreuTenbHocTH TenJoobMen Mexay ras’oM M BO3AYXOM B pe-
KynepaTope MpoHCXOIUT NPpH KOHEYHOH NJowali noBepXHOCTH TelAo-
obMeHa H KOHeUHOM BpPEMEeHH KOHTAKTA H, CJefoBaTelIbHo, NoJHAs
pexynepanua TenJIOTH HeBo3moxua. IlosTomMy Temnepartypa Harpe-
TOTO BO3JyXa Ha BbiXoje u3 TenjooOMeHHHKA 6yaer Tg <G Tg, a TeM-
nepatypa oOxJaxaenHslX rasos Ts > Tj. CoBeplieHCTBO nporecca
peKylepanii OLCHUBAETCH CHIENEHbIO PEKYnepayuu

¢,(Te:—Ty) Te—Ty Ty—T;s

C= B =T Te—Ta  Te—Ts  Te—Ts"

npeacTapisowei cofoll oTHowenue PAKTHUECKH DPEKYNepHpPoBaHHOH
TENAOTHl K NpelenhHo Bo3MoXHONR. B NeHCTBHTENBHHIX YCIOBHAX CTe-
nelep pekynepamyy cocTapnseT Bequunny o = 0,5+0,7 u onpepe-
AAETCS TEXHHKO-3KOHOMHUUECKHMH COOOpaXKeHUsMH.

Hpyroit nyts noBbimenuss Tepmuveckoro KITI uurna T'TY sa-
KJI04aeTcsl B OCYILECTBJICHHH CTYTMEHUYATOTO CHATHA BO3LyXa B KOMO-
peccope H CTYNneHvyaToro cxkuranlus Tonnusa. Ha puc. 10.5 usofpaxen
MieanbHelii UMK MHoroctynenuaroii I'TY, B koropom usobaphbi
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0—a, b—cu T. 1. —npoueccsl CKu-
raHus TONJWBA B KaMepax Cropamus 7T
no crynmeHaMm, a aguabath [—2,
3—4, ... COOTBETCTBYIOT mpolueccaM
CKaTHs BO3JAyXa B nepBoil, BTOpOH
H NOCJEAYIOWHX CTYNEHAX KOMIpec-
copa. M3 pHcyHKa BHAHO, YTO npH
GeckoHeYHO OOMBILOM 4YHCIE NOpo-
MeXYTOUHRIX CTYMeHel noaBoja Ten-
JOTH H CTyHOeHel CIKATHA npoueccH
fIO7IBOAA W OTBOJAA TENJIOTHL NPHOIH-
aWTCcA K U30TepMaM, a yaeanbHel
UMK — K ofoOwenHoMy (pereme- Puc. 10.5. Luxa TTY c npumene
pamsuomy) HHK'HY Kapﬂo, HMes- HHeM MHOrOCTYNEHYATOTO CxaTHi H
IOllEMY, KaK HW3BECTHO, HanGo/b- KaMep MPOMEMYTOYHOrO CropaHHd
it KITA.

B meficrautensroctd I'TY ¢ GoabilliM 4ucioM cTynerel He Jenalor
H3-32 X rpOMO3LKOCTH, 4 OTpaHHUHBAIOTCA JByMs, B KpalHeMm cay-
Yae Tpems CTyHReHAMH,

§ 10.3. HUKJ TI'TY C NOoABOAOM TENJOTHI NPH
P = const

[Ipuspunuanchas cxema I'TY co cropansem Tonausa npH
nocrosiHHoM oObeme nokasana Ha puc. 10.6. Or npenbiaylueil 1aHHadA
I'TY oramuyaeTcs nuuwb KOHCTPyKuHel KaMmepsl CropaHHs, KoTopas
HMEeT TPH KJanaHa: Nojaud CBeXKero Bo3nyXa 6, Nojaud XHIKOTO
HAH Ta3006pa3Horo TomaMsa & u kJjamad 8, coobwadwuuin Kamepy
CropaHHs ¢ CONMOBLIM anpapaToM 9 TypOuHsl /. OTKpHITHE H 3aKpHITHE
Knanauos, tpebOyemoe s obecneyenuss v == const B npouecce ro-
peHHsl TONJKBA, pEryJAHpYeTcs ChenuajbHBIM YCTPOACTBOM B COOT-
BeTcTBHH ¢ ¢asamu uukaa [TV,

Komnpeccop 2, npuBoauMBIH B JABHXenHe ra3oBoft TypOunod I,
NojaeT CKAThIH aTMOCepHBI BO3LYX B KaMepy cropaHns /7 depes
ynpapnsemeli kaznaH 6. OnHOBpeMeHHO ¢ BOSHYXGM B 3Ty Kamepy
yepes (GopCyHKY (kJanaH) 5 TOMMMBHBLIM HACOCOM 3 (KOMMpPECccopoMm)
nopaercs TonauBo u3 Gaxa 4. Ofpasosasluasca cMech BOCIIAMEHS-
eTc B KaMepe Cropaids OT 3JEKTPHYeCKOH MCKpH H CFOpaeT OpH
nocToaHHOM o0beme, MOCKOJAbKY BCe TPH kJanahna B 3TOT MOMEHT
3aKpHITLL. JTO NPHBOLHT K PE3KOMY YBEJAWYEHHIO JaBJEHHA H TeM-
neparypnl B Kamepe cropahus. [Ipy ompeieseHHOM 3Hauenuu AdB-
JEHHA OTKpBIBAETCA CONVIOBOH KJanal 8, H MPORyKTH CropaHusa Toll-
JuBa NOL f[aBJeHHeM HAMNpaBJASIOTCA K COMAOBOMY anmapary 9,
a 3ateM Ha jonatkd /0 TypOuubl. Pabouee 1eso coBepluaeT noJesHyio
paboTy, KoTopas BOCIpHHHMAeTcss norpeOHTesiem 3Hepruu I, a 3a-
TeM BHIOpachiraeTcs B atvoctepy. Ilpu 3ToM JaBJeHHe B kamepe cro-
paHHs TOCTENEHHO nafaeT, M NpH JOCTHAKEHHH OMNpeEJesIeHHOro 3Ha-
YeHHst OTKPhIBAETCH KJjanaH 6 Nojayu cKATOro sospyxa. [Ipoucxo-
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IUT NPOAYBKA  KaMephbl — Bbl-
TeCHeHHe H3 Hee CBeXHM BO3-
AYyXOM OCTABIUMXCA TIPOAYKTOB
cropauusa. Bo Bpems fpoAYyBKH
BO3LYX Momajaer B TypOHRY H
OXJIaaeT IeTaIi ee NpoTOYHOH
gactd, K Kouny npoaysky xaa-
nad & 3aKpbiBaeTcs, H KaMepa
BHOBb  HANOJHsAETCH  CHATHIM
BO3AYXOM, WHKJ TNOBTOPSAETCH,
Taknum ofpasonm, B oTHYHe OT
padorul ['TY co cropanuem Ton-
AuBa Opu  p = const, B 3TOH
ycranopke pabouuit npouecc ocy-
MECTBAAETCH HE  HeflpepLiBHO,
a NMepHOHYECKH.

Ha puc. 10.7 wuzobpaxen
TEOPETHUYECKHH  UHKA  paboTh
510k ycranopkn. Tepmuueckuit KIIJI paccvaTprBaeMoro m#kaAa

, T,—T, TyT1—1

Puc. 10 6. Cxema I'TY co cropaknem
TOILiHBA NpH v = const

rie ¢, = ¢, (Ty — T,) — Ttensora, nopsopnMast B npouecce 2—3;
lgs | = ¢, (Ty — T1) — Tenqota, orBouMast B npouecce 4—I.
JIIs H30XOpHOTO mpolecca ITOABOAA TEnJOTH
To/Ts = palts = by (10.9)

rie A — cTeneHp MOBHINEHHs AaBJeHMA B H30XOPHOM npouecce Noj-
BOAA TEMJIOTH §.

Pagnee 6p110 noaydeHo Beipaxenue (9.9) oMa COOTHOLIEHHS TeM-
mepatyp B aauabGaTHOM npouecce cxatua [—2

TL,‘FT2 = !ﬂ::k_l.
Hng annabar [—2 u 3—4 ypasnenus Ilyaccona umeor BHI!
Pali = p3V5; piUl = PUs. (10.10)
Pasnenus nounento OfHO ypaBHEHHE HA JPYToe M YUHTEIBas, 4TO

Uy = Uy, Py = Py, 8 P3/Pa = A, MOJSYUAEM
(va/t)* = b (10.11)

Jns u300apHOFO npotiecca OTBOAA TEMJOTH gy C YYeTOM COOTHO-
wenng (10.11) moxno Hanucark

Ty/Ty = vyjvy = /R, (10.12)

Ioncrasnas B ypaBrenue (10.8) cootnourenus (10.9), (10.12)
u paHee noayuernoe (9.9), nonyyaem okoHuaTeNbHOE BLIpaXeHHe A
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Pue. 10.7. Luga I'TY ¢ noasonoM TemwtoTs npH o == const: v — B v —
p-anarpamse; 6 — B s — T-auarpamme

Tepmuueckoro KIII uukaa CTY ¢ moaponoM Tenaots npH v = consti

ne =1 — (1/e*=1) k (M/% — 1)/(A — 1). (10.13)

M3 ypapnenus (10.13) caenyer, 4ro tepmuyeckuin KIT/J yseanau-
BAEeTCH ¢ MNOBBIUEHHEM CTenmeNH CKATHA € U CTeNeHH NOBBILICHHS
naBJeHus A.

Cpapnusas mexny coboit seipaxenus (10.7) u (10.13) ans uuk-
JIOB ¢ MOABOAOM TemoThl npu p = const U v = const npu onMHaKo-
BHIX 3HaYeHUAX € U K, noayuaem, uro Tepmuueckuit KI1[l uwukna
C ropenieM npH v = const Bbiwe, yeM npu p = const, Tak Kak Bceriaa
A>0ukME—1)/A—1) <<l

Oxnako, HecMorps Ha TepMoaMHaMuucckoe npeuMymectso [TY
C MOJIBOJIOM TeflJIOTHI [IPH ¥ = const, NpaKTHYECKOTO pacupoCTpaHeHH S
OHU HE TMONYYHJH BCACACTBHE CJIOMKHOCTH KOHCTDPYKUHH, HeHalex-
HO paGoThl KNaNAaHOB NPH BHICOKOH TeMTNEPATYpe B Kamepe CropaHus
H HE3KOHOMHYHOH paboTHl YCTAHOBKH H3-3a NyJbCamud NOTOKA rasa,

rnaBa 11. BOASITHOM INAP

§ 1i.1, OCHOBHBLIE TOHATUSA H ONPEZEJNEHHA

B TennorexHuKe W XJaROTEXHUKE B KayecTBe paGouMX Tes
HCNOJb3YIOT PA3/IUUHBIE KUIAKOCTH M HX OApH: PTyTh, aMMHAK, XJa-
TOWBL M T. 1., HO HauGoJiee pacnpoCTpaHeHbl BOAA M €e napnl H3-3a
HEBBICOKON CTOMMOCTH M JocTynHoctH. B HacTosule#t riiaBe pacemar-
pHBAeTCs BOJSHOH nap, HO BBIBOAMI, MMOJYYeHHble JJIfl 3TOFO pabonero
Tesa, OTHOCATCA MW K mapy M0O0H Ipyrodt »MHIKOCTH.

HaBecrHo, yTo Bee BewecTBa B 3aBHCHMOCTH OT QU3MYECKUX YCIO-
BUI HaxoAATCA B TBEPAOM, Ia3000pa3HOM HJIH JKMJKOM COCTOAHHH.

89



[Mepexos K3 OAHOTO COCTOSIHUS B JAPYTOe HA3HIBAETCH (ha308bim npe-
epawenuesn. dasopoe npeBpallenHe U3 KUAKOrO COCTOAHHMA B raso-
006pasHoe Ha3wIBAeTCs napoofipas’oéaruem, w3 ras’oo0pasHoTo B KNI
Koe — KOHOeHcaljuel, ;

Bonsino#l nap MoxeT GHTL NOAYYEH BYMA cnocoGaMH: HCnapeHHeM
HAH KHIIEHHEeM.

B npouecce HcnapeHHST napoodbpasoBaHue npoHCxo-
IHT TOARKO HA CBODOLHOK NOBEPXHOCTH MHAKOCTH. ITO IBYCTOPOH-
HHil npouecc, B KOTOPOM HapAAy C YXOLOM Y4CTH MOJEKYJ M3 HKHJ-
KOCTH DPOMCXOANT H YACTHYHOE BOSBpaleHHE MOJNeKYJ 06paTho
B XMHAKOCTb. B c/yuae, eciM mponeccsl yXona u BO3BpALLeHHs MOJIeK Yl
B3aWMHO KOMIEGHCHDPYIOTCS, TO HACTYNAET COCTOSHHE OUHAMUHECKO2O
pasHosecus, map Hall HOBEpXHOCTbIO CTAHOBUTCH HachileHHBIM. [Ipo-
IIecC HCrapeHHA MKHIKOCTH MNPOHCXOAMT npu JoOO# Temneparype,
NpHYeM TeMnepaTypa HHIKOCTH YMENLIIAETCH, TAK KaK C ee OTKpHTOH
TOBEPXHOCTH YXOAAT MOJEKy b, obnafaiouue Haubonpuell SHeprHen.
Temnepatypa KHIKOCTH NPH HCNAPEHMH C OTKPHTOH MOBEPXHOCTH
TeM HHIKe, ueM WHTEHCHBHee ucnapenve. B Xomoauabnoil Texumke
5TO CBOHCTBO BOAB WHPOKO HCNOJb3YIOT B YCTPOHCTBAX ANA 0XJa-
dKAeHHS BOAB (B TpajupHsX, OpesrajbibiX faccefiHax M T. 1.).

Bnpounecce KuneHHHd nap ofpasyercs mo Bced Macce
#uLKocTH. Ilpy HarpeBaHWM XHAKOCTH NOHHMKAeTcsl pacTBOPHMOCTh
B Hel rasos, B pesynbTaTe yero Ha JHE W CTEHKAX COCyla, B KOTOPOM
HAXOIMTcA BOAA, oOpasylorca ny3siphbkH. B npomecce narpepaHus
BHYTPb NY3BIPhKOB HAauWHAET UCHAPSATHCA JKUIKOCTh, W MPH ONpeie-
JNeHHOW TeMnepaType IaBJeHHe HACHIEHHOFO Napa BHYTPH MY3hIPb-
KOB CTAHOBHTCSL DAaBHBIM HapyXXHOMy IaB/leHHI0. B s3ToT Momenr
ny3bpbKH OTPHIBAIOTCS, M XKHMAKOCTL HAUMHAeT Kunerb, Takum o00-
pasoM, ec/H HchapeHHe MPOHCXOOMT C MOBEPXHOCTH KHIAKOCTH NMpH
JIOOOH Temneparype, TO KHneHHe — NPH OANOH, BNOJHE ONpeleleH-
HOH IJIs1 JAHHOTO [LABJIEHHS TeMmeparype. 2Ta TeMmepaTypa Hassl-
BAETCH MEMNepAmypoll KuneHus WIH Memnepamypoll HaceuueHus
u obosHavaetcs I,

Korga npouecc KuneHns Hayancs, HECMOTPS Ha NPOJOJKAIOUHICH
NoABOA TeMJOTH TeMiiepaTypa KHIKOCTH OCTaeTcs MOCTOAHHOH, moka
BCSl MKHAKOCTb He BeIKMOWT. IlpuueM ueM BhILE AaBAeHHe, NPH KOTO-
pOM [POUCXOAUT KHMEHHe, TeM BHIUE TeMmepatypa KHMeHUs.

PaccMoTpuM npouecc napoofpa3oBaHHA NPH TOCTOARHOM JaB-
nentu no crapuam. Jdonycerum, 4ro 1 Kr soasl npu temneparype 0 °C
3aKJIOYEH B NHJAHHILD C NOABHXKHBIM NOpUIHEM, OKA3bIBAIOMKHM Ha
KHAKOCTb NMOCTOSIHHOE JaBjieHde p, Gosblee, 4eM pABHOBECHOE, COOT-
BETCTBylollee TeMnepaTtype Hachitienus (puc. 11.1). YiennHbiii o6sem
Boas npu remneparype 0 °C u naaenuu p oGosHauum v, (puc. 11.1, a)
W K JKHIKOCTH, HAXOUAWEHCA O], NOpLIHeM, HAaYHeM MNOABOAHTHL
TenNoTY. YaenpHbiil 00heM KHAKOCTH HECKOJBKO YBENHUHBAETCH A0
v', TeMnepatypa yBeJIHUMBAeTCA AC TEMNepaTyphl HACHLIIEHHA [,
(puc. 11.1, 6). Bona, Harperas IO TeMNepaTyphl HACBIUIEHHS, HA3BI-
BaeTCsl Hacsiuennol sxudxocmeto. Tlpu NanbreiimeM moiBole TemaoTh
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a i),

= R

R — — s —

Uﬂrz:an[“ UJ) tS

Pue. 11,1, Tlpowece nosyueHus rneperperoro napa OpH p = const

KHAKOCTh HAYHHAET MNOCTENEHHO NEpeXofuTh B [ap, oObeM ee yBe-
JHYHBAETCA N0 U,, a TeMNeparypa oOCTaeTcad NOCTOARHOH — f,
(puc. 11.1, 6). Cmech HAKOCTH M Napa NpH TeMAEpaType KHMEeHHs
HA3BLIBACTCH BAQNHCHBIM HACOUYEHHBM naposm. Takoe cocTofHHE MOMET
OLITE OMpeneseHO, €CJH W3BECTHA CMenexb Cyxocmu napa (mapoco-
LepxaHue), Kotopas obo3HayaeTcd X W H3MeHsderca oT 0 go 1 (uau
cmenenb eraxHocmu, Kotopas ofosnaverca 1 — x).

Crneneﬁb cyxocmu — 3TO MaccoBag JnoJa cyxaoro HaCBIEHHOT O
napa BO BJAXHOM HachimeHHOM nape. CTeneHb CyXOCTH MOKeT ObiTh
3azaHa B RoJAAX €IMHHOBl HWJIH B MOPOUEHTAaX. Hanpﬂmep, €CJIH
CTeeHb CYXOCTH X = 0,5, TGO B CMecH CO,[{ep}KHTCH [1OJIOBHHA
HHUAKOCTH M MNOJOBHHA napa; ecad x = 0,9, To BJa)KHbIil Hach-
weHHbIA nap coctout Ha 90 % M3 CyXOFO HacCBIEHHOrO napa U Ha
10 % u3 KMAKOCTH, npHueM YeM GOJIbIIE cTereHb CYXOCTH, TeM fap
cylie.

Ecan npozomkats noABoA TEmIOTH K BJaKHOMY HACHIIEHHOMY
napy, To o6beM ero 6yjeT YBeJNWuHBATLCA Jo U, a TeMnepatypa ocTa-
HeTcR nocTosHBOR — f, (pue. 111, &), HACTYMHT MOMEHT, Korjaa Bes
KHAKOCTb mepeiifieT B nap. Ilap, Kotopulfi HMeeT Temnepatypy Hachl-
uieHusi, Ha3bIBAETCHA CYXUM HaCbH.u,eHHth napom. CocTosiHue CyXO!’O
HaCBILEHHOrO 1apa O4YeHb HEYCTOHUMBO, MpH OTBOAE TEN/OTHl OH
HAa4YuHaet KOHREHCHPOB&TLCH‘, npyH I[oaBsoje TENJOThl — neperpe-
BaThCA. TakK, ec/IH K CyXOMYy HACBUIEHHOMY Mapy MpPORGIKATL NOI-
BOAHTL TEMJOTY, MPOMCXOAUT JadbHellllee yBeJHueHHe ofbeMa napa
10 U B ero teMmneparypsl A0 {, CYXOH HACHIUEHHHH Nap CTaHOBHTCSA
neperpersiM (puc. 11.1, d). Ilap, umerownit TeMnepatypy Bollle TeM-
nepatypbl HACHINEHHS XKHMAKOCTH, W3 KOTOPOH OH MOJYdYWHJcs, Hasbl-
Baetcs nepeepemsim napom. CocTofiHHe NEperpeToro napa xapakTep-
3yeTcs CTeNeHblO NeperpeBa, kotopas obo3Havaerca Al W onpenress-
ercA pasHocTbie Temmepatyp Af = [f-—{, raze ! — Temnepatypa
neperpeToro napa.

Cocrosnne neperperoro napa Gosiee YCTOHYHBO IO CpaBHEHHIO
C CYXHM HACHIIEHHBIM. [IpH 0TBOAE TENIOTHL OH HECKOJIbLKO IOHHKAET
CBOIO TEMNEPATYpY, HO HE KOHAEHCHpYETCA, 4TO ABJAETCA OCHOBHOH
[NpHYHHOH IIIHPOKOI'O HCOOJB30BAHKA neperpe"mm napa B NapoOBLIX
JBHraTeasX.
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§ 11.2. NONPAHHYHBIE KPHBBIE )XXHUAKOCTH H I[IAPA.
KPUTRYECKAS TOYKA
PacemoTpHM nNpouece napooGpasoBaHHsl NPu MOCTOSHHOM
papnenuu p = const B v—p-Ruarpamme, JIS  YEFO HCHOJAbL3YEM
0603HaueHHs, NPHHATLIE B NpenblnylieM naparpadge: napaMeTpsl XKHI-
kocti npu temnepatype 0 °C 0603HaunM Uy, S,, ¢, HACHLIENHOH XKHJ-
kKoctd — o', §', i’, BJI2XKHOrO HACHIUEHHOrO napa — ¥y, Sy, [x, CY-
XOro HachiwenHoro napa — v”, s", {", mneperperoro napa — v, s,
£, i
[Tyers | kr Boxw npu 0 °C HaXOAHTCS! B 1HAMHAPE C NOABHMKHBIM
NOpILHEM, OKa3hiBAIOWMM HA JKHIKOCTL MOCTOSIHHOE JaBjexne. Ha
v—p-anarpamve (puc. 11.2) cocTosinne BOAB ¢ 3THMH NapameTpaMi
MOxkeT OHTb onpejencsHo Toukod /. Ilpu 3TOM KHAKOCTb SIBJ/IsIeTCS
HEHACHIIEHHOH. 3aTeM MO Mepe IOABOAA TeNJIOTH TeMIepaTypa KHA-
KOCTH yBeJHYHBAeTcs, ofbem ee pacrer, BOJa NepexoauT B COCTOAHKE
HacbleHHOH xulkocty (Todka 2). Ilpu panbHelinem nonBojge TensorThl
HaguHaeTcs Ipouecc napoofpasoBants, BoJa HAXORHTCA B COCTOAHHH
BJ/1aXHOFO HACBILIEHHOTO Napa, ée Temneparypa oCcTaeTcd MOCTOsHHOM.
[lpouecc nodyuerHsl CyXOro HachIWEHHONO [Hapa H3 HacHenHO#H
MHIKOCTH Ha JmarpamMme usobpakaercs oTpe3koM 2—3, mpuyeMm Ha
3TOM yuacTKe u306apa conajaeT ¢ H30TepMoi. B touxke & map Haxo-
IHTCH B COCTOSIHHH CYXOFO HACHINEHHOrO; ec/li ero M Jasblue Harpe-
BaTh IpH NOCTOSHHOM JNaBJIeHHH, CYXOH Map CTaHOBHTCSA Meperpersim
(rouka 4). Ecnm ke moaoOHBI npouecc Napoofpa3OBaHHsl PaccMOT-
peth npu Oojee BLICOKOM JIaBJIeHHH py, M300apa, COOTRETCTBYOLIAA
STOMY AaBJCHHIO, Ha AHArpamme NMpOHIET Beillle H300aphl p W TOUKH,
XapakTepusylouHe npouece napoobfpaszoBarusd, Pa3MecTATcs Ha AH-
arpamMme caefyiomuM o6pasom: Touka I’ IeKHT MOYTH HA BepTHKAJH,
npoxojdueil 4epes Touky I, Tak
KaK KHJKOCTb MPaKTHUECKH HeCHH-
MaeMa; COCTOsIHHE HaChILEeHHOH XU
KOCTH TOpH JaBJeHHH p, H306pa-
#aeTcsl TOYKOH 2/, Jexauiedf He-
CKOJIbKO IIpaBee TOYKH 2, TaK KakK
¢ yBeJqHYeHUEM JaBJEHHS YBEJIHYH-
BaeTcd TeMnepaTypa HACBHIUEHHSA,
a cJIe0BaTeJILHO, K HAKOCTE 06/1afaeT
GOIBIIHM  yAe/MbHEIM 00BEMOM; CO-
CTOSIHHE CYXOro HachHICHHOTO Mapa
OpH 3TOM e JaBJeHHH Haobpa-
waeTcss TOUKOH &', JewalueHd JeBee
TOYKH J, TaK Kak C yBeJqHueHHeM
o " IABJEHHS yaeJbHBIi 00beM napa
- 7 i YMEHbLIAeTCHA; COCTOSAHHE [eperpe-
- TOro napa uzofpaxaercs TOYKOH 4,
Pre. 11.2, Torpanmumse kpuswe KOTOPAT MOKET HAXOMHTBCS W JIcBee
KHAKOCTH H napa B v — p-gua- M MPABeE TOUKH 4 B 3aBHCHMOCTH OT
rpaume TEMIepaTypsl Neperpesa napa,
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B nponeccax napoobpasosands npu 60Jee BEICOKHX JaBJCHHUAX
TOYKH, XapakTepH3YIOIIHe npouecc, OYyAyT pacnojarathesl Ha IHa-
rpaMMe aHajoruyso. ECJH 4Yepe3 3TH TOYKH NPOBECTH MJIaBHBIE KPH-
Bble, TO TOJNYYHTCS BEPTHKAIBHAH JHHHA, XAPAKTEPHIYIONIAA COCTOH-
uue Bogel npH 0 °C, u ABe noepanuunsie Kpussie 2—K (nepas norpa-
HHYHAA KpHBasg, KOTOpasg XapakTepH3YeT COCTOAHHE HAaChIUIEHHOR
wkugkoctH) U 3 — K (nmpaBas nmorpaduyHas KpHBas, XapaKTepH3Y-
mas COCTOSIHKE CYXOro HachiuleHHOro napa). Touka K, B KoTopoit
CXOJIATCH MOrpaHHYHble KPHBBIC, HA3BIBACTCH KpUMUHMecKOl MOovroil,
a mapaMerphl, COOTBETCTBYIOMIHE 3TOH TOUKE, — KpUMUUECKUMU.

Jg Bopbl KpHTHUECKHE NAPAMETPh! HMEIOT CJAEAYIOmHe 3HAUEHHA!

Py = 22,1 MIla; fx = 374,1 °C; v, = 0,003 m*/kr.

Kaxnoe BelecTBO HMEeT CBOIO KPHTHYECKYIO TOUKY, B 3TOH TOuKe
COBMAafaIOT CBOHCTBA KUAKOCTH H mapa. Taxkum obpasoM, Bes U — p-
AMArpaMMa BOASIHOTO Napa NOrpaHHYHBIMA KPHBBIMH C KPHTHYECKOH
Toukoit KpaspeneHa Ha caepywomye o6/1acTH: cileBa OT NOrpaHHuHOM
KpHBOH 2 — K — 06/acTh HEHACHIMEHHOH MMAKOCTH, MEXIy mo-
rpaHHUHBIMA KPUBBIMH — 06JACTH BJAXKHOTO HACHIEHHOTO TNapa;
¢mpaBa OT moOrpaHH4HOH KpuBoA J — K — obaacte meperperoro
napa.

§ 11.3, AHATPAMMbBI s — T U s — i 0JI1 BOJASAHOIo
NAPA

Panee Opl1 paccMOTpeH Mpouece napoolpa3oBaHHs TNpH
MOCTOSTHHOM NIaBJEHHH B U — p-nHarpavMMe. TakoH ke nponecc Mo«
*KHO [OCTPOHTL H B § — T-RuarpamMMe (TenJyoBoil nuarpamve). Bose-
meM 1 kr Bonwb nipu 0 °C. Ha nnarpamme Takoe coctosinue Oyzer 060+
3HAUATLCA TOUKOH [, jewamedi Ha OCH Tewmmepatyp (pwc. 11.3).
OHTPOMUA XKUAKOCTH, HMewomed Temnepatypy 0 °C M naBjeHue Ha-
CHILIEHKA, COOTBETCTBYIOLIEE 3TOM
TeMIepartype, NpUHEMAETCd paB- e
Hoft HyJo. [To mepe nozsona ten- 74 K §
JIOTE K BOJe TeMIepaTypa ee yBe- o /e
JIHYHBACTCS, SHTPONKS YBENHYH- N Yy “"Q
BaeTcA JO COCTOAHUS HACHIULEHHOH o Py / A
KHUAKOCTH. Ha puarpavue Touka 2 3
XapaKTepH3yeT HachIEHH YO KK - T.p 3

KocTb (x = 0) npu RaBaeHun p = N
\

=const.B Touke 2 kpuBasa qomaer-
a » ¢ 43

b
§
o

U

v

¢, H NMpH JanpHeHlleM MoOJBONE
TEIVIOTE TeMTlepaTypa KHAKOCTH
OyAeT OCTaBaThCH IMOCTOSHHOH,
NoKa NpPOJOJIKAETCA TPOLECce KX~

MW

neuns. [lpomecc moayuenus cy-
XOr'0 HACBHIIEHHOTO Napa H3 HaCbl-

Puc, 11.3. IlorpanuuHpie  KpHBhie
HKHIKOCTH H [apa B §-— T-gHarpamme
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LIEHHOMH MHAKOCTH Ha AHarpamMme H3o0paxaeTcs OTPe3KoM 2—J3, pHyeM
Ha 5TOM y4acTKe usobapa coBnajzaer ¢ H3oTepMoi. B Touke 3 (x==1)
nap HaxoAHTCA B COCTOSIHUH CYXOro HACBULEHHOrO; NpH AajbHelileM
noaBOJAE TEINIOTLI TeMMEPATYpad €ro yBeMHYHBAETCH, IHTPONHS YBEJH-
YHBAETCA, H TIAp CTAaHOBUTCH NeperpeThM (Touka 4). Takum ofpazom,
KpHBasa [—2-—3—4 npeactasnger coboil B auarpamme s — T mpo-
Hecc MOJYUEHHs Ieperperoro napa NpH NOCTOSHHOM LaBJEHHH W3
Bopael npu 0 °C.

Ecau nogo6Hbiii Mponece paceMOTpeTb IIpH (oJee BHICOKOM Jas-
JIGHHH p,, TO H306apa, COOTBETCTBYIOIAsl 3TOMY JNaBJeHHIO, Mpoijer
Boime H306apbl p. Touka 2 Gyaer pacmosnaraThesl BHIILE TOYUKH 2,
NOTOMY 9TO C yBeJHUYEHHEM J3BJIeHHS YBEeJHYHBAETCs! H TemIepaTypa
HachILIEHHA, COOTBETCTBEHHO TOuka 3 pacroJaraercsl BEILE TOYKU 3.

B npouecce npu Go/ee BHICOKHX AABJeHUAX TOUKH, XapaKTEPH3y-
e mponece, 6yayT pacnofarathesd aHAMOrHYHO, H, €CJAH COSIHHHTE
BTH TOYKH INJABHBIMH KpPHBBLIMH, [OJAYUHM NOrpAHHYHBIE KpHBLIE,
KOTOpbI@, TAK Ke KaK Ha U — p-AHarpamme, CXOXATCs B KPHTHYECKOH
touke K H JResdT BCIO AHArpaMMy Ha cieiylomue obJjactd: JeBee
norpaHuuHoll KpuBoH x = 0 —— 06J12CTh HEHACHILEHHOH XHJAKOCTH,
MeXAy NOrPaHHYHBIMH KPHBBIMH — OGJIACTh BJAXHOIrO HACHIIIEHHOrO
napa, fpaBee MorpaHHYHON KpuBOH x = | — o6aactb neperpeToro
napa.

B ofJaacti BMa)XHOIO HACHILEHHOrO I1apa Ha jHarpaMmme HaHo-
CATCA JHHHH, XapaKTEepH3YIOUIHE NOCTOAHHBIE CTENCHN CyXOCTH (x =
= const). KpoMe Toro, HaHocfTcf /JAMHHH MOCTOSTHHBIX YAEbHBIX
006BEMOB — H30XOphl, KOTOPBIE PACNOJAralTes Kpyye, yeM u3obapor.

Juarpamma s — T 1J1a BOAsIHOTO INapa HIpaeT Ba)KHYIO POJb
B TENJIOTEXHHYECKHX pacyeTaX. OHa oueHb HAIJIALHA H JaeT BO3MOX-
HOCTh ONpeResNHThb, CKOJBbKO TeMnJOTh! HeoOXOAUMO NOABECTH HA TOlk
HJIH HHOH CTajuH MOJYYEHHS MNeperperoro napa, Tak Kak AHarpamma
rerrosan (piuc. 11.3). Ilromans mop npoueccom !—2 na juarpamme
paBHa KOJHYECTBY TEIJIOThI, KOTOpoe HeoOXeauMo nojsectH K | kr
Boabl npu 0 °C, uytofbl NOJYYHTL HACHILEHHYIO KHAKOCTH NPH MO-
CTOFHHOM AaBJeHHH, HJIH TeIIOTH HachllenHOH kuakoctH. [Tnomwanp
noj npoueccoM Z—3 Ha AHarpamme paBHa TellIoTe, KOTOpYyl Heob-
XOZHMO NMOABECTH K | Kr HACBINIEHHOH KHAKOCTH, YTOOBI NMpeBPaTHThb
ee B CyX0H HacHLULEHHBIH Nap NpH NOCTOSHHOM AABJCHUH, HJIH TEIJIOTe
napoofpasoBanus. [lmomair nox mnpoueccoM 3—4 Ha IHarpamMe
paBHA KOJIHMYECTBY TENJIOTH, KOTOPYIO HEOOXOAMMO nojsectd K | xr
CyXOoro HacHIIEHHOrOo napa, 4rofel MOJAYYNHTh MNeperpeTHi Map npu
LOCTOAHHOM JABJIGHHH WJHM Temaote meperpeBa. [lnowans mox npo-
ueccoM /-—2—3 paBHa IOJNHOH TeNJOTE CYXOro HacHIEHHOrO Mapa,
8 nrowmanb [ox BCeM IpouneccoM napooGpasoBanua [—2—3—4 —
[OJHOA TENJIOTE NEeperpeToro mapa.

Huarpavma s — T HarasJHa, 0JHAKO MOJCYET KOJNMUECTBA Tell-
JIOTBI IYTeM ONpeje/ieHHs MJIOWAH NMof JAKHHeA nponecca HECKOILKO
OCMIOKHAET pacyeTsl, MO3TOMY Ha NpakTHKe GOJbIIee pacnpocTpaHen e
nosyynaa § — j-auarpamMma Ais BoasiHoro mapa (puc. 11.4), no ocu
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aficiliCC B KOTOPOH OTKJA-
JBIBAOT 3HTPONHIO, MO OCH
OpAHHAT — sHTankKnHo. Ha
OCHOBe TaGIH4HBEIX A3HHBIX
HAHOCHT NOrpaHHYHBIE KPH-
BbIe, KOTOpBIE BMeCTe C KpH-
THYeCKOH TOuKOH K penst
RMarpaMMy TakKe Ha TpH
ofJ1acTy:  JeBEE NOFpanyy-
Hoit KpuBoi X = 0 — ob-
J1aCTh HEGHACHILEHHOA XHA-
KOCTH, MEX1y NOTpaHHYHEL-
MH KPHBbIMH — 0G.JaCTh
BJ/12XKHOTO HACBIUEHHOIO na-
pa (1> x>0), npasee
NOTPAHUYHON KPHBOH x == Pnc. 11.4. lnarpamma s—i u1si sojsisoro mapa
=1 — 06,1aCTb NeperpeToro
napa. B o6JacTH BJ2XKHOTO HACHILEHHOrO Mapa HAHOCAT JHHHU
MOCTOAHHOH cTenmeHH cyxoctd x == const. HMsobapsr B atoft ofiactu
COBNafalT ¢ H3otepMami. B obaacTh neperpetoro napa H3oBapst
H H30TEpPMBI PacXolfTcA B COOTBETCTBHH ¢ pHc. 11.4. Ha auarpammy
TaKKE HAHOCAT H30XOphl, KOTOpHIE paclmoJaraiTcs Kpyue usobap.
CocTosiHHE CyXOro HACHIUEHHOrO Mapa HAa S — [-AHAarpaMme oll-
pelenseTcss TOYKOH mepeceyeHust u306apel ¢ ODOrpaHWYHOH KpHBOR
x¥ = |, BJIaXKHOTrO HACHILEHHOrO Mapa — TOYKOH NepeceyeHHd H30-
fapbl ¢ JHHHEH M3BECTHOH IOCTOAHHOH CTENEeHH CyXocTH X = const,
MeperpeToro napa — TOYKOH MepecedeHHsl H300apsl ¢ H30TepMoil.

§ 11.4. NPOLECCHI HW3MEHEHHA COCTOAHUA
BOASAHOIO INAPA

. B TepMoarHamMuieckuX Ipopeccax R BOASHOTO napa, Tak
e KaK /g HIeajbHOro rasa, HeoOXoJHMO ONpelenTh HEH3BECTHHIE
napaMeTpel B HadaJjie H KOHUE Mpouecca, H3MeHEHHE ero BHYTpeHHe#l
sHepruu, paboTy K TenJoTy, yuyacTBywuyw B mpouecce. Has ompe-
JeNIeHHST HEHW3BECTHBIX NapaMeTpoB B NpPAKTHYECKHX pacuerax IoJb-
3ytoTesl TabIMuaMy HAM AUarpaMMavu, nprueM rpaguueckuiéi crmocof
Haubosee pacnpoctpaneH. Ha auarpaMMe s — i HaHOCAT MCKOMBIH
TePMOJMHAMUYECKIH Nponece Aas BOAAHOrNO Napa, 3aTeM ONpelesior
N0 BBYM H3BECTHLIM NIApaMeTpaM OCTAJNBHEIC HCH3BECTHHIE H 110 3THM
INaHHBIM PacCYMTBIBAIOT TIpOIECE.

PaccmotpuMm B § -~ [-IHarpaMMe OCHOBHLIE TepMOAHHAMHUYECKHE
npoueccsl AJs BOAAHOrO napa: H30XOpHBIH (v = const), H306apHbli
(p = const), wusorepmuueckuii (7 = const) u ajuabathmil (s =
= const). '

Hsoxopubiit npouecc. PaccMoTpum H30XopHBIE npouece noayue-
HAST [IEPErpeToro napa H3 BJAAXKHOTO HACHIMEHHOro. [locTpouM Takoi
npouecc B § — [-AHarpaMme IO H3BECTHBHIM Haya/bHLIM [1apaMeTpaM
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Puc. 11.5. Ha3oSpamerne naoxoproro Puc. 11.6. HMsoOpamxenne nsoGapHoro
npoiiecca B s—i-InarpaMme npouecca B S—i-auarpamme

napa p; H x; ¥ KoHeuynofi Temnepatype T, (puc. 11.5). Ha nepeceye-
HUH mapameTpoB p, = const n x; = const nafizem Toury I, xapak-
TepH3YIOMY10 HadaJjo muponecca., Ilo muuaH v = const nap Harpe-
BaeTcA O COCTOfIHMS, XapaKTEPH3YEMOIO HA AHATpaMME TOUKOH 2,
KOTOpasl JeXUT Ha TlepecedyeHHH H30XOpEl [/—2 ¢ JIMHHEH 33]aHHOH
koveynoii temnepatypol Ty, CrnpoeuHponas ToWkKM I M 2 ua OCH
aGenyce ¥ OpAMHAT, ofpelefisdeM 3HAYCHHA 3HTANALIAW H SHTPONNH
B Haya/le W KOHUE npolecca /—2 H Bce OCTAJbHLIE HeH3BECTHLIE N1a-
paMeTpbi. 3aTeM IO M3BECTHLIM YK€ NapaMeTpaM HaxojuM:

a) W3MeHeHHe BHyTpeHHel 3Hepruu

ty — ty = (iy — pyv) — (iy — prv) = iy — iy — 0 (Py — P1);

6) pabory nupouecca ! = 0, Tak Kak v = const;

B) TEMJOTY, MNOABOAUMYIO B MpOLEcce, § = ly — .

WactapHwil npouecc. PacemorTpuM H3oBapHBIH npouecc nosyve-
YEHHS NeperpeToro Hapa M3 BjAa)kHoro naceinexngoro. [loerponm uso-
GapHbIl NpOUECC B s — {-jHarpamme IO H3BECTHBIM NapaMeTpaM py,
¥, n KoHeunoii Temmeparype T, (puc. 11.6). Touky [, Kak H B uso-
XOPHOM Nnpouecce, HaijgeM HA JHarpaMme Ha NepeceyeHHH H3o0aphl p,
¢ Junuell MOCTOSHHON CreneHn cyxoctd x,. Ilo auHnm p == const
nap neperpesaeTcs A0 COCTOSHHSA, XapakTepH3yeMOro Ha AHarpamMme
TOUKOH 2, KOTOpas JesKHT HA NepeceyeHHH H3obapw I—2 ¢ JHHHEH
3aJJAHHOH KOHCYHOH Temmepatypsl. II0 aHaNOrWH ¢ H30XOPHBIM MpO-
IIECCOM Ha AMArpaMMe MOXHO ONpees]aTh BCE HEH3BECTHEIC Napa-
METphl B HauaJe M B KOHLE NpOUeCCa: ), §, Uy, Iy, Sy, Up. IO H3-
BECTHLIM IIapaMeTpaM HaXOJHM:

a) M3MeHeHHe BHYTpeHHe#l 3HepruH

Uy — ty = (iy — pUy) — (iy — pv1) = (iy — i) — p (Vz — V1)
6) paGoty npouecca [ = p (v, — vy);
B) TenJIOTY, [OABeIeHHYIO B Npouecce, ¢ = i — i;.
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W3oTepmruecknii npouecc. PaceMoTpuM H30TepMHYECKHH npouece
MOJIyYeHHS Neperperoro Napa H3 BJAXKHOro HacelmenHoro. Ilo u3-
BECTHEIM N1apaMeTpaM p; H X; H KOHEUHOMY JAaBJCHHIO Py MOCTPOHM
B § — i-quarpamme usorepMmuveckuit npomecc (puc. 11.7). Ha mepe-
CEeYyeHHH [1APAMETPOB p; H X, onpeledseM Ha AuarpaMme TOuKy 1,
XapakTepH3YIOLY0 HagaJo mpouecca, no JAuHMH T = const nap
CTAaHOBHTCA MeperpeThiM H XapakTepH3yeTcs Ha AHArpaMme TOYKoi 2,
KOTOpast HaXOJAMTCA Ha NepeceueHHH H3orepmbl [—2 ¢ JuHUEH 3apaH-
HOrQ KOHEYHOro JaBJjeHus B 001acTH MeperpeToro napa. 3aTeM Tak ke,
KaK B MepBLIX ABYX MpOLECCax, OMNPEIeqnM HEH3BECTHHIC MapaMeTpH
H HaijeMm:

a) H3MCHEHHE BHYTpeHHeH 3HeprHH

Uy — ty = (iy — iy) — (pUy — p101);

6) paGoty mpomecca [ = ¢ — (uy — uy);

B) TENJIOTY, MNOLBEACHHYI0 B npouecce, ¢ = T (8, — 5,).

Anuabatusiii npouecc. PaccvoTpum apuabaTHeiit mpouecc mosy-
ueHHsl NEPErpeToro napa M3 BJaXKHOrO HachleHHoro. Ha s — i
AHarpaMMeé M0 H3BeCTHBIM [apaMeTpaM p; H X, HaX0ZHUM Touky 1
{prc. 11.8) u 3areM no JIHHMM NOCTOSIHHOH 3HTpOHHH § == const
MofHWMaeMcs A0 MepeceueHHa ajgnafaTel ¢ JHHUEH 3aZaHHOIO Ko-
HEYHOTO JABJICHHA p, B 06JACTH NeperpeToro napa, mojayyaeM To4ky 2.
Taxum ofpasoM, [/—2 — apuabatHeil nmpouecc B § — i-JHArpamwe,
3atem onpejenseM N0 JHarpaMme HeH3BECTHble NapaMeTphl H HaXo-
M.

a) U3MEeHEeHHE BHYTpeHHEH 3Hepruu

U — 1y = (iy — i) — (D0, — P101);

6) padory npouecca ! = —(uy — 1ty);
B) TEIJIOTY, NOABENEHHYI0 B mpouecce, ¢ = 0,

i Ny N
I/
 const 2
ey N 1
.Q“/ [——
'o:d f ‘v? "':q
D
ol *//j Y,
S kil 1 +
- 52 sl - 51752 o

Puc. 11.7. H3c6pascenne naotepmnyecko-  Puc. 11.8. MaoGpaxenne amna6aruoro
TO mpouecca B s—i-jharpaMme npoiecca B s—i-AHarpamMme
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rnaBa 12. LUKJbI NMAPOCHJIOBBIX YCTAHOBOK

§ 12.1. UHKJ KAPHO AN HACBIWEHHOTO TNAPA

DHepreTHyecKoe X035HCTBO Halleil CTpaHLl B OCHOBHOM
6a3npyercsi Ha MpeoOpasoBaHHH TEMIOTEI B MeXaHHYeCKylo pabory,
a 3aTeM B 3JIE€KTPHYeCKyio sHepruto. Hapajy ¢ BBOJAOM B CTpOil HOBBIX
MOIHBIX FHAPOIJICKTPOCTAHIOHA H cTponTeabctsoM ASC mo-nmpexHemy
6yZeT BO3pacTaTh MOUIHOCTb TEMJIOBHIX 3JEKTPOCTAaHLKH.

[Tponecchr npeoGpasoBanusl TeNJIOThl, MOJYyYeHHOH MpPH CrOpaHHH
TOIJIHBA, B MeXaHHuecKylo paboTy OCYUIECTBJSIOTCH B MapOCHJOBBIX
yeTaHoBKaX, pafodyuM Te/IOM B KOTOPBHIX uaile BCero SiBASIOTCH Boja
¥ BojafHO{ map. PaccMmoTpeHHe LHKJOB MapOCH/IOBLX YCTAHOBOK Hay-
HeM ¢ Haubojee 3KOHOMHMYHOTO M3 HHX B 3aJaHHOM HHTEpBaje TeM-
nepatyp — unkna Kapno. [IpuHmMnuaibHasi cxeMa YCTAHOBKH W
LMKJ IpelcTaBfeHsl Ha puc. 12.1 u 12.2.

B kotae I (puc. 12.1) npH noaeoae TEIIOTH ¢y (TEMJIOTH CFOpaHys
TONMMBA) ofpasyeTcst cyXOH HACKHUIEHHBIA AP BBICOKOTO AABJEHHS Py,
Ha znarpammax (puc. 12.2) 3to cocrosiine XapakTepHayercs Toukoil J,
Jexauled Ha IepeceyeHWH MpaBOH MOTpaBHYHOH KpUBOH x = 1
1 Haobapul. OOpasopaBluniics nap Moctymaer B pPaclUdpHTENbHbIA
upaeEap PL, rae apnabaTHO pacliupsAeTcs A0 HH3KOFO JABJIEHHA Do
B npounecce I—2, coepmas monesHyw pabory [. Baamxubif nap B co
CTOAHUK 2 mocTynaer B Konjexcarop K/, Iie oT HEro OTBOAMTCH Tel-
J0Ta gy, B nponecce 2—3 npoucXoAUT 4ACTHYHAA KOHAeHCAuHs napa
npu p == const # ¢ = const. Ilpouecc xoufeHcanum B nukae Kapro
He JIOBOIMTCH JO NOJIyYeHHs HACHIMIEHHOH >KWAKOCTH, a B Touke 3

NG
Pue, 12,1, €xeMa mapocusnoBoil ycTanoBKH, pado-
4 N\ f Taowelt 1o unkay Kapwo
K Pl
3 K 2 Pue. 12.2. IpsMoit mukan Kapuo xas poasiHoro
Napa B TPeX AHArpaMMax COCTOSIHHS




nap ssJseTcA BJAXKHBIM HACBIIEHHBIM. Touka 3 AoMKHA GBITH pac-
noJIOKeHa TaK, uTolhl B nmponecce 3—¢ aauabaTHOrO CKATHA BIAXKHOIO
HACHINEHHOTO Napa Ha Bulxoje H3 KoMmmpeccopa KM nonyualack
HaCBIEHHAA KHAKOCTh BEICOKOrO AaBjeHHA. HachlleHHAn KUAKOCTh
(Touxka 4) BBICOKOTO RaBJCHHsl p; MOCTynaeT B Koten [, rie BHOBb
B npouecce 4-—J ofpasyercda cyxoH HacHIEHHHIH map.

Taknm 00pa3oM, pacCMOTPEHHEBIH UKWKJ COCTOHT M3 ABYX H30TEpM
H 1Byx anuabat. [lomesHas paGora HHMKJIa B AuarpaMmax v — p u
§ — T moxeT OBITh NpeAcTaB/eHa MJIOWIAALIO, OrpaHHYEHHON JIHHH-
AMH 1ukaa |—2-—3—4,

Tepmuuecknfl Ko3HUMEHT MNOJE3HOro ReHCTBHA LHKAa Kapo

Mk = (Th — T/ T1=1—TyT,.

OH 3aBHUCHT TOJbLKO OT TEMIEPAaTyp HCTOUHHKOB TEILIOTHI, HMEeT
MaKCHMaJbHOe 3HAYGHHE B 3aJ1aHHOM HHTEpBaJe TeMnepatyp H fABJd-
€TCfl 3TAJIOHOM, 10 KOTOPOMY CPaBHHBAIOT RPYTHE IHKJLI TapOCHJIO-
BBEIX YCTaHOBOK.

§ 12.2. UMKJ PEHKHHA

Heemotpst Ha To 9To muka KapHo mapocHa0B0O# yCTaHOBKH
uMeeT Haubosblee 3HayeHue tepmHyeckoro KITA mo cpaeuenuwo
¢ APYrHMH IHKJaMH, paboTalOIMEMH B TOM € HHTEpBaJe Temneparyp
I/ H30TEPMHYECKHX HCTOYHHKOB TeMJIOThl, HA MpAKTHKE OH HE HC-
noabayerca. Hasnuune rpoMosnkoro KoOMImpeccopa yMeHBIIAeT HOJes-
HY10 paboTy IHMKJA2 H CO3JaeT ONacHOCTb CHKATHS BJAXKHOFO HACH-
H{eHHOro mapa, T. €. BO3MOMXHOCTh IHAPaBJAHYECKOro yaapa.

B cepennne X1X B. V. k. PeHKHH NPeANOKAA LK, B KOTOPOM
KoMmpeccop Onll 3aMEHEH HAacocoM, @ PAcIMMpHUTEeNbHBIA MEJAUHID —
TypGunoit. Lluka PeHKnHA ATs1 CYXOTO HACHIUEHHOIO Mapa OCYIReCT-
BJSICTCSl B YCTaHOBKe, NpejctaBieHHod Ha puc. 12.3. Ha puc. 124
STOT uHKJA H300paweH B U — p-, § — T- n § — i{-nuarpammax.

B korne [ npu noaeoze TendioTh ¢ = ¢i + ¢; obpasyerca cyxoh
HACHIEHHBIH Map BLICOKOFO JaBJaeHUdA py. O6paz0BaBUIHHCH B KOTJE
nap (1a auarpaMmax Touka ) nocrynaer Ha Ty pOuHy 7T, rae aanabaTho
pacunipsaercst B npoiecce /—2, npoussois noaesnyio patory. Baax-
Heifl HachllEeHHHE mMap, NOJyYeHHHH B npouecce pacllHpeH#s (Tou-
Ka 2), nocrymaer B KoHpencarop K, rie oT Hero NpH nocTORHHOM
JlaBJeHRH H TeMIepaType OTBOAHTICH TenJora ¢,. [lpolece koHaeHca-
uuH 2—3 B uHkjae PeHkHHAa JAoBOXMTCA O MOJNYY9eHHA HACBIEHHOH
MKALKOCTH HU3KOrO JaBieHust p, (Touka 3). 3atem Hacocom fH I
KOCTh TofiaeTcs B KoTent / (npouecce 3—4), Ha 9TO 3aTpaynBaeTCs pa-
6ora /. JlaBjieHHe XKHIKOCTH aiHadaTHO MOBHIIAETCH OT py L0 py.
B stom npoumecce H3MeHEHHE TeMIeparyps He3HAUWTeNbHO, MO3TOMY
TOYKa J, COOTBETCTBYIOWIAs HACHIUEHHOH MHAKOCTH JaBJEHHA p,,
H ToYka 4, COOTRETCTBYIOULAST HEHACHIEGHHOH MUIKOCTH AABJEHHS p,,
Ha s — T- W s — i-luarpaMMax NpakTHYeCKH coBnajaior. (B s —i-
puHarpamMMe TOYkKM 3 1 4 ToMe coBnanyT, Tak Kax n3obapu B ob/acTH

q* 9



Puec. 12.3. Cxema mapocunosoit VCTEZHOBKYH, paoTalo.
wefl 0o UHKay PeHkHHa

Puc. 12.4. [{urn PeHKHHa 751 CyXOro HacHeHHOTO
BOASIHOTO Napa B TPeX AMArpaMMaX COCTOAHHSA

HHAKOCTH COBMANAIOT ¢ JIEBOH IMOrpaHU4HOA Kpusoil). B Touke 4
NOC/I€  HAacoCa MNOJNyyaeTCs HeNACHILEHHAA  JKHIKOCTH BHICOKOTO
AaBJeHus1 p;. Uro6nl Havasca nponece nmapooGpasoBauus, ee Heol-
XOAUMO HArpetb A0 COCTOAHHA NACBIMEHHS, 15 4ero K KOTJIy Moj-
BOMIT RONOJHHTENbHYIO TeMJIOTY ¢i (B npouecce 4—5).

B unksae Peikuna, TakuMm o0pasoM, Tenaora mopsoinTcs B npo-
neccax 4—5 u 5—I, a oTBomuTcs B npouecce 2—3. PaGora LIHKJa
MOXeT ObTe NpeAcTaBJeHa MIOWAABIO [—2—3—d—5 B 0 — p-
H § — T-guarpaMmax ¥ otpeskom /—2 B § — i~pHarpamme (ecJH
npeHeGpeus paboToii Hacoca).

Tepmuuecknit KIJ1 storo wikaa

Mo = Iy/qs.

On umeer MeHbmee 3Hauenne, uem TepMuyeckuit KIIJ uukaa
Kapuo, Tak kak B uuk/ae PeHkuna snauntesnro YBEJIHYEHO KOJIHte-
CTBO MOJIBENCHHOH TENJIOTH ¢ — HA BEJHUHHY gf, CBS3AHHYIO C MO-
AOTPEBOM JKHRKOCTH B nporecce 4—5, a CpefiHAs TeMIepaTtypa B 3ToM
npouecce Menbme T,

COCTOAHHE CYXOro HACHIIEHHONO NMapa OueHb HEyCTOHYHBO H HA
MPakKTIike B MAPOCHJIOBEIX YCTAHOBKAX MPHMEHsIOT HE CYXOf HACHL-
IeHHBIH Map, a neperpersit, 1Jas1 yero B CXeMy yCTaHOBKH BBOLSIT
AOMONHUTEJBHBIL annapaT — naponeperpesarens /77, [Iprxunnn-
albHasi cXema yCcTaHOBKM, paGoTawmed mo uvkay Penxknha gasa
MEPErpeTOrO mapa, u ee UHKA H306pPameHsl Ha puc, 12.5
u 12.6.

B kotne I' npu nopsone Tengorn gj + g1 (npouecc 4—6) obpa-
8YETCs CyXOH HachlllewHbIH map coctosuus 6. M3 kotaa fap nocty-
MaeT B naponeperpesarent /117, B kotopom neperpesaercs (mpouecc
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6—1I) 3a cuer TMOABOAA TeNJOTH i~ (TeNOTa CropaHuUf TOMNMBA).
Hasnenne B npouecce 6—1 nHe pamengercda. Jlanee meperpeTeiéi nap
noctynaer Ha typbuny T, rie, azauabaTHO pacwmpsaach (npouecc
1--2), comepinaer noneanylo pabory. BaaxkHblii HacCLILiEHHBIH nap
COCTOSIHHA 2 KOHZeHcupyercss B KOnIeHcatope K[ (nmponecc 2-—3),
06pasoBaBlIasics JKHAKOCTL HAacocOM H  mojaercst B KOTeN (mpouece
3—4), TIe noporpesaeTcs AC COCTOAHHMS HACHIUEHHSA 3a cuUeT [iof-
BOL& TenaAoTHl gi.

B uuxie PenKHHA JnA reperpeToro napa TelloTa [HOABOAMTCS
B npoueccax 4—3, 5—6, 6—1, orBoaurcs B mpouecce 2—3. PaGora
LUMKJIa MOMeT OhITb OpelcTaBJeHa naomaivlo [—2—3—4—5—-6
B v — p- u s—T-puarpammax u otpeskoM [—2 B s — i-jMarpamme
(ecan npeneGpeun paboroil, 3aTpauHBaeMoH B Hacoce).

Tepmuueckuit KIII umxna Penkuna ans neperperoro napa

Ne = In/g: = (@1~ | g2 | }/q1-

Tennora g, nopBofMTcA B npoluecce NpH NOCTOSHHOM AaBlieHHH
OT TOuKH 4 10 TOYKH [ U MoxeT GLITb Onpele/ieHa KAK pasHOCTb 3H-
TaJbIMH B Hayase U KOHLE npouecca INOABOAA TEINIOTHL Gy == i ~— i,.

Tennora | ¢, | oTBOAMTCA B npouecce 2—3 [pH NOCTOSHHOM JLAB-
JIEHHH H TakKe MOXeT OblTh onpejie/leHa KaK PasHOCTL IHTAJIbIHM:
[ge] = iz — iy

Ecnn npenebpeub paGoroi, 3aTpaueHHOR B Hacoce, BenHYHHA
KOTOpOH He3HauuTe/bHA, TO paboTa UHMK/Ia paBHa paboTe TYpPOHHBL {4

ln=1ly=q —|q), van ly=1i — i, — iy + i

Puc. 12.5. Cxema mapociopofi yCTAHODKH A5 nhepe-
rpetoro napa

Puc. 12.6. [luKkn mapocuoBoli yCTAaHOBKH [JIA mepe-
FPEeTOro napa B TPEX JHArPaMMax COCTOSIHHA
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Tak Kak i, = iy, T0 I, = i — i,. Torma repMuuecknii KITI
LHKJIZ MOMKET OLiTh mnpencTaBien GopMmyJaoH

Ne = Io/qy = (i) — {)/(iy — i4).

Kpome tepmuueckoro KITJ umkaa BLIMHCIAIOT yARbHLIH PACXOX
napa d,, KOTOPHHi NOKa3blBAET, KAKO® KOMHYECTBO napa HeoOXOXHMO
nponycTHTh uepe3 TypOHHY, uTOOLL NMOAYYHTb €NMHULY TOJE3HOH

paboTLL:
dy = 1/(iy — iy).

Ecan anraabnns usmepsietres 8 BJDK/RD, TO YIeJbHuIl pacxof
napa uamepsaercs B Kr/xJDk.

O6LIYH0 B NapOCHIOBLIX YCTAHOBKAX VIAENLHBEIA pACXOJ mapa H3-
MEPAIOT B KHJOTpaMMaX Ha eAHHHLY 3JIEKTPHYECKOH 3nepruu, KO-
Topylo uaMepsioT B KBt.4. H3sectHo, yro 1 kBr.u 3kBuBajenTen
3600 Lk, Torna dopmyay AnA yIEIbHOTO PACX0Ma mapa MOXKHO 3a-
nHCcaTh B BHIE

dy = 3600/(i; — iy).

YnheabHbI pacxoa mapa, rak ke Kak H Tepmuueckuit KIII, xa-
paKTepH3yeT 3KOHOMHUHOCTL UHKJA.

§ 12.3. TEPMOAHHAMHUMECKAS 3¢ ¢EKTHBHOCTH
NAPOCWIGBOH YCTAHOBKH
H NMYTH EE MNOBBILIEHWSA

Ilpu nomomy napocHNOBOH YCTAHOBKH MDPOHCXOIHT Mpe-
o6pa3oBaHuie Ten/oTsl (TeNJIOTH CTOPaHHA TOMNNHBA H T. A.) B Mexa-
HHYECKYI0 paboTy, a 3aTeM B 3JEKTPHYECKYI 3Hepruiwo. B nacrosd-
uiee BpeMs, KOTNa cepbe3HO CTABATCA BONMPOCH! 3KOHOMHH 3HEPreTH-
9eCKHX pecypcoB, BaKHO foBbllleHHe Tepmudeckoro KIIJ napo-
CHJOBOH YCTAaHOBKH. Ero MoxHO onpenenuTb no dopmyde

Ne = (i — ig)/(b — {y).

H3 ¢opmyasl BumHO, 4TO TepMonHHaMHuecKas 3¢deKTHBHOCT
UMK 3aBHCHT OT HauaJLHBIX {1apaMeTpOB BOJASIHOTO napa p; H #
H KOHEYHOTO J4aBJeHHA p,. Bauanue onHoro us napamerpos xa KI1IJ
UHKIA MOXHO NPOCAENHTL MPH HEH3MeHHLIX JABYX JpPYyrux mnapa-
MeTpax. PaccMOTpHM pas/qMYUbIC MYTH [OBBILIEHHS TEPMHYECKOTO
KI1J napocunoBofi ycTaHOBKH,

Mosbimenne nayanbHOrO AasaeHHs. [loBLiLieltHe HAYAIBHOIO AAB-
JeHUH pi A0 pj OKa3nIBaeT BAHAHHe Ha Tepmuueckud KI1[, uto
MOXHO OpPOCTENNTh Ha H300pakeHuyu nukna Penkuna B 8 — i-aua-
rpavMme npH sHeusmenHnx Ty u p, (puc. 12.7). Ma nnarpammbl Bujno,
4ro C yBeJHYEHHEM HAYaJbHOTO AaBJeHHf IO pi foJe3Has pa6oTa
LIHKJAA yBeNHuHBaeTcd M0 [, a KOJHUECTBO 3aTpavueHitoil TennaoThl
HeCKO/IbKO yMenblaetcea — Jo ¢i. CarefoaTensto, Tepmuyeckuii KIL
IHKJA ¢ yBeJHYeHHEM HAuaJbHOTO NaBjeHHA yBeanuyusaeTcs. [lpu
3TOM yMeHblaeTcsl yAe/bHBLIA PACXO Napa, yTo H03BOJISIET YMEHLIUHTD
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Puc, 12.7. Bauguue HauansHOro AABJEHMS HA NOBHIlIe-
HUe IKOHOMHUYHOCTH HapOCHJIOBOH YCTAaHOBKH

pa3Mepbl apoCHJIO0BOH ycTavOBKH. OIHAKO YBeJHYEHHE HAYAABLHOIQ
AaBJeHHA MMeeT H OTPHUATeALHYIO CTOPOHY:. B peayJbTare ajnadar-
HOrO paclUpeHHs NeperpeToro f1apa BEICOKOTO AABJIEHHA [10JYYAeTCH
BAAMHLIA HachieHHBH [ap, HMelOIHH ©oJee HH3KYIO CTeneHb
CYXOCcTH: X5 <C x». VcmonbsoBanue B TypOHUHE napa BbICOKOH BJIa-
HOCTH NPHBOLHT K 3HAUHTeJbHOMY H3HALINBAHHIO pabouHX JOMATOK
Typbunb. [losToMy B COBpeMeHHLIX MapOCHJIOBLIX YCTaHOBKAX CTpe-
MSTCA HCNOMb30BATh NAp BBICOKOTO AaBienns (okoqo 10 MIla) na
BXole B TypbHHY M OOJbLIIOH cTelleHH CYXOCTH HH3KOI'O [aBJeHHA
Ha BLIXOJE U3 TypGHHbI, AT U€TO YBENMUHBAIOT TeMnepaTypy lepe-
rpeBa mapa B naponeperpesaTene.

fleperpes napa. [loBbliienne navanLHOH TeMnepatypel napa ot T
no T} Takke oKasbiBaeT BansHue Ha tepmuueckuit KIT/I. Ha puc. 12.8
H300paKeH LUWKJ PeHKMHAa B § — [-JHarpaMMe NMPH HEH3IMEHHEIX [
H pg. M3 janarpammnl BHAHO, 4TO ¢ yBeJHUEHHEM HauaJbHOR TeM-
mepaTypbl A0 T monesnas paGora LMKIa Bo3pacTaeT Ao [i. [lpu
3TOM YBeMHYMBAETCA M KOJAMYECTBO 3aTPAueHHOH TemJaoThl (10 ¢i).
OzrHako npHpameHue noje3noll paboTbl UMK/ Heckoabko Goublie,
yeM H3MeHeHHe 3aTPayeHHON TEeNmJOTbl, B PE3YNbTATE Yerce TepMHye-
ckuit KIII wugaa yseauyusaerca, Takum o6pasoM, YBedHyeHHe
HayaJbHOA TeMrmepaTypel Napa MOBbIIAET 3KOHOMUYHOCTD UNKAA.

Honnxenne pasnenun koupencanuu. [loHHKeHHe KOHEYHOTO /aB-
JeHHAl napa pp KO p2 yBenuuyuBaeT Tepmuueckni K1l napocusosoit
yeranoBkH. Ha puc. 12.9 yso6paxken unki Penkuna B § — i- IHarpamme
NpH HeH3MeHHBIX py U 7. M3 guarpaMMbl BHAHO, 4TO ¢ yMeHbIIEHHEM
HABJIEHHA B KOHAEHCATOPE N0 Pz MoJe3Han paboTa mHKAA 3HAYHTEALHO
BO3pacTaeT, HECKOJMLKO YBEJHUHBAGTCHA TaKke KOJMHYIeCTBO 3aTpa-
YeHHOH TeNJIOTH §i, ApHYeM NpHpalleHne noJje3Hod paboTul Gosbiue,
YeM H3MeHeHHE 3aTPAUYEHHOH TeNJOTH, B Pe3y/bTaTe Yero TEpMHYeCKHHA
KITJ yeennuunaerca. OfHako yMeHbIUEHHE AABJACHHA KOHACHCAIHH
OrpaHHYEHO TeMnepaTypoH HCTOYHHKA H, KaK NpaBHJO, BAedYeT 3a
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©uc, 12,8, Bauanwe temnepatypn nepe-  Puc. 12.9. Bansinne gaBnenns KoHpmen-
FPCTOTO NAapa HA GOBBHILEHHE SKOHOMHY-  CALHH Ha DOBhIUIeHHEe SKOHOMHYHOCTH
HOCTH NMapoCHA0BOH yCTaHOBKH NapoCcHIOBON yCTaHOBKH

coboil 60JLIIOH pacXol OXJaxAaloulel BOIALI U yBeJHYeHHE pa3MepoB
KOHJeHcaTopa.

[Tapamerpnl pabouero TesJa OKa3LIBAIOT 3HAYHTENbHOE BJAHSAHHe
ua tepmuueckrit KIIJ] unkna, HO npH IPOEKTHPOBAHHK NAPOCHIOBBIX
YCTaHOBOK HeOOXOAMMO YYATLIBATL W TakHe (akTophbl, Kak Gesonac-
LI0CThL paboThl, YMeHbIIEHHE rafapHTHEIX PA3MEpOB, MCTaMJI0eMKOCTL
4T A

rsABA 13. HCTEHEHHUE U JIPOCCE/IMPOBAHUE
IA30B H T1APOB

§ 13.1. HCTEYEHHE YEPE3 CYXAKIEECA COIIO

OcHoBHble nosATHA. B coBpeMmenHOll TexHHKe Bce 60Mb-
ee pacnpocTpaHeHHe MOJYYAOT MAariiiibl, anmapartbl U npubopbl,
B KOTOPLIX COBepiileHHe MEXaHHYeCxoii paboTei cBA3aHO ¢ npeolpa-
30BAHHEM TMOTEHLHAJbHOH 3Hepruy (IHEPruy HABJEHHA) rasa MM
napa B KHHETHUYECKYIO SHepruio notoka (crpyu) padouero tena. Uay-
ygHne pabouMX MpPOLUECCOB YCTPOHCTE, OCHOBAHHLIX HAa WCIOJIbL30BA-
HUH KHHeTHYeCKOH 3Heprad noroka, npuobperaeT Bce GoJbluee 3Ha-
yeHHe, OCOOCHHO B CBSI3Y C PA3BHTHEM COBPeMeHHOH TeIIO3HepreTHKH
(mapoBbieé W Tas3oBble TYpPOWHE), PAKeTHOH TEXHHKH M PEAKTHBHBIX
ABHraTesiefi, XHMHUYECKOH [POMLILIEHHOCTH (MHMEKTOPLl, GOPCYHKH,
FrOpesKH H mnp.) H XOJOAHIbHOH TEeXHHKH.

[oA ucmeuenues NOHUMAIOT ABHKeHHe paouero Tena (rasa, napa
WM JKHAKOCTH) 4epe3 yCTPOHCTBA, HMelOlHe KaHaJBlL OTpeleseHHOH
¢opMbl. Kanan nepeMeHHOTO CeYeHHA, NMPH MPOXOXKACHIH Yepe3 Ko-
TOpblAl MOTOK Ia3a pacUIHpAeTCs C yMeHbLUEHHEM JAABJEHHs H YBENH-
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YEeHHEM CKOPOCTH, HA3bIBAETCA CONA0M. B cOMIaX mNpOHCXOAHT mpe-
o6pasoBande MOTEHUHAJIBHOH 3IHEPrHH B KHHETHUYECKYIO.

Ecau B kanage (Hacajke) MpOHCXOAHT yBeJHUYeHHe AaBJeHHA pa-
60uYero Tesa n yMeHbILEHHe CKOPOCTH €T0 ABHIKEHHS, TO TaKOH KaHala
HasbiBaetTcs Juggysopos. B nuddysopax yBesdueHHe NoTeHIHAILHON
3HEPrHH rasa OcyI_U.ECTBJIHETCH 34 CYeT YMEHbIUeHHA €ero KHHeTHue-
cko# sneprui. [Iuddy30phl ABJAIOTCA OCHOBHLIM 3JEMEHTOM CTpyH-
HBIX KOMIIPECCOPOB (IKEKTOPOB). IHKEKTOPH HAXOAT NpHMeHeHHe
B MApOIKEKTOPHLIX XOJOAWJBHLIX MallHHaX W TypBOoKOMNpeccopax.

Jlnis yao6GerBa Hec/eOBaHUA NPOLECCOB HCTEUEHHA rasoB OGLIUHO
NPHHHUMAIOT clefyioulHe JONYyILeHH: !

1) pafounm TenoM sIBIAETCA HIeAJMbHAA yUpyras MUAKOCTDL, Xa-
PAKTEePH3YIOMAACA OTCYTCTBHEM BHYTPEHHErO TpeHHd, T. e. JHIIeHHas
BA3KOCTH (NOA ynpyeumu, WIH CHUMAEMBIMU NUOKOCMAMH TIOHHMAIOT
rasoofpasHple BelnecTBa B OTJIHYHE OT KanelbHbIX, MNpPAKTHYECKH
HeCXKHMAaeMbIX);

2) B mpouecce HCTeuyeHHS OTCYTCTBYIOT HeoOpaTHMLIE [OTepH;

3) rasoBblil NOTOK fABJAETCA YCTAHOBMBIUMMCHA, WJAH CTaHLHOHAp-
HBIM, T. €. B JAHG0H TOYKE MOMEPeUuHOTO CEYeHHS MNOTOKA CKOPOCTH
IBHKCHHS rasa H [apaMeTpbl ero TepMOIMHAMHYECKOrO COCTOSHHSA
(p, v, T) O1MHAKOBL H He HM3MEHAIOTCH N[O BpPeMeHH;

4) cKOpPOCTL M mapaMeTphl COCTOAHHA Trasa MOTYT H3MeHATbCS
TONBKO BROJbL TOTOKA MO HANpaBIEHHIO €0 JABHIKEHHA;

5) nmoTOK rasa B KaHaJe ABHMETCH HENpPePLIBHO, W Yepe3 J06oe
€ro TO{IepeyHOe CeyeHHe B EAMHMIY BPEMEHH NMpOTeKaeT OJHHAKOBas
Macca rasa.

CorslacHo npHHATLIM AONYIEHHSAM, /s YCTAHOBUBIIErOCs I10TOKA
HAeaJILHOH JKMIKOCTH MOMKHO 3aIHCaTh

M = fuw v, = fawafv, = fwfv = const, (13.1)

rie M — cekyuuHui MaccoBbli pacxox; fy, fs, ..., f — niaowanu
NOTIEPEYHOT0 CeUeHHs KaHana;, wy, @, ..., @ — CKOpocTH pabouero
TeJa B paccMaTPHBAEMBIX CEUGHHAX; Up, Us, ..., U — yleAbHLIE 00%B -
eMbl pabodero Tesa B TeX e CeYeHHAX.

YpaBuenne (13.1) BblpaxkaeT B aHAJHTHUeCKOH opme ycaosue
Hepaspoigrocmu  (CAAOWHOCMY) TIOTOKA  JBHXKYLICHCS cpenpt. Omno
MOXKET OLITL NIpelicTAB/CHO B Aud{pepeHlHaNLHON Gopme:

fdw + wdf = Mdv. (13.2)

TeﬂJlOTa, noJBeJellHad K ra3oBoMy TMOTOKY, pacxolyercs He TOJNBKO

Ha HU3MeHeHHe €ro BHYTPeHHCH 3HEPrHH Y CcOBeplleHHE BHeWHeH

paboTLl, HO M HA yBeJHYeHHe KHHETHUECKOH Snepruu noroxa. Torza

I YCTAHOBMBIUEroCHA TOTOKA HJIEANbHOTO r'a3a ¢ yYeTOM CKOPOCTH

ero fepeMelleHis nepBoe HAuaNo TepMOAHHAMHUKH /I8 MAcchl rasa
B | Kr HmeeT BHA

dg = du + dl" + d (w?/2), (13.3)

rae dg — 3NneMeHTapHOE KOJNHUeCTBO [OJBeReHHON TenJoThl; di —
H3MEeHeHHe YAeJbUoH BHYTpeHHEH 3IHEpPrHH noToKa; dl' — 3gaemen-
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TapHas paboTa, 3aTpaduBaeMast
Ha nepemellenne 1 Kr paGoyero
Tesia B Kanase (paboTa npoTanku-
panun); d (w?/2) — npupawenue
VIeJAbHOH KHHETHUECKOH IHepTHH
MOTOKA H2  paccMaTpHBAeMOM
yuacTKe.
71 Pa6oTa nNpoTaiKHBaHHA. ITa
Puc. 13.1. K paccMoTpenuio paGoTst npo- paGora, 3aTpauMBaeMafl Ha nepe-
TaJKHBaHHS MeuleHrHe pabodero Tea B KaHa-
e, CoBeplIaeTca NOTOKOM NpOTHB
peficTBHA BHewnuX cun. s onpenenenus paGOTL! npOTalKHBAHUA
PAcCMOTPHM CTALHOHADHLIA MOTOK HJEAJLHOM yIpyToH KHIKOCTH,
ABHXKYyLIefic B KaHa/le nepeMeHHOro ceyenus (puc. 13.1) Ilpn yerano=
BHBUIEMCA pexuMe uepe3 JIo6oe monepeuHoe ceuenHe (B TOM 4HCTE
yepe3 ceueHHs J—[ W 2—2) B eAMHHLy BpeMeHH NDOTEKAET OZHHAKO-
pas macca rasa M. JlonycTuM, 4To Ha HeBecOMBbIH nopulenn A o
manpio F, (cevenne I—1) neficTByeT AaBJeHHe py, @ Ha nopiueHb b
momaisio F, (ceuenne 2—2) — pasnenue p,, Mcreuenue pabouero
Teja YPOHCXOAMT NON AEHCTBHEM DA3HOCTH LaBreHud (py — po).
Toraa non AefiCTBHEM BHelllHed cHJbl pyFy noplien, A nepeaBHueTcs
Ha paccTOHHE S U HaX paGouuM Tenom GyAeT npousseniena pabora

Ly = —piF1s, = —p Vi = — Mpo,.

3nech paGora uMeeT 3HAK MHHYC, Tak Kak OHA COBeplideTca H a A
pabounM TeIOM.

BeencTere mepeMeruerns nopuma A BapaBo paGouee Tesio, fpe-
ONOJIEBAs BHEUIHIOIO cuny pPyFsy, coBepllaeT paboTy 110 MepeMelieHH!O
nopwus 5 Ha paccTosnue 8, (paboTa [0N0MKHTeNbHA, TaK Kak ee
COBeplaeT ras):

Ly = paFasy = poVa = Mpsts.

B srux Qopmynax V;, V, — ofbemnl rasa, npOXoffliHe Hepe3
ceuenHss I—I M 2—2 B eNHHHLY BpeMeHH (OOBEMHDIE pacXoibl);
v,, Uy — yleJbHbie O6beMbl Fasa B PacCMaTPHBAEMbIX —CEYEHUAX.

CoenoBaTennuo, pabora MOTOKA MPOTHB NefcTBHA BHEIIHHX CHJA
pasha anreGpanueckoii cymMe OOeHX paboT:

Li= Lo+ Ly = M (pv2 — proy).

Jra paGoTa Ha3bIBAETCA BHEWHEN pabomoil npu ucmederuy HIH
pabomod npomaixusarus.
Ina ynenbHOTO MAaccoBOTO pacXona (M =1 kr/c) pabora npo-
TaJKHBAHHA HMeeT Bl
I'= pvy — proy,

wan B audupepeHunansuoit gopme
dl’ = d (pv) = pdv + vdp. (13.4)
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INockonbxy snemeHTapHaa paboTa npoTaJKRBAHEA CAHHHLBI MAcCHl
aBHa dl' = d (pv), a 3nTanLOuA rasa i = u + pu, TO ypaBHenHe
18.3) npumer Bux

dg = d (u + pv) + d (@¥2) = di + d (w?/2). (13.5)

Orciofa CJAEAYeT, 4TO Mena0ma, no0GedeHHAA K OBUNCHUEMYCR
paboweny meay, pacxodyemes He MOAbKO HQ YECAUHEHUE €20 3HMAAb-
fiuu, HO u Ha B03pacmanue KuHemutdeckol snepeuu. 3TO BbIpaKeHHE
fIBJIAETC OCHOBHBIM YypaBHEHHEM NepBOro 3aKOHAa TepMOLHHAMHKH
IAs 1oToKa rasa,

Pacnonaraeman paGoTta. KunerHueckas 3HEprua INOTOKa UpH
BHIXO/€ M3 CONIa MoXeT OHTb npeBpaupleHa B noJe3Hy pabory
(HanpHMep, BpawaTs Kouaeco TypOHHbL), nostoMy Beanunny d (w?/2)
B ypasHeHHH (13.5), paBHYIO npHpalueHHio yHeJbHOH KHHETHYeCKOH
SHepriHH rasa B comJe, MPHHATO HA3LIBATL SACMEHMAPHOL pacnosa-
eaemott pabomoil dly:

dly = d (w?/2). (13.6)

Kak nokasniBaeT nmpakTHKAa, CKOpOCTL rasa B conJieé BeChMa 3Ha-
unTefbHA, a Pa3MepH ero CPABHUTENbHO HEBEAHKY, MOSTOMY BpeMms
KOHTAKTa rasa C MOBepXHOCTLIO COMJa HHYTOXMHO Mano. B cBasu
C 3THM Ten1000MeHOM Ia3a C OKpYyKaruel cpellod MOXKHO npeHebpedb,
a mpouecc TedeHHs paGo4ero TejJa B cOMJe CUHTaTb afHabGaTHBIM,
T. ¢, dg = 0. Torna nna ofpaTUMOro ajnuabaTHOrO HCTEYEHMA ynpy-
roii xuakocTH Bblpaxkenne (13.5) npumer Bua di + d (w*/2) = 0,
Han ¢ yuetoM (13.6)

dl, = d (w*/2) = —di. (13.7)

CnenoBaTenbHO, ycKopeHHe aguabaTHoro moTOKa B KaHane (yBe-
JMHYEHHE ero KHHEeTHYeCKOW SHepruH) NMPHBOAMT K BO3pACTAHHIO pac-
mosaraeMol paboThl 33 cYET YMEHDIUEHHA €r0 IHTANLIOHH.

Iocne unTerpyposauus ypaBHeHHsa (13.7) Bbipaenue Afs NONHOH
pacnoJiaraeMo# pafoTbl mpUMeT BHI

lp= (w3 — w))/2 = iy — iy = hy. (13.8)

Orciona clefyer, 4rto pacnoageaemas paboma npu aduabantHom
pacuiuperu pasHa paaroctiu snmasenuli paboteeo Meag ¢ Hauane
u Korye npoyecca. 3ta pa3noOCTb SHTANLNHA HA3HIBAGTCH pacrorazae-
MbiM menaonepenadon u obosnavaerca fi,.

Jna o6paTHMOro npouecca B COOTBETCTBHH C MEPBbLIM 3aKOHOM
TepMOJMHAMHKH dg = di — vdp, u ¢ yueroM supaxenus (13.5)
JIeMeHTapHas pacnoJiaraeMas paboTa COCTaBJfAET BEJNHUHHY

dly, = d (w*/2) = —vdp, nau w dw = —udp. (13.9)

Beipaxenne (13.9) nokasbiBaer: 1) pacnonaraemas pafora MOKCT
6LITh MOMYY€HAa TOALKO ApH NOHUKEHHH JaB/JIeHH NOTOKA rasa B conje
(dly > 0 mpu dp < 0); 2) npu ABHKeHHH ra3a N0 KaHaly H3MeHe-
HHe JaBjJeHHsl NOTOKA O6paTHO MO 3HAKY H3MEHEHMIO CKOPOCTH.
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pl — P2 M3 ypapnenus (13.4) MOXHO
-t - ——+ ——— =% Ha{iTH COOTHOIWEHHE MeX]y paBoToi
P ,r""'—""—‘-—— nporafkuBanna ', pacrnoJaraemoii
P P1uy paboro#t [, u paGoToii pacwHpe-
—pdp Busa [ notoka B comJse. [lockosab-
Ry pdv =dl, a —v dp = dl;, T0
i 7 s sbtpaxcenne (13.4) npumer Buj
% s dly =0l —dl’, ynu ly = [ — 1'.
P21y o P2v2 (13.10)
5 5 Takum obpasoM, pacnoaaeaemas
J 1 v, u pafuioma. Pasas npUpaenuro ereut-
5 Hell  Kunemuueckofi sHep2ud  2a3a
Hpu ucmewenul, pagHa pasHocmu
PG C{f{;ﬁg E"U‘Ee,fingﬁggﬁém " pabomst  pacuipenua u  paboimel
IPOMOAKUBAH LA,

Yaenbnas pacnonaraemas paborta, nogpoSHO pabote pacuiHpenus,
MOeT ObiTh mpeacTaBneHa rpaduyeckn (puc. 13.2). Iag sroro ¢ yye-
ToM (13.9) mpeacrasum coortwomenne (13.10) B unTerpasHoil Gopme

Ds Uy
lh=—Jvdp = [ pao— (s, — pyoy). (13.11)
P vy

B v — p-muarpamve ynenbHast paGora aaMaGaTHOTO PacilpeHHs
Ug
U= pedo=1{1/k — 1)) (00, — pava) (13.12)
Uy
COOTBETCTBYET NNOWAAH NOA JHHHEH npouecca -2 (mn. [—2—5—6);
yAenbHas paboTa BHELIHUX CHA p,U;, 3aTPaunBaeMan Ha nepeMellerHe
pabouero Tea, SKBHBAEHTHA miIomaan [—6—0-—4; yiennHas pa-
GOTa CHJIBI Pyly, MPENSTCTBYIOUIEH HCTEUEHHIO, H3AMEPSALTCA MIOMAAbIO
3—2—5-—0. Torapa
ly = na. I—2—5—6 + nn. [—6—0—4 — na1. 3—2—5—0 =
= mn. [—2—-3—4.

CnenopaTe/lbHO, yaenbHasm pacnonaraeMas paGoTa B aHATpaMme
COOTBETCTBYET 3aIUTPHXOBAHHOH NJIOUAAKE:
Pz 1
ly=—[vdp=[vadp. (13.13)
Dy Ds
Pabora I, HasbiBaeTcs Takxe mexnuweckoti pabomod. Va Bhipa-
xenns (13.13) oueBniapo, uTo 314 pabora MONeET GLITL OTPHLATEIL-
HOH, MOJMOKUTENBHOH HJAH PABHATHCA Hymo. Ecnu zasienne paBouero

TeJNa B anpapare He H3MeHsaeTcs (Hanpnmep,-ﬂ perynepaTyBHOM Ten10-
Da

obmentuke), To dp = 0 H, caeloBalCIbHO, I, = _J vdp =0,
P
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T. e, TeXHHYecKkada padoTa moTOKOM He coBepuraertcd. Eciu B Mamune

(hanpuMep, B TypOHHe) zaBnexHe pabovero rena noHuxkaercs (dp <
Py

< 0), To TeXHHYecKasa pabora [, = ———j vdp > 0 GyaerT TNOJOXKH-
B,

TeJqLHa, T. €. COBEpIlaeTcd MOTOKOM HaJi BHEIUHHM OOBEKTOM (Kouse-

com Typ6unnl). HaoGopor, Texnuueckas paboTa oTpHuaTeNbHA [, =

[

= -—J vdp < 0, ecin paBnenue paboderc Tena B MawlHHe (HanpH-

Py
Mep, B Komupeccope) mnosblinaerca {dp = 0), T. e, pabora coeep-
maetc Haj NOTOKOM. Broipamenue (13.11) ¢ yueToM cOOTHoLIeHHS
(13.12) MoskeT OLITL 3amMcapo B BHJE

ly = ﬁ (P01 — Pavs) + (Prth — Pal) = k—il (P10 — pavy) = kI,
(13.14)

T. e. pacnonaraemas pafora Gonbire pafoThl pacliHpeHds B & pas.
C yueToM ypaBHeHHs afiHabaTol p,/p, = (v./v))* Boipaxenue (13.14)
RJfl aAHaGaTHOTQ MCTeYEHHf MOTOKA NPHHHUMAeT BHJ

bty o [1 = (20) T =g pa 1 - (35)7].
(13.15)

QPopmyant (13.14) u (13.15) crnpasennuBbl Takxe AN MOJTHTPOMN-
HOTO WCTEYEeHWS NpW 3aMeHe ToKasaTens aaMabaThi Ha TOKas3areldb
[OJUTPOTIRL.

CxopocTb HcTeyeHun rasa. CKOpPOCTb HCTeUEHMs Ta3a U3 conda
(ckopocTh B BLIXOAHOM CedeHHH) MOXeT ObITb ofpeesieHa H3 ypab-
nepua (13.8):

wo=y 2ot wi=y 20— i) +u .

[TocKonbky conno npefnazHaseHo AAA npeobpa3opaHHA MOTEH-
HHaJBHOH 3HEPrHH paouero Teja B KHHETHYECKYIO, TO HaualbHOR
CKOPOCTBIO NMOTOKA Ha BXOAE B COMIO @; MOXHO npeHebpevb H3-3a
€e MalloCTH (10 CPABHEHMIO € W,. Torla BblpaKeHHEe AJf CKOPOCTH
HCTEUEHHA, CITpaBefauBoe Anf JioOuXx palounx Tesa, NpHHUMaeT BUA

Wy =V 2l = V2 (i, — is) =V 2h,.

Paccmarpumas HcTeuenHe HIEANbHLHIX Tra30B, OORAYHHAIOLHXCA
ypaBHEHHIO cocTOoAHHR pv; = RT, H BceM BbITEKalOILMM H3 Hero
3aKOHOMEpPHOCTAM, ¢ yueToM 3aBHcHMocTH (13.15) nonmyuyaeM pacuer-
Hy1o GopMyNy TEOPEeTHYECKOH CKOPOCTH HCTeYEHHA B HECKOJABKO
HHOM BHIE:

wy =V 12k — )] RT; [1 — (poipa) 74 (13.16)
Hs asroro BHIpaXeHUA BHIAHO, YTO CKOPOCTB HCTeUeldAa rasa H3

consa BO3pacTaeT ¢ YMEHBLICHHEM OTHOLIEHMA AABJACHHH W YBeJaHde-
HHEM HauanbHO# TeMmnepaTypbl pabouero reia.
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Maccosniii pacxop rasa. [lpu ucreuennu pabouero Tena 3 conia
¢ BLIXOJHBIM CEUEHHeM f, MaccOoBHIH PacXoj rasa moxer OmTh Oilpe-
AeeH U3 ypaBHeHua criaomsoctu (13.1)

M = f,wyfv, = [y, (13.17)

rae f,w, — o6beM Tas3a, MPOTeKAIONMH 4Yepe3 ceyeHHe B eIMHHLY
BpeMeHH, — o0%emuoul pacxod; [yw.p, — Macca rasa, NpoXoifilLas
yepes ceyeHHe B eIHHHIY BpeMeHH, — Maccossiidl pacxod.

[Tpoussenenue wyp, [Kr/(M*.c)l, Bxonamee B sty dopmyny, no-
KasbiBaeT, KaKaf Mmacca rasa (Kr) B €QHHHUY BpeMeHH (c) mpoTeKaer
yepes nonepevHoe ceueHHe maoWaAplo ! M, Ora BeqMUHHA HA3bl-
BAETCH MAOMHOCHIbI0 NOMOKA Macce!, a HWHOTAA — MO AHANOTHH CO
CKOPOCTBIO — MQCCO801 CKOPOCHIBIO,

3aMensda B YPaBHEHHH CIIOWHOCTH CKOPOCTL W, HA €e 3HAuRHHE
n3 Bolpaxenun (13.16), nocse npeobpasoBaHHH MOXHO NOJIYUHTB
dopMysy AJsl ONpeReNeHHA MaccoBOro pacxofa M uaeanbHoro rasa
gepe3 COIJIO

M = [, [2k/(k — 1)) (py/vy) [B2* — BLETD/E], (13.18)

rie f = py/py — OTHOWIEHHE KOHEYHOrO MaB/ieHHHd K HayaJbHOMY,

Takum o6pasoM, MAcCOBbIE pacXoX HALANLHOTO raza HpH MA0MALH
CEUEHHA COMMIA Ha BhIXOAE f, H HeH3MEHHWX HAualLHLHX HapameTpax
P1, Uy 3@BHCHT TOJMLKO OT CTElIeHH ero paculupeHds f = p,/p,, HJIH,
YTO TO XKE CAMOE, OT AABJCHHA CPelil Py, KyAa NPOHCXOAUT HCTEYEHHE.,

§ 13.2, KPUTHYECKASI CKOPOCTh.
MAKCUMAJIbHBIA MACCOBBIH PACXOJ.
CONJI0 JIABAJNSA

Ananu3 ypaBHeHHS MaccoBoro pacxoja (13.18) nokasmBaer:
1) npu paBeHcTBe RABJIEHUH HA BXOJAE M BBIXOAE M3 ComJaa (p; ==
= p,)B = po/pr =1, u Torna M = 0, 1. e, He NPOHCXONUT HCTeue-
i HUA Tasa (Touka a Ha pue. 13.3);
I 2) NIpH HCTEHCHHE B BakyyMm (p, =
Hmax =0) B = ps/p; = 0 u Maccosnlfi pac-
X0k, Kak ¥ B mepBoM ciayuae, M = 0
(Touka b);
3) IpH M3MEHEHHMH OTHOWEHHA Ja-
Baenyii P or 1 o wekoToporo 3Ha-
\ yenus Py, = 0,5 pacxon rasa yse-
JuYnBaerca {kpupas a— K) H Jno-
\ CTHTAET MaKcuMyMa B Touke K. Ilpum
JanbHeHIIeM  yMeHbIUEHHH  OTHOLue-
J Pro 4 HHA pu/p, (yMeHbIUEHHU JABJEHHUS
2 02 9% 0F 48 B BHEWHeH Ccpesbl) MacCOBEIH pacxox
Puc, 13.3. 3apucuMocts maccopo-  OAZET BILIOTH A0 HynA (Touka b).
IO pacxoja OT hepenaja AaBie Hasnenue p, na Bhixome u3 con-
Rt J1a, KOTOPOMY COOTBETCTBYET MaKc-
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MaJbHBIE pacxoa rasa Mpya, Ha3bIBAeTCA Kpumu4ueckum, a Be-
JHYHHA Dygp/p; HOCUT HA3BAHUE KPUMUYECKO20 OMHOWeRUA 0a6ienull
H obo3nauaeTcs 4yepes Py, MakcuManbHOMY pacxoly COOTBETCTBYIOT
onpegeneHnas CKOpOCTh HCTEUEHHA H APYI'HE NapaMeTpel H MyHKIHH
COCTOSIHMA Traza, KOTOpHC TaKiKe HAa3bBalOTCS KpUmUMeCKUMU H
0603HAYATCA Wypy fxpy I wp H AP

IMockonwky kpusas M = [ (§) xBaman nepecekaer och aleiumce,
TO OHA MMEET 3KCTPEMYM B HEKOTOpo# Touke K (KPHTHuUeCcKOi TouYKe),
B KOTOpPO# MapaMeTphl HMelT 3HaueHHsd Muax, Bup, @Wyp. M3 ypanHe-
uus (13.18) acho, uTo pacxon M mocturaeT MakcHMyMa TOTAA, Koraa
PasHOCTh 3HauyeHHi P, 3akdwueHHas B KBAaJAPaTHBIX CKoOKax, Gyner
HanGoabwedl. Ins HaxomxIeHHs 3HAYEHHS P, COOTBETCTBYIOUIErO
3TOMY MaKCHMYMY, OTHICKHBAIOT 3KcTpeMyM QYHKUUH B KBaapaTHBIX
cKOGKax, DTOT 3KCTPEMYM CCOTBETCTBYRT YCAOBHIO

Brp = [2/(k + 1)]4/ -0, (13.19)

Uz coornowenuss (13.19) cmeayeT, 4To KPHTHYECKOE OTHOLIEHHE
JaBJCHHH 3aBMCHT TOJAbKO OT MOKazaresas aguadarel &, T. €. oT npu-
poAnl pafouerc Tesna, M 3Ta 3aBHCHMOCThH clabaa (cm. Taba. 13.1),

Ha ypasnenwa (13.18) u rpaduxa (puc. 13.3) BHAHO, uTO ¢ yBe-
JUYeHHeM nepenaja AasaeHMH (yMeHbIIeHHeM OTHOWIEHUs pu/p; = P)
MaccoBHIH pacxod rasa Bo3pactaeT H HPH Pgp AOCTHTaeT MAaKCHMyMa,
a npu snadenuax B < fyp yMewbmaetca Ao Hynas (WTpuxosas JH-
Husi). B peficTBUTENbHOCTH MOJHOE COBNAgEHHE pacyeTa ¢ NMPaKTHKOH
HabJionaeTcs TOAbKO s NpaBoro yyacrka kpupoiél (a — K) B mpe-
zenax Hamenenna P = 1-Pyp. B nesoit wactn rpadmka, B obractu
B = Pyp+0, cxonpko Gb HH yMEHbIIAJOCH OTHONIEHHE A4BJIEHHH,
3HaYeHHe MACCOBOTO PAacxojla raza He YMeHbIIAeTcsl, Kak OXHJalocCh,
4 OCTaeTCs HEH3MeHHKM W papHmM M (MHHHA K — ).

Heenenosanns 110KazanaH, 4To OpH Py > Prp U HEM3MEHHOM JAaBhe-
HHH p, JaBJeHHE ra3a B BHIXOJHOM CeYeHHY CONNA Py PABHO AABICHHID
CpeaBl p,, B KOTOPYIO HCTEKAeT ras, H 4TO HPH YMeHBIUEHHH NaBJEeHHS
¢pelsl, BRAOTL J0 Pe = Pa = Pyp, PACXON 434 U CKOPOCTH HCTEHEHHS
H3 conaa yBenuuHBaoTcs. [IpH AOCTHIKeHHWH HAa BbIXOAE H3 COMNJA
KPHTHYECKOrO [JaBNeHHst (P, == pPyp) MACCOBBIH pacxXol H CKOPOCTh
HCTEUEHHS JOCTHTAIOT MAKCHMAaJabioro sHaueRns M., @Wgpay Jamb-
Hefillice CHHMKEHHE NABJEHMs cpeibl (P, < Pxp) HE BbISLIBAET HIMEHe-
HHA [apaMeTPOB NOTOKA B BHIXOLHOM CEyeHHH comJa.

MaxkcnManbHasi CKOpOCTh HCTEUEHHs T'a3a H3 COnJa OpH MaKcH-
MaJbHOM pacxole HaXoautca ua ypabHenus (13.16). Ilopcraenss
BMECTO p,/p, Bmpamenne (13.19), nocae npeobpasoBanuil noayuyaem

@y = ¥ 2RIk + DI piy - (13.20)

Ecan  o6osnaunts  2k/{(k + 1) = a, 1o BeEpaxenne (13.20)
npHMeT BHI

Wyp = a}/plf"\ 1 (13.21)
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Ta6amua 13.1

K pacueTy KpuTHieckoro pexumMa W HCTeYeHHs Ta30B H napos

k |31&p a b
1,0 0,6065 1,000 . 0,6064
1,1 0,5847 1,024 0,6283
1,2 0,5645 1,044 0,6484
1,3 0,5457 1,063 0,6672
1,4 0,5283 1,080 0,6846
1,5 0,5120 1,095 0,7010
1,667 0,4871 1,118 0,726l

rae @ — KoadxpUUMenT, 3aBHCAILMA TOMBKO OT NOKasarens agua-

GatH K.
CKOpOCMs Wyy, COOMBEMCMEYIOWAR KPUMUHECKOMY OMHOWERUI0

dasrenuti Pyp, HA3bILAEMCR KPUMUHECKOL CKOPOCITbIO UCMEHEHUA.
Marcumanvsolli  maccossili  pacxod uepe3 COMJO ONPEIENSAETCH
ypasnesuem (13.18) ¢ yuerom (13.19)

Mmpax = fz'l'/’[Qkf(k + l)} (PL/U1) {2/‘(,& "f‘ }}]Z‘(k—l) —
= [/ (puon) & 12/(k + DIEFDE=D,

OGosHaune uepes b Bupaxkenne y' k [2/(k + 1) Jk+D/G=1) 35
BHCALLEE TOJNLKO OT NokasaTels afnabaTel &, NOJMYYHM

Mopax = b2V prity - (13.22)

Yyucaenubie 3Ragenns BeAHYHE Py, a v b 449 KPHTHYECKOro pe-
’HMa HCTEYEeHHS ra3oB H [1ApOB B 3aBUCHMOCTH OT NHOKasaTens aiu-
a6atel k npusenens B ta6a. 13.1.

[Ipn pacuere cKopocTell HCTEUEHHS HACANBLHOTO raza HCTOAb3YIOT
dopmyarr (13.16) u (13.21) ¢ 3ameHol B HMX paiHKana V pv, Ha
pagnkaln V' RT, (B cOOTBETCTBHH ¢ ypaBHEHHEM Kaanefipoua), a npu
pacuere MaccoBoro pacxoaa — (opmyast (13.18) u (13.22) ¢ 3aMeHoil
B nux V pu/o, Ha p/y RT,.

Ilas annabaTHOro HCTeUeHHS A0 KPHTHUECKOTO JaBJeHHs ¢ yue-
ToM (13.19) cnpaBepauBo coOTHOLICHHE

Tip/T1 = (Prp!P1) =17 = 2)(k - 1),
orkyra Ty = (k + 1) Typ/2. Noacrasus snauesne T’ B BeIpamenue
(13.20), moayunm

Wygp = ‘/kRTl = Wyp, (1323)
HJIH
Wp = V kP10 = Wap, (13.24)

Cootnomenns (13.23), (13.24) npencraBasior cofoh ypaBhenus
CKOPOCTH PACHpOCTpaHeHHd 3BYKOBOH DOMHE B paboueM INOTOKe.
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TakuM 00pa3oM, KPUMu4ecKan CKOPOCHIG UCMEHEHUR PABHA MeCMHO
CKOpOCMY 36yKa * B BHIXOZHOM CEYEHHH COIJIA NPH €ro MapaMeTpax Pup
H Wyp.

Duznueckoe OOBACHCHHE PACXOXAEHHA TEOPETHYECKOH 3aBHCH-
moctda M = | (p) lypasuenne (13.18), pue. 13.3] c sxkcnepumet-
TaJAbHBIMH JAHHBIMH 6BII0 Bnepsble npeaaoxeno B 1839 r. Cam-
Benatom. Ono moarsepaufock najdbpHeHMuMH HecaeaoBanuaMu. Oka-
3aJock, uTo J0boe, Haxe crnaboe BO3MYLIEHHE [IOTOKa pacnpoctpa-
HAeTCs B HEM CO CKOpocThblo 3ByKa. Torpa yMEHbINEHHE AABJEHHA
Cpennl Pg 33 COTIOM Ha HEKOTOPYIO BEHYHHY Ap BbI30OBET BO3MYLIEHHE
notoka. JlaBneune Ha BLIXOJAe H3 CONJIA NOHH3HTCA H CTAHET PABHLIM
pPs = Po. BoaHa paspeieHHA paclpOCTPAHHTCHA BAO/Ib NMOTOKA B Ha-
npapJeHHH, NPOTHBOMOJOXKHOM HCTEYeHHIO, C OTHOCHTeJIBbHOH CKO-
pocThio Wy, — w. Baone BeeH JUTHHBL coma MPOH3OHAET mepepacrpe-
jenenne gasienydl (npu p; = const), ckopocth HCTEUEHHS B KarKioM
NPOMEKYTOUHOM CEueHHH COIia Bo3pacteT M OYAET COOTBETCTBORATh
GonpleMy pacxony raza,

Ecau naBnenue cpeanl, B KOTOPYIO HCTEKAeT I3, CHH3HTCH A0 Pup,
TO CcKOPOCTh HcTeueHUs OyAeT MaKCHMalbHOH M PaBHOH MecTHOH
CKOPOCTH 3BYKa! W = Wap = Wkp. 1IPH JajbHEHIIEM NOHHMEHHH
AaBJICHHS CPefbl HHIKEe KPHTHYECKOro (p, < pxp) BOJHA pa3pexeHus
(BO3MYLIEHH ) HE CMOMET PACHPOCTPAHATLCA BAOIb COMJA, NOCKOABKY
CKOpOCTb €€ pacnpocTpaHEHHs B cpefe B HANPABJEHHH, NPOTHBO-
NIOJIOXKHOM JIBHIKEHHIO, OyAer paBHA HYJIO! Was — Wkp = 0. B aroit
CBA3H nepepacnpenenezmﬁ AaBJE€HHH B HOTOKE BAOJb Collja He ]'IpO-
M3CHIET H CKOPOCTh MCTEYEHHS ra3a Ha BLIXOAE H3 COnsa OCTaHeTcs
HeH3MEHHOH H paBHOH MeCTHOH CKOPOCTH 3BYyKa. _

Panee GrLi0 yCTaNOBAEHO, YTO AJISI YCKOPEHHS IOTOKA A0 KPHTH-
YyecKOHl CKOPOCTH € ycnexoM MOryt OmiTh HCIOJb3OBaHKE CYyXKalOmHecH
KU LHAHHApUYeckHe conaa, TIpu 3ToM Gyner HOJNHOCTBIO HCNOJb3O-
BaH Becb Nepenaj jJaBjiepHil: OT A4aB/JeHHA Ha BXOie B COMJIO p, 10
IaBJ€HHS HA BBIXOIE Py = P¢ = Pyp. ITH COMJIA NOJTYYHIH HA3BAHHE
dozsykosorx. B cayuae npUMeHEHHS TakuX colVl RIS HCTEHEHHS rasa
B cpely, AaBJIeHHE KOTOPOl HHMKe KPUTHYeCKOro (7o < Pyp), NOME3HO
HCIOAB3YeTCA TOJAbKO YacTh pacrnojaraeMore NePenaga: ot Py A0 Pups
T. e. ofecneynBaeTcsl TONPKO YACTHUHLIA 110Me3HBIA Nepexon 3Hepruu
JaBNEHHA B KMHETHUECKYIO SHEPrHio cTpyu. OcTanbHas 4actb NOTEH:
1HaAbHoN 3Hepruu GesBo3BPaTHO TepsAercs B NPOCTPaHCTBE HA obpa-
30BaHHe 3aBHXPEHME.

st molHorO HCNOJBL3OBAHHA nepermaja gabBJeHHi oT p; R0 py <
< Pup M AOCTHXKEHHS HA BLIXOAE U3 COMJA AaB/EHHS, PABHOTO JaBJe-
HHIO cpenbl (Kyaa HPOHCXOAHT HCTeueHHe), WBEACKHH umxeHep Jla-
Baab B 80-e roanl mpouwioro CTOJMETHS NpeitoXHA K oM O M H H-
poBaHHOEe conaQ, Ha3BaHHOe conaom Jlasars. Iro comno,

1 Tloa MecrHofi CKOPOCTSM 3BYKA MOHHMAIOT CKOPOCTs 3BYKA B rase npu napamerpax,
COOTBETCTOYIOMMX DAacCMATPHBACMOMY CETeHHIO Ccollia. Jeno B TOM, UTo Npu anpalaTHOM Te-
yenuM 'a3a b Conde cro napaMcorpb (AaBAeHHS H YARALHBIH 0GBbEM) HIMEAAOTCH DAOAL CONJa,
nosToMY K CKOPOCTh 3nyka GyAPT Pa3siu4iof [J7 DasauuHbIX €70 CedeHAll
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COCTOSIII e H3 CYHKAKILEHCs 1 pacs
wupsoweics yacrei (puc. 13.4),
[O3BOAUAO MOJYYHTE CBEPXKPH-
THYECKHE CKOPOCTH HCTe4eHHs
raza u ualemaTh NOTEpb SHEP-
riuu npu OofbllioM nepenage Ja-
pnennii. Takue comnia HasbBalOT
CBEPX3BYKOBLIMU  H  TIDUMEHSAIOT
ToAbKO npH P < Pyp.

B cyxatollelics 4acTtH comja
Jlapanga JjaBJieHHe rasa IIOHH-
JKaeTesl OT py Ha BXOJe B COMJIO
A0 Pyp B MHHHMATBHOM Ceye-
HYH f i, TIpH 370M CKOpOCTDL rasa
yBeJHUHBAETCH JO KPHTHYECKOM,
PaBHOH MECTHOHf CKOPOCTH 3BYKa
(@Wyp == Wag), T. €. TPOTEKaeT
npouece, aHaJOrHYHBIH npoueccy
> B cyxawouweMcs conae. Pacuwu-
Puc. 13.4. Connto Jlaaas. Vsmenere p,  PAIOWASACS YaCTh COMMA CpogH-

v, @, Wgp MO LIHHE COMIA JHpOBaHa Tak, 4YTo ofecneyH-

BaeT janbHelllee RNJIaBHOE pac-

IIHpEeHHEe JTIOTOKa 0e3 oTphIBA OT CTEHOK H OOPa30BaHWs BHXpeH.

B pacmmpdtomefics KOHHUECKOH YacTH NPOMCXOAHT JanbHefinee

TIOHHKEHHE JABAEHHS Ta3d OT Pup MO Py = P, B BBHIXOJAHOM CEUEHHH

comna faux. [IpH aTOM CKOpOCTBH NOTOKA NpEeBBICHT CKOPOCTh 3BYKa

(3a KpUTHYECKHM ceueHHeM f.) K Gyger Npoxo/KaTh YBEJIHYHBATHLCA
B CBEpX3BYKOBOH 0G/14cTH.

Konpurypauua npobunsa conna JlaBans oObAcHAETCA OTHOCH-
TENBHRIM XapakTepoM H3MEHEHHA yAeabHOro obbema v H CKOPOCTH
notoka @ npu Herevennd. Ha yuactke [ (puc. 13.4) npu nonnkeHnn
AaBJEHHSA OT Py IO Pyp CKOPOCTb rasa pacTet Gosiee WHTEHCHBHO, YeM
VAeNbHLI 06heM, H B COOTBETCTBHH € YPaBHEHHEM HePa3pLIBHOCTH
110TOKa f, = MUu,/w, ceuenHe conyia B HaNPaBJA€HHHN IBHKEHHUS JNOMKHO
yMeHbluatbes A0 kputuueckoro (f.,). Ha yuactke I7 npojonxaercs
TMIOHH)KEHHE JaBJICHHSI a3a OT Pyp AO Py = P, HO 31ech GoJiee HH-
TEHCHBHO pacTeT yJe/JbHblH o0beM raza, 4To MPHBOAHT K neoGxoxu-
MOCTH YBE&JIHUCHHA NRJOLEaTH CedyeHHd COoIlla B Ha]’]paB.TIEHHH ABH-
HEHHS.

Jauny [, cymaioweficA 4YacTH corJa BHIGHPAOT MHHHMAJABHOH
B L€NsX yMEHbIIEHHA [0Tepbh Ha TpeHue. Jl1uHa pacupsioulelics
yacTd conga I, omnpejendeTcA AONYCTHMBIM YTJIOM DACKDHLITHA & =
= 10=-12°. Boabuwine 3HaYeHHA & BLISBIBAIOT OTPHIB CTPYEK [OTOKA
OT CTEHOK comaa H oGpasoBanHe BHxpel. ITpn MEHBITHX 3HAYEHHAX o
3HAYUTENbHO YBEJAUUMBACTCA IJIHHA pacluHpsIoUleHcs YacTH conaa l,
YTO YCJAOXKHSAET M3COTOBJAEHHE M YBeIHUHBAET [OTepH Ha TpeHue
MeX1y MOTOKOM H CTeHKaMH colia.

pw

D1
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P2
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§ 13.3. HEOBPATHMOE HCTEYEHHE

PeaabHblfl mpollece HeTEUEHMS ra3a HJAH XKHIKOCTH uepes
COMJO BCErJa CONPOBOMKTAeTcA HEeKOTOpoH [OoTepelt KHHeTHUYecKOoH
SHEPrHH Ha TPEOJOJIEHHEe TPEeHHA MeXAy pabouuM TeIoM M CTeH-
KaMH COIJIa, & TakKke BHYTPEHHETO TPEHHA MemJy OTHEJbHBIMH Ha-
CTHYKaMH CaMOro NOTOKa. TpeHue o6yc/ioBIeHO BA3KOCTHIO pa6ouero
TeNd, WepOXOBATOCTBI CTEHOK KaHasla, HalWuHeM 32aBUXperufi
HT. N
ITosiHOCTBIO MCK/IOUMTE NOTEPH SHEPrHH Ha TpeHHe He yjiaercs,
[TosToMy, XoTs1 nHpouecc HCTEYeHHS HO-NPEKHEMY CUHTAETes Mpo-
TeKawouuM agnabatio, T. €. 6e3 rensoobMena ¢ OKpyXalowel cpenof,
OH HeoOpaTHM, NOCKOJBKY BbIICNAOUAACH TENJIOTA TPEHHA (rp
coofwaerca paboyeMy Tely. DHTPONHA MOTOKA BOPACTAET:

ds = dqqgy/T.

Teopernueckuii npouecc agnabaTHoro oG6paTHMOro HetTeueHus 6e3
TPeHHdA B § — i-auarpamme (puc. 13.5) uzobpaxkaerca otpeakom [—2
Ha M303HTpONE s, = S, = const mexxy uszofapamu p; u p,. Pac-
noJjaraeMas paGoTa HCTEUEHHs OMpefelsAeTcd Pa3HOCThIO SHTAJBIHEH
B Hauale M KOHNE mpouecca: [y = i) — i;, CKOPOCTb HCTEUEHHS
wo = V2 (iy — iy).

B neiicTBHTENBHOM mponecce HCTeueHHsi BCJAELCTBHE HEOOpaTHMO-
CTH NOTEpPh HA TPEHHE SHTPONMA T'a3a, KaK YKa3blBaJOCh BHIIE, BO3-
pacTaer H JAeACTBHTEJIBHKIA ITPOLECC HCTEUEHHS OTKAOHSAETCH OT H30-
SHTpONbl Bnpaso (npounecc I--2x). OrkJoHeHHE NpoLecca BHPaBo
OT TOYKH 2 OObsACHSETCA TeM, UTO BENHYHHA dgr, HOJOMKHTEIbHAdA,
B CBA3H C YeM S; => 8. [IOCKOJIBKY paciHpeHHe rasa B Collfie NpH
HereyeHnH Ge3 TPeHHS H ¢ TPEHHEM TIPOMCXOIMT A0 OAHOIO M TOro e
IaBJeHns, To Touka Z2n GymeT JexaTh npaBee TOUKH 2 Ha Tolt e
Hzobape p, (i, > i;). CiejoBate/bHO, AeHCTBHTENbHAR pacHojara-

emast pabota lo; = i; — ip; M NeACTBHTENBHAS CKOPOCTb rasa Ha

BLIXOAE H3 comyla Wy =7V 2 (ij — i3z) NPH MCTEYEHHH C TpEHHEM
Bcerja GyNyT MeHbIIe, 4eM B caydae oOpaTHMOTO TedeHHsi Ge3 Tpeums.

a) ﬁ)

i i &
LY
1 ! T" I _$§j 1 £
1 /‘P '
S o i &
28 & o5 \J \ 4
% ST Q <
i T et AN,
7 X
i Z /24 . 21 N <
Lrp=Abry
NN
5t 524 § a r s

Puc, 13.5, AnmaGarhoe HcTedeHHe Taza M3 COIIA ¢ YIETOM TPeHHR
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[Morepu snepruu Ha Tpenne B conne AE,, MoryT GHTb npeicras-
JieHbl PASKOCTLIO KHHETHUECKHX SHEPrHit MOTOKa Ha BHIXOAE H3 comAa
NpH HMCTeyeHHH 0€3 TPEHHS W C TPEeHHeM:

AEqp = (@ — w})/2.

B s — T-puarpaMve naomaib [0J KPHBOH Npouecca HCTEUEHHA
¢ TpenneM [—21 (nn. [—2n — b — a) 3KBHBaneHTHA 3aTpayeHHOH
paboTe Ha npeojoNeRne CH TperUA [, KOTopas Heo6paTHMO NpeBpa-
THAACh B TETVIOTY TPEHNH @¢r,. IJTa TeNnoTa YCBaMBAETCSl ra3oM, 4TO
OOBACHSECT IOBbILIEHHE TeMIepaTyphbl H 3HTAJbIIH rasa Ha BBIXOAE
u3 cormna (Top > Ty).

[Morepu pacnonaraemoli yaenbroi paboTel (NOTepH KHHETHUYeCKOH
3HEPTHH IIOTOKA) HA [PEC]OJeHHe CHJ TPeHHS ONpelessTCH COOT-
HOUiEHHEM

AlTp = io - [n»n = (fl - 52) - (il - f-zn) = 5211 - iz = AE rp

u  H3obpamaloTen B s — T-AHarpamme paomaigbio  noq  KPH-
pofi 2—2n1 (ma. a—2—2n—b). H3 cpaBuesus paboThl TpeHHS
(m1. a—2—[/—21—b) w gorepb  pacnogaraeMoil  pa6oThl
(na. a—2—21—>~) chmeayer, UTO NOMEPU KUHEMUMECKOU 3Hepeuu
HomoKa ecaedcmele MPexun COCMABIRIN Autle 4acie Menioms: mpe-
HUR, T. €. §;p > AE,,. DT0 CBA3AHO € TeM, YTO 4acTb TEIJIOTHI Tpe-
Hua Ag,, (na. I—2—2n), yceanBasch paGouyuM TNOTOKOM, YBEJHYH-
BaeT pacnonaraemylo paGoTy BCACICTBHE YBeNHUCHHHA YIEABHOTO
o6nema pafiouero Tena Ha BHIXOLE H2 comia.

CnepoBaTelbHO, 8 caydae aOUabamHOe0 UCIMEHEHUS & Mpertem
pacnoasqzaemas paboma Ooave, 4em 8 Cayuae 6Gpamumoz0 UCINeHeHUs
0e3 mpenun, na seauduny Aly:

Aly= P — 3% = q,, — AE, = na. [—2—2n,

Beanuuna Al = Aq,, nasniBaercsi mepou 60CCMAn08ALHHOU Ku-
Hemuueckoll snepeuu. OKoHYaTeNIbHO NOTepsHHAsA KHHETHUECKAs IHep-
rus AE., uzobpaxkaercs miomanbio a—2—2a—b. Takum oSpasom,
noanas ydeasnas paboma cus mpenus l., pacxodyemcs 6 conie Ha
npeodoseHue MPEHUA U HQ BOCCIMAHOBACHUE KUMEMUMECKOT Inepelll
nomoKka:

lTp = Al + A!'rp; HIH @rp = Afrp + AEIp-

§ 13.4, APOCCEJIMPOBAHHE

Jpocceauposaniesm — HQ36BAEMCS  MePMOCUHAMUYECKUL
RPORECe HEOBPAMUMOS0 noHuMenUs Odasienun cmpyu padovezo meaa
npi Npoxoxderiy Hepes cymernue 8 Kanase Ge3 cOBEPUIEHLIA BHEULHEL
pabotiet.

,HPOCCE‘.HHDOBHHHC ABAACTCA YaCTHBIM CIY4aeM HCTEUYEeHHA, H
O6LIYHO €0 OCYilleCTBJAAIT, YCTaHABJIHBAA Ha NYTH MOTOKA 3HAUH-
TebHbIE MECTHBIE CONPOTHBJEHHS: AHadparMsl ¢ KaanGpoBaHHBIM
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OTBEPCTHEM, BEHTHIH C MalwM Npo-
XOJIHHM CEYeHHEM, HeIIOTHO MpH-
KpbITble  KJamaHbl,  KaoH/LIsIPHBIE
TPYOGKH, TTOPHCTLIC TIEPETOPOIKH H T. L.
JaBsnenue cpembl 3a JpOCCE/IBHLIM
yeTpolicTBOM ymeHblaetes (puc. 13.6).
du3nuecKH  MajeHue  JaBJeHHS
CTPYH paGouero TejJa 3a MECTHBIM
conporusaenuem oObAcCHseTCs  pac-
X0JOBAHHEM 4uacTH D3HEPrHH MOTOKa
Ha HpeclosleHHe 3TOre MecTHore co-
nportusienusi. HM3-sa  manoh nao-
UtaAH HPOXOJHOrO ceueHHA auadpar-
MbI (1'10 CpaBHEHHK ¢ IONepedHBIM
CEYCHHEM KaHa/la) CKOpocTh ABHXKe- Puc. 13.6. Hamenenne napamerpos
HHA NOTOKA, a 3HAYHT, U ero Kume- Pagodero Teﬁi z:apﬂoﬁfcce Apocce-
THYeCKass  3SHEepPTHS  HA  ydacTke P
YCTAHOBKH aHadparMel BO3pacTaorT,
u4TO COTPOBOXKAAETCA HalenHeM JaBJ€HHs, T. €. YMEHbLIEHHeM
HOTEHIHAAbHON 3HEprHH. 3a OTBePCTHEM I[0TOK BHOBb Te4eT Io
NOJTHOMY CE4eHHIO KaHala, CKOpOCTh €ro yMEHbIIAeTcs, a AaBleHue
Boapactaer. Mmeer mecto ofparTHblil nepexol KHHETHYECKOH SHEPrHH
B ToTeHuManbHyo. Ho gaBaenne cpepsl 3a gnadparmoil e gocturaer
NepPBOHAYAJBLHOTO 3HAYCHUA (P, < p)), TAK KaK 4acTb KHHETHYECKOf
3Hepruu Ge3Bo3BpaTHO Tepsercs Ha o0pasoBaHHE 3aBHXPEHHH NOTOKa
H HpEOJ0/IeHHe TPEHHs B APOCCENLHOM ycTpofcThe,

OcHOBHBIE 32KOHOMePHOCTH npouecca ApoccenupoBaHns, Paccemo-
TPHM OCHOBHBIE 3aKOHOMEDHOCTH Mpolecca APOCCENHPOBAHHA Ha
npHMepe TeueHHA NOTOKA B KawaJje IpOH3BOJBHOH dopMel (puc. 13.6),
Ha myTH KOTOpPOro ycTaHoBleHa auadparma. Beineaum ceuenns I u 2,
B KOTOPLIX mapaMeTphl MOTOKAa HEH3MEHHbl BO BPeMeHH.

B ofwem cayuae njomaiy nonepeduHbix ceueHuit KaHana fy; u f,,
4 TaKXe HX BBICOTHO® PACHOJOMKEHHE OTHOCHTENBHO INTOBEPXHOCTH
3emJn z, M 2, MOTYT GhITh pasnuuHbMH., KpoMe Toro, Ha pacematpm-
BaeMoM ydYacTke K IOTOKY Moxker ObIThb NOBEiAEHA HJH OTBEIEHA OT
HEro BHelWIHAsA TemiaoTa (Jp M TexHHYeckas paGora L,. Iaa rtakoro
naubosee oblUero ¢ayuasi TeUeliHs YpaBHEHHE IePEOro Hauana TepMo-
AHHAMHKH HMEET BHI

QatQup= M (i2— i)+ M (w2 — wi/2) + Mg (21 — 25) -+

& BBy (13.25)

rie M — maccoBuH pacxon noToka; iy, i, — YAeJbHHBIE IHTAIbIHH
noToKa B ceuenusiXx I u 2; @), w, — CKOPOCTH HOTOKA B TEX KE ceye-
HHAX, £ — YcKOpeHHe ¢Bo6OAHOrO NajeHus.

JleBan YacTe ypaBHeHHA TpexacraBasier coGoif obliee KOJHUECTBO
TEIVIOTHI, INOABEJCHHOH K MOTOKY Ha yuacTke J—2 (cyMMa BréuHed
TenaoTel Qp W 1EII0TLI Qrp, 06YCJIOBJICHHOH TpeHHeM),
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[TepBoe cnaraevoe NPaBOH YAaCTH XapaKTePH3YET HIMeHEHHE
SHTA/ILNHH NOTOKA OT cegenns I 10 ceueHHs 2, BTOPOE — H3MeHeHHd
KHHETHUYCCKOH 3IHEPrHH, TPEThe — H3MEHEHHE NOTEHIHAMLHOH 3Hep-
THH 10TOKa, CBAZAHHOE C H3MEHEHHEeM €ro FEOMETPHHECKOﬁ BBICOTEI.
Yuurwisast, uro L., = Q,,, ypaBuenue (13.25) ana eauHuunoro
pacxoja HPHMET BHA

ga = (ix — i) + (sz ~ %) +g@ —z) -+, (13.26)

rie g = Qu/M; I, = L/M.

Ecan B npouecce apocceTHPOBAHAA TEIVIOTa HE NOABOAHTCA K pa-
foyemy Teay M He OTBOAMTCH OT HEro, TO ypaBHeHHe (13.26) MoxKHO
yupocTuTe. Takol mpolece HOCHT Ha3BauMe aduabamuozo O0pocceAti-
posanun (qgp — 0). Ilpu mpoccenHpopanHu paboTa paciiHpeHHs pa-
Gouero Tesa OT AABJEHHA Py A0 AABJIEHHS Py [OTHOCTBIO 3aTPayyBaeTca
Ha ofpasoBaHue TypOyJeHTHBIX 3aBHXPEHHH M TIpEONOJeHHe CONpo-
THB/eHHs1 Tpennto. CoBepliaemas NMoTokKoMm pa6GoTa TpenHsa L, npe-
BpaimaeTcas B TEMIOTY Qp KOTOPas [OJHOCTbIO BOCIPHHHMAeTCA
CaMHM NMOTOKOM. B COOTBETCTBHH CO BTOPBLIM HayajJoM TepPMOJIHHAMHKH
5TO TPHBOAHT K BO3PACTAHHIO SHTPONHH MOTOKA, HOITOMY M p O-
Hece APOCCENHPOBAHUSNA BHYyTpeHHe Heolpa-
THM, TaK KakK TenJaoTy TPeHHs Hedbaa npeobpazoBaTe B paboTy.
B cayuwae apuaGartnoro TeueHus (g, = 0) 63 cOBEpINEHHS TEXHHUE-
CKoll (Buewwe#) pa6otul ({; = () DpH YCTOBHH HEIHAYHTENBHOIO
H3MEHEHHS TeOMeTpuUeCKOH BRICOTHI KaHana (2, — Z, ~ 0) ypaBHeHHe
(13.26) npumet BHA

(i2 — i1) + (@i — w?)/2 = 0. (13.27)

B cayuae mocToaHHOrO ceueHHA TpyGompoBoAA APH ApoCCenupo-
BauHH rasoB Hal/ojaercss HEKOTOPOe yBEJHYEHHE CKOPOCTH HOTOKA
3a aHabparMofi (@, >> w;), YTO CBsI3aHO ¢ MNOHHIKCHHEM JapJeHHd
(p2 < p1), KOTOpOE MPHBOAHT K YBEJHUYEHHIO YAEJBHOrO 00BeMa rasa
(v > ©v). B cnyuae apoccenupoBanHs HACHIUEHHBIX JKHAKOCTEH
YBeJIHYeHHE CKCOPOCTH W, o0yCJOBJEHO napoo0pasoBaHHEM, KOTOpOE
conyTcTBYeT 3ToMYy npouneccy. OfHaKo B ¢BA3H C TEM, UTO B NPOHECCE
JApOCCeNMpOoBaHis H3MEHEHHE CKOpPOCTH paGouero Tena Io M 1tocae
AuadparMbl He3HAUHTENBHO (W, — w; & (), NpaKkTHYeCKH BO BCEX
cayuyasx H3MeHeHHeM ero KHHEeTHUeCKol SHepruu MOMHO npenelpeub
BCJIEJCTBHE €€ MaJQCTH [0 CPABHEHHIO ¢ HTaNbNHed notoka. Toraa
H3 BeIpaxkeHua (13.27) cnenyer, urto

(13.28)

il = ig;

T.e. Onpu agunabaTHOM ApPOCCeNTHDPOBAHHHU T oO-
TOKAa 3HAYeHHMH €ro 3HTaAbNDHHA Ao Hayanaa
HNnoclhe 3aBepIWIEeNH s nponecca NPakKTUHUYECKH
OQHMHAKOB B

STOT BaXKHBIH BLIBOJ, CNPABEIIHE Kak AJA peajbHBIX ra3oB W ma-
POB, TAK M JAIs MKHAKOCTEH, TdK KaK MOJYYeH HAa OCHOBAHWH YpaBHe-
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HHA [(lepBOro 3akoHa TEPMOAHHAMH~ r

KH. O,IlHaKO HeJb3d OTOXIECTBJAATD I ——l-ﬁv-—n—
CeIUpoBaHHA ¢ HIO03H-

e AT s A .

TanbmHARBIM lipoueccoM. B mpounecce & H-T,———-—-»ﬂ~ =
JApOCCeNIMpOBAHNHA  SHTANBNUA  H3Me- I
HfeTcA, TaK Kak B JpOCCeNbHOM OT- NER 3 '
BepCTHH NPUHCXOAAT HEPaBHOBECHDLIE

npouecchl YBEMTHUEHHS WM YMEHbIIE- Pye 13.7. K anannsy spoexra
HHSI CKOpOCTH motoka (puc. 13.6), Jxoyas—ToMcona
KOTOpble BbI3LIBAIOT H3MEHEHHE KHHe-

THUECKOH 3IHEPruH, uTO, B CBOIO Ovepellb, NpH anuabaTHOCTH mpo-
1ecca APOCCENHPOBAHHS HPHBOLUT K H3MEHEHHIO 3HTANBNUH. TOTbKO
nocJ/ie 3aBeplIEHHS MPONecca SHTANbIHA NPUHUMAET NEePBOHAYAILHOE
3HaueHHe. Bor mouemy mnpouecc ApocceAHPOBAHMA B jHArpammax
cocToANHA H306paXKaloT WITPHXOBOH JHHHeH. ITO ABIAETCA JIHIb
rpabHyYecKHM HPHEMOM, NMO3BOJAIUIMM ONPENENHTb NapameTpsl Iio-
TOKA MOCTe JPOCCENTHPOBAHMA.

Jnsi upeanpHBIX rasoB yaeabHas TenJOEMKOCTb He 33aBHCHT OT
JaBJeHHs, SHTAJbNUs ABJAAETCA TONbBKO (QYHKUMEH Temmepartyphi:
di = ¢,dT. TlosToMy 3HTaMbHHA TaK)XXe HE 3aBHCHT OT NaBJEHHf.
Torga ¢ yuerom (13.28) umeem -

AT =Ty —Ty=(s— i), =0, T.e. | Ty =T,

I
|

12

ChaepoBatensio, npH agumafaTHOM JpOcCcCenHpo-
BaHHH HIieaNlbHOTO rFas3a ero TeMmomeparTtypa
ocTaercd HeH3MeHHOH.

Addext dmoyan—Tomcona. IloBemenne peanbHBIX ra3os MNpH
APOCCETHPOBAHNH OT/MYACTCA OT HOBEAEHHA HiealbHuX. B 1853—
1854 rr. auramiickue ¢uanku xoyar u ToMcOH OTKPBLIH sBJEHHE
H3MEHEHHS] TeMIepaTypsl peaJbHOr0 raza HpH MeAJIEHHOM CTalu-
oHapHOM aiHa6aTHOM NpPOTEKaHHH CKBO3b NOPHCTYIO Hepercpoiky.
OTo fABMEHHe H3MEHEeHHs] TEMNepaTypul peajbHblX a3oB H KHAKOCTEH
npy agnabaTHOM JApOCCeJHPOBAHHH TIONYYHJO HasBallne apgerma
Horcoyrn — Tomcoua.

PaceMoTpuM nponecc aanabaTHOrO APOCCEMHPOBAHHA TIPH Npo-
TeKaHHWH rasa uyepes TpyOKy MaJjoro AHaMeTpa, COeIHHAIOUIYIO 1Ba
HHAHHLPA.

Insi nporankusanua rasa uepes Tpy6ky (pue. 13.7), koTopas
AIBJISIETCST  IPOCCENbHBIM  YCTPOHCTBOM (MECTHBIM CONPOTHBJNEHHEM),
HeolOX0AHMO 3aTPATHTh paboty uaBHe. Ecau neBblfl mopliens [ mio-
wanbio f;, BO3NeHcTBYS Ha Maccy rasa, NepeMecTHTCA Ha PacCTOsHHe
Iy, TO OH COBEpIIHT paGoTy

L, = pilifi = piV1 = piM,

rie V; — ob6bem rasza, BeitecHeHHbit HopwHeM [ 3a JaHHLI Tpo-
MEKYTOK BPEMEHH; U; — yIeabHbId o6beM rasa Jo IpocceanpOBaHHS;
M — maccoBblH pacxon rasa yepes Jpoccelb.
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3a ToT e NPOMEXYTOK BpeMeHHM npasblii nopwens [/ nepeme-
CTHTCS Ha PACCTOsHHE [y W coBepuidT pabory

Ly = polsfs = psVy = patha M.

TaxkuM o6pa3oM, Ha nNpoTasKKBaHHe rasa yepes Tpy6ky (Ha Apoc-
cesqIHpOBaHHE) H3BHE Oblta 3aTpauena pabGoTa, paBHas pPaA3HOCTH
pab6or L,, npouaBeneHHol Hax mopwHeM [, W L,, mpoM3BeneHHoH
nopuHem f7:

Ly — Ly = (pyon — pate) M.

[Ipu paccmoTpenHu npouecca ApPOCCeNHPOBaHHsA OLIIO YCTAHOB-
JeHo: 1) pHewHss pafota (TexHuyeckas) B IIpolecce He IPOH3BO-
autes, I, = 0; 2) npouecc npeaeabHo HeoGpatum, T. e. paboTa npo-
TAJlKHBAaHHS TOJHOCTBIO pacxoiayeTcsd Ha I[IPEOfOJeHHe CHJA TpPeHHd
B CYMEHHH Kamala W mpeBpamaercd B Temnoty, A (pv) =, = Gy
3) npH HcKAIOUeHHH Tensoo0MeHa ¢ BHeliHell cpenoil (agHaGaTHLIA
npomece, dg = () BCA TensoTa TPEHHS BOCTIPHHHMAETCH pabouuM
TEJOM. Torna B COOTBETCTBHH C 3aKOHOM COXpaHEHHH H npespame-
HHA SHEPrHH Temnota ¢., = A (pv), noaseaeHHas k palouemy Teay,
BbI3BIBAET YBeJNHYEHHe €ro BHyTpeHHeH 3Hepruu. Clel0BaTeNbHO,

(p1vy — paty) M = (U, — Uy) M, mnu A (pv) = Au.

Takum o6pazoM, MpPpH APOCCEeNUPOBAHHUH peadinb-
HOro raz2a e€ro BHYTpDEeHHAA 3HePrus yBeJsau
upBaeTcsds 23a cueT pabGoTeH MNPOTaAaJdKHBaHHSA
A (pv) = pyv; — pste.

BryTpenuaa sHeprusa paboyerc Tesia CKAaJbIBACTCS H3 BHYTPEH-
HUX KHHeTHueckKoH Uy u nmoTemuManibroit U, sHepruii. BuyTpenusa
NOTEHUHANbHAS 3SHEPrHs CHI B3aUMOAEfCTBHA MOJIEKYJ NpAMO Npo-
nopuxoHagbHa obbemy rasa. Kuzeryueckas 3sHeprus ABHXKEHHSA
MoJIeKyJ npsiMe npornopuHoHanbHa remmeparype. Torna npHpalleHue
BHYTpeHHEH SHEPTHH noToKa

AU = AU, -+ AU, nas Au= A(pv) = Auy, - Auy. (13.29)

Cnenyer oTMeruTb, 4ro npH mofoM yBeanuennu ofbema rasa {Ipoc-
CeJIUPOBAHHE, H30IHTPOHHOE pacIUMpeHHe M JAP.) PACCTOSIHHE MeM1y
MOJEKyJlJaMH Ta3a yBeJHYHBAeTCcf, W OHM coBepluawT pabory. Jra
paboTa no NpeoJCaCHHIO CHJ HPHTAMEHUS MOJeKyNn onperedsercs
TOJIBKO PacCTOSIHHEM MeXAY MOJEKyJdaMH, T. €, o0neMoM raza oo
¥ nocne pacmupenus. Tak Kak IPH JIDOCCETHPOBAHHM Ta3 paclIH-
prAercs, T. €. o6weM paboyero Tena BoapacTaeT, TO NOTeHUHANbHAA
COCTABJALIAA BHYTPEHHEH 3HEpTHH yBeauunsaetcsa (Awuy = 0).

Auanuaupysa Beipamenne (13.29), MOXHO CHENATb BHIBOAHL

1) ecnu 3aTpata Buewnell pafoTel HAa NPOTaJKHBAHWE ra3a uepes
Apoccenb Ooablue, YeM [pHpamenHe BHYTpPeHHeH NOTeHUHaabHOH
snepruu [A (pv) > Augl, To u36uiTok BHewHed padoTHl HAeT Ha
yBe/JHYeHHe KHHETHYecKOH IHeprHH NMOoTOKAa rasa W Temmepatypa ero
NpH JPOCCeTHPOBAHHH HOBBIILAGTCH;
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2) ecan pabora nNporajJKHBaHHS PacXojyercs ToJAbKO Ha pacliHpe-
HHE Fa3a, T. €. TOAbKO Ha YBeIHYeHHe ero BHYTPeHHeH NoTeHIHalbHOR
sueprad (A {pv) = Augyl, To BHyTpeHHSS KUHeTHYECKAd 3HEpPTHA
ne uaMendaercs (Au, = 0), a 3Ha4uuT, HEe MeHAercHs H reMreparypa
rasa;

3) ecan 3arparkl BHellHel paGoThl MeHbIIE, YeM BHI3BAHHOE pac-
IIHpEHHEM  yBeJHYeHHe BHYTpPeHHEH  fOTEHUHAJbHOH  SHepruu
[A (pv) < uy), To HepocTawman BHemHss paboTa KOMNEHCHPYeTCs
YMEHBIIEHHEM BHYTPeHHeH kunernueckofl sHepruM. B stoM ciyvae
npu pacmspendy (yBemuuenud obwvema) pabora No NPeOLoNEHHIO
CHJ/I TIPHTSI’KEHHS MeXAY MOJEKYJaMH COBepIIaercss 3a Cuer 4acTH
BHYTPEHHeH KHHEeTHYeCKOR IHEPTHH, TeMIepaTypa asa MOHUKAETCH.
3tuM obbscHAeTC dHanYeckas cyuHocThk pdekta Jxoyaas — Tom-
COHa.

Pasnuuator  anddepenunansupld B HERTerpalpHHA  s(dexTH
Ixoyas — TomcoHa.

JdubdepenudanbHelB ApoccedpHHUd 3bderT
XapaKTepPH3YETCH OMHOMERUEM DECKOHEUHO MAA020 UIMEHEHUA meMne-

pamypel K GeCKOHEUHO MAAOMY U3MeHeHuto 0agrenusn 8 npoyecce dpoc-
CeAUN0BaAH U

o = (OT/9p);. (13.50)

Beapyuna «; Xapaxrtepu3yeT CKOpPOCTh H3MeHEHHS TeMNepaTypal
rasza npH H3MeHeHMH JAaBJeHHs NOpH Japoccennposanud. Huxeke §
YKA3bpIBAGT, YTC fpolecc nporekaer npH f( = const. Beauunny o;
HaxXoaqaT 3KCl'IepHMEHTaJ}beIM nyrem.

Ha npaxruke yaille HMelOT A€I0C HHTETrpaJdbHbB M AP OC-
CenbHBM 3bderTOM

2y
Ty— T = |« dp, (13.31)
120

T. €. C U3BMEHEHUEM memnepamypbl 2asq (HcudKocmu) npu KOHewHbiX
usmenenunx Oosrenus 8 npoyecce. llonnkenne teMmeparypsl npH
ApOCCeMPOBAHHH MOXeT ObiTh BecbMa 3HauuTedbHmM. Hanpumep,
npH aapabaTHOM ADPOCCENHPOBAHWM BOASIHOTO 0apa OT AaBJeHUS
20 MIla npu remnepatype 400 °C no nasaenusi 0,1 MIla ero Temne-
parypa norusures o 175 °C, 1. e. na 225 °C. O6s4HO MHTErpalbHEIA
JApoccenHull 3pdeKT J1€rKO HAXOAAT ¢ MNOMOILBIO TepMOAHHAMUYE-
CKHX HHATpaMM.

Beanuuna «; sapasercs BaKHOH XapaKTepucTHKON Tpolecca
apoccenupoBannd. B coorsercrBun c (13.30) ee onpemeasiior kak
H3MeHEeHHe TeMlepaTyphl, NPOUCXOAAIEe NPH JPOCCENHPOBAHHH C M0-
HHKeHHeM jaBnenus Ha | [la. Anre6pauueckufi 3Hak nddepen-
HHaJABHOTO ApoccenkHOro sdibekra onpefeaseT xapakrep H3MeHEHHs
TeMnepaTyphl B OpoLEcce APOCCeNHDOBAHHA, KOTOPHIH 3aBHCHT Kak
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OT NPHPOJEl rasa, TAK H
OT YCJAOBHH japoccenypo-
BaHMA, T. €. OT JaBie-
HUA py H B 60oAbllled mepe
or temneparypul 7. [lo-
CKONBLKY NpH apoCcesH-
pPOBAHHU AaBNeHUe BCerAd
najaer, T. e. P, < P
# dp < 0, To U3 ypapHe-
Hus (13.30) caexyer, 4o
BeJIHYHHA &t NOJIOMKHUTE b~
Hafi, eClIH Tra3 fpH
JpocceAUpoBaHHH 0x-
aaxpaerca (dT < 0), u,
HaoGopor, oOTpHUATEdb-
Has, ecAH Tas Harpe-
Baercs (dT > 0). Takum
s 006pa3oM, B 3aBHCHMOCTH
Puc. 13.8. K amannsy naMeHeHis BeiuduHsl — OT YCJOBHH NpOTEKaHU#

H 3Haka Jpoccesibtoro shbexra 1polecca BO3MOKHE TPH

cayyas:

1)} adpekT ApoccenupoOBaHKs NONAOKHTENBHEH (OXNaKAeHHe): &, >
>0, dT <0

2) sdexT ApocceNMPOBAHHA OTPHLATEABHBIA (RArpeBaHue): o; <
< 0; dT > 0;

3) adxpekT ApoccenvpoBaHus papeH Hyawo: a, = 0; dT = 0.

Tperuii cay4ail yxasoiBaer Ha TO, Y4TO 2AJs JAHHOrO pPeanbHOrO
rasa npH ONpejiesieHHbIX JABJEHHH py U TeMneparype Ty TeMuieparypa
nocJe ApoccesHpoBaHHA ocraercA Ge3 uameHenus (Ty, = T, = const;
dT = 0; a; = 0). Takoe cocrOsHHe HA3HIBAETCS COCHIOAHUEM LH-
eepcuu. Ha TepMopuHaMuueCkoH auarpamme TOMY COCTOSIHHMIO COOT-
BEeTCTBYET TOUKA, Ha3blBaeMast mouxod uneepcuu 3pbexra Twoyns —
TomcoHa. [eoMerpnyecKoe MeCTO TOYEK HHBEPCHM HA Juarpamme
Ha3bIBAOT KPUBOL UHBEPCUU.

PaccMorpuM xapakrtep H3MeHeRHs BeAHYHHHI M 3HAKa JpoOCCe/lb-
Horo 3¢pekra B s — T-auarpamve (puc. 13.8) npu pas/iyHbIX HCXOL-
HHIX ¥ KOHeYHHIX HapaMeTpPax {IOTOKa YCJHOBHOTO pafouero BelecTsa.
W3 pucynka BHAHO, Yro JMHMK 3HTAABNMA B 06J4CTH BLICOKHX RaBJle-
HHH ®MET MaKCHMyM, KOTOPHIA CMelaeTcs B OOJACTH BHICOKHX
TeMOEpPAaTyp B CropoHy MeHBIIMX NaBJeHuil, CTaHOBUTCH MeHee BhI-
pa¥keHHBIM H 1pW BHICOKHX TeMNeparypax Hcuesaer copceM. B obaacty
HH3KHX JaBjJeHull W BLICOKWX 'TeMiepaTyp H303HTAJbIN HOJOFH
¥ [OYTH COBMAAAOT C H30TEepMAMH, 4TO OObsICHseTCs npubanXKelseM
cBoiicTs paboyero Tesa K CBOHCTBAM WJeaJbHOTO Fasa, IUis KOTOPOFO
3HTANLTKA 33aBUCHT TOJNBKO OT TeMNepaTypsl W ApoccenbHbIH bdext
papeH Hymo: a«, = 0; AT = 0. [leficTBHTeNRHO, ¢ yBeJaKueHHEM
TeMIOepaTypH HHTErpPadbHBIA  ApoCCeNbHBIH 3(hekT YMeHBILAETCA
(AT, > AT, > AT,). B6au3H norpaHHYHHIX KPHBBIX B 006JacTH
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BJAQXKHOTQ Napa H303HTA/IBIL KPYTO MOJHHMAKTCA BEepX, JOCTHIAIOT
MAKCHMyMa H CHHXKaloTCHl.

IIrpuxosas JyuHra AB, coeaMHAOLWAR MAKCUMyMEl JHHHH no-
CTOAIHHLIX IHTAALOHMA, ABAsETcs JHHUWeH HU3MeHenws 3Haxa 3¢dexra
Ixoyns — TomcoHa, T. €. KPHUBOH WHBEpPCUH, KOTOPOH COOTBET-
creyer «, = 0. KpHBas HHBepCHH [JeJHT NoJle JMarpamMvsl Ha ABe
obnactH. JleBee Hee pacmodoxeHa ofnacts @; < 0, rie HaGmogaeTcs
OTpHLATE/bHRE 3¢peKT ApOCcCce/HPOBAHHA, T. €, JPOCCeJHPOBaHHe
conpoBoKnaercs MoBrleHneM temmeparypel (T, > T,) — mnpouece
@ — b. Ilpapee NuuuN HHBepCUM HaXolurcs OOJACTE NONOKHUTENL-
HOro JipoccelbHOTO 3dxbeKkTa, T. e. gpocce]HpOBaHie NPHBOIKT K OXJa-
wiennio rasa (T, < Tp) — mpouect b —c.

B cBsi3i ¢ reM yro B ofi1acTy BJAAKHOFO Napa C nNajeHHeM NaBieHis
TeMIlepaTypa HachlUleHHA YMeHbINdercs, ajarefpauveckHil 3Hax aud-
¢depeHUMANPHOIO  JpOCCesIbHOTO  3(xpeKra  NONOXKHTENEH: ¢, =
= dT/dp > 0. CnenoBarebHO, ApOCCeNHPOBaHHe B 3TOH ofJacrH
JHaFrpaMMbl BCerZa CONPOBOKIAETCS NORHKEHHEM TeMMepaTyphl.

M3 cpaBHenus npoueccop apocceanpoBanis ['—2 u I—2, ume-
IOWHX  pasduyeble HCXOJHble HABAEHUA (pg > py), ClIeAveT, 4ro
oXJaxjeHue OKaspiBaeTes OOALUIMM B Chaydyae GoJee BLICOKOTO Ha-
daspHOoro pasneius (Aeidcreurennno, ATi > AT\). Orciopa takxke
cllefiyeT, 4ro MaKCHMalbHOE NOHMIXKeHWe TeMNEpaTyphl JOCTHTaercs
IpH APOCCEJHPOBAHMH OT AABJEHHS$, COOTBErCTBYIOWEr0 KPHBOH HH-
BepCWH, T. e. B npouecce b — 2.

Hazno orMeriTts, 4TO B 06/7aCTH BRICOKHX TEMHEpPaTyp WJH B CJay-
uae GOJBLUIMX MepenajoB JABMeHHH NOHMMKeHHe TeMnepaTypsl rasa
3a CYeT eroc H30IHTPOMHOTO pacliHpeHHs BCerda NpeANOYTHTEJbHee,
4eM 34 cyeT ApOCCe/NHPOBAHHH. 3TO XOpOWO BHAHO MpM CPaBHeHUH
SBPeKTHBHOCTY OXJaXKAeHHsi pabouyero Tesia MpPH JAPOCCeNHDOBAHHH
(npouece 5—6) u obparuvom anuaGaTHOM pacuiHpelHH (Tpouecc
5—7): AT, > AT,.

B nacrosmee BpeMs B KPUOPeHHOHN TeXHHMKe LIHPOKO MCMOJb3YIOT
MeTon aanabarHoro pacuiHpeHUs 1A TM0JdyYeHHsl HH3IKHX rTemie-
paryp. Ilpouecc paciuperus rasa, GAH3KHH X W303HTPONHOMY,
OCYIMECTBAAETCS B 3ITHX VCTAHOBKAX B MOPWHEBWX JeTaHiepax
H TypGojeraHiepax ¢ orpadefl BHemued paborei. Ilpy pacmupenun
B 06/1aCTH BJIaXKHOrO Napa NOHHMKeHHe TeMNepaTypsl B aauabaTHBLIX
npoueccax (dg = 0) ob6paruMoro pacwupenns (ds = 0) H ApoCCe/H-
poBanHa olHHaKoBo. OJHAKo COCTOSHMS MO 3aBEPIIEHHY KAMIOFO
H3 npoueccoB 7—9 u 7—& pas3auunel. TpeHwe B HeoOBpAaTHMOM mpo-
lecce ApocCeNMPOBARHA 7—§& NPHBEAO K YBEJAHUYEHHIO NapocofepKa-
HHS NOTOKA B KOHle Npoltecca {10 cpaBHeHHIO ¢ o6paTHMBIM fiponec-
coM 7—9. ¥YBenuyenHe napoconepaiusa 6yaer TeM Bhile, YeM GoNbIIE
paGora pacmupenus. [as TapoBLIX XOJOAHABLHBEIX MaliHH OPOlECC
pacuHpeHua OCYWECTBASIOT OT COCTOAHHSA HACHILIEHHOA HWJH He-
HAChILIEHHO! XKuakocTH. B 3TOM Cnyyae pabora paciuupeHus B Jle-
Taljepe cpaBHHTeNbHo mada. [losromMy B napoBHX X0J0AHALHEIX
M2IHHHAX, YYHTHIBAs TAKKe BLICOKYIO CTOMMOCTD AeTAHAEpa B CpaBHe-
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HHH € JpOCCEJBHBIM BeHTH-
JeM, pacilMpeHHe XOJNOAMNb-
HOTO areHra B JeraHjepax
He OCYLWECTRJSIOT.

Touku, xapaxrtepusylouue
napaMeTphl COCTOAHHA MHOTHX
BEIIeCTB, IPUMeHAEMBEIX B Ten-
J0- ¥ XJajoTeXHHKe, paclo-
Jaraiores Ha §-— T-auarpamme
CrpaBa OT KPHBOH HEBePCHY,
T nosroMy  IpH  axauabarioM
Puc. 13.9. Tlpounecc aanaGatHoro papoc- APQEECIMPOTARIT 16 TE P~

Ce/HPOBAHHA BOASHOTO mapa Typa mnoHwkaercs. ToabKO

LIpOCCeMPOBAHHE  BOJOPOAA

H Teaus OpH TemfiepaType OKpyKawuled Cpeibl NPHBOIMT K UX Ha-

TPEBAHHIO, TAK KAK TeMNeparypa HBBEPCHH 3TMX Ta30B 3HAUKTENbHO
HHXKE KOMHATHOH.

Hcnoan3oBanue mpoueccos apoccennposauuns. [Ipomece gpoccen-
POBaHHs HAXOAMT MIHPOKOe NpHMeHeHne B TeXHHKE: B PeAYKUUORHBIX
YCTPOHCTBAX NHeBMOCeTeH (AJS CHHXKeHMSI NaBJeHUsi), NPU peTyJu-
poBaHHW paloTH pa3NHYHEIX MAUIMH M HarHerateqefl 3a cuUeT H3Me-
HeHnfl pacxoza pabouero Tena; B PeAYKUHOHHO-OXJaIHTEbLHBEIX
ycTpoficreax rennoslexrpocraduuii u ap. Ho ocoGerno InHpoko
sppekT ApPOCCENHPOBAHHA HCHOMB3YeTCH B UMKJAX XOJOJHABHEIX
MAWUH H B KPHOTEHHOR TEXHMKe.

[Mpouecc fApoccenspoBaHHs BOASHOrO Hapa B § — [-IMarpamme
n3obpaxked Ha puc. 13.9. B pesyavrare JpoccendpoBaHHA €ro TeM-
flepatypa [OHHIKAETCH, TAK JKe KAK W Y BCeX peajbHBIX Ta3oB NpH
NoJOKHTEeNbHOM JpoccenbHOoM 3dibekte. [lockolbky MHHMMAaJABHAS
TeMAepaTypa BOAAHOTO mapa Ha KpuBoH HHBepcHd paBra Ty =
= 4370 K, TO NpakTHYECKH IIpH BCeX 3HAYeBHSX MCXOQHBIX napa-
MeTpPOB Tapa, HCMOJB3YEMOTO B COBPEMEHHOH TElJIO3HEpreTHKe, BO3-
MOXEH ToAbko TNoxokutedunHnidl s¢gdexkt Ixoyas — Tomcona.

M3 prcyHka BHAHO, 4TO COCTOfIHMe Napa I1ocJe APOocCeNHpOBaHHA
‘3aBHCHT OT HayaabHOro NaBjeHufl, HAYaNbHOH CcTeneHu CYXOCTH
H KOHeuHoro aasienus. B npouecce /—2 neperpeToiii map B pe3y.ib-
Tare JIpOCCENHPOBAaHUS OCTaeTcsl TeperpeTeiM, a B npolecce 5—7
BJIaX<HbI# Nap CHa%a/a npeBpaulaerca B CYXOH Haceimennnlil (Touka 6),
a 3aTeM B neperpetblfl (Touka 7).

Jlna nmapocuROBLIX YCTAHOBOK O0JbIIOE 3HavYeHue HMeeT (akr
yMeHbIleHHA paforocnocoOHOCTH (apa B pe3yJ/brarte ApOCCeNPOBa-
HHA. JTO CBOHCTBO MOJIOXKEHO B OCHOBY KaueCTBEHHOFO METOIa pery-
JUPOBARUA MOIWMHOCTH NapoBelX TYpO6uH. [eicrBurenblo, ecau map
NOAXOAHT K TypOuHe ¢ mapamerpamu p;, T, (rouxka [), To npu amu-
afaTHOM pACUIMPEHUH JO HEKOTOPOrG KOHEUROIo JaBJeHus Puy (1Ipo-
uecc [—3) pacnonaraemas paGora coctaBur l, = i} — iy, Ecau
HeCKOJBKO NMPUKpPBITh BeHTHJB Ha TPyGONpPOBOJAE MOAAuM mapa K Typ-
GuHe, TO B HeM npou30iiAer ApoccenupopaHue (npouecc /—2) U B Typ-
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fuHy nap MoCTYnMT C MapaMerpaMu p,, T, (Touxa 2). B stom cilyuae
npu aauabaTHOM pacliMpeHWH Napa B TypOHHe j0 TOro e NpOTHBO-
papnenus (npouecc 2—4) pacnonaraemas pabora ly = ip — iy Gyzer
MeHbule, YeM B nepBoM caydae. Iloreps paBorocmocofuocrs napa
COCTABHT o _

AIO = lo"—'l[]z 14——13.

Bauguue npouecca ApOCCesHPOBaHHA Ha 3dxheKTHBHOCTH paborhi
NapoBhHIX XOJROAMABHBIX MAllWH paccMorpeHo B ra. 14,

r7iapa 14. LHKJIbL XOJTOAWJBbHBIX YCTAHOBOK

§ 14.1. OBUIHE NMOHATUA © XOJNOAHJBbHbBIX MAHIHHAX

Xonoauabyas MalluHa — T0 YCTPOHCTBO LISl NOBUIKEHH S
TEMIIEPaTyprl 3aMKHYTOTO [IPOCTPAHCTBa NpH 3artpate 3ueprin. C no-
MOUBIO XOJOAKRALHOH MawmKHe! pafodee Teso (XJajaredT) coBepllaer
KPYroboii mpoilecc MepeHoca TenaoTsl 0T 0XJaKAaeMoll cpellsl K oXJa-
HKA2oued, T. e. XOJOAHABHBIN HHKA. B XOJ0OAHNBHOM LMKJE NPOHC-
XOIHT 3aMKEYTaf [IHPKYJALHS XJajarelTa, a Takwme Nepejaya re-
NJAOTHI, MOJAYUeHHOH XJMaJareHTOM Of OXJAa)JaeMOro TeJla, KakoMy-
anbo ApyroMy Teny, HaNpHMep OKpyawoueill cpele (Bole HAHM BO3-
Ay XY).

s nepenaud TENJOTHl OT Tella C HH3KOH TeMneparypoit K Teay
C BLICOKOH TeMnepaTypoi, COIrJIacHO BTOPOMY 3aKOHY TepMOAHHAMUKH,
JonxHa OwbiTh 3aTpayeHa 3Heprus. B 3aBucHMOCTH OT BuJa 3HEprHH,
ReoOXOAUMOH ANS OCYILECTBAERHSA XOJOAKABHOIO LHKJA, pasandalor
JABa THNa XOJMOAHJALHBIX MAUIWH:

1) paforaiciine ¢ 3arpaToél MexaHuyecko#l paGoTel (KoMmpec-
CHOHHELIE XOJIOAXIbLHBIE MalMHBL -— BO3JYUIHEE ¥ NapoBble);

2) paGoraiciuide ¢ 3sarpatoii Temyorrl (aGcopBuxoHHEle H napo-
3MKeKTOPHEIe XOJOAHJEHBIE MalIHMHbI).

Huxunit npepen rtemneparyp {, AOCTHI4€MBIX B XOROAHJABHHX
MAlWHHAX, MOMKET HMeTb pas3juyHble 3HadeHus. YCJOBHO Pa3jyyaior
obaacTu ymepeHHoro xosofa (! > 120 °C) u xpHOreHHOH TeXHHKH
(t <« —120°C).

C nomouipi0 KPHOTEHHOH TEXHHKH TIVIABHEIM 00pa3oM CHKHIKAIOT
BO3AyX W Apyrde rasel. Obnactes npuMeHeHHs yMepeHHOro XoJoza
HACTOJALKO OOWIHPHA, YTO NPAKTHYECKH HeT TAKOH OTPAacAH [pPOMEILI-
JeHHOCTH, Ifle OBl He TMPHUMEHSACH HCKYCCTBeHHBIHR XOJOJ.

§ 14.2. KOMNIPECCHOHHbIE XOJIOJHJIBHLIE MAILIHHBI

KoMnpeccHonRsle XoMoAuAbREE MALKHbL N01Pa3Nedd0TCS
Ha BO3Jymilible M napoBrle. B mepBuiXx paGouyMM BelleCTBOM $IBJASICTCH
BO31lyX, KOTOpbifi He W3MeHAET cBoero ()a3oBOFO §OSTOSIHHS 1PH CO-
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b s
Puc, [4.1. [Npunnvnuanshas  Puc. 14.2. Uukn Bospywnolt xonopunbuol Ma-
cXeMa BO3AYWHOH XOICARAb- WHHE
HOH MaUIHHEI

BepLUIEHHH XOJOAMNLHOTO IHKAA, BO BTOPLIX — RELIECTBa (aMMHAK,
XJaOHB), KOTODHIE MEHSIIOT CBOe arperaTHOe COCTOsIHHe MPH COBep-
LIeHHKM WHKAA.

14.2.1. Bo30yuinasn x0n00usbHas MauiuHa

Bosaymnasa XodlopunnHas MamuHa Owilla u3oGpereHa B 1845
aMepukaHueM [appy, Hcnonp30BaBIIMM OoXxJaxjaatouyf addexr pac-
IMHPeHUs CXKATOro BO3AyXa. XOMOAHEIA Bo3ayx (pHe. 14.1) npu
arMocdepHOM JaBAeHMH p, H Temneparype T, (Touka 4) mocrynaet
B oxJaaxnaemoe nomewenne OfI, rae oxJaxkpaer OKpyKatollie npej-
MeTbl, OTHHMaf OT HHX TeIIOTY ¢, H RarpeBasace Ro T (Touka [).
3areM Bo3ayX azanabarHuecky CkHMaercs KoMnpeccopom KM 1o
JIaBJIeHHs Py, NPHUYEM ero TeMueparypa noselinderca 1o T, (Touka 2).
Hs xomnpeccopa cxkarwil BO3gyx Harderaercsd B XOJoJHALHHK X,
rle oxJaxpaercs Bogo# mo temmeparypet Ty (Touka 3), mocne dero
ajnabardyeckKy pacIIMpAETCA B pacluupHTeabHoM uaduipe PII
JO AaBJeRus p, (rouka 4). B mpouecce paciiHpeHns TeMuepaTypa
BO31YXa NMoHHXKaercs J0 T4, ¥ BO3AYX BHOBL NOCTYIaeT B OXJaja-
eMoe MoMelleHHe,

B nuarpamme v — p (puc. 14.2, a) aunnsa [—2 xapaKrepH3yer
npoliect apnabarHoro cCXarus B KoMnpeccope; 2—3 — H3o6apHoe
oXJa)JeHue BO3AYyXa B XoJoluJhHHKe; 3—4 — anuabarHoe pac-
mHpenxe B jeranjepe; 4—J — usobapHblil HarpeB BO3iyXa B OXJa-
JKAAeMOM HNOMelleHHH. ¥YlelnHas pafora, 3aTpaueHHas Ha CiKarue
BO3JlyXa KOoMMpeccopom, paBHa mi. I—2—b-—a, yaensHasi pabora,
OTBeleHHasl oT aeraMjepa [y, nn. 3—4—a—b. Pasnocrb pabor KoM-
npeccopa H Jeranfepa nOpeicraensieT coboil pafory, 3aTpayeHHYIO
Ha COBepueRHe LMKNa: |ly| = |lx|— Iy = m1. [—-2—3—4.

TepMorHHAMHYECKHE THKJA BO3AVINHOR XOJOAHILHOA MAalUHHH
B 5 — T-nmarpamMMe wn3obpameH ua puc. 14.2, 6. Tensora ¢, nox-
BeJleHRaa K 1 Kr Bo3ayxa, pamna mi. 4—I—b—a, Wan ¢ = i, — iy,
a TaK Kak 4—I1 — n3o6apHeiii npouecc, 1o gy = ¢y (Th — T4).
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Tenaora g, orBenerHas or 1 Kr Bo3fyxa, paBHa M. 2—3—a—by
unn [ gl =i, — iy = ¢ (To — T3).
PaGora, 3arpaueHHasm KOMNPeCCOPOM,
|fg| = iz — iy = cp{Ta —~ T).
Pafiora, moay4YeHHas OpH pacludpeHyuy B JeTaHlepe,
tﬂ; = is &= f4 == Cp (Ta - T4).

Pa6ora unxaa pasua mn. [—2—3—4: |ly| = |q| — gy = | ls]| —
— Ly,
XonoaunsHeit KoddxpulseHT UHKAA XOROAHABHOR MallHBH

e=q/|ln)l=@/{|q| — g} = (T1— T)/[(Te—T3) — (T — T

Yuuteigan, uro To/Ty = T,/T, = (Ty — T5)/(Ty — T4), nocae
npeo6pa3oBaluii MOJYYHM

e =TTy — Ty) = Ty/(Ts — T).

JIOCTOMHCTBOM BOSAVIUHWBIX XOJOJUMABHLIX MAlUMH ABAAETCS TO,
YTO B KaweCTBe pafiodero BellleCTBa NMpuMeHsercsi BO3AYX — Ge3Bpes-
Hel W JocTynHbIA Xnajaredr. Hepocrarok — CpaBHHTENLHO Manas
X0/I0JIONPOH3BOJIMTEILHOCTS  BC/IRICTBHE  MAJIOro  3HAUEHMS TenJo-
eMKOCTH BO3JlyXa W MaJoil 3HepreTHYecKoH >PHEKTHBHOCTH TIPH TeM-
neparypax Boine —80 °C, ocobeHHO A/ HCTOYHHKOB C NOCTO THHEIMH
TEMIIEpATYPaAMH.

14.2.2. [laposas xor00urbHAf MAULUNE
C pacluupumensHbin YuAuHOpom

Ha puc. 14.3 nsobpaxeHa npuHuMOHAJbHAA CXeMa [apoBoil
XoJ0AuApHOH MamuHel. PaGoyHM TesioM sBJAsieTcss He ra3, a Jerko-
KHNsmas KHIAKoCTh. Anmapar, B KOTOPOM [POHCXOAUT KHNeHue
JKHAKOCTR, HAa3bLIBaeTCsl HCOApHTENeM. XJajareRT C TeMieparypoil
KuneHus T, H AapjeHHeM KHieHus p, (Touka 4) nocrynaer B HCHApH-
Tenb H, rie, OTHHMAsi OT OOBEKTA OXJAMJEHHUS TEMJAOTY gy, KHMMT
npu nocrosiRHEIX Ty ¥ py. O6pasylomuiics B Hcnapurene nap (Touka /)
OTcacelBaeTcH KoMipeccopoM KM, ckumaercs B HeM JI0 HaBJAEHHSH Py
(rouka 2} u HarHeraercs B KohjeHcarop KZ. B koupuexcarope map
XJlajaredTa KOHAEHCHpYeTCS [pH [OCTOSHHBIX 3HAYEHHAX Py, Tg
3a CYeT OTBOJA OT Hero TeMIOTH Gy B OKPYIKAIOUYIO Cpefly (Touka 3).
3areM XKuJKHH XJaJareHT MOCTYNaeT B PACHIMPHTEABHLIH UHAHHIP
PI], rae pacmupsiercsi 1o JaBJeHHs p, (Touka 4), mocle yero XJaji-
arenT cnocofeH CHOBA KHNETh B HCHapuTe]e NP HU3KOH TeMIepatype
¥ OTHHMaThb TeIVIOTY OT OXJaXaaeMOH Cpeabl.

Teopernuecknii LHKA NapOBOR XOMOAMIBHOH MamHHE (puc. 14.4)
nporexaetT B 06JACTH BJAaXHOTO HACHIICHHOTO Dapa Mexpgy norpa-
HHYHRIMH KDHBLIMM H MpencraBiaseT coboii ofparnunit mMra Kapuo
1—2—3—4, Tak Kak B 061aCTH BIAXKHOTO HACHUIEHHOrQ NMapa u3o-
fapel coBMalawT ¢ Haorepmamu. O6parHeit wMka J—2—3—4 co-
CTOHT H3 NBYX u30TepM (4—I B ucnapurene, 2—3 — B KOHIEHCATOpE)
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Pue. 14.3, Npunuunnanp
Haf CX€Ma NapoBOH XOJ0-
JMILHOA MAWHHLL ¢ pac-
LUHPHTEALHEIM  [IMJAHHADOM

Puc. 14.4, Lmka Kapuo
napoBoil xononnabHOH ma-

WHHH: @ — B s—7T-pua-
rpamme; 6 — B [—lg p-
AHarpamme
.
? lgp
y \% ‘\2 & "
N\ ,
s 4\ /\\ ) \ %
Yk
d i 5 i

H 1ByX aauabar (I—2 — B xomnpeccope, 3—4 — B paclIMPHUTEIbHOM
wuanHApe). [lpu aroM Xonoponpou3BoiMTeNbHOCTE | K@ XjajareHTa
onpenensierca na. 4—I—a—>b, KoNuueCTBO TEWJIOTH | gy |, OTBeneH-

HO#i OT XJajareRra B KoHjeHcartope, — Oa. 2—3—b-—a, pabora
koMmnpeccopa |le | — na. 1—2—8—5, pa6ota paclHpHTENLHOTO
uHaukgpa I, — m1. 3—4—5. Pa6ora unkaa | Iy |, paBuas pasHocTH
| Lo | — lp, — ma. [—2—3—4. TenuoBofi 6aNaHC XOJOAUIBHOM
MAilIHHBEl BBIPAYKaeTcsi pPABEHCTBOM

| 9w | = g0~ | Ln]- (14.1)

XononuapHbA KO3pDHIHEHT LHKIa
ni, 4—f—a—b Ty (sy — 84) To

el = T T = = G Tll—i0 BT, ¢ O
T. €. XoJOIMALHBIH KO3(hHHUHEHT LHKJIA NapoBoH MalWHMHL pasen
XodoMuALHOMY Ko3dduuuenty obpartHoro uuknaa Kapho.

Jg HCTOYHHKOB NOCTOSHHEIX TEMOeparyp NaHHH 14KJA NapoBOH
XOJIOMHARHOA MAalIHHE 00ecHeYHBAeT MAKCHMAJBHEIH XOJOIHJILHBIRA
kospuument. OnHako flo IKCOAYaTAUHOBRKWIM ¥ HHMKEHEPHBIM C006-
pakeHHAM OPYU CO3NAHHH XOJOAMMBHHIX MalIMB HNPHXOJUTCH BHOCHTDH
NpaKkTHYeCkHe H3MeHeHusi B TeopETHYECKHH UMKJ, OCHOBHHIMM M3
KOTODPHIX SBJIAIOTCH!

1) 3aMeHa paclIHPHTEARHOIO WHAHHAPA PETYJIHPYIOLIEM BEHTHIEM;

2) oxnaxjeHHe KHIKOCTH Nepel PeryanpyiolUM BeHTRHJIEM,

3} BCachlBaHHe B KOMMpeccop CyXOro mapa.
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PaccvorphM, Kak B/AHfeT BHeceHHe 3THX H3MeHeHM# Ha sddex-
THBHOCTb L{KJd XOMOAWALHOH MalIUHEBL

3amena pacWIHPHTENBHOTO LMAHHIPA PeryJupylomiM BeHTHNeM H
noTepn npH Apoccenupopanud. [lpakTuyeckue CJIOKHOCTH CO3AANHSA
Jeranjepa, paboTaioliero Ha BJAAXKHOM nape ¢ MaJbiM Napocolepia-
H¥eM, @ TaK)Xe Majas BelW4YuHa paboTHl JeTaHiepa B CpaBHeHHH
¢ pafoTol KOMnpeccopa IpHBeJH K HeoOXOAMMOCTH 3aMEHB! pacHI-
PHTENLHOTO UMAHHApPA peryaupyiomum pelrumem. QGpaTHMBIA npo-
HecC S—95 aauabartHoro paciiMpelus BJasHoro napa 3aMeleH He-
of6paTHMbIM ApoccénuponadnHeM S—4 (puc. 14.5). JpoccenupoBaHiue
OCYWIECTRBJAAESTCS B Pery/dpylomeM beHTisne PB, XoTopblii 103HpYyer
nojauy xnaajareita B ucnapurens M. Ero ocHobHoe ¢ryHKIHOHAMLHOR
HazHaueHue — ofeCHeyeHHe HOPMaNbHOTO pexnMa palorsl KOMNpec-
copa KM 3a cyer npaBHALHOrO 3anofMHeHHs wucnapurens., Hasparue
«peryaHpyOIHH BEHTHJB» YC/AOBHO, TAK KaK OH MOeT ObITh BRITIOJ-
HeH B Bjije TEPMOPEry/AMPYVIOLETro, NONAdBKOBOro, Auadparmel, Ka-
nuAAApHOH TPyGRHU u T. 1. BaXkHo, YTO yKa3laHHble yCcTpo#cTBa JI03H-
PYtOT Mojayy XnajgareHra B Mcnaputenks. B peryaHpyouieM BeHTHJE
NPOHCXOIHT HeoOpatuMerii ajpuadatHolil (dg = O} npouecc apocce-
JUpOBaHua 3—4, CONPOBOXKJAICLIHICA pOCTOM SHTponuK As Xxnam-
aredra. (CrefyeT OTMETHTE, YTO MNMOCKOJbKY HeoGpaTHMsble NPOLECCEHI
He MOTryT OhITh H300paXkeHpl B AHATpaMMe COCTOSHMS, TO IUTPHXOBAs
JHHHSA TNpouecca JPOCCeIHPOBAHUS HaHeceHa YCAOBHO.)

B npouecce gpocceanpoBanus jaBieHue XJAajdreHTa YMeRbIIaercs
OT px A0 p,. BeJsencereie Toro 4ro Ao HAYala JpOCCERUPOBaHMSA
MKHIKOCTE HAXOJHJACh B COCTOSIHUM HACHIIEHUA HAH OJMU3KOM K HeMy,
NPH NOHHKEHHH NaBneHus OyIeT NPOHCXOANTH ee ajiuabarHoe Hena-
peHie W TeMmieparypa XJanareHra nouusurca ot Ty mo T,

Kax ormeuasoch paHee, Takoe MOHHKeHHe TeMnepatypesl Habujio-
Haerca H B CcAydae obpartuMoro aasabaTHoro pacluupeHus (npo-
mecc 3—95). Ilo 3aBepuwieHun npouecca 3—5 XnajareHT sABAseTCH
BJAa)KHbIM HAaCHIEHHBIM NapoM (TOYKa 5) M OT Hero orsejeHa pabora
pacumupenus [, = iy — is.

a)

Puc. 14.5. Xonogunbhag MallMHz ¢ PEryJHpYION(HM BEHTUIEM; 4 —
NPHHLHNHAIbHAR CXeMa; 6 — TEPMOIHHAMHYECKHH LIHK/
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B canydae ppocceaupopaius pafora pacUIHpeHdsi He OTBOLUTCA
OT noToka, a mpeBpailuaetcss B Tenmiory Tpenufl. Tenlora TpeHus,
BOCNpUHMMaeMasl XJIajlareHTOM, YyBeJH4HBaeT [apoColiepXkaHue MO-
TOKa B KOHHe mpoHecca 3—4 B CpaBHeHRAH C nponeccoM 3—9~, 4ro
NPUBOAKT K TOTEPe XO/IOAONPOM3BOAHTENLHOCTH uHkNa  Ag, =
= mi. b—5—4—c. Kax orMeuanoch paHee, B nponecce ApoccesiHpo-
Bauus i, = i,, nosToMy pa6ora pacmupedusa [, = iy — i pabHa
AQO = 1:4 — f5.

Tagkum o6pa3oM, YMeHBIIEHHE XOAOMAONPOH3BOAUTENBHOCTH IHKJIA
BCJIeACTEHE HEOOPATHMOCTH Mponecca Apocce/inpoBaHus u3o6paxaeTca
. b—5&—4—c, Koropas Xapaxktepuayer Apoccenbibie norepd Agy.

Tax kak n3o6apsl HeHacblileHHOM HKHAKOCTH B S — T-1uarpavmme
NMpakTHYECKH COBNAajalor C JeBoji morpaHHYyHOH KPHBOH, TO NPOLECCH
W3MeHeHMs cocroAHus 6-—3 (u3oGapHbld HarpeB HeHaChIEHHOH
KHIKOCTH TpH py) U 6—4 (M300apHoe KHMeHHe HACHILEHHOH XKHAKO-
CTH NIPU ) COMNPOBOXJAITCS OAMHAKOBBIM TOJBOJIOM TefJIOTH Ag =
= [y — lg == [y — tg. Ilo3TOMy naowai¥ 00X 3ITHMH [pOLECCAMH
paBHH, T. e. 1. a—6—3—b = ma. a—6—4—c. TlockonpKy y HuX
nn. a—6—5—~b ofwasn, To 3aWTpuXoBaHHAA mjomalka nia. 6—3—5
paBHOBeAMKa wna. b—5—4—c, t1. e, palora pacmupeRus TaKKe
paBHa fnx. 6—3—35.

CrefoBaTeNbHO,  XOJOLONPOH3BOJMTENLROCTE UMKAA  yMeHbILK-
Nachb Ha BeNMUHHY JpoccedbHbIX mnorepb Ag, = {4 — i;, paBHYO
paGote l,, koTopas MorJa ObITb mosyyeHa, ecay Obl BMecTo Heolpa-
THMOTO APOCCENMPORARNSA GHMIO ocyuiecTBAeHO alitabaTHoe ofpaTumoe
pacmupesue B Jeranjepe.

XosoaunabHel# KO3DGHUMEHT HUKJAa C PEryJupyioumdm BeHTHIEM
MeHblIE XON0AHALHOr0 Kospdunrenra Kapno, oCylecTB/AeHHOTO B TOM
JKe WHTepBale teMneparyp. [eficreurenbHo,

ox "~ A4y Tor_ _

€y p = Ex.
P2 IIIK + ip {

oK

B orauune or xosoausneHoro kosduuxerra Kapho, 3aBucsiero
TONLKO OT TeMnepaTyp KHNeHHs H KOHAEHCAUMH, XOJIOAMJILHBLIH
KOIQPULUeNT UHMKJA C JIPOCCeNNpOBaHMEM 3aBHCHT NONONHUTENLHO
u oT cBofictB palouero rena. Beifop THNA XJajareHTa IJis IuKJa
C ApOCCeaHPOBaHHEM OKa3plBaeT 3HAYMTENbHOE BIHsIHKE Ha creneHb
ero TepMOJAHHaMuUeckoro coBepuleHcrBa. CrenmeHb TepMOAHHAMH-
YECKOFO COBEPINEHCTBA LMK/ C pPeryJAHpYIOUMM BeHTHJIeM ofpe-
JeNsieTcsl OTHOWEeHMeM XOJIOAMJBHOrO KOIDdHLUHeHTAa €, 5 paccMa-
TPHBAEMOIO MUK/ K XOJOAHILHOMY KoadduuuerTy uHkaa KapHo ek,
OCYWIECTBAAEMOr0 B TOM e HHTepBaje TeMNeparyp:

Np.p = p.n _ (fox — A0)/(!ax T 1p)
p-B SK ==

qBKn"iﬂK
Bennunna Np. n — BCErja MeHbllle eJHHHIL!, TaK KaK €p 5 < EK.
PaccMoTpHM BAMSIHHE HEKOTOpHIX CBOHCTB XOJOIMJABHBLIX ATEHTOR
Ha BeJUYHHY APOCCENBHBEIX IOTEPE.
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Puc, 14.6. Bausnie TemaceMxocTH H TelJcThl NapooGpasoBAHHA Ha JPOCCERbILIE
notepu: @ — aaa R12; 6 — nasg R717

1. Kputyueckasa Ttemneparypa. Hcnonabsopanue palouux Be-
IECTB C HHU3KOH KpHTHYECKOH Temnepatrypoli, npubamxaloulefica
K TeMnepaType OKDYMKaIOWEeH cpedbl, HPHBOAHT K 3HAYHTEAbHHIM
SHEPreTHYECKUM NOTEPAM B JPOCCEILHOM BEeHTWJE, TAK KAaK IIPH
NpUGAMMKEHHH TeMneparyphl KoHjeHcauud Ty K KputHdeckodl Ty
3HAYHTEILHO BO3pacrdeT Napoo6pasoBaHHE HOTOKA NPH ero Apoc-
CeNIMPOBAHMH, YTO EBI3HIBAET YMEHLIIEHHE KOJHYeCTBA JKHAKOrO
xnajaredra B ucnapurene. IloaroMy npH Hcmosb20Banuu B X0Jo0-
AHJbHBX MamuHaX B KauyecTBe paboynX BelecTB XJAAATeHTOB C HH3-
KOii KpUTHYecKOli TeMnepaTypoi, HanpuMep xJsagarenta R13 (Typ =
= 28,75 °C}, MX KOHJEHCATODH OXJAXKJAAKT He BOJoH, a4 KUNALIHM
xaaparenrom (R717, R22), sBasiomumcs paGouuM BeurecTBoM ApYyro#
XOJOAUNLHOA MaluHBel. TeMmeparypa KOHEeHCAUMH cTAHOBHTCH 3Ha-
YMTEJNBHO HHMe Tp, YTO CYIIECTBEHHO VBEJHYMBAGT XOJOHONDPOM3-
BOJMTEJBHOCTb UMKJa 33 CUET CHHMKeHHS HeoOpaTUMBIX NOTEPL NpPH
ApOCCeNIUPOBAHMH.

2. Tennota mapooGpa3oBaHus. PaGouue BemecrBa XoOJOAUJL-
HbIX MalMH IPH OIAKOH M TOH ke TeMnepaType HMMEIOT pasiHYHYIO
TEILIGTY napooOpasoBanust Y, KOTOpas ONpelenser XoJoA0NpoHs-
BoIMTENbHOCTH UMKJA. K3 Beex xnanaredtoB ammuak (R717) oGna-
ndaer HauOoJselled TeIIOTOH napoobpasoBanus. Hanpumep, npu
fo=—10°C pna RT717 ry = 1297 wllx/xr, a gas RI2 r, =
= 187 xIx&/kr, T. e. Tewjiora mnapaolpa3zoBaHHA AMMKAKA B BO-
ceMb pa3 Bplule, yem XxnajareHra R12.

Ha puc. 14.6 B guarpammax cocrositius jis R12 u R717 usobpa-
#MeHbl MpoueccH ApoccenMpopaHus pabodero rtena. Jlns cpaBHeHus
UHKJAL OCYIIECTB/MIOTCH MH COIMHAKOBHIX 3nauenusix Ty 4 T,
Tensiotra  mapooGpazoBaHisi  COOTBETCTBYET — MWIOWAASM:  JJIA
R12 rp == mn. @ —6'—1'—d’; nag R717 ry = nn. a—6—1—d. Ilo-
TEpH OT JApPOCCeNuPOBAHMA  SKBUBAJEHTHH  [JomanaM Agp =
=un b'—§'—4'—c (R12} u Ag, = na. b—5—4—c (R717).

M3 nmarpamMM BujHO, YTO NPHU OJAHHAKOBOM YPOBHE IPOCCENbHBIX
noTepp PA3AMYHLIX XJAAAATeHTOB HX BJHSHHEe HAa 3QQeKTHBHOCTH
UHKAa TeM MeHbLIe, YeM MEHbIIYIO NOJIO 3TH IIOTEPH cOCT2BISIOT OT
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Y2 ALHOH TENJOTH Napoobpas’obatus XJaajareHTa, npuieM yeM GoJbe
Fp, TEM MEHbLIEC OTHOCHTEJNbHBIE MOTEPH XOJOJAOMPOU3BOJKTEABHOCTH.
Tlon oTHOCHTENLHBIMH MOTEPAMHM XOJOAONPOH3BOAWTENLHOCTH NOHH-
MalOT OTHOLUEHHe APOCCesbHLIX MoTeps Agy K XOJOZONPOHIBOAHTENE-
HOCTH LHKJa ¢ga B CJAyYae aiuabarHoro pacwHpedusi XKHIKOCTH
B JeTaHiepe:
ana R12
AGo/oa = (is — is-)/(i — i5);
naa R717
AQ/Gon = (i — is)lix — is)-
Ha puc. 14.6 sacHo, uTo
A(}U/QUH < Af]()i’qﬁa-

3. TennoemkocTh MuAKOro paGoyero Ttesa. Y JeabHble Temno-
€MKOCTH MHIKOCTH C;, M HACHILEHHOrO MApa Cn ONPEAENAIOT HAKJIOH
MOrpasNuyHbIX KpUELIX B § — T-nuarpamme (puc. 14.6). Uem MeHbue
yAeJIbHBIE TENJNOEMKOCTH, T€M KpyYe norpaHuyHele kpusple. Hakiow
JeBOH  morpann4nofl  KpuUBOW  OGYCAOBAHBaeT  BeJHYUHY  AJo-
maiu 3’ —5'—6', npejcrapnsiomed coGoit paboTy paclMpUTETbHOR
MAIKNHE B IHKJAe ¢ ainafaTHHM paciypelueM paGoverc BewlecTBa.
Sta nJomalb B LHKJIE C PErYJMPYIOUHMM BEHTHJIEM COOTBETCTBYET
ApoccesibHBIM  [OTEpsiM, TaK kak na. 3'—5'—6’ paBHOBesaMKa
na. b'—5 —4'—¢', a Taxxe npencrasasier cofoli ypennuerue paGoThl
UMRJa BCAEACTBHE 3amMeHbl JeTanjcpa Ha JApocce/bHBIN BEHTHJDb.

Opnako mioTepy B LHKAE OT JAPOCCE/IMPOBAHUA OlpefensiorTcs
He a0COMIOTHON WX BEJIHYHHOH, a OTHOCHTENbHOH (HanpHMep, OTHOCH-
TeJdbHBIE INIOTEpH  XOJOAONPOH3BOAWTENbHOCTH). M3pBectHO, uyTO
OTHOCHTEeNILHBIE ﬂpOCCE.’leb{G HOTQPH B HHKJaX X0JOoIWJbHbIX MAIlHH,
paGoTaomux Ha R717, mensine, yem paGoraowux Ha R12 m R22,
NMpH OANHAKOBmX reMnepatypax Ty u T,.

4. Pasuocte Temneparyp Ty — T,. Ha xpoccenbHsle noTepH
OKa3hbIBAeT BJIMSIHHE DA3HOCTL TEMIIEPATYP KOMJEHCAUMU H KHOCHUS.
C Ro3spacTanueM TeMnepaTyphl KOHACHCALMHM ¥ [OHHKEHHEM TeMne-
paTypbl KMHOEHHS, T. €. ¢ BoapacrasueMm Ty — T, ApoccesibHEe NO-
T TepH YBEJHYMBAIOTCH. 2TO HArARHO
unmoctpupyer  puc. 14.7. [lpu no-
HIGKEHHH TEeMnepaTypul Kunenusa or Tq
Jo T) OTHOCHTENLHBIE NOTEPH  XOJ0-
JONpOU3BOAMTENbHOCTE 33 CcUYeT YyBe-
JHUeHUS APOCCe/ILHBIX [OTEPh YBesu-
unBatorca. [lpw T, morepu ot Apoc-
ceaupopanus  Ag, = i, — i3, Teope-
THYeCKAS XOJOZONPOH3BOIMTEJbHOCTD
npH afHabaTHOM pacHIHPeHHH oy =
= [ — i Hpﬂ T: wumeeM cooTper-
Puic. 14.7. Binsmme passocr CTBEHHO Agy = iz — iy N goa =
Tu—To Ha ApocceabHbie noTepr =iy ~ [4-. 1aK KaK 5 — 4 < 5 — [474
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a {1 — {4 > ;- — iy-, TO OTHOCHTEJILHOE YMeHbIHeHHe XoJIoJOnpo-
H3BOAUTENbHOCTH
A h— i g _ I —iy
Fo _ Bl <

Agoa h—i q‘m L. — iy

OcoGeHHO HarJsigHO 3TO BUAHO M3 CpaBHeHMSi OTHOILEHHHA COOT-
BETCTBYIOLIHX IO anei:

Ag, m a—4—5—10 o Agy _ia—4' 8 —¢
Goa T ea—4—1—4d gr, Ml a—4 — 1 ~—d*

da

OxnamaeHHE KHAKOTO XJAjJareHTa nepel peryJHpylolidM BeHTH-
neM. [ns cokpawernus HeoOpaTHMbIX nOTepL OPH IPOCCENHPOBAHWH
NpUMEHSIOT NePeoXJaKIeHHe MKUUKOCTH MEPeN DPery/upywouwHiM BeH-
tuyeM. [IoHH3UTEL TeMIepaTypy MHAKOTO XNajareéHTa HMKe TeMmne-
PaTypsl KOHIEHCAUHH MOXKHO KakK B caMOM KOHIeHCAaTope, TaK H ¢ No-
MOLIBIO XOJIOAHON (apTe3HaHCKOH) BOAB B CHCUHAJBHHEIX NPOTHEO-
TOYHHIX oXJaiutensix. KpoMe Toro, dopupoBamHple XJajareHThi
OXJaKAAKT B PEKyNepaTHBHBIX TeNiooOMEHHHKaX 3a CueT meperpesa
napa, BbIXOAsillero u3 wucnapurensi. HeoBxoiWMoO OTMeTHTB, 4YTO
OXJIZXKACHUE KMAKOre XJAajareHTa nepell PeryJaHpPYHIIHM BeHTHJAEM
BCerla CHHUXAeT mnotepu OT IHpoccenupobanun. LlenecoobpassocTs
MPUMEHEHHs] KaXJAOr0 H3 CROCOGOB CHHMKEHMsi JAPOCCETbHLIX IHOTeph
TpeGyeT OLEHKH 3KOHOMHUECKOH 3(xpeKTHBHOCTH.

[lponece oxnampmenns muaxocrn 3—3° (puc. 14.8) asasercs
n3obapHeiM. B s — T-anarpaMve usoGapH NPaKkTHYECKH COBNAZAKOT
C JIeBOH norpaHuyHoi KpHBOH. B pesynbrare oxJamIoeHHUs 3HTAIbAUA
JKUAKOTO XJajareHTta nepejf Pery/JUpyomHM BeHTHJEM yMeHbILAeTCs,
a celloBaTeNbHO, yMeHbluaeTcsi GecrniosiesHoe napoofpascBaHue B Mpo-
necce ApocceNHpPoBAHNA K XOJOJONPOM3BOAHTENLHOCTD UHKJA YBE/H-
YMBAaeTCA HAa BeIMuUMHY Agy = i3 — {3 = {4 — {4 = na. 4 —4—b—c.
XonoaunbHell KO3(QUUMEHT HUKJA ¢ NepeoXJaxjeHneM nepex pery-

a) \\Q‘x K1 5} ¢

e

Puc, 14.8, [Maposan XonofnabHas MallHHa ¢ [epPeOXaaie-
HHEM MMHIKOCTH Tepef PeryJAHPYIOUIHM BEHTHIEM: 4 — HPHH-
LHnuaibHaf cxeMa; 6 — TepMOIHHAMHYECKHE LMK

133



JHPYIOWMM BEHTHJIEM Eox OyaeT GoJblue, YeM g5 oz — 03 mnepe-
OXJIaKIeHUS:
Eox = (Go+ Aqo)ﬂn = €g.0x = %f!u-

Tak kaKk OXJaKACHHE MKHIKOCTH MEpel PEryaHpYIOmHM BEHTHJIEM
YECJMHYUBACT TOJNBKO y,[leJinyIO XOJAONONPOK3BOAHTEABHECTL UHKJIA
NpH HeM3MEHHOH ylenbro# pafioTe LMKJAA, TO pPacCMOTPEHHBIA paHee
Xapakrep BJAUsiHMsi CBOWCTR palouuX Ten Ha TNOKA3aTend uMKJa
XOJONHABHOH MAlMHLL ¢ PETYJAHPYIOINMM BEHTHJEM COXPaHWTCSH
H IJAsi A&HHOTO CJAydas.

BecacbiBanne B KoMnpeccop CyXoro HACBILIEHHOTD KJK neperpe-
TOro napa. B TeopeTHyeckoM LMKJE NapoBoi XOJOKMIIbHOH MALLIMHBI
KOMHDECCOp BCachiBaeT BJaxHbIf nap (Toyxka /” Ha puc. 14.9) u cxku-
MaeT ero o COCTOAHHA CYXOro HacklileHHOro napa (todka 2'). Tepmo-
IMHAMHYECKM TAKOH pexHM paboTel KOMIpeccopa sapasercsd HauGosee
BLIFOMHLIM, TAK KaK NO3BOJISET OCYNIECTBHTb LMKJI Kapto. B peanb-
HBIX YCJAOBUSIX KoMOpeccop pafoTaer «CYXHM XOOOM», T. €. BCACHIBaeT
CYXOH HachiluenHulfi nap (touxka ), a vawe neperperbii (touka 17).
Ipouecc cxartus 1—2 npoucxozut B obAacTy neperpeTorc napa.
Touka 2 xowna npomecca onpeleisercss nepeceueHdeM anuabdaTH
cxarus [—2 c uzobapoil py, kKoTopas B ofnacTH neperpetoro mapa
He coBnagaet ¢ usorepmoii. Ileperperniit map ¢ napamerpamu py, T,
{Touka 2) mocTynaer B KOHLEHCATOP, B KOTOPOM CHAuada OXJIAMKAdeTCH
10 Ty = Ty (npouecc 2—2'), a 3aTteM KOHIeHCUpYyeTICsi OpH Mo-
CTOAHHHX 3HaueHusix py U T, (npouecc 2'—3).

[lpw cyxoMm xope koMnpeccopa yBeNHYUBAeTCsi X0J0ACHNPOH3BOIH-
TEABHOCTh UMKJA Ha BeJmuuHy Agy = iy — ij- = na. ['—{—a—b,
HO BMecTe C TeM yBeJHuMBaertcs W pabora LMKJIa Ha BeJMunHy Al =
= nu. ['-—2'-—2-—1, Kotopas 6oJblie, YeM B wMkJe KapHo, Ha nJo-
walp rpeyroibHuka d—2—2°. 3ra niomalbs XapaKkTepu3yer JOMoJaHH-
TeJIbHbie 3aTpatel paboThl Ha CoBepuieHHe uMKJa (N0 cpaBHEHUIO
¢ uMkaom KapHo), Bbl3paHHEE NEpPerpeBOM mnapa IIpH ero CkKartHu
B KOMripeccope. 3TH HonojaHutenbHue 3arpatel Aly = na. d—2—2'

Ha3BIBAIOTCH HOmMepamu om nepe2pesaq.

Sp2" XoJoAuAb KN KOPPUIHEHT LUK
. ’éi’l C rmeperpeBOM mapa HPH CKATHH
AT = Gox = Aq)illug + Alx - Aly)
3 POV /Y7 d? MeHblle, YeM B unKae KapHo (eq < £x),

\\\ M | 7ax xak paGota Al, satpaunsaemas Ha
\ NN noJayuetue Ag,, Gojbuie, YeM B LHKJE

p\&\f, s A Kapno, ma pemuuuny Al (Al =

I = Al + Al).
%o///% Taium 06pa3oM, B TEOPETHUYECKOM
%%

--..,:’"
+=

HHKJAE [epexoj] K cyXoMy Xoly KOM-
P b ¢ ¢ npeccopa ¢ TEPMOJUHAMHYECKOH TOYKH

Puc 149, Beachsanme xomnpee-  CPEHHS HEBHITOJCH, a €ro npuMeHe-
copeM cyxoro mackmersoro sam HHE OOYC/OBJeHO TpefoBaHusiMu 0e3-
CJI€rKa MeperpeToro napa CHacHoi JKCTIAyarTaiuuHu KoMpeccopa.
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Je#icTBuTeIbHO, NpH paBoTe KOMApEccopa BIaKHLIM XOAOM MO
nandHue MUIJKOCTH B UHJHHAD KOMHPECCOPH MOXKET ﬂpHBGCTH K dBd-
pHH — TUAPABAKYECKOMY yaapy. B peanbunlX XoaoauabhbiX ycrTa-
HOBKax 11 OGeCleYeHHs CyXoro Xoia B cXeMaX MpeiycMaTpHBAKT
crenualbHell annapaT — OTASMTENb MUILKOCTH.

s oueHKH BAKAHUS CBOHcTB pafoderc TesJa HA TEPMCHHHAMH-
YeCKHE [OTepH ©OT neperpepa paccmoTpuMm (puc. 14.9) xea Tepmo-
nUHaMiueCKAX IHKJa: Ges neperpesa napa [-—d—2'—3—4 u ¢ mepe-
rpeBoM napa [f—2-—2"—3—4°

B nepBOM IHKJAEC CxKATHE OCyHIGCTBJIHeTCH B JABE€ CTaJHH: a)maﬁa'r-
Hoe cxarwe (mpouecc I-—d) u wu3orepmuydeckoe (mpouece d—27).
Pabora sToro uMkJaa lg ¢ = nma. I—d—2'-—-3—5, a yAenbuas xoaono-
NPOM3BOAUTENbHOCTE (g = iy — iy = Na. ¢—4—I—a. Jlna uuxia
¢ meperpesoM napa Iy = mwn [—2—2"—3—5, a yaenbHas XoJolo-
NPOH3BOIMTEALHOCTL UMeeT To e 3nadenue. CHHKEHHe TepMOIMHA-
MHYeckol 3theKTHBHOCTH LHKJA ONpEJENsSeTCsi BbiparKeHHeEM

Mo = /€. n = lo.n/ln = (| ln) — Al)/ || = 1 — AL/ | L] (14.3)

Kax ormevanock paHee, yBeauueHue paGOTH KOMnpeccopa, o0-
yCJIOBJICHHOE MeperpeBoM napa, onpejessierca BeduudnHot Alp =
= na. d—2—2", KOTOpYI0 MOMHO BLIPa3HTb (OpPMYJOH

Ay =con[{Te — To) —1u (To/Ty), (14.4)
a paboTy UUKJA C mneperpeBoM — ¢opMyJaoi
Vi =con (Te— Ty Frr v (Tu —To) —rr),  (14.5)

rie Cpg— CPEAHAA TEMJIOEMKOCTh MeperpeToro mnapa B npouecce
2—-2"; rr,, rr, — TEIN0TA napooGpasoBaHusi npu Ttemneparypax T
u Ty; Cxe — CpeiHss TENA0EMKOCTh MKHUJIKOCTH B mpomecce 3——4.

H3 ypasnenuit (14.3)—(14.5) caenyer, uro cuumenwe ddexTHB-
HOCTH IMKJA C NMEeperpeBoM napa 3aBUCHT OT Pa3sHOCTH TeMrepaTtyp
KHMeHusa ¥ KoHpeHcauuu (T'x — To), TenaoTel napoofpa3oBasus 7.,

rr,, U300apHOH TEMJAOEMKOCTH Napa Cpg M HACHILEHHOW XKUIKOCTH Cx-.
Jra 3aBUCUMOCTb CJIOkHAs, TAK KAk TEPMOAMHAMMYECKHe CBOMCTBa
B3aMMOCBA3aHbl (HATIpUMEp, TeMJAoTa mapoobpa3oBaHMs CBA3aHA C Te-
MJIOEMKOCTSIMH Napa W JKMIKOCTM H T. 1.).

Jng pasauHHX XJaAareHTOB CHUMXKeHHe xbGeKTHBHOCTH OT nepe-
rpesa napa HeoauHakoBo. Tak, aJs xJazaredta R717 notepu co-
crapasior or 3 jgo 11 % npu temneparype komgencauun 30 °C u
H3MeHeHnH temnepaTypsl kuneHusi ot 0 go —30 °C. B 1o xe Bpemsi
Ins xaagarestoB R12 u R22 sti motepm npu TeX e VCJIOBHSIX He
npepwiiasoT 3 %. [losToMy cywmectBywmmMe PEKOMEHIANMH RO MEHb-
IUMM neperpeBaM mapa, BCACHIBAEMOrO B KOMIDPECCOp, IVsi aMMHAYHBIX
MalKH (B cpaBHeHHH C XJaNOHOBBIMM) OTBEYAKIT TpeGoBAHMAM Io-
BoulleHHs TepMoauHaMuieckoli >QeKTUBHOCTH LEKJA.

Cnenyer OTMETHTDL, YTO B3aHMOCBA3b TEPMOAMHAMHYECKHX CBOMHCTB
XMafaredTOB NPHUBOJHT K TOMY, YTO [JIf BElECTB C ONAH3KHMH HOp-
Ma/pHbIMA Temnepatypamn kunewus (R717, R12, R22) agbextun-
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Puc. 14.10. NapoBas xo070ZuAbHAA MAIUHHA € YYETOM MPAKTHYECKHX HIMeHEHHH;
@ — DPUHUMITHANLHAA CXeMa; 6, 8 — TepMOAHHAMHYECKHE LHKJH

HOCTh TEOPETUYECKOTO UMKJA € APOCCENbHBIM BEHTHJIEM M BCachiBa-
HUEM B KOMIDECCOp CYyXOro HachliLeHHOro napa MpakTHYeCKH OAH-
HAaKOBa, uTo BpepBbie ycTaHoBUA mpodeccop M. K. Jlesun. TMosromy
XOMOANJIbHBIE KO3(DHUHEHTB TEOPETHYECKOTO UMKJAA ISl TAKHX
BELIECTB TAKIKE NPAKTHYeCKH OAMHAKOBH. 3TO ABIAETCA CJIeICTBHEM
TOrO, 4YTO X/aJareHThl, Bbi3bIBawlue GoJibluMe APOCCENbHbIE NOTepH
B LMKJIe XOJOZMABHOH Mawuiel (vanpumep, R12, R22), oGecneunsalor
Manple MoTepu OT meperpeBa mapa W HaofopoT (Hanpumep, R717).

B peanbnbix ycaoBugX Wis ofecnedeusi 6€30macHol skcmiyara-
LHW KOMNpeccopa, HOpMaJbHON PaGoThi cHCTEMbl @aBTOMATHKH ¥ ONTH-
Ma/JLbHEIX YCJIOBUH NOJNYUEHMSA MCKYCCTBEHHOTO X0JI0Ja B KOMApeccop
BCACLIBAETCS He CYXOM HachiueHHblH, a neperpeTuii nap, [leperpes
napa coctagaser AT, = 5+10 K maa R717u AT, = 2030 K
o R12 w R22.

CxeMa XOJIODMJIBHOH Mammnel W pabGousdt nukn B §— T-
u i -—lg p-avarpaMMax C YueTOM BCEX OTMEYEHHBIX MPAKTHYECKHX
H3MeHeHHA NpeicTaBaens Ha puc. 14.10. Orpeantens xuikoctn 0K
ofecneynBaeT cyxolt X0 koMnpeccopa. JKMAKHMH XJajareut, mocry-
naomull B annapar nocsie ApocceTMpoBanis H YHOCHMBIA H3 HCnapy-
TEJAbHOW CHCTeMbl mapoM, otaensiercsi B O)K OT napa 3a& cuet yMeHb-
LIEHNSA CKOPOCTH OBMkeHHsl. JKUIKOCTH pajgaeT BHH3 M TOCTyHaer
B Hepaputeas M, a cyXoil HACBLUUEGHHBIH map OTCACHIBARTCH KOMNpeC-
copoM. B xommpeccop nap nmocTymaeT cJAerka NeperpeTeiM 3a CueD
noporpeBa Bo BcaceBatouleM tpyGonpoeoge (npouecc I'—I).

14.2.3. Xoao0usbHas Mauiuxa € pEKyNepamueHbin
MenL00OMeHR UKOM

Kak yxe oTMeuaaoch, OXJaXAaTh XKHUAKOCTb TAPA PEryupyoWuM
BEHTHJ/IEM MOXHO H€ TOJNbKO BHEIHHM HCTOYHMKOM, HO W mapoMm
XJlajareTa, BLIXOASWMM H3 HcrapuTens. TakoH mnpoiecc ocyte-
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cTBAsIeTCH B cnenmansnoM Tenaoodmennuke (TO), B KoTopwii no-
AAlOTCA KUAKNHA XJajareHT U3 KOUAEHCZTOpA M Map U3 UcCnaputes.
B pEByJIbTaTE TennocobmeHa Me}l(,ﬂ,y 3TUMH NOTCKaMH MUAKCCTL oXJa-
KI4eTCs, a mnap neperpeBaetcs. [lpuHUMNMAZbHAS CXema TaKoi
YCTAMOBKH W OMKI B § — T-gHarpamme  u3ofpawmennl  Ha
puc. 14,11,

BuyTpenHH# TenJooGMeH B T2KOM LHKJE MPHBOAMT, ¢ ORHOl
CTOPOHHI, K MOHHKEHHIO TEMNEPATYPbl NEpPER PETYJHPYIOMUM BEHT -
JeM (Touka 8° BMeCTo 3), a CAeAoBaTeNbHO, K CHHKEHHMIO APOCCeibHBIX
norepb ¥ YBeJHYEHHIO XOJ0A0NpOM3BOUIMTEJIbHOCTH Ha BeJWYHHY
Agy, = nn. 4'—4—b—a, a ¢ Apyrofi CTOpOHBI — K 3HAYUTENLHOMY
neperpeBy napa Ha BcachlBAHHH B koMmnpeccop (touxka / smecro /),
uTe yBeauyuBaeT paboTy uUMKAA HA BeauurHy Al = nn. 1"—2"—2—1
¥ [OBBbIIIAET TeMNEpaTypy KOHIA CKATHH. JaKue TenJoOGMeHHUKH
uenecoobpa3Ho MpUMEHsTb He 415 Beex XJajareHtoB. Hanpumep,
s aMMMaKa, TeMmepaTypa CXKaThX [apoB KOTOPOro AOCTATOYHO
BHICOKAs, neperpes napoB Goabiue yem Ha 5—10 °C e pekomennyercs.
Bonswuit neperpes napa Aonyckaercs Anig XnagarewtoB R[2, R22.
ITpumenenue pekynepaTUBHBIX TenJOOOMEHHHKOB A/ 3THX paboyUX
TeJl CYLIeCTBEHHO VYBeNMYMBAET XOJOAONMPOM3BOAHTENLHOCTL IMKJA
NPH CpPaBHHTEJLHO KeGoJbIUMX roTepsix OT neperpesa papa, [as
MamuH, paborawowux Ha R12, R22, oxnaxienue xuikoctn 3a cyeT
reperpesa napa He TOJbKO TePMOJUHAMHUECKHM BBLIFOJHO, HO NMpaKTH-
yeckH Oomee nesecoobpas’Ho.

Tepmonpnamuueckas 3dpeKTHBHOCTE XOJOJUJLHOI MalIHHH € pe-
KYTepATHBHBIM TenJOOOMEHHHKOM OueHHBAaeTcsi, KaK H paHee, XoJo-
JAMAbEBIM  KO3(pHUIMEHTOM. YHAe/MbHas XOJORONPOH3BOAUTENLHOCTD
WK

q;] == QD+ Aqn"—" f:]" —_ 1-4' = {; —~ 4.

®opma 3anMcH BeNMYMHBL gy OCHOBAaHA Ha TenyoBoM GanaHce
PeKYNEePATHBHOTO TenJoOOMeHHHKA: (3 — fa = {1 — i~

a) W Kf

Puc, 14.11. Xonoamnsha® Mamupa ¢ TeniooGMEHHHROM: @ — cxXeMa;
6 — TepMoAHHAMUYeCKHH LRK]
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Pagota uukaa o )
[l = lg] — qo = iz — i1

XonoonipHbii KO3PPHUHEHT IHKJIA

e=qyf | lu| = (&; — La)/({2 —~ [1).
§ 14.3, MAPOIKEKTOPHBIE XOJOAHJILHBIE MALIHHBI

IaposmexTopHble  XOJGNMJIbHHE  MAlMHBE  paGoTaloT
¢ 3atpatoidl TensoBOH 3Hepruu. B KayecTBe XsiapareHta 00LIYHO
HCMONL3YIOT BOAY, OXJaKAeHUE KOTOPOH NpPOMCXOAMT myTeM ee va-
CTHYHOro HcnapeHuss npu Bakyyme (oxkono 400—1000 ITa).

Jlns cosmanus BagyyMa B Hcnapurene (puc, 14.12, g) npumeHsiop
awekTop 3, coctoAwui na conna C, npHeMHol xamepnl 1K, kamepnl
evetienuss KC, nuddysopa J. B cocTa Kamephl CMelIeHHS BXOAAT
KOHDY30p H uMJiavHApHYecKuit yyacrox. Mammea paGoraer chieny-
1OLUM 06pa3oM.

B naposom kotrae (reHepatope I') nmoaygaercs paboumii nap ¢ Aa-
BJleHHeM p, KOTOpblil mocTynaeT 8 conJio axekropa. llpu pacumpenun
Iapa B conse 0 AaBAEHHA pp NOTEHIHaNbHAs 3HepTHs npeolpasyercs
B KHHETHYECKYIO 3HeprHio ABHxYyLIelica cTpyd. B npHemnod kamepe
cTpys pa0ouero mapa nmpy JBHXKeHHH 33 CY9eT NOJyYeHHOH KHHeTH-
uecKoil 5HepruM yBJ/lekaeT XOJ0NHbIE NAph, NOCTYNaloliHe U3 HenapH-
Tens. Janee pabouuil H HMHXEKTHPYEMBIH IOTOKH TOCTYNAOT B Ka-
mepy cmemeHusi KC, B KOTopoli onn o0MeHUBAIOTCA Hepryedl, nase-
HHE pe3yJbTHPYIOLICTO NOTOKA YBeJUUHBaeTcA 10 ps-. M3 xaMepH
CMEelLleHHs cMech NAapoB C JlaBlieHHeM Pz Nocrynaer B Auddysop, rie
B pacwypsoelicd YacTH 3a CUCT CHHKEHHS CKOPOCTH JBIDKeHUf
APOUCXONHT CKATHE HAPOB 10 JAdBACHHA KOMIeHcalHu pyx M3 aud-
tysopa nap nocrymaer B Kouuexcatop K[, rpe xomZescupyeres.

a)—“b"p-‘—l 3 5)

Prc. 14.12. TlaposxeKTopHasn XON0pHbHas MallHHa; @ — cXeMma; 6 —
TEPMOJHHAMHYECKHA LKA

138



[Tonyyennas MKMAKOCTL JeJMTCSi HA JBa nOTOKA: OOMH IOCTypaer
B HCnapHuTeab A uepes peryaupyloluil BeRTHIb PB npyu JaBIeHHH p,,
a Japyro#t ¢ noMombid Hacoca ff nepekaynsaeTcs B napoBofi Koredn,
Ha uTo 3aTpayuBaercs padota L.

Ha puc. 14.12, 6 nokasan Teopetuyeckufl nUKaA B § — T-juar-
pamme. Jlumus [—2 — apnabaTHoe pacilHpeHHe CYXOro paGoyero
napa B CONJE IKEKTOpPA 0T JABJEHHR mapa B KOT/e p A0 JaBjeHHs
B HCrMapHTeNe p,. JIMHHA 2—4 ycnoBHo n3obpaxaer cmellenke pa6o-
4ero napa, COCTOSHHE KOTOpOro COOTBETCTBYET TO4YKe 2, C CyXHuM
HACBHILEHHBIM NAapOM M3 HCHAPMTENs, COCTOSSHHE KOTOPOro COOTBeT-
crByeT Touyke 4. COCTOAHMIO CMecH COOTBETCTBYET YCJAOBHas Todka &
Npy JaBJeHUuH po. Jluna §—5 — ckaTue cmecH pabouero u XoJof-
HOr0 mapoB npu oOMeHe sHeprHell B Kamepe cMemeHus; 5 —6 —
cxkatHe cMecH B auddysope D0 NABACHUA KOHACHCANMH py; 6-—7 —
KOHZIEHCAIMS BOASTHHIX niapoB B KOHJeHcaTope; 7—3& — JApoccennpo-
BaHMe yacTH Boael B PB; 84 — kuneHue Bogwl B HcnapuTtene; 7—9 —
MOBbILIEHHE JABJEHUS M0 p 3a c4eT paboThl Hacoca; 9—I10 — Harpes
BOABl B KoTA€; 10—I — mapooOpasoBanue B Korae. Tak xax usoGapbl
COBMAJainT € JIEBOH NOrpaHHYHON KPHUBOH, TO TOYKH 7 H 9 coBrrajamor.
B mamuHe yCJOBHO MOMHO BHJEJNUTH JBA uMkJaa: npsmodl [—3—7—
9-—10 v o6paTHuil X0N0AUABHLA nuKa 4-—6'—7—8. B nefictButens-
HOCTH NpPOLECCH MpsIMOrO M 06pATHOTO LHKJOB B 3XEKTOpe ocyllie-
CTBJIAIKOTCS OLHOBPEMEHHO W He MoryT ObITh pasie/eHHl.

TenaoBoi Ganalc naposKEKTOPHOH MAUMHBL MMEET BHA

QH=Q0+ QPJFLH:
rope Q. — Tenjota, oOTBelleHHasT B KOHJEHcaTope, Q, — TenJtora,
NoJABeJeHHAA B HCHapHTese OT OXJAXNAEMDH Cpelsl; Q; — Tenmnora,
nojBejeHydas B reHepaTtope; L, — Tensnora, 5xkBHBaNeHTHas paﬁm'e

MUTATeJHHOrO Hacoca.
Tennosoii koadpuureHt

£ = Qu/(Q: -+ LH)'

[lapoBonsivele 3eKTOPHBIE XOQJOAHJbHBIE MAILMHBI TEPMOLHHA-
MHYECKH MeHee COBepUICHHbl B CpaBHEHHH C KOMIPECCHOHHBIMH
NAapOBLIMH XOJOAMJbHBIMH MAalMHaMH. .

ITapoBHe 33KeKTOpHBE XOMOLHJABHBIC MALIMHEL HPUMEHSIOT OOBIYHO
IUTSL OXAAKICHMA BOIB B pa3JHYHBIX POM3BOJCTBAX M B YCTaHOBKAX
KOHAMIVOHHPOBAHMS BO3AyXd, KOTAA HMEETcA B PACNOPSIKEHUH nap
¢ abcoumoTHRM AaBaendem 50—60 klla u GoJbluoe KOJHYECTBC OXJa-
palonieit BOIHI.

§ 14.4. UHKJ TEMJIOBOro HACOCA

OGpaTHeii KPYroBoH Npouece MoxeT CAYRHTb He TONBKO

JJi HCKYCCTBEHHOTO OXJamJeHHd, HO H A OTOMJEHUS, KOoTopoe
pycckuit dusuk B. A. Muxesnbcou HA3Bak JAHHAMHUECKHM.

O6pathblf KA, NpuUMeHAeMBIt AJS OTOMJEHMSI, Ha3bBaeTCH

yurarom menaosozo Hacoca (puc. 14.13). B npouecce 4—7 k paGoueMy
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TEJAy NOABOAMTCA  TenaoTa ¢ = M.
2 T 4—f—a—b or okpyxaloweli cpemsl (Ha-
— 1 npuMep, apre3HaHCKedl BoAH), B Mpo-

ou
&g
X

necce J—2 paGouee Teso CxHMaeTcs,
Toxp cp DM STOM €TO TeMnepatypa noBbilIaercs

7 7 OT Tgyp. cp O TEMAGPATYPBl HATPEBACMOTO
/; Tera nad rtenacHocuteds Tr. B npouec-

ce 2—3 npu T, = const or pabouero
Tesna OTBOZWTICS TenJota ¢, = nia. 2—

; e 3—b—aqa. Pa6ora uukaa Iy = ma. [—
Pue. 14.13. Luxa teniosoro 2—3—4 mm |L|=|g|—q

Hacoca SCI)QJE-KTHBHOCT]: LHUKAd TEenJaoBOro Ha-

coCa OUEHHBAETCA OTHOWIEHHEM MOJYYeH-

HOH TennoThl K 3aTpaucHHON pafore — Tak HA3LIBAGMBIM KOIPgu-

YUeHMOM Npeodpu3osarul WKW omonumessHoiM  Kodduyuenmom Wi

=g |l (14.6)

Kosddnuiient npeofpasosanusa xapaxrtepusyer 3aTpatsl paboThl
Ha MNOLAYYEHHE eIIHMUH TEeNJOThl B 3ajaHHLIX YCJAOBUAX H MOXKET
ObITb BHIpANEH YEpC3 TEMOEPATYpHl [yTeM NOACTaHOBKH B (opmyJay

(14.6) Bumecto |1, | pasuocta |gr | — q:
p= ol T, (5 — %) _ Tr
lal—q T, (S¢ — Sp) — Tonp cp (Sa — Sp) To—Toup.cp

(14.7)

Beipaxxenne (14.7) noxaswiBaet, uTO 4YeM BbiLIE TEMNEPaTypa

HarpeBaeMoro Tena I, M HHME TeMnepaTypa Okpy:KalouweH cpeibl

Towp.cpr TeM MeHbLle Kod(pHuueHT npeodpasoBanusi, a cJeloBa-

TeJIbHO, TeM CoJsbuie paGoThi 3aTpaudBaeTcsl Ha MONYUYCHHE €AMHUIH

TenJoTh. 3 Bbipaxenna (14.1) nyrem peneuust obeux wacrefi pa-
BeHCTB2 Ha [ noJyuum

pn=c=e¢+41. (14.8)

§ 14.5. KOMBHHHMPOBAHHbIA HUKJ

Ceywecrsnss ofpaTHbl MKJ, MOXHO OIHOBpEMEHHO
MOJYUHTD XOJOA ¥ Termaory. Takol MKJ HA3LIBACTCS OGPAMHLIM
Komburnuposannos (puc. 14.14) W COCTOMT M3 JBYX UMKJIOB: XOJ0-
auaeHoro [—2—3—4 W TenJoBOro
nacoca 2—5—6—3. O6partuetii Kom- ! 6 V 5 I

GuHIpOBaiHelil LUK 3desTHBHee ABYX —_—
OTIEAbHBIX LHKJIOB, TAK KAk B HEM l
B3aHMHO HCKJIOYAlOTCs mpouecck 2—3 I = 12 Tpcp
u3—2 u, KpoMe TOro, KOMOpPECCOpH -
H Aertaplepbl OOBENHHSIOTCS. l 1

e Tﬂ

B o6Gpatwom  KomOMEHpOBaHHOM

uuksae Kapuo B npouecce 94—/ npu 4\&}\1

Pre. 14.14, Kom6ruupoBauHbB KK b a s
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Temnepatype 7p OT HH3KOTEMNEpPATYPHOr0 HCTOYHHMKA OTHHMAaeTcH
Ten/ota ¢, = mi. 4—I—a—>b, a B npouecce 5—6 npu TeMneparype
T, X BBICOKOTEMNEPATYPHOMY HCTOUHHMKY HOJABONMTCH TEMAOTa §p =
= na. 5—6—b—a. Ha coseplienne nukaa 3aTpaumBaercs paboTa
ly = . [—56—6—4.

BpiBeleM COOTHOIIEHMC MEXAY g, M §, M3 YPAaBHEHHS TEenJ0BOrO
Gamanca ¢, + | Iy | = | ¢: |, pasmenus oGe ero uwactu Ha g

U+ h)/go = 4: /90 min 1+ /e = | gc |/go.
[Togctasue ciona e = p — 1, nojayunm
V41 — 1) = |gel/go wan p/(n — 1) = [q,]/go = p/e.
Ioncrasup 3Hauenns p u & u3 Buipakenuit (14.2) u (14.8), naitnem
|gel/go = ToiTge

riiABA 15. BJAXHBIA BO3AY X

§ 15.1. OCHOBHBIE OMNPEAEJEHHA.
MMAPAMETPbBI BJIAJXHCOTO BO3AYXA

[lpH KOHAMIHOHMPOBAHHH BO3AYX4, B CYWHJbHLIX YyCTa-
HOBKAX, BO3AYIIHLIX XOJOAMJLHBIX MalIHHAX H B JAPYrHX cayyasx
aTMochepHBIH BO3JYX HCNOJB3YHOT B KauecTBe OCHOBHOrO paGodero
Tesa. Bo3jyx npeicrtasasger co6ol MeXaHHYECKYIO CMech pas/iHUHBLIX
rasoB (a3ora, KHCJOpOAA, aproma H Jip.), COCTABJASIMHX C Y X Y I0
€ro 4acTe, H HeGOJBINOrO KOJNHYECTBA BOJAAHBIX napoB., CMech cyxoro
BO3/lyXa H BOAAHEIX TMADOB HA3BLIBACTCA GAQHCHHIM 6030LX0OM.

XoTa cyxol BO3AyX ABJISETCH CMECHIO Ta30B, OH paccMATPHBAETCSA
KaK eiuHoe yje/ioe, TaKk Kak B HHTEpBaje TeMmmepatyp ot —50 1o
+100 °C, npeacTaBnAOMHX NpakTHYECKHH HHTepec, ero cocras
1 cBOHCTBA He u3MeHAoTes. JIpyroll KOMNOHeHT. BJIaHOTO BO2AYXa —
BOASHOH Nap — B 3aBHCHMOCTH OT YCJOBHH MOXeT ObiTb KaK B Napo-
0o6pasioM, TAK H B XHAKOM HJIM TBEDJOM COCTOSHHH, HO MaKCHMAJIbHOE
ero JasJieHde B BO3JyXe B YKA3aHHOM HHTepBaJie TeMmepatyp OJH3KO
K atmocepromy. [lostomy ¢ n0CTaTOUHOM /11 TEXHHUECKHX PacueToB
TOUHOCTLIO BJAMHEI BO3JYX PaccMATPHBAIOT KAk BO3JYIIHYIO CMECh,
NOAUHHAIILYIOCT 3aKoHaM MIeaJbHBIX T'a30B.

TepmoaunaMiueckue cBOHCTBa CYXOT0 BO3AyXa M BOJSHOTO napa
pa3aHUNbl, TIG3TOMY CBOHCTBA BJAXHOIO BO31yXa 3aBHCAT OT HX
KOJIHUEeCTBEHHOTO cOOTHOmeHHA, @Ou3HTeCKHe CBOHCTBA BJAMXKHOTO
BO3lyXa XapakTepH3YWOTCs CJAeAYIOUIHMH MapaMeTpaMH: MAapluHamib-
HLIM JlaBJIeHHeM BOASIHOTO mapa py, BiaaroconepxanHeM d, alcoor-
HOH pyp H OTHOCHTeJNIbHOH @ BJIaXKHOCTBIO, CTENeHbIO HaCHLILEHHA ¥,
VIe/MbHOH SHTaJbNHeH [, YNeALHOH TeNnJACeMKOCTBIO €, MNMAOTHOCTHIO
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I yleJbHBIM 00HEeMOM U, TeMrnepaTypol [0 CyXOMy TepMoMeTpy i,
TeMnepaTypoll M0 MOKPOMY TepMOMerpy &y U TEMICPATypoH TOYKH
pocel (g.

Tak Kak BJAaXHBIH BO3NyX pacCMAaTPHBAGTCA KAK NapoBO3NYIHAs
GuHAaphas cmech, COCTOALLAS M3 CyXOTo BO3AYXa M BONSIHOTO napa,
o obGumee (fapomeTpuuecKoe) XaBJdeHHE pg
co3naBaemoe aTMocdepHbiM BO3ZYXOM B COOTBETCTBHH € 3aKOHOM
HanvTona, paBHO cyMMe napuHaabHEX JABJeHHH cyXoi ero 4acTH pg

H BOJSIHBIX napoB ppn.
Po = Pe+ Pu- (15.1)

Pa3/IHyatoT TPH XapaKTepHHEIX COCTOAHMA BJaXKHOMO BO3AyX4.

l. HacemenHBH BO3J1YX — CMECh BO3AyXa H CyXoro
HACBHIIIEHHOre BOASHOTO napa, napuuaabHoe JAaBjieHHe KOTOpOTo
JOCTHIJIO MAKCHMAJMLHOTC 3HAYEHHs NpH JAHHOH Temneparype. Ha-
CHILEHHBIH BO3AYX NPH HEH3MEHHOH TeMnepaType He crnocoben Gonbiue
BOCTIPUHUMATL BoAsHOH nap. [lapiunassHoe AaBJjeHHe BOJAAHOIO mapa
B COCTOAIHHH €ro MOJHOTQ HACHIIleHHs of0o3HavaeTcs p, H HasbiBaeTcs
JusacHueM HACHILEHUA.

2. HensacuwuenuwH BO3JAYX — 3T0 BO3LYX, BOAAHOH
nap B KOTOPOM He HAXOMMTCA B COCTOAHMH HACLILIEHHS, T. €. OH mpe-
GbiBaeT B meperpeToM cocTofiHHH. [lapuMannroe IaB/ieHHE 3TOTO
mapa He NpPEBbILAET NAPUUAJBHOIO JaBJeHHS HACHIIEHHOrO BONAHOTO
napa npH Toil e TeMmepatype: py < py. Uem GOsblLe OTIHUARTCA Py
OT Py, TeM GoJibllle BJATH CrocofeH BOCMPHHATH BO3AYX 10 CBOETO
IOJHOTO HACKIIEHHS.

3. MlepecolmeuNHBH BOAOH BO3AYX — COCTOAHHE,
KOTJa B CMeCH ¢ BO3AyXOM HaXOLATcA cYXOH HacHeHHBIH Iap H
paBHOBecHAs BJAara B BHAE BOJSHOTO WJH JeASHOro TyMaHa.

B kauectBe enuHuunl AaejeHna B cucreme CH npuuar nackaab
(Tla). Hanomunwm, yro 1 MM pt. cr. = 133,322 Ila; 1 mMm BoA. CT. =
= 9,807 Tla. CoorHowenus wMmexay O6apOMETPHYECKHM JaBJeHHEM
B rlla (rekronackanb, 1 rlla == 10% Tla) u MM pT. cr.:

PG, MM DT CTow v v v v 0 0 v 0 s 680 700 720 735,6 *
pe.fla . ., ... ...... 9659 93325 959,92 980,72
P, MM pT.CT.. . . . , . . ... 130 760 ** 780 800

pe. Flla . . . . .. ... ... 99992 1013,25 103991 1066,57

* — TeXHr4Yeckan aTmocdepa; ** — dusHuecKkas aTnocf])epa

3a HopmaJsbHOe atMocdepHoe HaBJjeHue MPHHATAa ofHA (PH3HYe-
ckas atmoctepa, koropas npu 0 °C pasna 1013,25 rlla. Maxcumaiib-
HOe JaBJeHHE BOJASIHOIO NIapa p, B HACHIIEHHOM BO3JyXe 3aBUCHT
TOJLKO OT TEMIepaTypH CMecH H He 3aBHCHT OT OOuIEro JAaBeHUA
cmecn. B mpoueccax, cBfi3anHBIX € H3MEHEHHEM TeMNEPATYpHl, IPOHC-
XOAMT H3MEHEeHHe H B COOTHOILUEHHH MacC BO3AyXa H napoB. Boxsnue
napel MOTYT KOHIEHCHPOBaThCS H3 BO3AyXa, MpOMCXOAMT ero ocylue-
HHE, BO3MOMKHO TaKXKe ero YyBjaMHeHHe 3a CYeT WCNAapeHHa BJar,
Onnako macca cyXoH 9acTH BJIaXXHOTO BO31yXa OCTaeTcs NOCTOAHHOH.
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[MosToMy 3a He3aBHCHMYIO BENHYHHY NPHHHMAIOT €MHHLUY MAacchl
CYXOH 4acTH BO3yXa, K KOTODOH M OTHOCAT MOK234TeJH BJAXKHOTO
BO3AyXAa.

MaccoBoe BirarocoaepXaHnue d (Hiu COKpaLIEHHO
8A4020C00CPHCAKLE) BAAXKHOTO BO3JAYXA — 3TO OMHOUWEHUE MACChl 8005
HO20 napa My, Co0epiauecocs 60 6AANCHOM 6030Yxe, K edunuye maccel
cyxotl eeo wacmu me (r BAArM/KT CYXOro Bospyxa):

d = my/me. (15.2)

CnenosatensHo, 6aazocodepacariie d nokasoieaem, Kakas Macca
grazu ( 8 epamMMax U KUA0ZpaMMax) cO0epHCUMER 60 6AAMHHOM 6030Yxe,
cyxan doast Komopozo pasna I K2 WM, YTO TO XKE caMmoe, NPHXOJAUTCH
Ha | -+ d KT BJa)KHOTO Bo3jayxa.

[Mapuuasnbuoe 1aB/ieHHE Py BOXAHOTO Napa B aTMOCdEpHOM BO3AYXe
3aBHCHT OT Bjarocofepxanud d. JAna Haxoxnenusa 3ToH 3aBHCHMOCTH
BocNonbL3yeMcss OGOGLIEHHBM YpaBHEHHEM COCTOSHUS HJAaJLHOTO
rasa (Knane#ipona — Menseaeesa). Ilns npoussonpHoro ob6sema V
BJIAXKHOTO BO3ayXa npu TeMrepaType T ypaBHeHne wmeer BuA:

ANS BOAAHOTO Tapa
puV = myR,T; (15.3)

PV =m.R,T. (15.4)

Pewasi ypasnenns (15.3) u (15.4) oTHoCHTe/IbHO Macchi BOASHOrO
mapa H CyXOro Bo3/yXa H yUHThIBad, 4UTO g, = pPg — Pp, HMeeM:

My = an/(RnT); (]5'5)

me = P VIRT) = (ps — pu) VI(R,T), ({15.6)

rae R, = 287,1 Jx/(kr.K), R, = 461,5 JIx/(kr.K) — rasoBne

flocTosiHHEIC /I CYXOTO BO3AYXa H BOJASIHOIO Tlapa COOTBETCTBEHHO.

Pazpeaus pasenctso (15.5) na (15.6) ¢ yuerom (15.2), monyunm:
B KI BJATH/KT CYXOr'o Bo3nyxa

sl CYXOro Bo3myxa

My Re P = 0.622 P

Mg o Rl:l pﬁ_pn pﬁ_pn’

B I BJar#/Kr cyxOoro Bo3Jyxa
d = 622pu/(ps — pu). (15.7)

TOP}].& 3aBHCHMOCTb TMAPUHAJIBHOIO [AABJAEHHSA BOMAHBIX napon
OT BJarocojepikanHa GYJIET HMETL BHA

Pu = Pod/(622 - d). (15.8)

W3 nonyueHnnix Boipaxkenuit (15.7) u (15.8) caeayer:

1) npn TmocToOsiHROM GapOMETPHUYECKOM AaBAEHMH MapUHaJbHOe
JaBJieHHe BOJIAHOrO Napa B BO3AyXe OJHO3HAYHO OonpeleNiaeTcs BJaaro-
COJlepKaHHEM H HE 3aBHCHT OT TEMIepaTyphi;

2) nna cyxoro Bosayxa, T. . npu d = 0, mapuuanLHoe JaBjeHue
BOJIAHOTO napa pg = O:
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3) 15 UHCTOTO BOAAHOFO napa npu d = 0o napuHaibHOE HasJe-
HHe napa paBHO 6apOMETPHYECKOMY: Pg = Py}

4) ecsiy BJIATOCOZEPKAHME Mapa BO BJAXKHOM BO3LyXe JOCTHraer
MaKCHMAJIbHOMO 3HadYeHus (HacHleHHud), T. €. d = dpax = dy, TO
H napiHa/ipHOe JaBjeHHe BOAAHOTO 1apa npH AaHHOH TemNepaType
cMec Gyner MakcUMANLHBIM (P = Pmax = pPu) U PaBHBIM

Pu = Podu/(622 + dy), (15.9)

4 MakcHMaJdLHOE KOJIH4ecTBO BOAAHOrO napa, KoTopoe MOKET COjAep-
HKaTbcs B HACLIUIEHHOM BO3AyXe, OonpelesHTcsd H3 BhIpaxenuf

dy = 6229,/(p5 — ). (15.10)

BnaroconepxsaHnue HachlU[eHHOTO BOo3JyXa
dy HOCHT TaK:KE Ha3BaAHHE 81Q20eMKOCHIY 6030YX( H NOKA3LIBAET, KaKas
MaKCHMA/bHO BO3MOXKHAf Macca mapa ps 3aJanHOH TeMmmepaType
MOJKeT NPHXOANTBCH Ha eAHHHILY Macchl cyxoil ero 4actd. Taxk Kak
JaBJieHHe HACHHIEHHS! 3aBHCHT OT TeMMepaTyphl, TO, CJAELDBATeNLHO,
C BO3paACTAHHEM TeMIepaTyphl BO3NYXA YBeJAHYUBAETCA €ro MAKCH-
MaJlkHO® mapocoliep:KaHHe NpH pp == const,

[lor a6conTHON BJNAaXHOCTHI BO3AYXa pPg
TIOHHMAETCs Macca BOASIHEIX TNAPOB, cOleprKAMNXCSA B euHHLe 06bema

BJaxKHOr0 BO3NyXa:
pB =mn/Vn;[| (15.11)

rie py — aGCoMmoTHas BJAaXKHOCTb BO3AyXa, I/M®; my — macca Bouf-
HOro mapa B Bo3nyxe; V,, — ofneM BJaKHOTO BO3AyXa, M°.

OTHoOCcHTEeALHAad BAAaXMHOCTH BO3AYyXa ¢—
3TO OTHOINeHHe aGcOMIOTHONH BJIAXKIOCTH BO3AYXa pp Npd JaHHON
TeMneparype K aGcoMoTHOH BJAAXKHOCTH p, TOTO e BO3AyXa B CO-
CTOSHMM TIOJIHOTO HACHILIEHHA MPH TOH Ke TeMmeparype:

? = Pu/Pa. (1512)

Benvynna @ BhIpakaetcss B OOAAX eqUHHUE Han B %.

Ecan npuMenuTnL ypaBHeHHE COCTOSHHS K BOASIHOMY Ilapy, co-
Iepxawemycs B 1 M* Biaxnoro Bo3nyxa, To nappHaJjbHoe LABJeHHE
napa pn = pyRy7l, a4 MAKCHMaJbHO BO3MOXHOE (NpH HACHILEHHH)
Py = puRyT. Tlojenus nouyjieHHO nepBOe paBeHCTBO HAa BTOpoe,
TOJTy YHM

P = Pw/Py = Po/Pu. {15.13)

Taxum o6pasom, OTHOILIEHUE MAPLUHAAbIOTO JABJCHHA py BOISHLIX
NapoB, COMAEpMHALIMXCA BO BJAXKHOM BO3AYXe, K JABJCHHI BONAHBIX
napoB NpH MOAHOM €F0 HACHULEHHWH P, NPH HeH3MEHHOH TeMmepaType
TOMXE XapaKTePH3YeT OTHOCHTENBHYIO BJAMXKHOCTH BO3LAYXA.

U3 ypasnennsi (15.8) u (15.13) caeayer:

1) nig cyxoro Bozayxa d = 0, a anagur, pp=0 1 ¢ = 0;

2) ang HachieHHOro BO3ayxa d == dy, Toraa pp, = py 1 ¢ = I;

3) nOCKONBKY NapLHaJkHOE JaBJIenHe BOASHOrO mapa H3MeHAeTcH
B npepenax 0 < py < puy TO OTHOCHTENBHAS BJAXKHOCTb BO3JyXa
usmeHsercs B npenesax 0 < o < 100 %.
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CremneHb HAaCHWEeHHs BO3AYXa — OmMHOWeHue
810200008 PHAHUA HEHACLILYEHHO20 8030YXa d K 6Aae0codepicantio Ha-
cotyeHHo20 8030yxa dy npu mod sce memnepamype. Oua obo3navaeTcs

BYKBOH P:
¢ = d/d,. (15.14)

C yuetom Bripaxenni (15.7) u (15.10) coornomenne Mexay ¢ u
Ins BAAKHOTO BO3AyXa HMEET BHJ

\_L_ Pn pﬁ__pﬂ__ Pp— Py
Ll el e M T
a ¢ yueroM (15.8) u (15.9) nonyuuwu
Y = @ (622 4 d)/(622 4 d,,). (15.15)

Ananuanpysa ypaesenwe (15.15), MOXHO caenaTbh chaegylUIHe
BbIBOJILI:

1) mas cyxoro Besayxa, korda d = 0, ¢ =} = 0;

2) nis HacHlileHHOro BO3jyxa, korga d = dy, ¢ = ¢ = [;

3) B obuiem caydae @ %= ¢ U, Kak npasufio, Y < ¢, NMOCKOJAbKY
d < dy;

4) cTernenb HacLIUIGHWA H3MeHSETCH B TeX »Ke TNpefenax, uto H @,
. e, 0 <<V « 1, Ho ApHMeHsieTcs B pacyeTax CPABHUTEIbHO PELKO.

[Tpn HeGoablumx 3HAYEHHAX TEMIEPATYPHl BJAKHOTO BO31yXa
(10 15—20 °C) ¢ mocTaToUHON TOYHOCTBIO MOMKHO TPHHHMAaTh @ = V.

[TnoTHOCTE BAAXKHOTO BO3AyXa Pp, npeAcTasiseT cobofl OTHO-
LIEHHE MacCHl BJAXHOTO BO3JYXA My, K 00beMy 31oro so3ayxa (kr/m®):

Ppa = mn.ufvun- (1516)

[MockonbKky Macca BAaKHOTO BO3AYXa COCTOMT H3 Maccel CyXoi
ero 4acTH /M, H Macchl BOJAHBIX NAPOB My, TO IJOTHOCTb BO3fyXa
paccMaTpuBaeTcs KaK cyMMa TJIOTHOCTEH CyXoro Bo3ayxa (p.) H
BoAsAiHOrO mapa (p,):

pB:I: mc/VBHJ\_mH/VHﬂz pﬂ+pﬂ' (]5‘17)
CorsiiacHo ypaBHEHHIO COCTOSHHA,
Pc = Rc/(RcT) = (pﬁ - pn)/(RnT}; P = pw{(RuT)‘

[loacraBuB 3nauenns p, u py B Boipaxenue (15.17) u yyutbiBas,
ato R, = 287,1 Ix/(xr-K), a Ry, = 461,60 IOx/(xr-K), nonyqaem

Poa = Po/(RcT) — 0,0013p/T = p — 0,0013p,/T.  (15.18)

[lepsoe cnaraemoe BuipaxenHs (15.18) npencrapasier coboit mior-
HOCTb CYXOro Bo3jyXa npH GapOMETPHYECKOM JaBAEHHH (P, =
= 1,276 kr/™® npu pg = 1000 rlla = 750 mm pt. cT.).

M3 pasencrea (15.18) cnepyer:

1) Tak xax mossipnas macca Bopasoro napa My = 18,016 r/mons
MeHbIre MoJiApHOH Maccel cyxoro sosayxa M, = 28,96 r/monb, TO
IIOTHOCTb BOASHOTO [apa MeHbLIE NJOTHOCTH CYXOro Bo3ayXa (pg <<
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< pc), a cAenoBaTesbHO, BJIAXKHBIH BO3AYX BCETA& JErUe CYXOro
NpH TEX ke 3HAYEHHAX TeMnepaTypbl U JaBJEHH;

2) ¢ noBHILfEHHEM NAPUHAABHOIO NaBJEeHHS BOIAHBIX [APOB pp,
T. €. C YBeJHYeHMEM BJ/Iarocojep:KaHHd Bo3gyxa d NpM HEH3MEHHOM
reMnepatype T, IJIOTHOCTL BJKHOTO BO3[yXa yMeHbIUAETCH.

B nurepBajie Temmeparyp KOHAMUHOHWPOBAHHS BO3AyX4 pasHHIA
B IVIOTHOCTSIX BJAMKHOTO BO3AYXA H CYXOH €ro YacTH He3HauHTe/jlbHa
H MOMHO CYHTaTh Pup =¥ Pg.

Yaenbnwaa TenJdOeMKOCTE C BJAXHOFO BOB3-
Ay X a— 3T0 KOAUYECMBO menaomsl, Komopoe Heo6xo0umo nodsecmu
uAl omeecmu oM 8030yxa, 4mobel NOBLICUMb WAL NMOHUSUIME €20 MeM-
nepamypy ua -1 °C npu nocmosHHom eaazocodepacantu. ¥ IeJbHYIO
TENAOeMKOCTh BJAXKHOTO BO3/yXd, TAK Ke KaK H BJAarocofepxaHHe,
OTHOCHAT K €IHHHIE MAcCH CyXol ero wactH uiaw K macce (1 + d) kr
BJAXKHOTO BO3AYyXa M omnpenensior no ¢opmyne

Con == Cpe + Cpndloms = 1,0 o 1,89d10_3, (15'19)

rie ¢pe = 1,006 &~ 1,0 kIx/(kr-K) — ynenvnas nsobapuaa tenjio-
€MKOCTb CYXOTO BO3AYXa; Cpy = 1,89 KIlk/(kr -K) — ynenbHaa H3o-
Gapuad TemJioeMKOCTb BOUSIHOTO napa; d — miarocojepxanue Bo3-
ldyxa, I/Kr.

Yaieabnas 3anraabnud [ BAAXKHOLO BO3JAY-
X d — 3TO KOAUMECTEOD COOepMAURHCA 8 HeM MEenAombl, OMHECEHHOE
Kk edunuye maccer cyxo2o 6030yxa uru K macce (1 + d) ke sraxcrozo
60s0yxa. ¥YaensHy 3HTAJbMNHIO BJaXKHOro Bo3nyxa Maccoil (1 + d) kr
NMPeICTABAAKT KAK CYMMY YAGJIbHBIX 3HTadbMHE | KT CyXOro Bo3jlyxa
¥ d KT BOASHOTO mapa, B HeM CONEpMKaiuerocs:

P = iy 4 igdnl073, (15.20)

rae i, iy — COOTBETCTBEHHO YHeJbHEE 3HTalbNHM 1 Kr cyxoro
E03AyXa H 1 Kr Boxsinoro napa, KIDX/Kr.

[TocrobRy cyXoil BO3AYX M BOASHON nap NpHHATH HaMH 33 Hie-
albHBe ra3bl, TENAOEMKOCTb H SHTAJbHHA KOTOpPBEIX HE 3aBHCAT OT
JAaBlieHHd, TO B pacCcMaTPHBAEMOM MaJlOM HHTepBajie TeMIepatyp
BHAYEHHHA Cp H Cpy NOcTOAHHHL. Torpa ynenpHasa 3HTa/MbNHA CYXOH
YacTH BJIAXKHOTC BO3AYXA

e = Cpet = 1,005 = 1,04,

a yleaLHas 3HTajbIHA BOLAHOTO TApa ¢ y4eToM yAeAbHOM TElIOTH
napoo6pasoBanus ry = 2501 kIx/kr npu 0 °C

ig = ro “F Cppt = 2501 - 1,89¢.

C yueToM MOJY4YeHHHIX BBIPAXKEHHH MIs i M i paBeHcTBo (15.20)
npumer Buj H3BecTHOH dopmyani Pamanna

i = 1,00 + (2501 - 1,89¢) d1073, (15.21)
i= (1,0 + 1,894107%) + 250141073, (15.22)

HJIH
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[Npunumas Bo BHuManue (15.19), ypasrenne (15.22) 3annmem rak:
[ = ¢yt + 250141073, (15.23)

Ananus BelpamenHs (15.23) noka3eiBaeT, YTO 3HTAJLIHA ATMO-
chepHOTO BO3AYXa COCTOHT M3 JABYX CJ/araeMblX, MePBOE H3 KOTOPHIX
CYINECTBEHHO 3aBHCHT OT TeMNEpaTypel BO34YXd, H €ro HA3LIBAKT
AgHOU UK owymumot menaomoti, BTOPOE — TOJBLKO OT BJATOCOAEp-
JKAHHA, W ero HasbiBAIOT CKpbuMoy mMenaomol BNAXKHOIO BO3ayxa.
3a navaIbHylo TOUKY OTCYeTa SHTAMBIHE BAAXHOIO BO3AyXa (Hyne-
BYI0 TOUKy, i == 0) JIpHHATO Opatb YAeMBHYI® SHTAMBIHI0 CYXOTD
Boaxyxa npu f = 0 °C.

B camom ofmemM c/iydae BO BAaXKHOM BO3AYXE TNMOMHMO BOASHOIO
napa MOTYT HaXOAHTbCA B3BellleHHasi KanenbHAs BJara WAH KpH-
CTAJINbl AibJa. JHTAJABNHA TAKOrO BO3AyXa

[ =i, ind + 0 S o R B (1524)

rae fy, Iy -— COOTBETCTBEHHO BSHTAJbBNHH BOALL H Jbja, KJIxK/Kr;
d, dy, dy — COOTBeTCTBENHO Macehl napa, BOABL H JbJd, TIPHXOAA-
muecs Ha ealnHHUy Maccu (1 KI) cyXoro Bosiyxa, I/KT.

YnenbHana SHTAJbLIHA BOAH NpPH 3HAYEHHH ee YAeqbHOH TeraoeM-
KOCTH Cpy = 4,19 kJLx/(xr.K) cocraBnger

by = Cpmd = 4,191, (15.25)

[pr 0 °C yneabHas 3HTAAbNHA KHAKOCTH PABHA HYJMIO (iy, = 0),
a yje/bHas SHTAJbLOHA Jbja ¢ y9eTOM TenJoTh (a3oBoro nepexosia
¥KHIKOCTE — Jjiel OGyleT BeNHUYHHOR OTpHUATeNbHOH H PaBHOR yaenb-
HOH TeryoTe NMJABAEHHA Jbla: i;0 = —Tra; = —335 kllx/kr. Tlpu
3HaueHHAX TeMIlepaTypl Jibaa Hike 0 °C ero sHTaAbnHs NOHHKAETCH
Ha BEJAHUHHY, PaBHYIO C,.f = 2,1f, rme ¢,; = 2,1 xHdx/(xr-K) —
yAejbHass H306apHas TeNJ0EMKOCTh JbAa. CJIEI[OB&TEJIb}IO, MOXHO

34anHucartb
B ey clug Hemns3BR 49 14 (15.26)

rie {-—- BeJIMUMHA OTpUuaTENbHas, C.
Takum oGpasom, ¢ yuerom (15.21), (15.25) u (15.26) Bepaxenue
(15.24) nas 3uTAbNHH BAAXHOTO BO3AyXa 3anHLiETCA B BUie

[ =1+ (ro + cpat) 1078 - €1dd 107° 4~ (— rup + Cpal) 1077,
(15.27)
HITH

i =14 (2501 + 1,89) d10® - 4,19¢ d, 10~ + (—335 -1~ 2,11) d,,10°5.

Hano ormetHTb, 4T0 ec/M Temmepatypa NepecheHHOTro BO3AYXa
Beiwe 0 °C, To TYMaH TpejcTaB/Aer Coboli B3BELIEHNYIO KamnedbHylo
BJary, ecan nuxe 0 °C — 1o KpHCTaMLIH Jbaa. Bo3moxHO cymecTBo-
BAHHE B BO3JYXe OJOBPEMEHHO KamejeK BAAarH H KPHCTANIOB JbAa.
Taxoe cOCTOSAHHE HA3LIBACTCH CMEIULAHHOIM MYMAHOM W HabJofaeTcA
npu temneparype, 6auskoit Kk 0 °C. B noiHoCTbIO HacHUIEHHOM HJIH
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ﬂepEFpETOM BJAAXKHOM BO3JAYXE HE COﬂep}KHTCH HI KanejbHOH BJiary,
HH KPHCTA/IOB JIbJa, H €ro SHTAJLIHIO ONpelessioT no dopMmyJe
(15.21) nan HaxomaT mo taGanuam.

§ 15.2. NHATPAMMA d—i JJ11 BJIAJKHOrO BO3AVXA

AHa/nH3 mpoueccoB H3MeHeHHs COCTOSHHSA BJAXKHOTO BO3-
AYXa, a TAKAE TeXHHUECKHE pacyeTs!, CBA3AHHEE C ONpejlesieHyem ero
napaMeTpoB C MOMOIMIbIO NMPHBEJCHHHX Bbillle YPaBHEHHH HjeajbHOro
raza, JOBOJLHO CJIOXKHbI W TPOMO3JAKH. Dosee mpocThM B YI0GHBIM
oKa3piBaeTcsl rpaduuecknii cnoco6 ¢ Hcnodb3oBaHHWeM d—i-gHa-
FpaMMbl BJaXKHOTO BO3yXa, npenjoxennsid B 1918 r. coBerckuM yye-
M npog. JI. K. Pam3uubi.

HnarpamMma d—i npejacrasifger cofoil IpagiMyeckyi HHTeprmpe-
Taunto ypasHeHHda (15.23) ads sHTaNbNHH BAAXKHOTO BO3AyXa, mo-
CTPOEHNHOr0 B KOCOYTOALHON CHCTEMe KOOp/JHHAT 3NTAJLNHA — BJa-
rocofiep:anue. Jluarpamma, noctpoenHas and 1 kI cyxoil uactu
BJAMHOIO BO3LYyXa H onpejpenenHoro GapOMETPHYECKOro IABJIEHHS,
HArJgAH0 HOKA3LIBAET B3aHMOCBA3b OCHOBHLIX MAPaMEeTPOB BJAMHOTO
BO3JYXa, XApaKTEPU3YIOUHX ero coctosinue (¢, ¢, d, i, p,). Ona noapo-
JFeT MO ABYM 3aJaHHbIM JIETKO OMpeAessTb OCTa/JbHbIe napamerpsl
BIaXHOTO BO31YyXd, a TaKKe HarAAHO H306pamKaTh H alalH3HPOBAThL
npoleccy H3MEHeHH S ero COCTOSTHHA H TEM CaMBIM CBO/JHT 10 MHHHMYMa
aHaNHTHYECKHE DACYeTHI, CBA3aHHEIE C pEIIEHHeM [PAKTHYECKHX
3ajay.

[lpu nocrpoenuu d—i-guarpaMmul B NpAMOYroJabHOH (1eKapTOBOH)
CHCTEME KOOPJIHHaT obnacTte HEHACBLILUIEHHOI'O BO3AYXa Haoﬁpamae'rca
y3KOH MOJMOCKOH, rac JuHUH ¢ = const pacnosarawred GAH3KO APYF
K ApYyry M nepecexawoTcsl JHHusiMH ¢ = const nop ouenn ocTpuiMu
yI/JlaMH, 4TO 3aTPY/HfET ee HCNOJNb30BaHHEe NPH NOCTPOeHliH, pacuere
H aHanuae NpOUECCOB H3MeleHH COCTOAHHSA BJaMHOTO BO3AyXa.
B nensx pacuwmpenus o6/MacTH HeHACHIEHHOr0 BO3AYXa AHarpaMmy
CTPOAT B KOCOYrOMhHON cHcTeMe KoopAnHar. HaubBonee ynoGHbiM
okaszancs yroa B 13b6° (puc. 15.1), mpu KotopoM Hy/jeBas H30TepMa
B oHaacTH HEHACBIHEHHOTO BO3YVXd HPHHHMEET FOPH30HTAJbBHOE
nonoxenue (Bnepeble npeaaoxeno P. Moase, Tepmanus). Oce opnu-
HAT npoBeleHa BEPTHKAJLHO, H Ha Hell 0T/10:KeHbl 3HAUYEeHHS 3HTA/b-
nHH I, a ock abeuucee — moj yraoM 135° x uell, W na nefl oTi0Xensl
3HAYEHUSA BAATOCOAEDHAHUA BJAAXKHOTO Bo3lvXa d*.

[Ipu paGorte ¢ AnarpaMMol BHIICHHJIOCH, YTO HHIKHAA ee 4YacTb
NPAKTHYECKOrO HHTEpeca He TPe]CTAaB/IseT, NOITOMY M COKPALICHHA
pazmepoB H y1o0cTBa no/b30BaHHA Ock abenuce d™ Ha Hell ne HaoGpa-
JKAl0T, a B3aMeH ee yepe3 HavaJo KOOPJJ,HHHT NPCBOAAT BCIIOMOraTeJib-
HYH TOPH3OHTANBHYIO NPAMYIO, CAYMKAWYK AONOJHHTEALHOR OChIO
Baaroconep:xkanua d. Ha 31y nosyio och ¢ ocu abcuHce d* nepenocar
ILKany 3HadeHHH BJarocoiepxaHHili Bo3ayxa d,, d,, ds 0 T. I

B o6aacTi meHacuLilleHHOTO BO31yXa NoA HeGOJBIIKM YIJIOM K ro-
PH3OHTAABHOR OCH Ha JAuHarpaMMy HaHOCAT u3oTepMmul ¢ = const,
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Tl HX NOCTPOEHHS HCMOAB3YIOT |
ypasuenue (15.21), koropoe npu 7
{ = const ABaderca ypaBHeHHeM
npavoli auuni. Crenopare/ibHo, ty G
H30TEPMEl — NpPSAMbIE JHHHH, HO
OHM e napajjiedbHbl Mexay co- |4370°C 3
60, TAK KAK YroJ HarJAoHa MX
K TODH3OHTAJBHOH OCH Ppas3/iH- | f,=0°%
yeH. YTOJ HAKJIOHA NPAMBIX ¢ =
= const onpexendercs ranrencom x
yraa, papsoro 1,89f, KoTophii .
VBEJHUHBAETCA C [OBbilIEHHEM f \
TEMIepaTypsl  Bo3fyxa, Hena-
panesbHOCTh H30TEPM 0COGEHNO EXLE 5,
3averiia npH  TeMmepartypax, )
Gauakux K 100 °C; npu HeGosb- 35t 43
UIHX 3HAYCHHAX TEMNepaTyp H30- PR PR R PR
TepME  NPAKTHYECKH  napad-
JieJIbHEL P
B ofaacty Temnepatyp HH-
ke 0 °C tanrenc yraa Hak/JoHa
NpHHUMAET OTpPHUATEJbLHBIE 3Ha-
UCHHS H H30TEPME HMEKT YKJOH
BHH3, HX KPYTH3HAa YBeJHUH- d;
Baercd ¢ MOHHXKEHHEM TeMIepa-

=% 4

d=const

d

TYPHL.
Ecan yuecTb, YTo HacblleH- d*\d*

HLIf  BO3XYX XapaKTepusyercs

MAKCHMAJABHEM  BJATOCOMEpIKa-

HHEM dy npH OHPEHEJTGHHOI.:I tem- Puc. 16,1, Tlpunuunnansuas cxema d—i-
nepatype fy, TO KpuBas Ha- FEATEaNNLL

CHIIEHHSA BJAXKHOTO BO3AyXa Q=

=100 % B auarpamme d—i onpe-

LNenHTCd KaK reoMeTpHyecKoe MeCTO TOYeK TNepeceyeHHst H30-
TepMm I, = const ¢ sauHHAMH d,; = const — Touku [, 2, 3 w . I
(puc. 15.2). MaxcuManbHoe BJarocouepxanue dyy, dys, dyg, ...
paccunrbiBaloT 110 Qopmyse (15.10) 118 xaxkmoll Temnepartypui fy,
faa, tus, ... TPH aTMocdepHOM HABJEHHH pPg. AHAJOTHYHO CTPOAT
OCTaNbHbIE KpPUBLIE, HMEIOU(He CTeNeHb HACHIIEHHA BJAXKHOTO BO3-
ayxa @ = 10, 20, 30,40 % u . n. B d—i-anarpamme Auann ¢ = const
n3obpaxaloTes B BHAE Beepa KpHBBIX, pacXOAsNmHXcs BBepX 40 H30-
TepMH, COOTBETCTBYIOULEH TeMrepaType HacCHIeHHs Bosgyxa @ =
= 100 °C  1npu HopMmambHOM  aTtvocepHOM  OABJAEHHH pPg =
== 1013,25 rlla (760 MM pT. ¢T.), OT KOTOPO!H OHH KPYyTO, NOUTH BEpTH-
KAJIbHO TOJHMMAIOTCA BBEpPX. DTO OOBACHIETCS TeM, UTO NPH TeMmne-
paTypax Bos3ayxa { > f; BeJMYHHA ¢ 3aBHCHT TOJLKO OT BJA4ro-
conepxanug. [leficTenTenbno, npuHHMas Bo BHuMaHue (15.10),
(15.12) ¥ yuHTBIBAsi, YTO B AAHHOM CJyyae naplHadbHOE NABACHHE
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Iachimeniioro napa pasHo 6GapOMeTPHuUeCKOMY (py = pg), HMeeM

=622——Pr 22 ¥ _gog P _
P — Py Pg— Py L~

Pewas 370 OTHOCHTENLNO ¢, NOAYYHM ¢ = d4/(622 4 d). Caeno-
BATEJbHO, CKOAbKO OBl HH MOBHLIANACH TEMIEpPATypa BO3AyXa, NpH
d = const Bcerna 6yaer ¢ = const,

Kpupas noctosiHHO BaakHocTd ¢ = 100 % (1uuHA HachiuieHus)
AeNUT AHATPAMMY HA JIBE YACTH: BHIIE ee PacnoNokeHa 061acTh HeHa-
CHIIIENNOTD BO31yXa, HiuXe — 06/acTh NepecHulenloro BOIOH BO3-
Ayxa, HJH TyMana (puc. 15.3). [1pn remneparype 0 °C B nepechiLieHHOM
BO3JyXe HAXOJATCA HAM KanelbKkH BOAE! (BOAfHON TymaH), HAH Kpu-
cTaJAbl bAa (NeldHOH TyMaH), HIH TO W APYyroe BMecTe (CMelLaHHBIR
tyman). Ha nuarpamme sta o6aacte orpailnyena HyJEeBHIMH H30Tep-
mamu xkuaxoctn (f = +0°C) u apaa (t = —0 °C).

Ha kpupoii ¢ = 100 % (¢ = 1) HaxoaATCA TOYKH, COOTBETCTBYIO-
I(He COCTOSHHIO HACBHIIEHHOTO BO3AYXa, TpHYEM Buitie HYJeBOH H30-
TepMbl JHHHA ¢ == | COOTBeTCTBYET HAacHILEHHI) BO3LyXa Najg BOAOH,
HHXKe — Haj JbJ0M.

JIHHMH H30TepM INIPH nepecedeHHH KpHBOH HacuimeHHs ¢ = 1
nperepresaoT H3J0M, H HX HanpasjledHe B 06jacTH TyMana pes3Ko
OT/IHUAeTc OT HaNnpaBdeHHA H30TepM HEHACHLIEHHOro BO3AYXa.
B oGmacth Boadaunoro tymana (npu f>> 0 °C) H30TepMBL HAYT NOJONKE
uso3nTaMEN (eM. pue. 15.1), a B obmacTh Jepsioro TymaHa (npH
1< 0°C) — xpyue. Hynesaa usorepma 0—a (puc. 15.3) B obiactu
FoxsAHore TyMmana { = - 0 °C npakTHYecKH coBnajiaer ¢ JHHHel To-
CTOSHHON 3HTAJbNNWH, a HYyJeBas

{
1000 usorepMa b — (0 B obaactH Jena-
b= s/ & gy qf) noro Tymana {= ~0°C npo-
VRIS XOHT GoJiee KpyTo.
o=t 4
i Hewacsiiuennbig _ *.3'30" .
dosdyx, £>0°C QA
td Py » gﬂ‘h
t ¢ 7 L\\L" ot
2 & 3
. ? \;\& Pu3 ?J‘“e \\0@\“ -
B’b"‘%‘\ ¢ . 0 /& Bodrrod
. Y \“‘% - be0C %\) myMa”
H v
! o Henatsnien—fl
o AN
o e Pu2 e s
w@* ¢ 250355’%& Al Ny, ewanmil
<{° ~
po=pomst | & Nedswai T TR
A Pat g mymay <
© &
& AR 2
\é' W = 2
dyy dy2 /%4 d _'E
Puc. 15.2. Tloctpoenne KpuBux ¢ =  Pac. 15.3. OGiacth pasiHvyHLIX COCTOA-
= const H JHHHH NApUHATLHLIX AaBJe- Hull BJIAXHOTO BO3AYXA
HHH
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O6GBACHALTCA 3TO TEM, UTO B 0GJIACTH NONOKUTENLHBX TEMIEPaTyp
B npouecce ! = const npH mepexome uepes KPHBYIO HACHILEHHS
¢ = | U3 BO3/lyXa BEIl1a/1a€T KaneJbHas BJiara 8 BH/e TyMaHa H 3HTaJb-
(A HAachlleHHOTO BO3AyXa YMEHLILAETCH Ha BeJHUMHY, paBHYIO
TenJsiote napoobpasoBaHHst CKOHASHCHPOBAHHOTO Napa ryd, = 2501d,.
[TostoMy B 00JacTH BOASHOrO TyMaHa HpHPalleHHe 3HTaAbIHH
no JAMHUK ¢ = const pe3sko yMeHbIIaeTCA H H30TEPMBI HAYT KPyTO
i3, B ofnacTi oOTpHUATENBHBIX TEMMEpaTyp KaneldbKH BJAar
npeBpalalnTCs B KPHCTAMIIB JbAa, SHTANBIHSA XKHAKOCTH YMEHbIIaeTcs
Ha BeIHYHHY, PaBHYIO TeMnoTe $asoBoro nepexona (Boga—aen) 335dy,
W H30TepMBI Ha JHarpamMme HAYT ellle Kpyue (eMm. pHe. 156.1).

lllxana sHaueHHWH papuUHaJbHBIX NaBJEHHH BOAAHOrO mapa Py
HaXOAHTCA Ha BEPTHKaJbHOH OCH C MpaBOH CTOPOHBI HArpammal (M.
puc. 15.2). JIuuus napuHaibHbIX JaBACHHA BOASHOIO napa npejicTas-
JIfieT coBol reoMeTPHUECKOe MECTO TOUEK TEePeCceueHHs BePTHKAIbHbIX
TIPHAMBIX, OUYIIEHHBIX H3 TOUEK NEepeceyeHHs H30TePM, H KPHBOH ¢ =
= | ¢ ropn3oHTaJLHEIMH TpsMbIMH p, = const. Ha puc. 15.2 noka-
3aHo noctpoenue Touek A, B, C, npuHagieKawux JUHHH [aplHaib
HHIX JAaBieHH#. M3 pucyHka BajHO, 4TO 1A onpeliesieHHa NapiHaJb-
HOTrO J4BJIEHHS BOJSIHOTO Napa pp B BO3JYXe, COCTOAIHHE KOTOPOIO
OTBeuaeT, HanpuMmep, Touke D, HeoOXoaHMO H3 TOH TOUKH ONYCTHTH
NepneHAHKYJ/JIAp 10 [epecedeHHs C JMHHeH mapLHaibHLIX JaBJeHHH
(touka A) ¥ CHECTH POPH3OHTANBLHO STy TOUKY Ha ILKaly AaBieHHH.
[lapunanbHoe paB/eHuE Py ¥ Gy1eT HCKOMOe laBaeHue cocToaHus D.
AHanoruuHo onpejeasioT MapmHaJbHOE 1ABJEHHE HACHILEHHOTO BO3-
Ayxa coctoAHHa 2 (NDOCTPOEHHe MOKa3aHO CTPEJKaMH).

O6bIYHO nMpolecchkl H3MEHEHHS COCTOSIHHA BJAXKHOro BO3AyXa Ipo-
TEKaKT ¢ ONHOBPEMEHHBIM H3MEHEHHeM €ero TellJlo- H BJjarocofepxka-
HudA. BaxKHON XapaKTepHCTHKOM 3THX [TPOLECCOB ABMSETCS OMHOWEHUE
usmenenus sumaasnuy o3dyxa Af (kIIK/Kr) K usmeneruto ezo erazo-
codepacanus Ad (r/kr), xoropoe obosHauaercs & (KJ[K/KC):

e = (i, — iy)/l(d, — dy) 1072]. (15.28)

Bripaxkenne (15.28) ozHosHauHO onpejensier H XapakTepH3yer
[IPOLECC 1€PEXOAa BaaX{HOTO BO3JYyXa H3 OAHOTO COCTOSHHA B APYLOE,
Benuunna e HasnlBaeTcss T€N/AOBMAXHOCTHHM OTHOLI €
HHeM Ipouecca H3MEHeHHs! COCTOSIHHS BO31yXa, NPHYEM 3HAYEHHE
9TOH BEJIHUHHBI MOXKeT OBITb MOMOMKHTENBHBIM, OTPHUATENbHBIM, paB-
HBIM HYJIO H/IH GECKOHE€YHOCTH. 3TO 3aBHCHT OT TOrO, NMPOHCXOIHT JH
B nponecce o0pafoTKH BO3AYXa MPHPAIECHHE TENJMOTHI H Baard (3Hak
I7110C) MM MX CHIDKeHHe (3HAaK MHHYC) NHGO He HPOHCXOAHT H3MeHe-
HHA sHTaMenHH — Af = 0 (e = 0) u Brarocogepxauus — Ad = 0
(e = J-o0).

BoabmiM 3HaueHHsM & COOTBETCTBYIOT NPOLECCH, MPOXOAsIHE
C NPEeHMYLIECTBEHHBIM H3MEHEHHEM TelJIOCOASPIKAHHS BO3AyXa, Ma-
JILIM 3HAYEHHSAM € — [POLECCH ¢ MPEHMYILIECTBEHHBIM H3MEHEeHHeM
BJ1aroconepxaHus.
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TIpoueccsl M3MEHCHHsT COCTORHHSI BO3flyXa B AHarpamme oOBIYHO
H306DParKaI0TCA NPAMBIMHA JUHHAMY (yYaMH), COCIHHAKUHMH TOUKH,
COOTBETCTBYIOLLHE HAyaJbHOMY H KOHEYHOMY COCTOSIHRIO BO3nyXd,
¥ XapaKTepnayloTcs BeIHuuHOH & = Ai/Ad, KOTOpYIO N03TOMY Hasbl-
Balof Takke yrJOBHM KO3QdHUHEHTOM JHHHH npo-
necca B KOCOYTOJLHOR cucTeMe Koopaunar. Mcnoawaosamie senn-
YHHE € AJA PAaCUYeTOB NPOLEeCcoB B d—{-guarpaMme 3aTpyAHHTENLHO,
TaKk KaK ee 3HauyeHHusi HE COOTBETCTBYIOT TaHTEHCY YIVa HaKJAOHA
Jiyua B npSAMOYTIOJ/IbHOH cHcTeMe KoopauHat, s obnerueHus pacue-
TOB H YAOOCTBA MOCTPOEHH{ [POLECCOB NPHMEHSIOT TaK Ha3biBaeMbulH
yriaoBof Maciuwrtab, npeactabasioumit coboii nydox Jayuels
e = const, dcxoasuux u3 Hynesofl ToukM aparpammer, rae { = 0,
d=20, { = 0. llkana TenMoBJaXHOCTHHIX OTHOWEHHH & (yraoBo#
Maciwta®) HsobpakaeTcs Ha d—i-gHarpaMMe oTPe3KamH JyueHd, HCXO-
IALHX H3 HYJEBOH TOWKH, Ha MOJAX paMKH puarpammsl (puc. 15.4).
Henonbaosats AA pacueroB LIKAMY BETHYHH g 0] Ha3BaHHeM yIJioO-
Boro MacmrraGa npeptoxud B 1923 r. P. Moabe.

a5 Toro yrobbl onpeseaHTh 3HaUYEHHE TENJOBJAaXKHOCTHOIO OTHO-
HIeHUA HapecTHoro npouecca /—2 (puc. 15.4), AOCTATOYHO NPOBECTH
napasiJelbHO JHHHY 3TOrG NPolecca NpaMylo, HCXOAAMYIo H3 ToukH 0,
H lla NOoNfX AHarpaMMbl MO LIKaje Yraosoro Maciutaba HaHTH €
(b paccMmarpHBaemMoM caydae & _, = 4500 KJK/KT).

§

s
i

w

L

E=+oo

constia | naf E=+co
E o0

S

Yo wmuenue

§ )
AN

Pue. 15.4. TemnosnamuoctHoe oTHome- Pue, 15,5, XapakTepHble clydal H3Mes
HHE € HEHHS COCTOAHHA BO3AYXa
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C apyrofl CTOpPOHbl, 3HAs TENJO- W BJIATONPHTOKH K BO3ayXy Q
n W, a TAKKE HAUANbULIE €70 NApaMeTpl iy, §, MOXKHO Ha d—{-Aua-
rpaMme u3006pasuTh NPOLECC H3MEHEHHH 11ApPAaMETPOB BO3AyXa B pe-
3yabTaTe aCCHMM/IALMH TenoThl M Baard. CHadana onpene/sioT
NoNO¥EHHE TOYKH 3, COOTBETCTBYIONLEE HCXOAHBIM mapaMerpam BO3-
Ayxa, H TEIoBaaxHoCTHOe oTHowenuwe e = Q/W (nanpumep, & =
= 4500 kIx/kr). 3aréM H3 ToukM J napansebHO Jyuy & =
= 4500 xIx/xr npoBogsT npsamMyto 3—4, Kotopas H ABJAseTcs usobpa-
KEHHEM MpOoIecca H3MeHEHHs NapaMeTpoB BO3JyXa.

Ec/¥ HayaJbHble napaMeTpul ABYX COCTOsHUH BO3AyXa pa3/iHuHbI
(rouku [ u 3), a 3uauEHUR € OAUHAKOBY, TO Ayuu [—2 u 3—4 npouec-
COB HM3MEHEHHS MX [apaMeTPOB MapaaaesbHb.

B d—i-anarpamme touka A (puc. 15.5) cOOTBETCTBYET Haua/bHBIM
napaMerpaM COCTOSHHA BJAKHOrO BO3AyXa, KOTOPble MOryT H3Me-
HATLCH B Pe3yJbTate KauyecTBEHHOTO M KOMHYECTBEHHOIO W3MEHEHHA
TenJIo- M BJAaronpHToKOB. FHa pHcyHKe H300paKeHBl BO3MOMXHEIC
NPOLECCH H3MEHEHHA COCTOSIHMA BO3LYXa, a 3HAUMT, H TENJOBJAXK-
HOCTHOrO OTHOUIGHHS .

BeptukanbHas npamas d = const, npoxopswas uepes Ttouky 4,
NeIUT BCE BO3MONKHLIE MpONeccH Ha HEymue ¢ YBeIMYSHWeM BAATO:
CONEPKAHHA — N POLECCH YBJMAKHEHHSHA H Cero yMeHb-
meHHeM — nponecch OCYyIleHH A.

Haknonuas npsamas [ == const (Ai = 0), npoxoasmas uepes
Touky A, TakmKe AENUT NPOLECCH H3MEHEHHA COCTOAHHS Ha Hiyllue
¢ YMEHbLJEHHEM 3HTalbIHH —NpolLuecchbl OXJaXKAEeHHHA
M C ee VBeJIHYyeHHeM — I pOILeCcCH HarpesaHus B cek-
tope A—5—3 npouecchl HArpeBaHHA BJa)KHOTO BO3AYXa MOLYT CO-
NPOBOXKLATLCA NOHHXKEHHEM TeMmepaTypbl CMECH NpH oflieM Bospa-
CTAHMM [ BCJAEACTBHE YBEAWUEHHA BAATOCOREDIKAUNA BO3AYXA.

PaccMoTtpum xapakrtepHble NpoLecchl U3MEHEHHA COCTOSHHA BO3-
Ayxa.

1. Ipouecc A—/. Bosayx noaorpesaeTcsa APH HEW3MEHHOM BJaro-
copepxaHnu: d, = d; = const, npH 3ToM sHTakbMNUA BO3JyXa yBe-
AuuuBaercs Ha Al = i, — {,, f, < i}, Jlyu npouecca HueT BepTH-
KaJbHO BBepX, TenoBNa’KHOCTHOE OTHOINEHHME

€a-1 = (I — La)/l(dy — dg) 107} = -}~ o0,

2, Tlpouecc A—2. Bosayx oxnaxpuaercs Ges nogBoja M OTBOAA
piaaru: d, = dy = const. DHTaabnHA BO3AyXa H3MEHSETCH Ha BelH-
uUHHY i — i, = —Ai, i; > (. JIyu npouecca, TaK xe Kak U B NEPBOM
cayuae, uaer ot Toyku A no auuuu d = const, Ho He BBEPX, a BHH3.
Xapakrtepuctnka npouecca npa Ad = 0

Bgg = (fz - Eﬂ)/[(dz = da) 10_3] R,

3. Ilponece A—3. Bosgyx norsouaer Baary (ds >>d,) 0OpH
HEH3MEHHOM TelJlocoliepKauuu: [, = i; = const. Ilponexoaur Ttax
HasbiBaeMoe ajuabaTHOE YBJaXKHEHHE Bo3ayxa. YTIJoBoi Kospdu-
LHeHT npouecca npu Ai = {3— i, = 0

8a-3 == (ig — Ia)/[(dy — da) 107°] = 0.
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4. Tlponecc A—4. Bo3ayx B 3TOM H303HTANbMHIHOM Tpolecce
OcylllaeTcsi, ero Baarocojep:kanue ymeHbinaercs (dy < d,) npu i, =
= i, = const (aanabatHoe ocymenue). JIyy npoyecca uger or Touku 4
preBo no JauHuu [ = const. Tensosia)KHOCTHOE OTHOMMEHHE

€gg = (iy — ia)/l(dy — da) 107°] = 0.

5. Ilpouecc A—>5. BaaxHeli BO3AyX OJHOBPEMEHHO HarpeBaercs
(i, > i,) ¥ yBaaxusercs (d; > d,), umeer Mmecto +Ai n -+ Ad.
Hanpasnenue nyua nponecca XapaKkTepH3yeTCs OTHOLICHHEM

Eq_5 = (‘5 - fa].'/i(dﬁ - dtz) 10_8]:"0

Haao orMmeruts, 4YTe BCE MPONECCH], NMPOTEKAloulHE B CEKTOpe [,
orpaHnueHHoM ayuaMd A—7 # A—3, XapaKTepH3yIOTCA TEIJIOBIaK-
HOCTHLIM OTHOILeHHeM & > (), KoTopoe H3MeHserc B ipejenax
+oo 2> e 2> 0.

6. Tpouece A—6. Bosayx oxsampaeres (i < ip) 4 oCyluaetca
(ds <C d,) onHopemenHo, Hak/aoH JHHMH npouecca npH ig — f, ==
= —Ai n ds —d, = —Ad xapakTepHayercsi BeJHYHHOH

€y g = (isg — iu)/[(de — da) 10731 > 0.

3HayeHue yraosoro kosgpduumenta e >0 npn —Ai u —Ad
XapakTepHO H JJfl BCEX OCTaJbHHIX NpPOLECCOB, NPOTEKAIOWHX B CEK-
Tope //], orpaunuennom nyuamu A—2 w A—4. I1pu 3TOM TensoBnas k-
HOCTHOE OTHOILEHHE M3MeHseTcH B npeaenax + oo > erpp > 0. Hure-
PEecHO OTMETHTh, YTO OXJI@KAEHHE BJAXKHOIO BO3ZYyXa B CeKTOpe
A—4—6 conpoBoxaaercs MNOBLILEHHEM TeMNEpPaTypel CMECH, YTO
BO3MOMKHO BCIEACTBHE YMEHBLIEHHS BJAArocOAepKaHHs BO3AyXa, T. €,
CKpHITOHl TenJotel, coraacHo (15.23).

7. Tlpoueccu B cekrope /1. B cekrope /], orpaHH4eHHOM Jyuyamu
A—2 n A—3, npoueccnl OXJNaxAEHHS BO3AYXa MPOTEKAKOT C OLHO-
BPEMEHHBIM ero ypaaxiHeHueM (—Ai u --Ad), npu 3TOM TenjoBaax-
HOCTHOE OTHOIUEHHE H3MeHsierca B npeaenax 0 > ey > —oo:

err = (— Ai)/[(+ Ad) 10731 <0.
8. Ilpoueccer B cextope IV. B cektope /V, orpanHuyeHHOM npsa-
MbiMH A—1 W A—4, npouecchl noporpeBa BJaXKHOrO BO3AyXa CONPo-

BOXAawTCcH ero ocywenueM (+Ai n —Ad). 3uauenna yraoBoro
KoshbuuHenTa Bcerga orpuunarensuoie (0 > ey > —oo):

ery = (4 AD)/[(— Ad) 1073 << 0.

Takum 00pas’oM, NpouEcCH, HMEKMHE NOJ0MKHTEJNLHEE 3HAYEHU
TeJ0B1aXHOCTHOIO OTHOWEHN A, pacnodaraloTes B [ 0 /1] cextopax,
a nponecchl, UMeKWHE OTPHUATe/ bHble 3HaueHHs e, — Bo [/ u [V
CeKTOpax.

§ 15.3. NPOLECCH] OXJIAXXAEHUSA BO3AY¥YXA
HpH OXJMaxKJeHHH BO3AyXa B IMOBEPXHOCTHBIX BO3JYXO-

OXJaAHTE/IAX BO3MOXKEH IIPOLECC CYXOro OXJaKACHHA BO3AyXa
(puc. 15.6, mpouecc A—1), KOraa noHHKeHHE TEMIIEPATYPHl H SHTalb-
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nHuH HpOHCXOﬂHT 3a cyer YMEHbIIEHH A
OLYTHMOMH TeNJoTH 6€3 u3MEeHeHHs BJa-
roconepxanus (@ = const). Tlpu Takom
OXJ/1aXJEHHH OTHOCHTEeNbHAS BJIAaXKHOCTD
BO3AYyXa VYBENHUHBAETCA, H TPH HEKo-
TOpOH Temneparype {g BO3AyX CTAHOBHTCH
NOJIHOCTBIO HAChIEHHBIM (§ = 1).

Cocmoanue  Hacetuerroeo  6o30yxa,
NOAYHEHHOE € NPOYECCEe e20 O0XAANOeHUR
6ea nodeoda u omeoda eraeu {d = const),
Ha3bBaeTcs moukod poctt (To4ka R),
a COOTBeTCTBYIOLLAR eHd Temmepatypa —
memnepamypoli mouxu pocei (ig).

Hanbheiimee oxJaaxaeHue Bo3ayxa
OPHBOAMT K YaCTHUHOH KOHAEHCALHH BO-
IAHOTC Mapa H3 CMecH — MOKpoe oXJaa- did; y
}KaeHue. B peaynbrare nosyuaeTcs TyMman
(rouka B), B KOTODOM MEIKOKaNedbHad Py, 15.6. [Mpouece oxaaxie-
BJIATa HAXOJHTCA BO B3BEIIEHHOM COCTOM-  WAf BO3AYXa HiKe Temmepa-
Huu. Toyka B xapakrepuayeT cMech Ha- TYRE TTONKH ROCHL
CBILEHHOrO BO3Ayxa coctosHus B' u ka- i}
NeJ€K BOAB, COCTOSHHE KOTOPHIX Onpejeasercs TeMmneparypol fy
npu d = oo.

Ecnu kanesnbHas Baara no mepe ee o0pasoBaHHs OCaXKA4€TCH Ha
XOJIOAHOH MOBEPXHOCTH BO3AYXOOXJaiHTels (KOHAEHCALHH BOAAHOTO
napa), TO OXJMaxIEHHE BO3AYXa HHKE TOUKH pochkl OyAer COnpoBo-
MAATHCH YMEHLINEHHEM ero BJarocojep:KaHHf, TEMNepatypbl H 3H-
tTaabnun npu ¢ = 1. CregoBatennno, TeMmneparypa fg SBAAETCA
BO3MOMKHDIM NPEJETOM OXJIasKACHHS BO31YXa IPH HeH3MEHHOM BJAro-
copep:kanui. [Ipouecc panbHefmero OXJaxEHHs CTPEMHTCA HATH
no KpuBo# Hachinenus R—B'.

[Tpu nepemenHo TeMnepaType MOBEPXHOCTH OXJ1aXKACHHA BO3AYXO-
OXJafHTeNs TPOLECce H3MEHEHHA mapaMeTPoB BO3JyXa HMeeT KPHBO-
Jauuefinniii xapaxrep. s yao6cTBa NOCTPOEHHST H pacuera ACHCTBH-
TENBHBI NPOLECE OXMANKAEHHA YCIAOBHO H300pakaloT npsaMOl JHHHEH,
coenuHnIomei TouRy A HAUaIBHOrO COCTOSHHMS BO3AyXa H TOuKy 2,
KOTOpas PacnoJoKeHa Ha JHHHH @ = | M B KoTopoil Temnepatypa f
paBHa cpegHeli TeMrepatype NOBEPXHOCTH BO3AYyXOOXJaaHTeld
(pnc. 15.6).

[Monuoe HachileHHE BO3JyXa NPH €ro OXJaxAeHHH HHXKE TOYKH
pockl AocTHraercs He Bcerjga, uale BCEro Ha BLIXOAe H3 annaparta
BO3/YX OKa3bIBAeTCs HEHACKIUIEHHKIM, XOTH IPH OXJaKAeHHH BhiNaaaj
KOHJieHcaT.

B ¢Bsi3H ¢ KOHEUHOCTBIO MOBEPXHOCTH TemlooOMeHa H BpeMeEHH
KOHTaKTa BO3AYXa C 5TOH NOBEPXHOCTLIO BO3AYyX HE MOXKET 0XJ1aJHTLCA
70 TeMnepaTypbl NOBEPXHOCTH anmapaTta H BEIXOAMT H3 Hero ¢ Gojee
BLICOKO# Temneparypoli: f; = 1,. [Ipu 3TOM NPOUCXOAHMT OCYylLEHHE
BO3jyxa Ha BenHuyuHy Ad = d, — d,.
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§ 15.4. OBPABOTKA BO3JA¥YXA BOJOHA

B TexHHKe KOHIHLHOHHPOBAHHA BO3JYX2 BaXKHOE MECTO
3aHHMAIOT MPOLECCHl, CBA3AHHEIE C HCMapPEHHEM BOXB NPH Hemocpen-
CTBEHHOM KOHTaKTe ee ¢ ofpabaTbiBaeMbiM BO3JyXOM.

Jas pnanpHeduy paccMOTPEHHH NO3HAKOMHMCSH ellleé ¢ OfHHM
rapaMeTpoM BJAXKHOTO BO3AYXa — memnepamypoti 603dyxa no mok-
pomy mepmomempy Iy,

Dra TeMmeparypa H3Mepsercsi BJaKHBIM TepMOMETPOM HCHXDO-
MeTpa — npu6opa, KOTOpbIA Obl BREpBbie NPEANOMEH PYCCKHM aKa-
demukoM I'. B. Puxmanom. Tlcuxpomerp COCTOHT M3 ABYX OAMHAKOBBIX
TepMometpoB. OfMH U3 HHX CAYMHT AJIS H3MEpEHHs TeMNepaTyphl BO3-
Ayxa I, M HasblBaeTCA cyxum mepmomempom. Lpyroit — eramcroltl
HH MOKpGU mepMOMemp — NOKa3LBAeT TEMMEPaTypy BOIBI, COAEpP-
Kalllefics B CMOYEHHOH BOJOH BJaXMHOH TKaHH (Batwcre), KOTOpOH
00epHYT PTYTHBLIA LWAapHK TEPMOMETPA.

BaaxKHasi TKanb OMBIBAETCS NOTOKOM BJa)KHOro Bo3ayxa, H ec/iH
FpH 3TOM TeMmliepaTypa BOJAB! Bbllle TEMMEpaTypbl BO3gyXa, TO Tenao-
BOH NMOTOK H NOTOK BJard (Macchl BeUIECTBA) HanpaBJeHBl OT BOABI
K Bo3ayxy. Temneparypa Boapl Oyner MOHHMXKATbCA: BO-NEPBBIX,
BCAGACTBHE Pa3HOCTH TeMinepaTyp BOJa TEpsIeT ABHYIO TenJory, Bo-
BTOPbIX, NPOHCXOAMT HCTHapeHHe BOJAbl ¢ NMOBEPXHOCTH GaTHCTa, Ha
YTO PacXoAyercsd BHYTDEHHAS SHEPTHs BOAbl, PaBHas TeNJOTe Mapo-
ofipa3oBaHHA, BOZa TEPHAET CKPLITYX TENJOTY.

Koraa temMneparypa BoAnl CTAaHET DaBHO#l TeMmnepatype Boaayxa
(At = t, — t; = 0), Tennoo6MeH NpeKpaTHTCH, @ MaccooOMeH (Hcna-
peHHe) GyzeT MPOROMKATLCA 3a CYET Pa3HOCTH HaPUHAJbHBIX ZaBae-
HUH, NOCKOJBKY B OPHJEramiieM K BOAE ¢J10e BO3lyX HaXoaHTCH
B HacCHILUEHHOM COCTOSHHH NPH TEMMEpatype BOAB H NapluHanbHoe
JaBjeHHe napa B HeM 0oJblne napuMaNLHOrO JaBJE€HUS BOAAHOIO
1apa HeHaCHIUIEHHOro BO3lyXa. 2TO NPHBOLHT K AajbHefllieMy noHH-
JKEHHIO TEMOepatrypbl BOJIbI, CMauyuBalolled O6GaTHCT, H CHHIKEHHIO
NOKa3aHuA MOKpOro tepMomerpa (i, < f.}). Bcmeacreue obpasopas-
HieficsT pa3HoCTH TEMOEpaTyp BO3HHKAET TEMJIOBOH MOTOK, HanpasJeH-
Hblfl yKe OT B03/YyXa K BOJE, KOTODbIH PacXolyeTcsi HA HCOapeHue
Baard. IloaroMy TemmepaTypa BO3JyXa NOHHXKaeTcs, a ero BJaaroco-
JepaHHe yBeJIHUHBAETCS ¥ NAapuHaJbHOE NaBJEHHE BOASAHOIC mapa
paCTET, T. €, BO3AYX HAacholll aeTca BJlal"Ofi, NpH 3TOM fiaphbl BOABLI, NO-
(Tynaﬂ B BO3AYX, YaCTHYHO KOMIICHCHPYIOT €ro TE€IJIOBble [OTEPH.

C OoHM)KeHHeM TeMHrepatrypbl BoAbl A0JA BHYTPEHHEH 3HepriH,
HAYILeH Ha HCrapelde BOAbI, YMeHbIUaeTcs, W HacTynaeT MOMEHT,
Koria HcrmapeHde BJArH MPOHCXOAHT TOMLKO 3a CYUET TENJOTHI, NOA-
BeaeHHOH M3 Bo3ayxa. JlanbHeHlee NOHHIKEHHE TeMnepartyphl BOADI,
cMmauHpaiomeil 6aTHCT, NPEKPAauliaeTcesi, H OHA OCTaeTcd HeH3MeHHOH
A8 RAaHHOTO COCTOSHHs BO3jyXa. 3ra TeMmmepaTypa HOCHT HasBaHHe
memnepamypsl MOKpO20 MepmoOMEMpa.

B paccmortpennoM nponecce TenyosiaaroobMeHa BeA sfiBHas (OULy-
THMas) TemaoTa, oTIaHHas BO3AYXOM BOAE Ha €€ HctnapeHHe, BO3-
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Mofbituenle

mevepaugps) | merepanyps!

Pue. 15.7. Boamoxuble

nponecchl H3MeHeHHA mapa-

METPOB BO3AyXa IPH He-

HOCPEACTHEHHOM KOHTAKTe
¢ BoJoit

_ Tlowuxenue

Oeyurene 5| Yoranuene

A
=7

BPALLAeTCH BO3AYXY B BHA€ 3KBHBAJEHTHOIO KOJMHYECTBA CKprTOﬁ
TENNIOTH (TenJoTht napoobpasoBanus). Hacrynaer tensoBoe paBHOBe-
cue cHcTeMbl Boja—Bo3ayXx. Ofuiee TenaoconepKanne 3TOH CHCTEMEN
B Npolecce HAchIleHHs Bo3qyXa ocTaercs Ge3 uaMeHeHHA (i == const).
{(TToao6Hule npoueccel, npoucxoasawye 6e3 noasoaa TENNIOTH H3IBHE H
O0TBOJA €€, HaspBAKTCs ainabaTHBIMH.)

310 Ke CNEAVer H3 BhIpaKeHs AAA 3HTANBIHH BAAXKHOIO BO3AyXa

i = 1,0 + 1,894 4 25014.

[Tpu aguabatHoM yBJaXKHEHHW TeMileparypa BO3AYXa IIOHHIKaeTcH,
a BJArOCOJEPKAHHE yBeNHUHBaeTcA. [JepBHIii uneH ypaBHeHHn (ABHaA
TENJIOTa) YMEHBINACTCH, a NOCHEIHHA (CKPLITAA TEN/IOTA) HA TY e BeJIH-
uiHy Bo3pacraer. CpelHiH u1eH npaKkTHYeCKH ocTaercs 6e3 H3MEeHeHH .

B neficTBHTENLHOCTH Npouecc yBaaxHeHus 6e3 moaBoja H OTBOAA
TENJIOTH HAET N0 AHHHM [ = const ToMbKO NpH HavanbHOH TeMnepaType
BOgBl f, = 0. B peanbuuix ycnomusx f, 5= 0, T. €. Boga MMEeT Ha:
HanbHOe TemJOCOLepsKaHHe Cpf,, H [PONeCC HAChIUIEHHA BO3LyXa
3a CueT HcrmapHBluefics BJAarn OTKJOHseTCA OT JuHHR [ = const
u Hpet go Touku M’ nepeceuenus ¢ kpuBoil ¢ = 1| (puec. 15.7).

Touka M’ Ha nuarpamme onpejensier dedicmeumensryo memnepa-
mypy mMoxpoeo mepmomempa ty-. IIpH nocTpoeHHH JNHHHE H3OTEPM
ty» = const B d—i-anarpamme 0KasajocCk, YTO OHH HACTOAbKO GTH3KH
K M303HTalbnaMm, 4ro Toukd M’ m M nmpaxkTHuecku coBnapaioT, u 6e3
oco00H MOrpeHOCTH B TEXHHKE pacyeToB NPHHHMMAKOT ITOT MpOLece
an¥abaTHLIM, HAYMWMM no JArHHH [ = const. Touka M nepeceueHus
JHUHH [, == const ¢ KpUBOA @ = | COOTBETCTBYET TeMNepaType ajua-
0aTHOro HacChIIEHHS BO3AyXa, HJAH meopemuteckoll memnepamype
NG MOKDOMY MepMOMEmpy.

C yueroM BBIIUEH3NIOKEHHOTO COCMOSHUE HACLIMEHHO20 030YXa,
noaywennoe 8 npoyecce ezo aduabamuoeo yeraxcnerus (i = const)
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Hasvieaemca mo4koil Moxpo2o mepmomempa (trouka M), a coomeemcmey-
fowan eli memnepamypa — memnepamypoti. Mokpozo mepmomempa (iy).

PasnocTh TeMueparyp N0 CyXOMy H MOKPOMY TePMOMETPAM HAa3bl-
BAOT ncuxpomempureckoll paswocmoro: Apy, = i, — 1.

Hns o6paborkH BozayXa BOAOH IHPOKO HCHOMAL3YIOT OPOCHTEJb-
Hble (hOpCYHOUHBIE KaMephl, OpoilaeMble HacanKi U ApYTHE yCTpoicTBa,
B KOTODBIX BJ&XKHbIH BO3AYX BXOJMT B HENOCDPEACTBEHHBIH KOHTAKT
C BOjOH.

Pacemorpum nponece rensosnaroo0MeHa MeXay BOJOH H BO3AYXOM
MpH yCJOBHH, YTO KOJHYECTBA BOMALl B BO3AYXa, BXOAAI(HX B CONpH-
KOCHOBEHUE, H BpeMsl HX KOHTaKra — OeckoHeuHO OoJablune Belu-
gHubl, [Iponecc sakaHuuBaeTCn, KOI/a BO3AYX CTAHOBHTCA NMONHOCTBIO
HACHIEHHBIM NTPH TeMIlepaType HOBePXHOCTH BOJAHI, KOTOpas Ha Opo-
TAMEHHH BCErO npouecca Hpe}lﬂOJTBTHETCH HEU3MEHHOH. yKEiBaHHhIe
YCAOBUS OTHOCSTCA K HAEaJbHLIM NpoleccaM. XapaKrep TEILIOBla-
roobmeHa MexKAy cpelamMu ONpele/fercd B OCHOBHOM TEMJONPOBOA-
HOCTBIO, NH(pdY3HeHd ¥ KOHBEKIHEH.

Bo3MO3KHbIE npoLecchl M3MEHeHHs COCTOSIHHA BJAXKHOIO BO3AYXa
IIpU HeMocpejCTBEHHOM KOHTAaKTe ¢ BOJAOH Ha puarpamme d—i orpa-
HHYeHH KpHBOJHHedHbM Tpeyrodbuukom ABC (pnc. 15.7). CropoHsl
AB n AC #BAAIOTCH KacaTeJbHBIMH K KPHBOH HAChILleHHs ¢ = 1,
NPOBEAEHHBIMH H3 TOUKH A, COOTBETCTBYIOUIEH mepBoHavya/bHBIM napa-
MerpaMm Rosayxa. Jlyra CB — uacts suHuM Hacemiedns. MameneHue
HapaMerpoB BO3JIyXa XapakTepH3yeTcd YpaBHEHHEM, ABJAAIOLHMCH
ypaBHeHHeM I[IPAMOH JMHUHHH,

(i — ia)/(dy — dy) = (ia — iu)/(da — du) = (Ai/Ad) 10° = .

[MoaroMy npouecch! HacblleHHsl BO3AyXa B d—i-qMarpamme H3o-
6paXkaloTcs JyuaMH, MCXOAAUHMH H3 TOYKH A (TOYKH HauaJbHOTO
COCTOSIHHA CMecH) 4o TOYKH Ha KpHBOR @ = 1, cooTsercTByloLLeH
Temneparype BOAbL.

BHyTpH TpeyroJlbHHKa Pa3iuualoT TPH TPAHUYHHEIX [pouecca.

Mepeoéi npounecec— AD nporekaer npu f, = {, 0o
JuHuu f; = const — m3oTepMHueckoe yBJaxHeHHe. B 3ToM mpo-
necce HY BO31YX, HH BOJA He MEHSIOT CBOHX Temneparyp. Temnooo-
MeH MeXJY KOHTAKTHPYEMLIMH CpeAaMH OTCYTCTBYeT. IDHTalbOud
BO3JyXa BO3PACTaeT 3a CUET TENJIOThHl Nepemelero B Hero napa (ten-
notel nnapoobpazoBanus). [lpamas AD penuT TpeyrolbHHUK Ha JBe
YacTH: BHILUE JUHHH 1, = const nponeccwl YBAAKHEHHA MAYT ¢ 11 O-
BHIIEHHEeM TeéeMnepaTypbhbl BO3IyXa, HHXE —C 1I0-
HHXeHHEeM TemMnepartypsw. [lpoueccs, nporekawuue
B cextope AMB, xapaktepHbl Ans YBAaKHHTE/ILHBIX KaMmep, paboTaio-
IUMX C DOAOrPeToli BONOH, a TaKKe AJA TpaaHpeH — OXJarKRaomHX
ycTpolicTe oOOpOTHOH BOAHI.

Brtopo#h npouecc— AM" (AM) nporekaer npu f, = fty
6e3 moaBoja TenJOTHI H3BHE H OTBOAA €& — TAaK Ha3biBaeMoe aiMa-
Oarsoe yBiaxuenue ({ = const). IlpakTHyeckn sT1OT mpouecc uUMeer
MecTO B (POPCYHOUHOH KaMepe, I'ie BO3AYX KOHTAaKTHPYeT ¢ BOJOH,
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NOCTOSIHHO UHPKyaupyiomedl B ofopotHoM IHKAe. Bosayx oxna-
xlaerca 10 f, ©0e3 noiBoAa TemJoThl H3BHE M OTBOfla €€; TEINO0Ta,
OTBOJMMAs OT BO3JyXa K BOJE, KOMIEHCHPYETCH CKPBIThIM TEMJIO-
IOABOAOM 3a CUET HCNAPeHHs BJard. Buarocopep:kanue yBeJIHYH-
paerca. [Ipamas A—M’ aBisaerca rpanduefl aByX 3ou. Brine 3toit
npsaMof (npu f, = f,} HpPOLECCHl NMPOTEKAOT ¢ NOBH I E€HHEM
3HTAAbNHH BO3AYXa, T. €, HAYT C NOABOIOM TEIJIOTHI OT BOJIH
K BO3RyXy, HHxKe npsmoit A—M’ (npu fp, < fy) —C NOHHXe-
HHEeM 3HTaJdbOWH, T.€ C OTBOAOM TEMJOTH OT BO3AYyxa
K BOJeE.

Tperuit npounece— AR npoucxoaur npu f, = Ip 0e3
OCYIIEHHS H YBJaxHeHWs Bosayxa (d = const). Tlpun stom ymenn-
[IAOTCA TeMnepaTypa BO3AYXa H €ro sHTalbNHA (CyXO€ OXJlaXKeHHE
Bosayxa). [lpouecch, pacnonoenHsie npasee rpanuusl AR, 7. e.
npH fy > fg, TPOTEKAIOTC YBEeN HUYEHHEM Baarocojmep-
¥ aHHs BO3AyXa (MCNapHBIIAsACH BOJA YBJIAXKHAET BO3AyX), JieBee
rpapHusl, T.€. OpH ly<fg—C yMeHbLIIEHHEM BJOATO-
coZepXKaHHsa (BOAAHBIE Mapsl KOHAEHCHPYIOTCA Ha XOJOLHOH
[IOBEPXHOCTH BOAB — BO3AYX OCYLUAETCH).

PeaibHble yc/0BHA 0o6paboTKH BO3ZYXa8 BONOH OTJIHYAKOTCA OT
HAEaJbHBIX 1O CAEdVIOUIHM nNpyyHHaM: 1) u3-3a orpaHHYeHHON 1JMHHB
annapaToB BPeMsi KOHTAKTa BO3AYXa ¢ BOAOH KOHEUHO H HCUMCJ/IsETCH
CeKyHJAaMH; 2) KOJHUeCTBO BOABI, yuacCTBylollee B npolecce, He Oec-
KOHeUHO 0oJ/billoe, T. €. MOBEPXHOCTb TennoodMeHa KoHeuHa; 3) Tem-
nepaTypa Bojikl B IPONECCE TENIOBNAaroo6MeHa C BO3Y XOM H3MEHAETCH.
B 310l cBA3H BO3AYX, BLIXOAALWMKHA H3 annapaTa, OyAeT HeHAChILEHHLIM
(¢ <C 100 %). Touka, COOTBETCTBYIOUWIAsE KOHEYHOMY COCTOSIHHIO BO3-
AyXa, JeAT He Ha KPHBOH HachlluleHHA, a Ha JHHHH OpoLecca.

Ha puc. 15.7 usofpaxen npouecc A—J 01HOBPEMEHHOTO OXaX e~
HH M OCYIIEHHA BO3JlyXa B OpOCHTesNbHOH kamepe. Ha Brixoae H3
annapata BO3JyX MMEET [1apaMeTphl, COOTBETCTBYIOLIHE TOYKe 2, J1eXKa-
el BeINE TOYKH [,

§ 15.5. NPOLECC CMEIIEHHWS BO3AYIHBIX MACC

JuarpaMMa BJIaKHOTO BO3yXa MO3BOJIAET rpagHuecKdaM
MeTOJIOM JIErKO H HarJISiAHO PacCUHTLIBATL NMPOLECCH CMEUIEHHS ABYX
Macc BJAXKHOIO BO3AYXa, YBJAAKHEHHS BO3AyXa BOAOH H BOAAHEIM
napoM H np.

Ecny npeanonoxuTth, uTO B mpouecce CMEUIEHHA TenaoobMeH
¢ BHEMIHeH CpenoH OTCYTCTBYeT, JaBJeHHe He MameHAeTcAa H pabora
IPOTHB BHEIMHHX CHJ HeE CoBepiuaeTca, TO NpH CMEINEHHH ABYX Macc
Mg H M, BAAXKHOrO BO3AYXd € [apaMeTpaMd, COOTBETCTBYIOLIHMH
toukaM A u B (puc. 15.8), matepuanpHeiii GanaHc NOCTYHAONIETO
Ha CMelUeHHEe yXOASUIETO BO3JAyXa H BOASHOIO [1apa ONHCHIBAETCH
YPaBHEHHAMH:

Mg+ My = Meyi  Mady + Mpdy = Meydens (15'29)
TAE Mgy, Aoy — Macca M BArOCOLEPIKAHHE CMECH.
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Tenaopoii GanaHc AJsA COCTOAHUH BO3AYXA M0 ¥ MOCAE CMEUIEHHS

tgly <+ Myl = Meplon. (15.30)

[MapameTpnl COCTOSHUA NOJyYeHHOH BO3AYIUHOH CMECH ompege-
JSAOTCA M3 ypaBHeHHH Danauca TemJoThl B BJArH;

lew = (Migly - Myly}/Moy;
dcm = (mada "]" f bdb).fmcm
fem = (Mgly =+ Myly)/Mey.

Onnako mpolue napaMerpsl CMeCcH ONpefesaTh rpadHyeckHuM cno-
coGom. Beipasum cootrouenns (15.29) u (15.30) otHoCHTENBHO M, /1y
Mq ib—icM __db'_dcm
(2 fem o Ao~y (2-30)

Bripaxkenne (15.31) ecth ypaBHeHHe NpAMOfi AMHUH, NPOXOAAIEH
uepes toukd A, B u C. CaegoBare/ibHO, NPOLECC cMelleHHs H3obpa-
Xaercsa npAMOH, H Touka C, onpenensiOWias rapaMerpnl cMecH (icy,
den, ton), NeAHT TIPOnece cmemerun A B Ha oTpeskn, ofpatHo nponop-
a{}!OHﬂJleb[G MaccaM CMellHBa€MOro BO3AYXa («[IpaBHJO phgaran).

oraa

m

CB/'CA = ma/mb.

Hazo OTMeTHTh, 4TO DNPH pPacCMOTPEHHH [polecca CMelleHHs
clenaHo JOnVieHHE: BMeCTO Macchl CyXoH uYacTH BO3AyXa B ypaBHe-
HHAX NpPHHSATA Macca BJAaxHOTO BO3AYXa. 3TO CBA3AHO C TEM, YTO B HH-
JKeHepHEIX pacderax yaoOHee [01b30BaThea obwell Maccoit Biax-
HOro BO34yXa, TaK KaK pacXoxjeHHe STHX Beau4iHHd B objacty
MpaKTHYeCKOro Hclonb3osalus He npeBenuaer --2%.

HsnoxeHHasn wMeroJuMka onpejesieHHsl 1apaMeTpOB CMECH OCTaeT-
cA crpaBellMBoM U AJs cAyyasi, KOrja npsMas npopecca cMelre-
HUfi [—2 nepecekaer KPHBYIO HachlleHHs H TOUKA cMech J nomajaer
B 30HY TyMaHa, 2TO CBHMJAETeJbCTBYeT ©O TOM, 4YTO B mporecce
i . cMellleHHs BOAsHbIe napul Oosiee Ten-
& 8 . noro Bosgyxa 4acTHYHO KOHAEHCHPYIOT-
csi. M3 emecu Oyaer Boinanath BAAra 1o
tTeX mop, NoKa BO3AYX H3 HeycTOHYH-
BOTO COCTOAHHA 3 He nepefiner B Gonee
YCTOHYMBOE HA KPHBYIO HAaCHILIEHHA
c:p-—l B TOUKY 4, SHTAJNbOHA KOTO-
pol MeHbIlle HTAJAbLIIAH TOYKH J Ha Be-
JHYHHY Al = Culy Ad1073— anTasRNNN
CKOHJIEHCHDOBAaBIIelics BJaru.

O6LIYHO KOJHYECTBO BhIMAAaeMoi
BJarM MaJjo, H MOTeps Temjocozep-
JKAHHA BO3JYXa HACTOJNLKO He3HauH-
TeMbHA, UYTC ¢ JOCTatovHOH 1A
TMpAKTHKH TOYHOCTBIO 3a KOHEYHOe

dn ds ds  dey Gy @ COCTOSIHHE CMECH NPHHHMAIOT TOYKY 4‘“,
Puc. 15.8. Cnpegmenenue napa- JeXallylo Ha 1lepeceieHHH JIHHHH

METPOB BO3JYLIHON CMECH iy = const u @ =
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PA3JIEN 2
OCHOBBL! TENJONEPEJAYH

I7IABA 16, TEMJIONPOBOAHOCTD

§ 16.f. CCHOBHbIE MNOHSATUA M ONPENEJEHUA

MexaHu3M nepejadd TemAoTbl. TenionposodHocme ~— Mo-
AexyARPHLL npoyece nepedayu meniomel om odnotl wacmu meaq K opy-
200w Mewmodly omoOeabHuMU CONPUKQCQIOWUMUCA meaamMu, ecal
MeHOY HuMu cyuecmsyem memnepamyproul nepenad.

MexaHu3M [epepayu TeNJOTH TEIJICHPOBOAHOCTBIO 00yCJOB/IEH
LBHXKEHHEM MHKPOCTDYKTYPHBIX 3JIEMEHTOB TeJ1a (3/7eKTPOHOB, ATOMOB,
MOJIEKYJ) H 3aBHCHT OT (PU3HYECKHX CBOHCTB CpPelbl.

B r a3 a x nepeHoc 3HepruH TeNJIONPOBOAHOCTLIO OCYILECT BJISIETCS
3a CYeT XAOTHYHOro MOJeKYJsipHoro ABHxeHHS, AH(GOY3HH MOJEKYJ,:
HHTEHCHBHOCTb KOTODPOH IponopuxoHaJbHa Ttemneparype. [lpouc-
XOZUT COyAapeHHe OTHEJbHBIX MOJEKYN rasa, ofJallaioliHX pasiaHy-
HOH KHHETHYeCKOH 3HeprueH, 4ro NpHBOAHT K OOMEHY SHeprHel TerJo-
BOr0o JBuiKeHHs. [IpH 3TOM HHTEHCHBHOCTb JBHIKEHUS MOJEKYJ,
o612 a0l HX [ep BoHava bHO JoJibLiell KiHeTHuecKol sHeprueli (cKo-
POCTLIO), YMEHbLIARTCH, & HHTEHCHBHOCTh IBHKEHHA MoJeKyJ, o6Ja-
AAMHX MeHblledl KHHeTHYeCKOH 3IHeprHeH, yBeJHYHBAeTCH.

B XuakocTsix H TBepABX JAH3JAEKTpPHKAX
nepejava TENJIOTH OCYLIECTBJAACTCA YNPYIHMH BOJHAMH BCJEACTBHE
B3aWMOJIeHCTBES KOJeGMOHXCS aTOMOB HJM MoJekyaA. B reepiwix
TeNaX, HanpHMep IH3JeKTPHKAX, OTCYTCTBYIOT CBOGOMAHbIE 3/8KTPOHEI,
a HX KpHCTa/JIHUeCKAH pelleTKa oOpasoBaHA M3 aTOMOB, MOJEKYJ
WIH TPYNN MOJEKYJ. 3TH YaCTHIbI COBEPUIAIOT KoJeGaHHS OTHOCH-
TEMLHO NOJOYKeHHS] PaBHOBECHS, YIePIKHBAEMble MeXXATOMHBIMH (MeX-
MOJIEKY/ISPHBIMH) CHJIaMu cuemvieHdsi. [lpw HarpeBaHuu VHTEHCHB-
HOCTb KoOJeGaHH$i PelleTOK (aMIJHTyAa KoseGaHHii) yBeJHYHBAETCS
B BCJIeACTBHE CHJI CHeNJIeHHs MeXLy HacTHLAMM SHepPrus KoJeGaHui
(3Heprust TensoBOTO ABHKEHHA) [€PelAeTCs COCEAHHM C/IOAM YaCTHLL,
T. €, IIPOHCXOJHT 3HepPreTHYeCKHH 0OMeH MexAy YacTHUAMH H CAOSMH
Tesla. JTOT Ipolect Nepelayd SHEPrHH HOCHT BOMHOBOH Xapakrep,
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noaoGHO, HanpHMEP, YAPYIHM 3BYKOBHM BOJIHAM KOJIOKOJa, KOTAA
no HeMy yaapfioT.

TennonpoBOAHOCTL AM3/EKTPHKOB C MOBbIILEHHEM TeMIlepaTyphl
O6BIYHO BO3pacTaeT, HO YHC/eHHple 3HAYEHHS CPABHUTE/BHO MAJbl
13-3a MeAJIEHHO NPOTEKAKINHX [PONEeCcCOB BOJHOBOTO TepeHoca
TENJOTHI.

Jina GOMBIIMHCTBA KHAKOCTEH TEMJIONPOBOAHOCTL € YBeJaHUIEHHEM
TEMAepaTypbl YMEHLIIAGTCS (HCKJOYEHHe COCTABJAIOT Boja W IVIHIE-
PHH), a C NOBBILIEHHEM JABJEHHs BO3PACTAET.

B MeTaagax nepenoc TENJIOTHl OCYLIECTBISETCH TIJIABHBIM
oGpasoM BcaeacTBHe AnGgy3uu cBoGOAHBIX 57exTporoB. Joas ympy-
rHX goneGaHuil KpucTallliyeckofl pelleTkH B ofieM Npolecce nepe-
HOCA TENJIOTH HE3HAUHTE/ILHA H3-32 OTPOMHOH MOABHKHOCTH 3JEKTPO-
HOB («3/1eKTPOHHOrO rasa»), [lo 3Toi XKe NpUYHHE TEIIONPOBOJAHOCTH
METa/JI0B 3HAUMTEALHO BhILJE RHM3JMEKTPHKOB H Apyrux BewtecTs. [Ipn
MOBHILEHUH TEMIEPATYPH KoJMeGaHHe KPHCTANJHUECKOH DPelleTKH He
TOJAbKO CHOCOGCTBYET NePeHoCy SHepTHH, HO B TO e BPeMs CO3A4eT
NIOMEXH ABHKEHHI) ¢3/IEKTPOHHOTO rasa», YTO CKa3BIBAaeTCH Ha 2JIEKTPO-
U TenJoNPOBOJHOCTH MeTa//MoB. TenonpoBoJHOCTE YHCTHX MeTaIoB
(Kpome aMIOMHHHA) C TIOBBHILIEHHEM TEMIIEPATYPbl YMEHBIUAETCS, OCO-
OeHHO Pe3dKo TEIJICNPOBOJHOCTL CHHXKAETCH HPH HAJMHYMH NpHMeced,
4TO OGBSICHAETCS YBENHYEHHEM CTPYKTYPHBIX HeoJHOpOJHOCTeH, KOTO-
pLle NpPenATCTBYIOT HANpaB/JeHHOMY JABHIKEHHIO 3JEKTPOHOB H INpH-
BOJIAT K HX pacceMBaHuio. B OTiKuRe OT MeTa/IoB TENJOMPOBOAHOCTD
CIJIABOB € BO3PACTAHHEM TeMmeparyphi ¥BeJIuTIHBaeTCs.

Temnepatypuoe none. Temnepamyproim Hosem HAWBAEMCA  CO-
60KYnHOCMb 3HANEHUL Mmemnepamyp 6 OQHHBIE MOMEHN 8PEMEHL 80
éCeX TOYKaX paccMaTpHBaeMOro NPOCTPAHCTBA, 3aHATOTO TEAOM.

Ecau temueparypa fovisi { ¢ TeueHHeM BpemeHH T H3MEHseTCs,
TO OHO HAa3HIBAGTCA HECMALUOHAPHLIM W OMNHCHIBAETCH YpaBHEHHEM

t=f(x, uy, 2, 1), (16.1)

A8 X, y, 2 — KOOPIAHHATKHI TOYKH IOJIA.

Ecnn ke Temneparypa B KaxaoH ToYKe NOJst ¢ TeYEHHEM BDEMEHH
OCTaeTCA HEeUSMEHHOH, TO Takoe TeMnepaTypHoe MoJe Ha3blBaercs
crmayuonaprem. Temnepatypa B atoM Cayyae aBasercst (yHKIHEH
TOJNLKO TIPOCTPAHCTBEHHBLIX KOOPAHHAT X, Y, 2

t=f(x, y 2); 040t =0, (16.2)

B kaxablfi KOHKPETHHI MOMEHT BpeMEHH B TeMIepaTypDHOM TOJNe
MOXKHO BBIENHTE TOBEPXHOCTH, 0GpAa30BAHHbIE TOYKAMH, HMEIOLIHMH
OIMHAKOBLIE TeMIepaTyphl. TakHe NOBEPXHOCTH HA3LIBAIOTCA U30-
mepmutecKumMy. B cTalHOHAPHOM TeMmepaTypHOM ToJjie H30TepMHue!
CKHE MOBEPXHOCTH C TEYEHMeM BpeMEHH He MEeHsIOT CBOH BHJ H pac-
MoJIOXKeHHe, B TO BpeMsi KaK B HECTALLHOHAPHOM NoJie OHH €O BpeMeHeM
H3MeHAIOTCA.

MsorepmuyeckHe MOBepXHOCTH HHKOrZa Mexiy coboi e nepece-
Katotesi. OHH HJIH OKAHUHBAKOTCSL Ha IPaHHIAX Teda, M 3aMbIKAIOTCS
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Ha cebf, ueMHKOM pacnoJarasick
BHYTpH CaMOTo TeJa.

Temnepatypubirpagnent. OnHof
M3 BAMXKHBIX XapPAKTEPHCTHK TeMIle-
paTypHOrO TONR ABAAETCA memne-
pamypreiti  epaduenm, npedcmas-
asowutt coboll cekmop, rHanpasien-
HOLL MO HOpMAAU K U30MepMUnecKot
NOBENXHOCMU 6 CHIOPORY go3pacma-
HUR MeMNEPAmLYybL.

Ha puc. 16.1 u3o0paeHn H30-
TEPMHYECKHE TOBEPXHOCTH, TEMIe-
paTypbl KOTODPHIX OT/IHYATCA Ha Af.
Ms pucyHka BulHO, YTO HHTEHCHB- p. . (6| K nowstuo Tekinhas
HOCTH  H3MEHEHH  TeMIepaTypbl TYPHOTO TpaiMeHTa
[0 PasiuUHEIM HAlIPaBAeHHAM (H3
Toukn A ayun n H [) meoannakosa. HauGoJewias pasHOCTE TeM-
nepaTyp Ha elHHHLY JIHHB HaG/moJaercs B HalpaBAeHHH HOPMaJu A
K HM30TeDMHYECKOH TOBEPXHOCTH, TaK KakK paccrofaHHe An Mexnay
COCENIHMMH H30TEPMaM¥ IIpH 3TOM HauMeHblLiee,

ITpeden ommuowenus usmenenun memnepamyper At Kk paccmosnuro
Mexedy uzomepmamu no Hopmaau An, xkoeda An cmpemumen K nymo,
HA36BAEMER MEMNePAMYPruM 2Paduermom.

gradt = lim (At/AN)sng = (9t/0n) g, (16.3)

-

rae f, — eJHHHYHBE BEeKTOp, KOTOPHIR B NOCHEAYIOINHX YPABHEHHAX
ONYCKAETCH, TAK KAK PACcCMaTPHBAETCS CKAJSIPHAN BEJHYHHA BEKTOPA.

B ofwem cayyae 1Jst pasuuHBEIX TOYEK OAHOH H TOW e H30TEPMH-
Yecko# NoBePXHOCTH (Hanpumep, Toyex A H B) rpazueHT reMiepaTypul
pasaHyYeH HEe TOJBLKO N0 HaNpaB/EHHIO, HO H 1O BeJIHYHHE. 32 TIONOXH-
TeJIbHOe HanpaB/eHWe FpajueHTa IPUHATO HaNpaB/leHHe Bo3pacTaHusm
TeMNepaTyp. :

§ 16.2, OCHOBHOH 3AKOH TENJIORPOBOJAHOCTH

OCHOBHHIM YCJIOBHEM paCHpOCTpaHeHHst TEIAOTH B IPO-
CTpaHCTBe SIBIAETCS HANMYHe DA3HOCTH TEMNEPaTyp B pPas/HYHLIX
ero toukax. B cayuae nepeiayH TensIOTH TemJONpPOBOIHOCTBIO He-
06XOIUMBIM YCJIOBHEM SABJSETCS HEPaBEeHCTBO HYJIIO TEMNEPATYPHOro
rpajueHTa B PAasjIHYHBIX TOYKAX TeJa.

OCHOBHBLIM 3aKOHOM mepelja4H Ten/oThl {3HepruH) TenJonpoBoj-
HOCTBIO AABAAeTCA THNoOoTe3a P ypbe (1768—1830), cornacho
KOTOpOJi 3/7eMeHTapHOoe KOJINYecTBO TENJOTh dQ,, npoxomsued Tepes
3JMEMEHTAPHYI0 TJOILAAbL M30TepMHYECKOil MoBepxHOcTH dF 3a ane-
MEHTapHLIH NPOMEXYTOK BpemeHH dT, NPOMOPUHOHAJBHO TemOepa-
TYPHOMY rpalHeHTy (at/a;S:

dQ; = —hdF dvgrad{ = —A dF dv (d/dn). (16.4)
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Koagpuuyenr nponopunHoHaldbHOCTH A XapakTepusyer crnocob-
HOCTh BELIECTBA NPOBOAHTH TENJOTY U HA3BIBACTCH KOIP@uyuenmom
menAonposeoroCmuU.

Koautecmao menaome:, npoxodaujed ¢ eOuruly 6pemenu tepes
eBunuyy NAoa0u UBOMEDMUHECKOU LOBEPXHOCML, HA3LIBACMCS NAOM-
Hocmbio menaogoeo nomoxa (Br/w®):

q = dQ./dF dv = —\ (0t/on) = —» grad ¢. (16.5)

Tak Kak TemJiora Bceraa pacnpocTpansiercsi ot GoJlee HarperbiX
uactell TeJA K MeHee HArperhlM, TO H BEKTOR NJIOTHOCTH TEMJOBOTO
=3

NOTOKA ( HanpaBJeH No HOpPMaJ/JH K H30TEPMHYECKOH NOBEpXHOCTH
B CTOPOHY yObiBanus remnepatypul. Takum o6pasoM, oKa3blBaercs,

uro BeKTOpHl grad { W ¢ Jemar Ha OJHOH HOpMaJH K H30TEPME, HO

HanpaBieHHl B MpOTHBONMOJOMKHLIE cTopoHsl (puc. 16.1). rum u

o6bsCHACTCS MOsBJAeHHe 3HAaKa MHHYC B ypasHenusx (16.4) u
>

(16.5). AGcomorHoe 3HaYeHne BeKTOpa ¢ (CKansp) o6o3HAa4YHM g, T. €.
lgl=q.

[lpakTHka B MHOrOU¥C/JEHHBLIE IKCIIEPHMEHTH! IOATBEPAMIAH CHpa-
BeJIMBOCTL runoressl Pypoe, W ypaBHenue (16.4) HocHT HaspaHue
3akKoHa @Pypbe HIH OCHOBHOTO YpaBHEeHHSH
TenJAONPOBOJLHOCT H.

Koauuecmeo menaome, npoxodsatierd Hepes npPousGOALHY u30-
mep munecKyio nogepxnocms naowadsw F e edunuyy spemenu, Hasbl
ggemca menaceuim nomoxosm (BT):

Q= [gdF = — [A(aton) dF = —1 (@tjom)F.  (16.6)
F F

Koad vument renaonposognocT. Hs coorrowenuii (16.5) n (16.6)
caenyer, MTO Kodguyuenm menaonpogodrocmu

A= [g)grad | = QIF (3t/0n)] (16.7)

HUCNEHRO PAGeH KOAUYeCmEY menaomst, npoxo0aweld wepes eduxuyy
U30MEPMUMECKOL nosePXHOCmU 8 eOuUHUYY 6PeMERL npu memnepamyp-
Hom epaduenme, pacrom edunuye. OH usmepsiercs B Br/(mM-K) n
ABJACTCA TeNAOQU3NYeCcKoH XaPaKTepHCTHKOH BewecrBa. s pas-
JIMYHBIX MaTepHa/ioB OH HEOAMHAKOB W B o6lieM cJayyae 3aBUCHT OT
CTPYKTYPHI, ILJIOTHOCTH, TeMNepaTypbl, JAaBJeHH W BJAMHOCTH.
Jast GonbLIHHCTBA BellecTB Ko3(puuUHeHTH! TEIIONPOBOAHOCTH OMpe-
JeJeHbl 3KCNEepHMeHTAJbO.

M3 ta6a. 16.1 BHAHO, 4TO HAHJYYLWIHMH NPOBOAHUKAMH TEIVIOThE
ABNIAIOTCA METaJbl, HAUXYAWHMH — rashl.

C nosblleHHeM TeMIEparyphl TenJoNpOBOIHOCTb ra3oB BO3pa-
craer. Cpelld HHX pe3KO BHIIEJSAIOTCH TeJinil H BOJOPOJ, TENJAONPOROA-
HOCTb KOTOPBIX 8 5—10 pas Gosbllle BeaencTBHE MaJoi MoJeKyJisipHOM
Macchl, a CJefoBaTefibHO, GoablueH CKOPOCTH AM(KDY3HH MOJEKY.I.
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TaGawrna 16.1

KoaddHuneHTH TEMIONPOBOAHOCTH
HEKOTOPBIX MATEPHANOB MPH KoMHATHOM TemnepaTtype

Matepnan B'I‘/:;ul- K) MaTepuan BT/(’;;- K)
Cepetpo 458 JKeseaoberon 1,55
Menab 384 Kunpuny kpacuwiit 0,77
AnmoMunuit 204 » CHIHKATHBIA 0,81
Jlatyun 85 » H30J ALLHOH- 0,14
Yyryn 63 HBIf
Crane yraepogHcTas 45 Cocua (Bpous Bosokon) | 0,35—0,72
Ammuak (KHaKHIF) 0,57 »  (momepek Boso- | 0,14—0,16
Boaa 0,55 KGH)

Cuer 0,47 [Ilnraxonasn BaTa 0,07
Jlex 2,25 IMenonaacr TICB-C 0,04
Maszyr 0,116 Boaayx 0,0245
STujIeHIVI HKOMb 0,249 Bogopoa 0,175
Yraekucabifl ras 0,016
Meran 0,003

C uaMeHeHHeM JaBJaeHHA KO3DGHIHERT TEIMONPOBOAHOCTH HJea bHbIX
rasoB NMPAKTHUYECKH He H3MeHsercR. MCKmoueHHe COCTaBAAT oyeHb
HH3KHE H Ype3MepHo BbICOKHe JNapienHs. CoBcem Io-gpyromy o6-
CTOUT JeJI0 C BOJASHBIM 11APOM M JIPYTHMH PEAJbHLIMH TasaMH, Kodg-
(GHIHEHTH TEIJONPOSOJAHOCTH KOTOPHX 3aMeTHO OTJHYAOTCA OT
HAeaJbHHX H CYLIECTBEHHO SABHCHT OT JABJEHHA.
TennousosanHoHHbeE ¥ MHOTHE CTPOMTe/bHble MarepHadsl (KHp-
nu4, GeroH, Jepeso H Ap.), obJajai0mHe NOPHCTHM CTPOEHHEM,
HMeT CpaBHHTEJbHO HH3KHe KO3((pHUHEHTb TelJ0NpPOBOAHOCTH —
0,02—3,0 Br/(m:K). MMeHHO BO3LyX WJM ra3hl, sano/HAWIHe ROPH
H NOJOCTH K HMeRIHe BeChbMa MaJsibie 3HaYeHHs A, OKashIBRIOT Cylle-
CTBEHHOE BJIMsHHE Ha TeNJONPOBOJHOCTL MaTepHanta B neaom. [lopH-
CTHle MarepHaJsbl NepejaloT TeIOTY B OCHOBHOM Yepes TBePALIN KOM-
NOHEHT («CKeJeT») M B MeHblIell CTeNeHH Yepe3 BO3AYIUHBbIE sUEHKH,
TAK KaK TenJORPOBOAHOCTb TBEPJOTO KOMIOHEHTA B JECATKH pas
lipeBElIIAeT TeIJIONPOBOJHOCTE BoO3Ayxa. TlosToMy koaddmHuHeHT Tem-
JIONPOBOAHOCTH TMOPHCTHX MATEPHAJNOB CHJILHO 3aBHCHT OT COOTHOLe-
HHg Macc «CKeaera» M BO3AYIHBIX BKJIOYEHHH, T. e, OT 00beMHO#H
naoTHOCTH Matepuana. C ymeHblleHHeM OOBEMHOH MJIOTHOCTH, T. €.
C YTOHeHWEM CTEHOK fAYEeK, Mepejaya TenJ0Thl N0 «CKeJeTy» Mare-
pHaNa yxymiaerci, HO NPH 3TOM YBeJHYHBAIOTCH Pasmepnl BO3AYLU-
HbIX BK/IOYEHHH, YTO NMPHBOIHMT K INOSBAEHHIO BHYTPH MX OpPraHH30-
BAHHOTO JBH>KeHHSt MOJEKYJ, T. €. K KOHBEKTHBHOMY TenJiooOMeHY,
C noeriennem temnepatypsl yXyAuaorcs TeNA0H3051LHOHHEIE CBOH-
CTBa IIOPHCTHIX MATEPHANOB. IT0 OOBACHAETCS yBelHueHHeM Koaddu-
[HeHTA TenJONMPOBOAHOCTH BO3JYXa H BO3pacTAHHEM POMU JYUYHCTOrO
TenJaooOMeHa MeXAy CTeHKaMH BO3[YIUHEIX AYeeK, & TaKke BOSHHK-
HoBeHHeM CBOGOAHON KOHBEKLUHMH B mopax M fA4eHdkaX Marepuana.
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Ha TenIonpoBOABOCTb TENVIOH30/ISIIHOHHBIX MarepHasoB Goabloe
BJAHAIHNC OKA3HWBaeT cTeNeHb HX yEBJAaxaeHHocTH. C yBelnueHHEM
BAAMHOCTH KO3GQUIIHEHT TENJIONPOROAHOCTH BO3PACTAET, TaK Kak
Mopel BMECTO BO3AYXa 3alOJHAIOTCS BOAOH, TEIVIOIPOBOAHOCTL KOTO-
pou noutu B 25 pas Brilie, YeM y Bosoyxa. [Ipu TemnepaTypax HukKe
273 K (0 °C) poza npeppailaerca B Jiell, TENJAONPOEGAHOCTh KOTOPOTO
B 4eTHIpe pasa Buille, 4eM Y Bon. TakuM o6pasoM, xosdduiueHT
T€nJONPOBOAHOCTH M3OJANMOHHOIO MaTepuala B pe3y/ibrate ysham-
HEHUR W 3aMmep3aHust B HeM BJjard Gyner nourn B 100 pas spime, uem
CYXOro MaTepHana, 4To NPHUBEAET K 3HAYHTE/]LHOMY YBENHUEHHIO Tel-
JONPHTOKA B NOMENIEHHE UYEpPe3 TeNJOH30JANHIO.

Jasi BnaHBIX NOPHCTHIX MaTepHaNoB Kod(p(uuKeHT TenIonposois
HOCTH 3HAYHTENbHO BHIE, YeM AJs CYXOro Matepuana H BOIBI B OT-
gedpHocTn. Tak, Aas cyxoro kupmuya A = 0,35 Br/(m-K), nna
Boael A = 0,55 Br/(M-K), a ana BaaxkHoro kHpnuya A =
= 1,06 Br/(M-K), 4To ofbaAcHserca orJudneM (PH3HUECKMX CBOHCTB
ancop6upoBaHHON (CBA3AHHOH B MOpax) BOAbl OT CBOHCTB CBOGOAHOM
BOABI H Ha/JHYHEeM KOHEeKTHBHOIO HEPEHOC& TEIVIOTH B pe3yJbTaTe
KalMJJISIPHOTO ABHXKEHWs BJary BHYTPH TIOPUCTOTO MarepraJa.

JuddepenuanbHoe ypapHeHHe TemjonpoBOAHOCTH. 1A BeecTo-
POHHEro H3YUEeHHs Nepelayd TeNACTHl B MPOCTPAHCTBe TeMJIOHPOBOJ-
HOCTbIO M YCTAHOBJIEHHS 3aBHCHMOCTH MeXJy BPEeMeHHHMHA H Npo-
CTPAHCTEEHNLIME H3MEHEHHsIMH TeMmnepaTypH Tesla JAA T P e X-
MepHOTrOo HecTaHHOHAapPHOTO TeMiepaTypHoOro o
IpH OTCYTCTEHH BHYTPEHHHMX HCTOMHRKOB TENJOTH ObWIO BbIBEAEHO
Iud¢epennuaabioe ypaBHEHRE TEMJAORPOBOIHOCTH

/3% = [M(cp)] (PL/OX® - PLidy? - P1/d2%) = a VP,  (16.8)

TAE ¢ — ypehbRas tenaoemkocts, Jk/(kr- K); p — miorrocTs, Kr/M?;
a = A(cp) — KosdbuLEEHT TEMNEPATYPONPOBOAHOCTH, ME/c; G2{/dx? -
+ 0*/0y® 4 0%/02® — oneparop Jlamaaca, A COKpALUeHHS 3allHCH
o6o3HavaemMblil Y*f (3HAK y uMTaeTca «Habiar).

B cayyae oJHOMEPHOTO HeCTANMOHADHOIO TEMTEpaTypHOTO MOJs,
KOTZA MepeHoC TENJOTH TeMJIOTIPOBOLHOCTLIO OCYHIECTBJSETCS TOABKO
B OAHOM HanpabBJeHHH, HanpHMEpP BHOAb OCH X, ypaBHeHue (16.8)
SHAUMTENLHO YIIPOILAETCA:

d1/0% = a (P1/0x2). (16.9)

Bpenenunifi B ypasrenun (16.8) xoaghpuyuenm memnepamypo-
nposedHocmu @ ABAseTCa GU3HYECKHM TIapaMeTPOM BelecTBa H Xapax-
mepusyem CKopocmb USMEHEHUS memnepamyps. 80 epemenu (01{0T).
Ecan ko3GduiBeHT TelMONPOBONHOCTH A XapaKTepusyeT cnocoGHOCTh
BeIleCTB NPOBOAUTL TEMJIOTY, TO KO3(pHHUHEHT TeMIEPaTypolpOBOk-
HOCTH & SIBASETCH MEQOU MERAOUHEPHUOHHBIX CBOtcms mead. TaK Kak
CKOPOCThL W3MEHEHMs TEeMAEPATYPEl BO BpeMeHH NPAMO TPOROPHHO-
HaNbH& BeAWYHHE @, TO NPH NPOUNX PABHBIX YCJAOBHAX ObicTpee Ha-
rpeBaeTcsl WAH OXJIAXKA2eTCs To Teso, KoTopoe ofnanaer GOAbLUHAM
Ko3ppuunenToM TeMneparyponposofrocTd. Ecau npukocsyTses py-
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KO# K JEepPeBSHHOH paMe H CTeKJY OKHa, TO IOKAMKETCH, YTO CTEKJO
xoJ0jHee, XOTS TEMIEPATYPH HX OJHMHAKOBbLL. 310 OOBACHAETCS TEM,
YTO CTEKNIO, UMelolee B 4,5 pasa GonbluHil KoshdHUIREHT TEMIIEPATY PO~
MpOBOAHOCTH, obecrnieunBaer Gosiee ObICTPBIA OTBOJL TENJIOTHl OT PYKH.

Jas oZHOMEPDHOTO CTAanHOHAPHOTO TeMueparyp-
HOTrO 1oJs, T. e. Korja TEMHEpaTypH noJisa He H3MEHAEeTCA BO BPEMEHH
(dt/dv = 0), ypasuenue TensonpoBoaxocrH (16.9) npuavMaer Bun

3*t/ox? = 0. (16.10)

JupdepeHnuansroe ypasHerHue (16.8) onHckHBaeT NePeHOC TEINIOTEE
B TpocTpaHcTBe B camoM ofuem BuJe. [IpH HHTErpHPOBaHHH ITOro
ypaBHeHHs NoJlyqaerca GecUHCNEHHOE MHOXKeCTBO pelleHHH, yA0BJe-
TBOpsoWHX eMy. JInA pewleHdsi LIpaKTHYeCKOH 3ajadl HeoOXOIHMO
3a]aThCA BIIOJIHE KOHKPETHbHIMH JAHHLIMH, T. €. OFPaHHYWTHL paccma-
TpHBaeMylo npob/jeMy ONpejeneHHBIMH YCJIOBHAMH, YTO0Hl CIEJATh
pelieHHe OJHO3HAYHBIM, JTH YCJOBHS B COBOKYNHOCTH ¢ AH(dpepeH-
nuadbHLIM YpaBHEHHEM JAIOT 1I0JIHoe MaTeMaTHUECKOe OIIHCAHHe Mpo-
mecca M HA3BIBAIOTCA YCACGUAMU OOKOBHGWHOCMU HJIH KpaesotMu Yc-
AOBUAMIL.

¥YeqoBuft OIHO3HAYHOCTH 1I0ADA3LE/SIOTCH HA  280Mempuueckue
(xapakTepHaylouiie paamepsl H HOpMY TeJa), dusuueckue (xapaxrepH-

3ylowue CBOACTBA TeJa H CPEABL: ¢, p, A U Ap.), 6pesennsie (pacnpese-
JIeHHe TeMIIePaTyp B TeJsle B Ha4aJbHBIH MOMEHT BPEMEHH) H 2planutnoe
(onpepenawle Xapakrep B3aHMOAEHCTBHS IIOBEPXHOCTH TeJa C OK-
pyxatowmed cpenof). 'panuunbie yc0Busi MOTYT ObITh 3aJaHBl TPeMst
criocobaMu:

1) epanuunbe ycaosus nepsoeo poda — 3aJAETCR 3HAUEHHE TEM-
nepaTypel Ha NOBEPXHOCTH Tesa AJsi JMieOoro MOMEHTa BpeMeHH;

2) epanuunee ycaosua emopoeo podd — 3ajaercs IVIOTHOCTb Tel-
JIOBOrO INIOTOKA ¢ B KaxJoH TOYKe NOBEPXHOCTH Teda Aas JroGora
MOMEHTA BpEMEHH;

3) epanuunbie ycaosus mpemeeeo poda — 3ajaOTCA TeMneparypa
OKPYXKAKLWEeH Cpelibl H 3aKOH TeNJooOMeHa Me3kiy NOBEePXHOCTLIO TeJsa
H cpencH.

PaccMoTpRM TENJIONPOBOJHOCTE Te npocTeHieil GopMbl, HMEIOIHX
OJHOMepHOEe crannoHapHoe remmepaTyproe noJje. K rakuM renam or-
HOCATCH HeOrpaHWYeHHad IVIOCKafA CTeHKa, CTeHKa UMJHHIpaA, Lwapo-
Bag crenkKa.

§ 16.3. NEPEJAYA TERJIOTH YEPE3 IJIOCKYI0 CTEHKY

OnHocnoiHas cTeHka. PaccMOTpUM nepeHoC TERJOTH Ten-
JOIIPOBOAHOCTBIO Yepe3 OJHOCHAOMRHYI0 OJHOPOAHYIO NJOCKYIO CTEHKY
ToMmyHOH 6, AJIMHA H IWHPHHA KOTOPOH GeCKOHEYHO BEJIHKH 10 CPaBHe-
HUIO ¢ TodamuHOkH. Ko3pduuueHT TensonpoBOAHOCTH MaTepuana A.
Temneparypet #, u f, Ha TNOBEPXHOCTHX CICHKH MOJJEPIKHBAIOTCA
NOCTOAHHEMHA, RpUaYeM § > f,. [lpu 3THX YCJAOBAAX CTauHOHZPHOE
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3 TEMMepaTypHoe [oJie pacnpocT-
o) ¢ pansaerca llepneHIHKY/AAPHO K
¢ CTeHKe BAoJb ocHx(pHc. 16.2,a).
112 29 Ao 73.7/ TpeGyeTca onpeaeauTs xapak-
// Tep pacnpejeeHHs TeMliepa-
/ TYP 10 TOJIIMHE CTEHKH H

b KOJHYECTBO TemJIoTHl Qy, Hpo-

¢ XoAfllelt 4Yepes CTEHKY mJo-

. t majeo F 3a spems T.
£ 2N ¥YpaBueHne TENJIONPOBOA-
b1, / \ HOCTH B PaCCMATPHBAEMOM CJy-
i 7 {» uae, korpa dtfor = 0, umeer
: 3 6 | b BHZ (16.10). I'panunyHble ycJo-
BHH TepBOro poja: { = f NpH

0 x 0 X x=0; t=1¢ npu x = 0.

Puc. 16.2, [lepenaya TtenaoTot Tenaonpo- 3akon pacnpeliesieHHs: TeM-
BOAHOCTBIO 4Yepe3 MJOCKYI0 CTeHKY., @ — nepa'f‘yp o roJduuie CTéHKH
OIHOCAOHHYIO; § — MHOTOCAOH Hylo HAXOAMTCA MHTETPHPOBAHUEM

ypasuenus (16.10). Ilepsoe
HHTErpHPOBaHKe naer BuipaxeHue dfjox = C,. [llocse BTOpOro HH-
TEFpHpOBaHHH HMeeM

b Clx 4 Gy (16.11)

rie C;, n C; — nocTosinHBle HHTErpHPOBAHHA, KOTOpHIE HAXOAATCH
MO0 H3BeCTHBIM TPAHHYHBIM YCJIOBMHM:!

C =t C=—(4 — )b

W3 supaxeunnst {16.11) caenyer, uro pacnpedesenue memnepamyp
NO MOAUWUKE CMEHKU NOOYUHAEMCA 3AKOHY NPAMOE AUHUL.

[Toacrasnss 3Havenus C; u €, B ypasHenue (16.11), noayuum
3aKOH paclipefe/]eHHsi TemmepaTyphl IO TOJIIHHE CTeHKH:

t: l{]_ T [([1 == fz)/ﬁ] X. (16.12)

JIunusi, CoepHHAIIAA TOUKH C TeMnepaTypaMmu f; H f,, TOKasbl-
BaeT XapaKTep H3MEHEHHUH TEMNEepaTypol N0 TOJIHHe CTeHKH H Ha3bl-
BAETCSl MeMnepamypHoi Kpusod.

KoJsiiuecTB0 TEMJIOTH, NPOXOAAIIEN 9Yepe3 eJHHHIY [MOBEPXHOCTH
CTEHKH B €JIMHHILY BpeMeéHH B HampaBJ/leHHH OCH X, onpeieJiiTCH 1o
ypagHenuio Oypoe (16.5):

g = —A (dt/dn) = —\ (difdx) = A (&} — 1,)/6,
I

g = (t; — 1:)/(B/N), (16.13)

rie f,—1, — TemnepaTypHui Hamop; &/A — Tepmuueckoe CONPOTHE-
JieHHe CTeHKH; A/0 — Tensionas npoBOJHMOCTb MaTepHala.
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Takum 06pa3soM, Koruwecmso menitomer, npoxodaued uepes edu-
HUYY NOBEPXHOCMU CMEHKW 8 eOUHUYY 8pement, NPAMO RPONOpYio-
HAALHO MEMNEPAMYPHOMY HANOPY u 00PGMHO RPONOPYUOHALILRO mep-
MUMECKOMY CONPOMUBACHUIO.

O6mee KOJHYECTBO TEIJICTH, NPOXOAAUEH Yepes cTEeHKY C IJIO-
AaAbio ToBepXHocTH F 332 MPOMEKYTOK BpeMEHH T NPH IUIOTHOCTH
TENJIOBOro TIOTOKA ¢

Q. = gFt = (4, — t)/(6/M)] Fr. (16.14)
B pacueTHO# npakThke uallle ONEPHPYIOT He OOUHM KOJHYECTBOM

renoTet (1K), @ TenJIoBbM HOTOKOM (KOJIHYECTBOM TEIJIOTH! B €IHHHILY
spemenu, Bt), Toraa ¢opmyaa (16.14) npumer Bug

Q= [(t — t)/(6/M)) F. (16.15)

Us ypaerenHs (16.13) nerko HaliTy temnepatypy Ha noBepXHOCTH
CTEHKH:
b, =ty - gb/h wam ly = t, — gb/A. (16.16)

B ofiemM clyuae TeMneparypa B JM0GOM CeYeHHH CTEHKH

te =ty — gx/h. (16.17)

MHorocaoiiHas creHKa. B pakTHKe 9acTo BCTPEYAKOTCA CTEHKH,
COCTOSIHE H3 HECKOMBKHX CJIORB PA3JMHUHEX MaTepHaos (puc, 16.2,6).

PaccMOTpPHM TepeHOC TeIVIOTHl 4epe3 MHOTOCJIOHHYIO CTeHKY,
coneprkallylo, HanpuMep, TPH IJIOTHO NPHJETaiWHX APYr K Apyry
caos toamuuoi &, O;, 8. Koadduuuents TenJonpoBOAHOCTH 3THX
cnoeB Ay, Ag, Ay, TemnepaTypbl Hapy:KHEIX NOBEPXHOCTEH I M tas
npuueM f; > &, T.e. 3ajaHpl TPaHHYHLIE YCJOBHS 1ePBOTO pOJA.

Tak Kak TpH cTAagMOHAPHOM TeMIepaTypHOM IoJe TeIVIOBOH
norox @, npoXofsiuuil yepe3 MHOIOCJIOHHYIO CTEHKY, ONHHAKOB JJis
KAKAOro CJOSI, TO MOXHO BOCMOAb30BaThcs ypaBHenueM (16.15) u
3amucaTh IS MEpBOro, BTOPOTO H TPEThEro CJ0eB:

Q = (t, — ') F/(Bi/M);
Q= (" — ") F/(Bs/As); (16.18)
Q = (" — t3) Fi(8s/As).

[TonyueHHBle ypaBHEHHs PEIIAIOTCA OTHOCHTEJIbHO pasHocreil

TeMmepatyp:
h— 1 = Q(&/M)/F;
' — 1" = Q (&/M)/F;
t" — by = Q (b5/As)/F.
Cn03KHB JIeBple H NPABbIe YaCTH 3THX ypaBHeHHH, HafileM
tl - ta = Q (61/11 + 62/1‘2 + ﬁs/ks}fF
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OTKYyJia cJejayer, YTO TEeNJIOBOH NOTOK, NPOXOAAIHE Yepe3 TpeXCaofi-
HYIO CTeHKY,

Q = (ty — 1a) F/(81/A1 - Ba/hg +4- Ba/hg), (16.19)

a NJOTHOCTL TEIJIOBOT'O IIOTOKA

3 .
g=(ty —t) .};i (84/hs)- (16.20)

TensoBo#i 10TOK 4Yepe3 CTEHKY, COAEPHALLYK 71 CJOeB,

Q=(h —tau) F / B 6.0, (16.21)

rje cCroduass B 3HAMEHaTeJde CyYMMa TIpPeICTaB/AET cofoli 1oJIHoe
TepMHYeCKoe CONPOTHBIEHHE MHOTOCJAOHHOH CTEHKH.

§ 16.4. NEPEAAYA TEINNOTHl YEPE3 UWJAHHAPHYECKYIO
U WMAPOBYH CTEHKH

Lnanpprueckasi creéHka, PacemoTpuM O H O ¢ 71 O #i-
HYIO IHJHHIAPHYECKYIO cTeRKY (rpydy), AiHA KOTO-
poii cpaBHHTeNbHO C AHaMeTpoM GecKoHeuHo BejnKa. [losTomy Tem-
neparypa CTeHKH H3MEHAETCA TONbLKO B PaJMaNbHCM HANpaBJIeHHH H,
ClleloBaTeNbHO, H30TEPMBbl B CTeHKE TPYOH HMEIOT BHJ KOHIEHTpHYe-
CKHX UHJHHADHYECKHX HoBepXxHocted. TemmeparypHoe nofe Oyner
ORHOMepHHIM, TeMnepaTypbl Ha MOBEPXHOCTAX CTEHKH [y U {; IOCTOSHHBL
(TpaHnyHple yclosus Nepboro poja). Tak Kak f; > £, To TenJoBo#
NOTOK HanpaplieH 1o paauyCy K HapyxHO#H MopepXHoCTH TpyGur. Kosgr
GHUMEHT TenJONPOBOLHOCTH MaTepHaja TPy6hl A B paccMaTpHBAEMOM
HHTEDEBANe TeMuepaTyp He usmensiercsi. Heofixonumo HaiiTH Xapakrep
pacnpejefleHHA TeMnepaTyp B CTe€HKe HHJMHAPA H TEIJIOBOH TOTOK.
Jisi YCTaHOBJIEHHA 3aBHCHMOCTeH BO3bMeM Y4YaCTOK TPpyGul AJIH-
HO# [ (puc. 16.3, a). Ha paccrosinum » o ocu TpYGH BHIEHM B CTEHKE
UHIHHADHYECKYIO NOBEPXHOCTDL TOMUKHOH dr, ee maowans F = 2nrl.
Tak kak To/uuHa cJ0s dr — BeMHYuHa GECKOHeUHO MAJas, To U pas-
HOCTh TeMnepaTyp Ha rpaHulax clon Takxe 0yjeT GeCKOHEUHO Ma-
JoH — dl. Paccmarpupas 3Ty UMJAMHAPHYECKYIO TOBEpXHOCTL Kak
IVICCKYK0 CTeHKY, Bocnosab3yeMcst ypaBHeHuem (16.6):

Q = —AF (dt/dn) = —A2nrl (dt{dr). (16.22)
Paspenss nepemennbie B ypasvennu (16.22), noiyuaem

di = |—Q/(2a)l)] (dr/r).
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Puc. 16.3. Tlepeaaua TenaoThl TenJONPOBOAHOCTHIO Ye€pe3 LH-
SHHADHYRCKYIO CTEHKY: @ — OfHOCHORHYIO0; § — MHOTOCRGHHYIO

Hurerpupys ypaBHeHHe B npelesax TeMneparyp ot §; 1o I, H
TOJIIHH CJNOS CTEHKH OT ry 1O f,, HAXOAHM:

s rs

j dt = — I [Q/@arD)) (dr/r); &, — b, = [Q/(2nAD] In (ry/ry).  (16.23)

fy L8

M3 ypaBsHeHHs caenyer, 4To pacnpedeierue memnepamyp & cmenke
yuaunopuseckoll mpybe  noduunsemcs  BAKOHY  A02APUpMUYECKOL
Kpueoi.

Tennoeoii NOTOK Yepe3 CTEHKY ONpeAe HTCS U3 BuIpameHus (16.23):.

1 Q = 27Ml (1 — £)/In (dy/dy). (16.24)

TennoBoA NOTOK, NMPOXOAAWKIA Yepe3 UMIHHIPHYECKYIC CTEHKY,
MOXeT OBITL OTHeCEeH K eIHHHIle miomald BHYTPeHHeH (g;) R BHeI-
Helt (g,) NOBepXHOCTH JHGO K eIMHHIE AMHHE TPYOH (¢:). B nocnennem
cayuyae OH Ha3bIBaeTCA AuUHEdHOoU NAOMHOCMbLIO MENAOCBO20 HOHIOKQ
(B1/m), B oTsnune OT O6IENPUHATOH NJIOTHOCTH TelJIOBOTO TOTOKA
(Bt/m®). PacuetHbie ¢opmynn npuHEMalor BHA (puc. 16.3, a):

__Q 2A (i — 1) |
h=7ar =4, lnl(d,jd:) ! (16.25)
Q@ %t .
2= a4 lnl(dgldi} ' (16.26)
_ﬁ_Q___ki’rc?u(t—t)_ Nk — 1)
=y =g (;ﬂdl), = [1/{2?\.)]lln (:rg/dl) . (16.27)

B MHOTroOCnNOHHON HHJAUMHIPHYECKOH CTeHKeE
NpH paccMaTPHBAEMOM HaMH CTANHOHAPHOM pEMHME uyepe3 BCe CJIOH
NPOXOAHT OAMHAKOBHIH MO BeJMuMHe TeNJOBOH MOTOK, PaccmoTphM
(puc. 16.3, 6) TpexcJOlHYI0 UHAKHAPHYECKYIO CTEHKY (Tpyly) ¢ BHY-
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TPeHHHM OHaMeTpoM d;, HAapYKHBIM d; H NPOMERYTOUHBIMH dy M dj.
KospuuneHTsl TeNMNONPOBOAHOCTH MAaTeprana CloeB 4y, Ay, Ay,
TeMmnepaTypei BHYTPeHHeH NOBEPXHOCTH CTEHKH #; M HapyXHOH f4
B [poyecce MepeHOCa TEMJIOThl HE H3MEHSIOTCH.
s kaxporo cios HamuileM ypaBHEHHe TenJiOBOTO NOTOKA BHJA
(16.24):
Q = [2nhI/In (dp/dy)) (8 — L)
Q = [Znh,l/In (dy/dy)] (1s — 1) (16.28)
Q = [2ad0/ln (dy/d3)] (fa — 1)
Pemng ypaBreHns (16.28) oTHocHTeNBHO pasHOCTH TeMmnepaTyp H
NOUNEHHO CJACKHB MX, OOIY4uM

e 8 (b pf L gd 1t
bty =gty (- b Ingh - lagt),
OTKVYAa TenJoBoH MOTOK Jepe3s TpEXCJlOPuIHYIO OUUAHHIPHYECKYIO CTEHKY
_ I dy __l__ dg i d,
Q—Qﬂl{tlmfi)/(x—l'ln'a:——!— ?\‘2 lﬂ-a—;%—'x;"ln—&;-)

[lo awanoruu AAs UMANHAPHUECKON CTEHKM, HMCIOUEH 71 CJ0eB

2l (4 — tnar)

— H
E (L/A3) In (dgyy/dy)
f==-1

Q= (16.29)

Temnepatypet Ha rpannnax OpOMeXyTOUHbLIX coeB {puc. 16.3, 6)
HaxolsT M3 ypaeheHu# (16.28):

ty = ty — Q In (do/dy )2t ;
16.3
ty =ty — Q In (dy/dy)/(27ih,1), } ( %
HJH .
o = b — 7 Q Y - In et (16.31)

fex]

Ilpn pacuerTe TeNIOMPOBOAHOCTH 4Yepe3 TOHKOCTEHHblE TPYOHI
€ JOCTAaTOYHOH TOYHOCTBIO MOXKHO [1OJb30BaThcs GOpPMYNaMu, BhlBe-
JeHHEIMH 1/ MJOCKOH cTeHKH. B 3ToM caydae muolialb NOBEPXHOCTH
TPYGhI onpejensioT N0 cpenHeMy AuameTpy: F = ndgyl = 0,51 (d, -
+dy) I, a 3a TOMUHHY CTeHKH GepyT AelicTBHTeNbHOE ee 3HAaueHMe
6 =05(d, —d,). Torpa Tenyopoit MOTOK depe3 yuacTox TPYObi
InHoj [ B cooTBeTcTBUN ¢ Gopmyaok (16.15) paseH

Q= h—h p_ ﬂilg:i-“—g:*(ﬁ—fz)- (16.32)

&/h

IWaposas crenka. PaccmoTpuM mpolecc cTanmHOHApHOH TenJo-
NPOBONHOCTH Yepe3 OAHOCJOHHYIO WIAPOBYIO CTEHKY C HEH3MEHHBIM
ko3pduumuentom remonposofHocTk A, Ha BHytpeHHedl (papnyca ry)

172



u BHemHeft (pajuyca r,) MOBepPXHOCTAX ChEPH NOANEPKHBATCH TeM-
nepaTypel & u 4. TaK Kak £, u #, nocToauue W #; > 4,, TO TeMIEPATYphE
B CTeHKe liapa H3MeHAKTCH TONARKO B HANPaBJeHHHW €ro pajuyca,
OT BHYTpeHHel K HAPYKHON NopepXHOCTH. BbileMHe B cTeHKe chepnr
[apoBylo NMOBepXHOCTL pafuyca r OecKOHeUHO ManCH TOMUHHOR dr
¢ PA3KOCTBIO TeMOEPATYD df, 3amuuieM BbipaxkeHHe LI TerJ0BOTo
MOTOKA Ha OCHOBAHWH 3akoHa ®ypbe:

Q= —3 (dt/dr) 4nr?,
dt = A (dr/r®), (16.33)

OTKYa

riie A = —Q/(4xnh).

[Tocne wuHTerpupoBaums Bupamkenus (16.33) noayuum { =
= —A/r 4+ C. TpaHnuHpe ycnosus: t =14 nupn r=r; t=1{,
npy r =r,. Toraa

h=—An +C t,=—Aln, +C.
Tlocne BeluMTaHHA BTOPOro BhIpaXKeHHS M3 mepBOTO Haflem
h—ty=A (1/ry— 1/r),
A = (t, — 1)/(1jry — 1/ry).

[locste mopcraHoBKK Waiifensoro anavenus A B dopmyay (16.33)
ONpeJeNHTCS TenJIOBOH MOTOK 4epe3 ILAPOBYIO CTEHKY:

OTKYila

Ak (- ) oA At did
Q= l/fli'l/r: = d;, — 1/d, = A ];32 At, (16.34)

rABA 17, KOHBEKTHBHbBIH TENJIOOBMEH

§ 17.1. OCHOBHBIE NOHATHSA W ONPEAEJEHUA

Tlon xomeexyuei] mMOHMMAIOT MpoLece MepeHoca BellecTsa
B Cpejie 3a cueT mepeMellleHHst MaKpOYACTHL XKHAKOCTH (rasa). [lepe-
MEleHHe ITHX YaCTHO MOHO HaG/l0laTh HEBOOPYHEHHLIM IaasoM,
clenaB KX BHIMMBIMH C moMomei KpacuTtesed nau AnMa. Ectecr-
BeHHO, YTO KOHBEKUHH BO3MOKHA TOJBKO B Tekyuefi cpepe.
KOHBE‘KTHBHblﬁ flepeHoc TenaoThl OTJAHYaeTca OT TEeNIONpOBOa-
HOCTH TeM, 4TO HEpeHOC‘i’HKaMH TeNIOThl ABJAIOTCA MAKDOCKONTHYECKHEe
SneMeliThl (MonapHbe O0BeMbl) MHAKOCTH (rasa), pasmepsl KOTOpHX
BO MHOrO pa3 npeBhbIIAOT aMIIKTYAY KOMe6aHHi MOJIEKY Nl B JKHAKOCTH
HIW JIKMHY cBOGOAHOrO npofera MOMekysa rasa. [lepeHoe TemnoTwl
KOHBEKuHEeR Beeria COMpOBOMKAAETCS TenJONpPOBOAHOCTBIO, TPHYEM
[J14BHYI0 pOJib B COBMECTHOH nepelade TeNJOTHI HIpA€T KOHBEKTHB-
HLlil nepeHoc.
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Puc, 17.1, Tenaootaaua npH pasinuHeX pexuMax TeYeHHdA: 4 — OPH
JaMHHAPHOM; O ~— IIpH TYpOYJEHTHOM

Cosmecmuoiti. npoyecc nepenoca menaomol KOHEEKYuELl U Mmenno-
NPOBOOHOCIILIO HA3LIBAEIMCR KOHBCKMUGBHBIM MENA000 MEHOM.

Pasanyaior cBo6oiHYI0 H BHIHYKAEHHYIO KOHBeKiHIO. KOHBeKLHA,
co3napaeMas NPHHYAHTEJAbHEIM CNOCOGOM (Melanko#, BEHTHAATOPOM
H T. A.), HOCHT Ha3BaHHe 8uinYyrcoennol, Ecnu ke ABHKeHHe 3/1eMEHTOB
ofbema cpelibl BbI3BAHO HaAWYHeM B Heii TeMrepaTypHBIX pasHocTed,
a Cc/leloBaTesNbHO, PasHbiX MJOTHOCTEH, TO TaKas KOHBEKIHs Haspl
BaeTcsi cao600Hol WaK ecmecmeerHold. OHa cosflaeTcss 3a cueT TOro,
yTo Gosee XOJOAHbIE HACTHIL KHAKOCTH HJIH rasa, uMelouHe 661b1yio
MJAOTHOCTh, MOJ AeficTBHEM IPaBHTALHOHHOIO MO 3eMIH ONyCKaroTes
BHu3, a Gollee HarpeTble NOA JeHcTBHeM apXuMENOBOH CHJIBI MOAHH-
MawTes  BBEpX.

[Tpouecc KOHBEKTHBHOrO TemnoobMeHa MoxkeT OHITh cmayuoHap-
HblA MW HecmayuonapHoim. B nepBoM cnyyae TemmepaTypHoe noJe
KMAKOCTH HE W3MeHAETCs BO BpemeHH, BO BTOPOM — MepeMEeHHO
BO BpeMeHH.

I poyece konsexmusroeo menacofmena mexndy deusyyetica scudxod
Cpedorl u NOBEPXHOCITIbI0 OMbIBAEMO20 Meepdoz0 MeAqd HA3bIeaemces
menaoomoa4er.

O. Peiinoabac B 1884 r. ycranopaJs cyniecTBOBaHHe IBYX PEKHMOB
IBHKEHH S KMAKOCTH, OJMH H3 KOTOPHIX MOJYUYK/J HAa3BaHHE AaMUHAp-
HO20, ApYFrol — mypbyaenmmuozo,

IIpn NaMHHADHOM pEXHME BCE HACTHUKH JKUJKOCTH JABHIKYTCA Na-
paJiAeNbHO APYr APYry, He MepemMelunBasch, IO HOPMaJu A K Hanpas-
JeHHIo ABMKeHHA. ClelloBaTesibHO, nepeHoC TeNJOTH B 3TOM Hanpas-
JIeHHH OCYLIECTBAsIeTCA TOMbKO TenuonpoBojHocTeio (pue. 17.1, a):
[TosToMy AJS1 pacyeToB mOpONECCOB TENAOOTHAYH MOMKHO BOCHOJbL3O-
Batbes ypaBhenuem Pypoe {16.6). M3-3a cpaBnuTenbHo Maanix Koad-
dHUHeHTOB TeNMORPOBOIHOCTH KHAKOCTeH (0co6eHHO ra3oB) TensoTa
no Beemy 00beMy KHAKOCTH B JJaMHHAPHOM [IOTOKE PACIPOCTPaAHAETCS
MeJJIeHHO.
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Tlpu TypGYAEHTHOM peHMe YACTHUKH MKHIKOCTH, Y4acTBys B 0f-
meM MOCTYIATENbHOM IBHXEHHH, NepeMemaiTes XdoTHYHO, Heyno-
pRAOYEHHO, ¢ 00pa3oBaHHeM BHXpDell U MOABJCHHEM HeperyasipHoH
NyJAbCAUHH CKOpOCTH, NaBJIeHHA H APYrHX napametpos., Yem vame
obpasyloTcsl BHXpH, TeM HHTCHCHBHee nepeMeniHBaHHe MOTOKA, TEM
Goabuwe ero Typ6ynentHocTh. [lepeHoC TemmoOTEHl B BO3MYIIEHHOM
BHXPAMH IIOTOKE OCYIIEeCTBASETCH KOHBEKIpell, HO BOMHM3HM CTEHKH
3TOro He HabalonaeTcs U3-3a «IPHAHHAHMA» YACTHI XKMAKOCTH K MO-
BepxHOCTH Tena. Ha noBepxXHOCTH cTeHKH B pesyibraTe JefCTBHA
cHJ BA3KQCTH OpMUpYeTCss TOHKHH CI0H 3aTOPMOMEHHOH KHAKOCTH,
MONYUHBIUHH Ha3BaHHe 2uOPOOUHAMUHMECKO20 NOZPARUYHO20  CAOA
{prc. 17.1, 6), xkoTopblfi IBHIKETCH napalnenbHO crenke., [mroreza
O TNPH/IH{IAHHH KUAKOCTH K CTeHKe H 06pa3oBaHWi TOTpaHHYHOrO
cnost Guina paspaGorada JI. [Ipadaraem B 1904 r. Cropocts BHYTpH
NOrPAHHYHOTO CN0A H3MEHACTCA OT HYJA Ha IOBEPXHOCTH TeJa X0
CKODOCTH BHEINHErD MOTOKA, T. €. XapakTepusyercs GoMbLHM fome-
peuHbIM rpaanedtoM. B mpesenax storo cnos mepeHoc TemJoTH OCY-
WECTBIAETCA TeNJoNpoBoAHOCTLI0. TakuM ofpasoM, pacmnpocrpade-
HHe TennoThl Npu TYpOyJIEHTHOM peuMe IABHIKEHHs B HanpaBleHWH
HOpPMAJIH 7 K JIOBEDXHOCTH MPOHCXOIHT KAK 3a CuYeT KOHBEKLHH, Tax
H 33 CyeT TeNJONpPOBOAHOCTH, a Clea0BaTebHO, XApaKTep LBHXKEHHS
KUAKOCTH TNpefonpelleifieT MeXaHu3M [epeHoca TennoThl (IHEpruu)
B MOTOKe.

[lozpanuunbim caoem Hasvibaiom ofagenis meverun (60AU3U CHIEHK L)
6A3KOL MENAONPOBOOHOU HCUOKOCMU, XAPAKMepU3Yemyrn Mol moa-
Wunott u Gorbuium nonepedHbiM 2paduenmom CKOPOCIU UAU memne-
pamypsi, UIMEHEHUEM KOMOPuX OO0YCA0BAEHBL NPOUECCH. NEperoca 8e-
wecmea, KOAUMECMSa OBUNCEHUA U FMENAOMbL,

llon sretunum nomoxosr nojpasymesarot 06.1acTk NOTOKA KHUAKOCTH,
B KOTOpOH BJIHAHHE CHJI BA3KOCTH HHUTOXKHO MAJ0 IO CpaBHEHHIO
¢ CHJIAaMH HHEPLEM, B TO BPEMSA KAK B NOTPAHHUHOM CJIOE CHJILL BA3-
KOCTH H HHEpDIHH COH3MEpHMBL

Tonmuna norpaHuyHOro cnosi 6 — BeJHuMHA YCJIOBHAs, TaK Kak
nepexoj OT NOrpaHHYHOTO CNOA K BHellHeMY IIOTOKY HE fBJAfAETCH
Pes3kNM. 3a MOMYUHY NOZPAHUYH020 A0 O npuxHuMQIom paccmosHue
0M 1NOBEPXHOCMU CIMEHKU 00 CAOA HUOKOCMU, CKOPOCMYL KOMOpPOo2o Om-
AUMAENCA OM CKOPOCMU GHEUIHE20 NOMOKQ Ha MAAY, 3apanee 3adar-
HYIO BEAUMUMY.

IMpu rtennooOmeHe MemAy cTeHkoH H cpejoit B ofnactu, rpaxu-
Yaled ¢ NOBEpXHOCTbIO Tena, BO3HHKAeT menAaosoil nozpanuvHobll
caoli, npedcrmasasouuil coGotl npucmennoili CA0l HUOKOCMU, 8 KOMmMo-
POM meMnepamypa MeHACMCA OM Memnepamypol cmeHkuy fe, 10 TeM-
nepatypel BHEWHEro MNOTOKa fy.

Tepmuueckoe conpoTuBleHHe NMOrpanuHuHoro ciiost 8f/A BO MHOro
Pa3 npesblUaeT TePMHYECKOE CONMpPOTHBJeHHe TypOyJEHTHOrO BHe-
Hero {10ToKka H ABNAETCS ONpPEne/IAIOmHUM B IIPONECCAX KOHBEKTHBHOrO
Tenncotmena. [lostoMy usMmenenne TemmepaTypel OT Iy O f., cacpe-
JI0TOYEHO B OCHOBHOM B MpelefiaX MOTPAHHYHOrO CJIos.
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§ 17.2, YPABHENVE KOHBEKTUBHOTO TENJICOBMEHA

M. HsioToH Bhepebie o6paTHl BHHMAHHE Ha TO, YTO pas-
HOCTb TeMOEpaTyp #ABJIAETCH pellaiomuM (akTopoM B fpouecce Tern-
J0o6MeHa Mexkay TeaoM u cpenoii. B XVIII B. pycexuii ¢pusuk I, Pux-
MaH MepBLIM Jaa O0CTOATE]bHBIH aHAJNH3 IPOLECCcOB OXJAXKAEHHST Ha-
rpeTHlX Tea B BO3LYXE K MMOKa3aji HX 3aBHCHMOCTh HE TOJNbLKO OT pas-
HOCTK TeMmnepaTyp, HO W OT ILIOWAJAH NOBEPXHOCTH H OObeMa Teda.
Mocnenyiompe HECAENOBAHHA BLHIABHAK OOJLIIYIO CIOKHOCTD MPO=
IecCOB TEI1006MeHa, TEeCHO fepensieTallliXea ¢ THAPOAHHAMHYE-
CKHMH mpopeccaMi. Dbino HafileHo, yTo B Npouecce TemicotMeHa
KOJHUECTBO TemnoTH, OTAaBaeMON HJH MONyuYaeMo#t Te10M OT OKpY-
KAOUEH cpelbl, NPSMO TPOMNOPUHOHANLHO INJIOIAJH NOBEPXHOCTH
tena F, paznocTH TeMIepaTyp NOBepPXHOCTH TeAd fer H Cpembl (KUIKO-
CTH) fy, MJIHTENLHOCTH NpOIecca, a TakXkKe 3aBUCHT OT (HU3UUECKHX
CBOJICTB Cpejbl, XaPaKTepa ee ABHKEeHHA, GOPMEl Tela H €ro reoMerpu-
uyeckuX pasmepoB. s 3neMeHTapHO# MMOUAAKK H 3JeMEHTapHOTO
BpeMeHH [pollecc ONHCHBAEICA YpaBHEeHHeM

dQ, = o (£, — tor) dF dr, (17.1)

HA3BAHHBIM OCHOGHOLIM YPOBHEHUEM KOHEEKMUGHO20 MenAoobMeHa HIH
aaxorom Horomona—Puxmana.

B ypapuennyu (17.1) fy — {,; — TemMmepaTypHHi Hanop; « —
KO3h(HIHENT NPOTIOPUROHAJBHOCTH, Ha3BaHHBIA KoIpuyuenmon
mennocomdayqu, Br/(m? K).

Ing craguoHapHoro npomecca TemnooOMeHa TpH HeH3MEeHHBIX
TemnepaType Cpexbl H IJOLIAAH TIOBEPXHOCTH TEINIOBOH MOTOK

Q=a(ly—1tux)F, (17.2)

a4 IJIOTHOCTE TEeNnaoBOro MnaTtoka

q= Q/F = O"(tm - tc.'r)* (173)

Hs ypapsenns Heiorona—Puxmana umeem
= dQu/(tx — on) AF dv = q/(tw — lea)s (17.4)

T. €. Kodppuyuenm menioomoayu pPaseH KOAUMECMBY MEnomot, 60C-
npunusmaesmoti (usu omoasaemod) efunuteld nosepxrocmu 6 eOuUHULY
BpeMEHU NPU PASHOCMU MEMREPAMYP MeHcOY NOBepXHOCTbIO U OBUMNCY-
wedica cpedodi ¢ I K.

Kosdpdunuedr TeNa00TAaUH XaDakKTepH3yeT HHTEHCHBHOCTb Tem-
Joo6MeHa MeXAy NOBEPXHOCTBIO TeNa ¥ OMbIBAOMEH cpeloi U yUUTh-
BaeT KOHKDETHEIE YCNOBHS NpOTeKaHHA 3TOro mpollecca, Tak Kak o
3aBHCUT OT CKOPOCTH [BHK€HHA cpeabl @, (hOPMBI [OBEPXHOCTH
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rena P, ero auHeltnrix pasmepos [, [, ..., OpHEHTaLUH TIOBEPXHOCTH
B IIPOCTPAHCTBE, TeMIepaTypHoro Hanopa Af, TeMnepatypbl cpeibl
g T. 1., T0 KO3QpHIHENT TENIOOTAAYH, B OTJHYHE OT KO3(dHIHEHTOB
TEMJIONPOBOAHOCTH W TEMIEepaTypONpOBOIHOCTH, He SBAAETCA Ten/o-
$H3HUECKOH XapaKTePHCTHKOH BemecTsa, U €ro 3HAaueHHHd He NPHBO-
BATCH B cPaBOYHHKAX.

Haufonee cyumecTBeHHOe BAHAHMe HAa BEJIHUHHY O OKasuBawOT
KO3(p(hHUKEHT TENA0NPOBOLHOCTH A, yAelbHAA TENNOEMKOCTD ¢, NJOT-
HOCTb P, JHHAMKUYECKas BA3KOCTh [ (MH KHHEMaTnuecKan BA3KOCTb v),
Ko3(ppuLHeHT ofbeMHoro pacutapenus f3.

Bce peanbHele XKHIKOCTH 06aafaioT BA3KoCTblo. Baskocmo —
CBOACTBO XKHAKOCTH OKa3blBaTh CONPOTHBICHHE NEPeMeleHio (CABHIY)
ee cnoes. Huuamuweckan asakocmp | XapakTepuayeT cofoH cHAY,
ROTOpasi BO3HUKaeT Ha KBaJpaTHOM MeTPEe MOBEPXHOCTH JABYX nepe-
MEHLAIOMHXCA APYT OTHOCHTENLHO jpyTa CAoeB EKHAKOCTH TpK Tpa-
JHeHTe cKopocTH dw/dn = 1. B ypaBHeHHAX Temaonepenaus ¥ THApoO-
JHHAMHKH YacTO HCNOAL3YIOT KUHEeMAMUHECKYI) 6A3KOCML Vv = M/p
(eM. § 20.2).

Ilpr kaxyllelica npocTOTE pacyera MNpouecca TemJdooTAauH [0
dopmyne (17.2) okasmBaercs, 4TO ONPEAENHTH KO3D()HIMEHT Temjo-
OTHauK o — 3ajaua JOBOJABLHO TpyaHasa. AHalHTHYecKoe omnpejene-
HHe o HaTalKHBaeTcsi Ha MaTeMaTHYeCKHe TPYIHOCTH, KOTOpHie
He o0ecreuuBalOT HYJKHYIO TOUHOCTb BBHIYHMC/EHUS, a B CONbLIIHHCTBE
cay4aeB OKa3blBalTCcH HEMPeodoNuMbIMH. B Hacrosinee Bpems Teope-
THYECKHM pellleHO BCero HEeCKOMbKO 3alay KOHBEKTHBHOIO Temaoob-
meHa. [To3ToMy Ko3(h{HUHEHT & B GOMBILHHCTBE CAYYaeB ONpeNesior
3KcriepuMenTansHo. Ho 3KcnepuMenT He BCeTAa OcyllecTBHM Ha Ipak-
THKE, a pe3yabTaThl OTAGNBHBIX ONBITOB CHNpaBeidHBH TOMLKO AN
IaHHOTO KOHKpeTHoro cayuyas. Ha nomollp NP#XOLHT Teopus mopo-
6us, no3posollag pacnpOCTPaHATL Pe3YJAbTAThl EXMHHYHOTO ONBITA
Ha Tpyumy NONOGHBIX ABJEHHH.

§ 17.3. OCHOBbl TEOPHHW IOJAOBHSA

C nonsTuem nono6Hs BTiepBble BCTPEYaloTCst B Kypce Teo-
METPHH NPH PaccCMOTPeHHH NoJoOus reomeTpHueckux ¢uryp. [Mpsamo-
yrONLHHKY NMofo6uel (puc. 17.2), ecnn OTHOWeHHs JHHEHHREIX pasMe-
POB CXOICTBEHHBIX CTOPOH PaBHBI MeXLy cofolf, T. . ecJqH IJ4 HHX
MOXHO 3anucath: &;/b; = @y/by = a4/, = C;, HaM a,/ay, = a,ja, =
= b/b, = b,/b; = C,. Benuuuna
C, — koHcmauma 2eoMempu4ecKozo
nodobus. [lo  aHaloram  MOXHO
yTBepH&aarh, 4TO NpsAMbie TpyGOHl
noJo6Hel, ecnu cobaojaercd pa-
Benerso [y/dy, = L/d, = ly)dy = C,,
rpe dy, dy, d; — nuamerpol TpYyé, ar ) az
aly, L, ly —ux mnuna. llouaThe pye 17.2. TCeomeTpuveckoe o
nozobus MoXKer OHTh pacnpocTpa- 06He IICCKHX (BHTYD

by
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HeHO M Ha Jio6ble (H3HUYECKHE BeJHYHHBI, & TaK¥Ke MNpPeHeccH
H SBIEHH:H.

Jns cAOMKHLIX NMPGIECCOB, XapaKTepu3YiollHXCsH MHOTHMY (PH3H-
YeCKHMK DBENHYHHAMHY, Ka)k]as MepeMeHHas BeluudHa HMEEeT CBOIO
KoucTanty nonodus C. Eclu SBAeHHA NOIOGHH!, TO KOHCTAHTH MOLOGUS
HaXOIATCH MeXJy COGOH B onpele/enHHX COOTHOMIEHHAX H IJs AaH-
HOr0 fpoliecca (CHCTeMbl) MX BbIOOD OBYC/IOBJEH YCJ0BHEM MOAcHISA
(PH3RYECKHX #BJeHHA. IDTu GespasMepHble COOTHOLIEHHA NpeICTaB-
JAOT cOB0W KOMIJIEKCH, COCTABJAEHHLIe W3 (DH3HUeCKHX BeJHYHH,
xapaKTepH3yIoWUX 370 sBneHHe (npoudecc). Hasueaworca oun xpu-
mepusmu (aucnamn) nodobus. JIna Bcex mofoBHLIX ABJEHHE KPHTEPHH
nono6us MMEWT OJMHAKOBOE YHCJIOBOE 3HAaueHHe.

TakeM obpasoM, kpumepuem nolobus wasvieaemcs Oespasmeproiil
KOMNACKC, COCMABAEHHBIL U3 BEAUHUM, CYLECIBEHHBIX 0Af OaHHO20
npoyecca.

Bce Kputepuu Noaobus HMEIOT oNpeleneHHbIH GHaHuecKHA cMbICa,
a UX HyJeBas PasMepPHOCTb MOXKeT ¢J1YXHTb NPOBEPKOH NP aBHILHOCTH
HX cocTaBaennf. OOLIMHO MX HAa3bIBAOT HMEHAMM YYeHbIX, BHECIIHX
6oablIOH BKAaL B H3y4YeHHe MpouHeccoB TensoodMeHa W ruipojuHa-
MHKH, ¥ 0003HAYAIOT HAYaNbHBIMA JATHHCKHMH 6YKBAMM haMUIHH.

OcHOBHas MJest TeOPHH NOROGHS 3aKJIOMAETCH B TOM, YTO NepBoe
YaCcTHOE perieHHe ABJeHHs (MCKOMYIK 3aKOHOMEPHOCTb) MOJyualoT
3KCNEpHMENTATBHO Ha MOAENH, a Pe3yibTarThl MPeICTaBAHIOT B KPH-
TepPRAJLHOM BHIE, YTO MO3BOJIAET JErKO M GHICTPO NONYYaTh JaHHHE
AN APYTUX fBJeHH#, nono6HHX MojenbHOMY. Teopus nonofins jpaer
oflllie MeTORHWYECKHe YKa3aHHA N0 BHOODY BeNHYMH, HIMepseMBIX
B onwiTe, n0o obpaborTke MOAYYeHHBIX Pe3yibTaToOB, N0 0GO6LIEH U
pe3yNbTaroOB SKCOEpPHMEHTa Ha Apyrue sBMeHHs, noacGuple ucc/e-
JNOBAHHOMY, @ TaKKe NO3BOJNAET PacCYHTaTh H NOCTPOHTHL MORENb,
nozobHylo Hatype.

Teopus nomobusa Gasmpyercsi Ha Tpex Teopemax. B 3namenuroi
KHHTe «MaTeMaTHueckue Hauaja HaTypaibHOH dunocodhuuy M. Heio-
ToH B 1686 r. Ha npHMepe nonOGHOTO TeYeHHS ABYX MUIKOCTeH Brep-
BLlE PACOPOCTPAHHJ TeoMeTpHuYecKoe nojoGHe Ha (H3IHUECKHe sBJe-
nus. Ho ecan HuioToH BEICKa3an TONBKO OCHOBHYIO HIEH MOLOGHs
¢dbu3nUeCKHX ABJeHHH, To ¢panuysckuit matematnk JK. Beprpan
B 1848 r. nan cTporoe A0Ka3aTensCTBO M YCTAHOBHJ OCHOBHOE CBOf-
CTBO NONOGHBEIX SIBJEHWH, HA3BaHHOE TO3Xe NepBOH Teope-
MOl nopo6usa: nodobnwe memdy coboll sererun umeiom odu-
Haxosele Kpumepuu nodobus. 31a TeopeMa NO3BOJAET BLIBECTH YPaE-
HeHHA ANS KPHTepHeB MOJOOMSA M VKa3blBaeT, YTO B ONBITAX HYMKHO
H3MEPATb JHLIb Te BeNHUHHBI, KOTOpHE cofep:aTcsi B KPHTepHAX
nofoGHA H3yuaeMOro npouecca.

Chepywmuil war B pa3BHTHY TEOPHH NOJOGHA OHA CHENaH B Ha-
yane Hallero CTOAETHSI, KOraa pyccKHH yuensiii A. ®egepman B 1911 r.
B aMepukaHckui cdusnx Jx. Bykunrem B 1914 r. weszaeucumo jpyr
OT JApyra nOpejnoXund BTOPYIO TeopeMy HNoAOGUA,
COMVIACHO KOTOPON wucX0OHble MameMamu4eckue ypasnenus, XapoKme-
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pusyoujue OanHoe (usukeckoe agacrue, eceeda mozym Ouimb nped-
CMABAEHbL 6 BUOE 3ABUCUMOCMU MeNCOY Kpumepuamu nodobus, xapax-
mepusyowiumMy  amo AeAeHue. IOTH (PYHKIIMOHANbHble 3aBHCHMOCTH
MEXAY KPUTEPHAMH NOJI00KA HA3bIBAIOTCA YpasHeHUsMU nooolus WiH
KpumepuaroHoimy Yypasuenuamy. W3 teopeMul cienyer, 4to pesyib-
TaThbl OMBITOB He0OX0auMo oOpabatHBaTh H MpPeACTABAAThL B BHAE
KPHTEpHANLHEIX YypaBHCHUI.

Tperrsi TeopeMa nmojagob6yasa Obna OperickeHa co-
percKHMH yuenbiMd M. B, KupnuueBuim u A, A, I'yxmanom B 1936 r.:
nodobrer me ABAEHUS, YCAOBUS OOHOZHAYHOCMU KOMOPHX No006Hb
U OAR Komopoix Kpumepuu no0obus, COCIMABAEHHbe U3 Ycao8ul odHo-
SHAQUHOCMU, HUCACHHO pasHbl. TpeTbs TeopeMa YCTaHaBJHBAeT MPH-
3HAKH, [0 KOTODHLIM OMpeje/floT, KAKHe ABJeHHSA M0X00HH Ipyr
APYTy, T. €. OHA MO3BOJSIET BLIABUTL Te SIBJAEHHSA, HA KOTOPHIE MOryT
OLITE pacnpocTpaHeHHl pe3y/bTAaThl IKCMEPHMEHTAa, NONY4YEHHBE Ha
MOJIENH.,

Bce OCHOBHbIE KpUTEpHU MOJAOOHS TEnJ1OBBIX, MEXAHUUYECKHX H
THIPOMEXaHHYECKUX SBJEHHH MoJyyaloTes H3 MaTeMaTHYecKHX ypas-
HeHHH, ONMHChIBAOWHX cooTBeTCTBYIOMMH mpouecc. Hanpumep, coor-
HOWEHHe cHA HHepuuM F; = ma = plw/t W MacCOBHX CHI (cHA
TaxecTH) F,, = mg = pl®g B noTOKe XHAKOCTH XapakTepH3yercs
fespasMepHbIM KOMIJIEKCOM:

F/F; = plgiiplPu/r) = glf|lw (I/7)] = gljw?,

KOTOpLIfi Ha3biBaeTcs KpuTepuHeM @Ppygqa:

I'r = gly/w?, (17.5)

rie l, — onpenensomini JuHeAHBIH pasmep.

Kpumepuii @pyda xapakmepusyem coomHowenle MACCOBHX cuUA
(cua mamecmu) w cun UHEPYUU NpPU BHIHYMCOLHHOM OBUNeHUU HuD-
kocmu. Yucmo Ppyaa Henoab3yercs NpH HCOBITAHKH B OMBITHBIX
Gaccelinax Mogzened xopaGJyeil, rauccepoB H T. II.

Cpasp Mexay cunaMid wHepuuu F; u npasnenus Fp = Apl® npu
BEIHYKAEHHOM [BHMKEHHU KHIKOCTH

FolFy = Aplpluw/t) = Ap/pwlit) = Ap/pw?)

XapakTepusyercss KpHTepuewm dDilgepa

Eu = Ap/(pw?). (17.6)

W3 eeipamenns (17.6) cnenyer, uto uucac Siisepa ssanemen Mepod
OMHOWEHUA nepenada cmamuieckux oOastenuli s nomoxe (2udpasau-
HECKOZO COMPOMUBAEHUA) K KUHEMUYECKON IHep2ull nomoxd.

OueHb BaXKHbIM A7 pelleHHs 3a1a4 THIPOAHHAMUKH H BLIHYXJeH-
HOJi KOHBEKUWH SIBARETCS Ge3pasMepHBIA KOMIJIEKE, NOKa3biBAOHINH
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CBH3b MEXJY CHJIAMH HHEPUHM Y CHIAMU BsA3dkocTH Fy = ui? Aw/Ah
F; P AwiAt _ plAl/AT pwl

Fp — w® Aw/Al T M 1t

Komniekc Hazpan kpuTepuem PelHoanspgca

Re = pwly/u. (17.7)

Tak xak p/p = v, rle v — KHHeMarTHuecKas BA3KOCTh, TO

Re = wiy/v. (17.8)

Yuecao PeiinoavOca xaparkmepusyem COOMHOMWERUE MEXCOY curamu
UHEPYUL U MOAEKYASPHO20 Mperun (8A3KOCMU), Komopoe onpedersem
eudpodunamuneckutl pexcum eovitHyxOeHHo20 O8UXCeHUS CPedbi.

Ilpu cBoGonHOM [BHIKEHHH Cpelbl (eCcTecTBeHHAs KOHBEKUHA),
KOTJa JABHKEeHHE OCYHIeCTBASeTcsl TOJLKO 32 CUET PA3HOCTH MJIOTHO-
cTeli, BLI3BAHHOH HEPABHOMEDPHOCTHIO TEMNepaTypPHOTo MOAf, KpH-
TepueM NoNoOHs, ONpelensoUM PacpocTpaneHie TenNOTH B cpele,
aasgercsi K purtepuifi F'pacroda. On HaxomMrcsl H3 npous-
BejleHust uxcaa PefiHosbica Ha OTHOIEHHE NONbEMHON CUAH F, =
= pgP Al® k cune BaskoctH F:

Reig__ pwl pgP At gt-”)T B Af.

Fu ™ p plust (W
YUHTBLIBAs, YTO W/P = v, OKOHYATeNLHO HMeeM

Gr = glip AtA?, (17.9)

rae f — remnepatypHueli KO3(pHIHEHT 06bEMHOr0 paciHpeHHs.

Yucao I paceogha xapaxmepusyem coomuowerte mMendy nedsemaod
cunol, 6o3HUKQIOWER 8 cpede 6cAeOcmaue pPA3HOCMU  NAOMHOCMEL,
1 CUAOL MOAEKYAAPHO20 mperus (8a3Kocmu).

Takum o6pazoM, ecql peUyb HAETOTH APOMEXAHHUYEC KOM
NOJOOHMH MOTOKOB, TO LA HHX B Mi0OBIX CXOJCTBEHHEIX TOUKaX
kpurepun nopo6us Fr (uan Gr), Eu u Re umenT ofuHakoBLie 3naue-
HHS.

BaxHelillne KpHTEPUH TEeNJOBOTO NOZOOGHSA MOTYT
6LITh MOMYUCHB N3 OCHOBHBLIX YPAaBleHHH Nepenayl TerioThl.

KonnyecTBO TenNOTH, NEpeJaHHOH TemaonpOBOLHOCTLIG, B COOT-
BeTCTBHH ¢ 3akonoM Pypoe (16.14)

Qi = [(t, — 1:)/(8/M)] Fv = A (At/1) 2. (17.10)

KonudecTBo TemioTel, nepeflaHHOl B npouecce TeNJao0TiauH,

COCTaBJafier
Qo = & (I, — log) dF dv = o AT, (17.11)
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TennoTa, BocnpuHsATas TeaoM Maccolt M,
@ = Mc (; — t;) = cpP At. (17.12)
Paspenus (17.10) na (17.12), nonyuaem GeapaaMmepiblit KOMIJIEKC
Qx A AT (1D art

ABAAIHACA OIHUM H3 BaKHeHUIHX KPHTEPHEB MOA06HA — K P H -
tepuem Pypobe

(17.13)

&
| Fo = a1y,

Te a — TeMNeparypolpOBOIHOCTD.

Yucao Pypee npedemasasem coboti Oe3pasmeproe epema U xapak-
mepusyem Ccéa3b  Memdy CKOPOCINbIO UBMEHEHUS MEeMNepamypHo2o
noAf, (QUBLHECKUMU XAPAKMEPUCTIUKAMU W pagmepamii meaaq.

Kpurepnii ®ypoe Bmecte ¢ kputeprem b uo xapaxrepu-
3YI0T HEeCTALHOHApHEIE MPOLECCH PACNPOCTPAHEHUS TenJoThl. Pusu-
HECKLLL CMBICA HUCAR Buo 3araouaemes 8 YeMAHOBACHUN CCONMHOWERUA
MeHOY  LUHMEHCUBHOCAMI  MenAoomOaul ¢ nNoGePXHOCIL MeAsd
nodeoda menaomsl MenAORPOGOOHOCIBIO U3 BHYMPEHHUX CA0E6 MeAq
K NOBePXHOCMUL

Bi = aly/Aens (17.14)

T/ie Ayp — TEIJONPOBOAHOCTL CTEHKH.
B xoq01n1bHOR TeXHMKE HecTanuOHapHbIE NMPOLECCH pacmpocTpa-
HEeHHA TEMIOThH HMEIOT MeCTO NMPH TepMHYECKOH o6paboTKe nPOAYKTOB,
B annaparax ¥ MallnHaX NpH nycke, OCTAHOBKe, u3MeHEHHH peXuMa
HIH KosaeGanusax arMoctepHBIX YCJOBHE.
Ecau Baate ornomenue (17.12) x (17.10), To nonyuum
Q o B At _ cpwAl wl
Qn - A AR T AAHN) T et

3T01 KOMMJIEKC HAasbBaeTcss KpHTepueMm I[lexae:

(17.15)

Pe = w!,/a. (17.16)

Kpumepuii Ilexae ecmb omuowenue nAOMHOCMU MENL08020 NO-
moKa, nepedasacmoeo KOH8CKYuel, K NAOMHOCMU MENA0B020 NOMOKQ,
nepedusaemo20 menronposodnocmeo, M. e. uucro Pe xapaxmepusyem
COOMHOWEHUE MeNCOY NEePeHOCOM MEnAoMmbl KOHGeKyuel 1w menionpo-
codnocMmbl 6 HOMmoKe.

Baxubifl B TeOPHH KOHBEKTHBHOTO TEMJIOOOMEHA KD HTE P M @t
Hycceanta momer GuTb naiiien M3 OTHOWEHHA BHIPAMEHHIL
(17.11) w (17.10):

Qu o 12 Al al

— =

@ A FEARAD
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Yncno Hyccenbra apasercsd GeapasMepHBIM KOMPHULHEHTOM Tern-
J00T/aYH

Nu = aly/h (17.17)

H XapaKmepusyem UHmescusHocms menaoobmena Ha epaxuye meepdog
meao — udxocmy. YeM wHTEHCHBHEE NPOTEKaeT MPOLECC KOHBEK-
THBHOrO Tennoobmena, TeM Goxbile KOSBUIMEHT TEMIOOTIAYH &,
Tem Goawie Nu. Crexyer oTMeTHTh, 4To unciao Hyccenbra siBnsercs
onpenesfAeMbiM, TAK KAK B HEro BXOAHT KO3(M(hHUIHEHT TennooTnavH,
KOTOpBIT NpH HCCIENOBAHHH KOHBEKTHBHOTO TeMJTOOGMEHA fBJIAETCH
o6blyHO HCKOMOH BeawunHod. [Jo puewHemy Buay kputepuii Nu
coBnajaeT ¢ Kpurepuem Bi, HO MeXny HUMH CYIIECTBYET MPHHIH-
nuajabnoe pasauuue. B kpurepuit DHO BXOZHT TEmJaonpoBOIHOCTH
CTEHKH Agq, @ B Kpurepuil HycceasTa — TenonpoBOgHOCTE Cpednl A,
OMLIBAIOUEll CTEHKY.

B cBAsu ¢ TeMm, 4TO umcautean KputepueB Pe u Re oanHakoBH,
a 3HameHaTenu pasHble, MOXHO HX npeobpasopath. Pasmenun Pe Ha
Re, nmonyuum HOBLIH KpuTepu#t — KpuTepH @ [lpangraa:

Pe/Re = (wl/a)/(w!/v) = | v/a = Pr. (17.18)

Kpumepuii [Ipandman, codeprcauwiud moavko menioguzugeckue
AAPAMENPYL HUDKOCMU, XAPAKMEPUSYEM BAUAHUE (PUIUYECKUX c8oticma
CpEdb: HA KOoMGeKmueHbid menaoodmen u sersemca mepod nodobus
nored memnepamgp u cxopocmed. Kunematuyeckas BA3ROCTL v cylie-
CTBEHHO B/IHSET Ha XapakTep IOJS CKODOCTeH, a TeMmeparyponpoBoi-
HOCTL @ — Ha MApOUeCC TenJaooGMeHa.

Takum o6pasoMm, npH TEMTOBOM NOJOOHH CHCTEM HX KDHTEPHH
nogobua Fo, Pe (man Pr), Nu nonxusl umerh OJHHAKOBBIE YHCJIOBHIE
BHAYCHHA.

Crneayer OTMeTHThL, WTO AAS NOROGHEIX CHCTEM KPOME TEIJIOBOrO
NOJOOHA IOJKHO COBMIONATHCA TAKME THIAPONHHAMHUYECKOR H reoMe-
TprUecKoe nojobue, T. €. ZOJXKIb ObiThb paBHbl Takxe Kputepuu Fr
(wnu Gr), Re, Eu u l/l,, rae [/l, — ycioBue reoMeTpHuYeCcKOro mno-
ZoGu1.

Bo muorue kpurepuu BXOIMT .THHeiiHaa BeJHYHHA [y, Ha3bIBaeMas
onpeireNslOMWHUM AHUHeHHHM pasmep oM Onpede-
AROULUM HA3LIBAENICS pasmep, OM Komopoeo 8 Ooabtuoti crenenu 3a-
SUCUM pPA3BUMUE npoyecca rxoHsexmusHoeo menaocobmena. Tipu nBu-
JKeHHH WHAKOCTH BHYTPH KPYIVIBIX FNAJIKHX TPYO 32 ONpeles sl
pasMep NpUHHMAIOT 8Hympennud Ouamemp mpybo I, = dygz. B cay-
Yyae NONEPEYHOro OMEIBaNUA rankoft TpyObl MAH nyuka TpyO 3a onpe-
JeaAIoUW M pasMep NPUHUMAIOT Hapyubil duamemp mpybo 1, = dy:
[Ipn nBHKEHHUW MHAKOCTH B KaHANaX B KauyeCTBE OMpEAeNtsiouiero
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pasMepa HCTOMNB3YIOT 8Keugarenmubill Auamerp: ly = d,, NpHUEM

d, = 4f/11, (17.19)

rie f— nJoulafb MNonepeuHoro ceuenus Kawana; /T — nepumerp
cedyeHHs, Uepe3 KOTOpbLIH mepenaercs TeMIOTa.
JIis npsIMOYFOJbHOTO KaHana co CTOpPOHaMM a M b

d, = 2abj(a + b).

Jlna KoabueBOro KaHana KpyTIJOro cedeHHA NpH nepefade Ten1o0Tht
yepes BHELIHIOW M BHYTPEHHIOIO MOBEPXHOCTH Auamerpamu dy d dyy

dy=mn (dﬁ e dgn)”n (dy + dpr)] = dyy — 7

B caygae nepenadyd TeENJOTEI TOJIbKO '-IE])EE BHYTpeHH}OI'O {10~
BEPXHOCTE
dB =~ (dﬁ' == dﬁﬂ)fdng.

[1py¥ TeueHun nmoTOKa BAOJE MyuKa TPyO, pacnojlOKeHHOTO B Ka-
Hale KpYTJOTo cedyenus AuaMerpom D, # npu mepelade TEMJIOTH
TONBKO TpyGamu

dy, = (ﬂDz = nndﬁ)/‘{f’lﬂdﬂ) = (D2 == ndﬁ)/(ndn),

rae # — 4ucao Tpy6 B nyuxe; d, — HapyxHHHE AuameTp TPyGhl.

[lpn npoaonabHOM OOGTEKAHHH IUIHTH ONpeAeNfIOIIHM pa3MepoM
gyner ee aauHa, T.e. [ =1l

DH3uyecKHe NapaMmeTphi KHIKOCTH, BXOAALLHE B KPHTEPHHU MOAO-
GusA, 3aBHCAT OT Temneparypul. PHanuecKHe XapaKTEPHUCTHKE Cpennl
HAXONATCA MPH OJHOH Onpeneaswlleli TemnepaType,
32 KOTOPYK MOXeT OHTb NPHHATA MeMNEPamypa HUOKOCmu |ty
& Adpe nomoxka WAY pasHocme mesnepamyp mexdy cmenkoid u nomo-
wom AT = f., — 1. Tlpa HeGOMBIIHX H3MEHEHHAX TEMIEPATypPhl
B npenerax ydyacTKax TeIiooOMeHa YacTO HCIOMb3YIOT cpedneapudi-
MEMUYeCKyrw memnepamypy TOTOKA

Im=0,5 (fml T txa)- (]720)

B ofmem caydae HaXOAT cpedHeA02apUpMULECKYO PA3HOCTb
memnepamyp O, MexIy cpelHell TemnepaTypoH CTEHKH fg,p W TeM-
neparypoii noroka (puc. 17.3):

B = (B — 6,0/12,3 1g (B5/0,)}, (17.21)

rae 65, 0, — pa3HOCTH TemMmepaTyp MKHAKOCTH ¥ CTEHKH Ha BXOJe
H BLIXOJE PacCMaTPHBAEMOTO Y4YacTKa.
Torpa cpenussi Temmnepatypa nLOTOKa

b =1lgr O
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37ech 3HaK ITIOC MPHHHUMAETCA B CJTy-
yae OXJaMJeHHs cpelbl, a 3Hak
MHHYC — np# ee Harpese. Ecad
otHowenne 94/0, << 1,7, 1O ¢ noO-
CTAaTOYHOR TOYHOCTBIO MOXKHO MOJb-
3oBatbes GopmyJtoit (17.20).
Jaa Toro 4ToOn! YKasarb, Kakad
U3 TEMMEpPaTyp KHIKOCTH NpHHATA
B KauyecTse oOIperensiomei, paaoM
Puc. 17.3. Cpennenorapudmuteckas ¢ KpUTEpPHEM IPOCTABJAAIOT HHAEKC:
pasHOCTL Temmeparyp HanpuMep, Pre., Nu,, Re,,
H T. I
B kpuTepuanbHbIX ypABHEHHAX 3a CKOPOCTL MOTOKA MPHHHMAIOT
yCpejHeHHoe ee 3HaueHHe B 3aIaHHOM I[IONMEPEYHOM CedYeHUH

w=V/F = M/(pF), (17.22)

rne V — oOkeMHBIH pacxon :KuikocTH; M — maccoBblil pacxox; F —
IO AL MOMEPedoro CeyeHHA NOTOKAa; P — MJIOTHOCTh MHIKOCTH.

IpH H3yuelud KOHBEKTHBHOTO Tennoobmena HaubolIblluil mpax-
THYECKHH HHTEPEC MPEACTaBJIAET OnpepeseHHe KosixhuineHTa Temio-
OTJauK o, KOTOPHIH BXOAHT TOAbKO B Kpurepuii Nu. [Tostomy ypas-
HeHMe KOHBEKTHBHOTO TEII006MEHAa PEUIaeTcA  OTHOCHTENLHO 3TOTO
uycsa. Teopusa nojobua nossoasder B ofmeM BUIE YCTAHOBHTL KpH-
TepHaJbHBIE 3aBHCHMOCTH, JOCTaTOYHO TMOJHO XapaKTepH3YKuHe
NpoLecc KOHBEKTHBHOIO TemsnooGmeHa. O6obmeHHOe ypaBHeHHE KOH-
BEKTHBHOrO TenjJoobMeHa HMeeT BHI

Nu = f (Ho, Fo, Re, Pr, Gr, I/f), {17.23)

rie Ho = wt/ly, —kputepufl THApPOAHHAMHUEC KOH
roMOXpOHHOCTH, Xapakmepusyroujutl cKopocme UIMEHEHUS
noas ckopocmer Geuncyuwetica cpedor 60 speMerit.

Kpurepun nogobus Ho u Fo ABAATCA OCHOBHEIMH KpHTEPHUAMH
pecTanHonapuLX nponeccoB. Tak Kak SKCIepHMEHTH MO OMpenene-
M0 KOXDPUIIMEHTOB TenJNOOTAAYH NPOBOAATCA MPH CTALHOHADHOM
pexume, TO YypaBHEeHHE KOHBEKTHBHOTO TenJoobMeHa 3anuuiercs
B BHUJE

Nu,, = [ (Re, Pr, Gr, L) (17.24)

[Tpu HeOGXOAMMOCTH YyYeTa BJHSHAA TEMNEpaTypel Ha TemodH-
3H4eCKHe CBOHCTBA Cpeibl (B yMEPEHHOM 1HAMA30HE UX H3MeHeHus),
a TaKKe HaNpaBJeHHs TenJOBOrO NMOTOKA (OT MKIAKOCTH K CTEHKE HJIU
HaoBOpPOT) B YypaBHeHHWe noJ0o0Hs, 10 PEKOMEHIAaNHH aKaleMiKa
M. A. Muxeepa, BBOAUTCH OTHOUICHHE uHcen [IpanaTaa ana KHAKOCTH
Pr,/Pr.;, BLIUHCNEHHLIX COOTBETCTBEHHO MPH TeMIepaType MoToKa
¥ crenkn. Torma ypasHenue (17.24) MoXHO 3andcath

Nu = f [Re, Pr, Gr, (Pr/Prcs), U}, (17.25)
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1JH B Bule cTeneHHON (GYHKIHH
Nu,, = C Re™ Pr* Gr? (Pr,/Pr,)% % (I/1,). (17.26)

Kak 6wu10 ckasano, TeopHs NOZoGHA YCTAHABJAHBAET TOJbKO
OOUIHE BHJ KPHTEPHANLHOTO YypaBHeHMs, IeHCTBHTEIbHAA Ke 3a-
BHCHMOCTh KpaTepus Nu OT onpenejsiOBKX KPHTEPHEB HAXOLHTCH
skcnepumentaabuo. CrenoBarenbno, Koadpumuent C H nokasarenu
creneueit m, #, p U g B ypaBHenuy (17.26) onpejenasiorca 13 SKCHEpH-
MEHTZ IJ7 KakJIOro KOHKpeTHoro cjyuad. B ormesbHBIX ciayyasax
tennoobmena ypasnenue (17.25) ynpowaercs. Tak, A1s BeIHYXAeH-
Horo TypGyJNEHTHOrO ABHKEHHS BJAHAHHEM CBOGOAHON KOHBEKIHH
npeHefperaiot, T. €. He y4uTbIBaloT Kputepuil I'pacroda:

Nu:f(Re; Pr, Pr}l(r"PrG’l‘i lﬂn)- (1?.27)

ITpu cBofoaHOM ABMMEHHM #HJIKOCTH H3 KPHTEpHaJIbHOTO ypaB-
nenus yOupaiot kpurepuil Pefinonbaca BBHAY OTCYTCTBHSA BBIHYM/EH-
HOH KOHBEKLHU:

Nu = f (Pr, Gr, Pr,/Pr.. /). (17.28)

Econu oMeizarouledl cpepoi fBAAETCA Tas, TO M3 KPHTEpHAbHBIX
ypaBHeHuH HCKJoYalor oTHoweHnue Pry/Pre,, nockoabKy ATd rasos
yucao [Ipannraa or TemmepaTypbl MOYTH HE 3aBHCHT. JIAs uIeanbHBIX
raioB KpUTepHd Pr 3aBucHT oT aToOMHOCTH rasa. [lnd oxHOATOMHBIX
rasop Pr = 0,66, ana apyxaromusx (cyxo#i Bospyx) Pr = 0,71,
ana tpexaromMuusrx Pr = 0,84, nna wmuoroatomusix Pr = 1,0, Tlpu
MAaJbIX TeMMepaTypHHX HANOpax, 4TO XapakTepHO AJs anmnaparos
XOM0MMNbHBIX Mawud, Pr,/Pro,— 1.

§ 17.4. TENJOCOBMEH NPH BbIHY)XJAEHHOM
ABWXEHHH XHIAKOCTH

17.4.1. Heuscenue sudxocmu 80046 NAOCKOL CHCHKU

Paccmorpum IBHM(EHHE NOTOKa MKWJAKOCTH, OfTexkalouero
NI0CKYKO CTeHKY B MPONOJLHOM HanpaBJeHHH. Y ee Mepenteil KPOMKH
ofipasyerca JaMHRapHblil NOrpaHuuHbId c10H, TOMUMHA KOTOporo O
BO3pAcTaer no Mepe yaanenust oT kpomku (puc. 17.4). Ha uexoropom
PacCTOSHUH Xyp  MOSIBASIOTCA 33BHXPEHHA, a HA PaCCTOAHHH Xgp o
JHaMHHapHbI C/0f nepexonuT B TYpOYJeHTHBIA. YuacToOK, HA NpoTH-
AENHH KOTOPOTO ABMIKEHHE KHIKOCTH NPOMENKYTOUHOE MEXIY JaMu-
IAPHUBIM M TYPOYMENTIIRIM, HA3LIBAeTCH nepexodHol soxodd, a dopma
JBIGKEHHs KHAKOCTH — nepexoOuuim pemcusmonm Osumenus. B kouue
nepexonHOH 30HB 06pasyercd YCTOWYMBBIH TYpGYJeHTHEIH morpanuy-
noifi cnoh ¢ rommuHoR §,. Ognako U B TypGYJEHTHOM NOTPAHUYHOM
cJaoe BO3Je CTeHKH COXpaHsercs TOHKHH caoil 8, ¢ aamusapubM
DeXHUMOM JABHXKEHMS, Ha3HIBaeMBlil asamunapres nodcrces. Takum
cOpazoM, NMOrpaHHYHBI €A0if MOxer ObTb KaK JAMHHApHBIM, TaK
1 TypOy/eHTHBIM.
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Puc 17.4. Tennocoriaya npH obrexaHiH MOTOKOM RJOCKOH 110-
BEPXHOCTH

Wurencusnocts rensoofMena MeXAy CTEHKOH U Cpefoil 3aBHCHT
HCKJIOUHT@NBHO OT TOMUHHE JAMUHAPHOTO NOTPa{HM4yHOrG MOACJOA,
TaK KaK MMEHHO OH ABJAETCS [JIABHBIM TePMUUYECKHM CCTPOTHBIE-
HueM. B rtypOyaenrnoM norpasuuHOM caoe Temsiora nepenaercs
SHAYNUTENLHO MHTEHCHBHEE, uYeM B JAaMHHADHOM, 4T0 oObfAcCHAercs
MeHbllleH TONUHHOA JAMHHAPHOTO MOACHOS M HHTEHCHBHLIM MEpe-
MEIIMBAHNEM YaCTHIl MHAKOCTH B TypGYyJEHTHOH UACTH, KOTOPOE
IIPHBOJMT K JIOTIOMHHTEIbHOMY TePeHOCY TEIOThI 3a CUET KOHBEeKIIHH,
Ha puc. 17.4 nokasan xapakrep Hamerenus KOs(hhHUHEHTA TENJIOOT-
Jaun, KOTOPRH OOPATHO NPOMOPIHOHANEH TOJNIMHE JaMHHAPHOTO
norpasnysoro ciod. Ha ronwuny namusapuoro norpanuunoro cios
CYECTBEHNOE BJMAHHE OKA3uIBAIOT (U3HYECKHE CBOHCTBA KHUAKOCTH,
8 TAKKe CPejHaa CKOPOCTb MOTOKa. Tak, ymeustuente cpednel ckopo-
CMu ROMOKA, YMEHbUUCHUE RACIIHOCKIU WAL YEeAUYEHLE BAZKOCHIU CPeObL
NPUBOOAM K YEEAUHERUIO MOMULUHBL ROZPAHUAHO20 CAOR U AGMURADHOZO
nodcaos.

O pexyuMe TedeHHs MKHIKOCTH CYAST MO KPHTHUECKUM 3HAUEHHAM
Re:

Relcp 1= WoXyp1/V} Rexp g = WoXgp o/ Ve

IIpu Bcex suauenuax Re << Re., , HabmogaeTca ycroiuupoe
JlaMmHHapHOe Teuenue, npy Re > Re,, , — pasBuroe TypGy.JenTHoe,
npr Rey, ; <C Re <C Rey,, , — nepexofubiii pexum aprxerns. Kpu-
THYECKHE KOOPHMHATH Xypy M Xyp o 38BHCAT OT MHOTHX (haKTOPOB.
Ha uepexon OT JaMHHApHOrO K TYpOYJEHTHOMY DEXRHMY BAHSIOT
CTeneHb TYPOYJNEHTHOCTH, 4acToTa NyJ/bcanuil, ycKopenuwe H 3ames-
JIEHHe MOTOKa, UIepOX0BATOCTb W BOJHUCTOCTL TOBEPXHOCTH, yA060-
06TeKaeMOCTb NepenHeil KPOMKH CTEHKH, BHOPAUUKH # WHTEHCHBHOCT
rennoo6Mena, Tlostomy TpyaHO TOYHO yKasaTh 3HayeHms Reyp.
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MHorouHcJeHHble ONBITH! NMOKA3BIBAIOT, UTO Nepexol OT JaMHHapHOro
K TypOy.JeHTHOMY [BHXEHHIO MOKET NpPOHCXOMHTb NpH Reéy, =
= (3=-6) 10,

[Tpu pacuere mpoueccoB TenjoofMeHa MEXKIY MJOCKOH CTeHKOH
H MHAKONH cpeloil cpenHHd KoahhULIHEHT TeMJ00TIAYH ONpeNesior
13 KPHTEpHaJbHOro ypaBHenuf, npennoxeHHoro M. A. Muxeepbim,

NU:-[( =C Rex Pr;{ (Prm]‘.‘prcr)[l,25’

rie npH Jamuuapuom citoe C = 0,66; m = 0,5; n = 0,33; npu
Typ6yaentnom cnoe C = 0,037; m = 0,8; n = 0,43.

3a onpenensomui pa3Mep MPUHATA IIUHA CTEHKH 1O HampasJe-
HHIO ToTOka: [ = [,, 3a onpenendwIlyio TeMneparypy — TeMmIepa-
Typa MOTOKAa %, 32 ONPEeReNsIONYi0 CKOpPOCTh — CKOPOCTE HaGera-
IOUIEr0 TIOTOKA .

17.4.2. Hsumcenue aculrkocmu 8 mpyoe

HMurencuBroCcTe TemmooGMEHA MPH TEYEHHH MKHIKOCTH B Tpy6e
3aBHCHT OT pexyuMa JBIKEHHA. JKCIepPHMEeHTalbl0 YCTAHOBIEHO, 4TO
npe Re < Rey, , = 2300 notok umeer ycTo#uuBH# aa-
MHHapHB A pexuwy reuenua (puc. 17.5, a), T. e. ecnu ero
HCKYCCTBEHHO 3aBUXPHTbL, TO Uepe3 HEKOTOPOE BpeMs JaMHHapHbIH
peMHM BOCCTAHABJMBaeTCsl. TenjooTiaya B MONEPEUHOM K MOTOKY
HAMPaBJCHHH MPOHCXOOUT IPEHMYILECTBEHHO 3& CYeT TEMJIONpOBOX-
noctu cpennl. IIpy Re > Re,,, = 106* na6monaerca pas3BHTH &
TrypbyanentTuuit pexuwm (puc. 17.5,6), npu koropom
MEPEHOC TENJIOTH B TOHKOM JaMHHAPHOM MOACJTOe OCYINECTBJAETCH
TEILTONPOBOANOCTBIO, & BO BHEIUIHEM MOTOKe — KOHBEKIWeH, 3a cueT
ero WHTEHCHBHOTO nepememinBanus, B guanazone 2300 < Re <
< 10 000 pexmum gBuMeHHsa cpellbl — nep e X 0 A H bl #. Kak npa-
BH/1O, B annaparax XOJOTWILHHX Mallun TpH CObLMMHLIX YCJ0BANX
3KCINYaT4UHH XapakTep ABMMKEHHA BoHb B Tpybax — TypOyJent-
HbIH, a paccosoB — JaMAHADHHA MM NepexoIubiH.

Pasnyuuue Mexny namHHApHBIM H TYpPOYJEHTHHIM PeXHMaMu Ha-
6mojaerTca 4 B 3aRoHe pacnpelefieHUs CKOpPOCTEH B MOMEPEUHOM Cede-
HuK. B namMuHapHOM NOTOKE yCcTanaBAHBAETCS NapaGoJHYeCKHil 3aKOH
W3MEHERUA CKopocTell, MpU KOTOPOM cpelHsAf CKOpPOCTh MOTOKA
@ = 0,5wy, . Tlpu Typ6yneHTHOM pexuMe KPHBas paclpeneseHHs
CKOPOCTEH HanoMuHaeT yceyeRHyIo napa6ony, MpuYeM OCHOBHOE H3me-
HEHHE CKOPOCTH TIPOHCXOLUT B mNpeledaXx JaMHHApHOTO MOACJHOS,

o) W 5) Res 104 w
ferllll — = ___'imi_ﬂ.e?—:“_@
M. | A i

( 20 ’_\""_...c o\ O 3
(- ~ Bt
= > & Cu P 53T |

. z rrrro3 = ra

W, Z . Winax
|____'1W__.. Homunapusiit nafeaod

Pue. 17.5. Pacnpenenenne CKOPOCTH QO CEYEHHIO TPYOH

1%y



W ~)
i it = L.-)
e |
o
ET){ ! X 17!( _ —l i
| . —TH
Puc, 17,6, T'uapoaHsaMuYeckKHit M TennOBOH YUYACTKHM CTAGHJN3ANH

HPH PA3MNYHELIX DOKHMAX TEUCHIS: 4 -— OPH JaMHHapHOM; 6 — OpH
TYpOyIeHTHOM

a B AApe MMOTOKA H3MeneHHe He3HauuTerdbhoe., Cpeauss no ceuenuio
CKOPOCTL 3aBHCHT OT Re u umeer mnopagok @ = (0,8=-0,9) w,,,.

Ha Bxoxze B TpyGy Bceria cymecTByeT HaYasibHbIl yyacTOK 1/H-
HOH [;, B mpexejsax KOTOPOrO MPOHUCXOANT CTaGHJIH3ALHA MOTOKA
HHUIKOCTH, T. €. YCTAHOBJEHHE TOCTOSHHOTO TPOYHIA CKOpOCTEi.
On HasbiBaercsl yuacmiom 2udpoduramudeckorr cmabuausayuu. [Tpu
JAAMHEADHOM DPEXHME TeYeHHS, HAYMHAsA € BXONHOID CeYeHHd, Ha
NOBEPXHOCTH MOABJSETCS MOrpaHHyublli ¢10f, TOJIMHA KOTOPOrO
pacrer 1o mepe yAaneuus ot sxofa. Ha paccrosnuu [, o topua tpy6u
NOTPaHUYHbIE CJIOH CMBLIKAKTCHA, 3anoNHAA BCE CeuenHe TPVOL, M
06pa3yioT JaMuHApHBI# CTabHNU3HPOBaHHLIH NOTOK (puc. 17.6, ).
Kosguuuent tensiooriayn ¢ pOCTOM NOrPaHHYHOrO CJI0S YMeHb-
WAETCa M Ha CTaGUIH3HPOBAHHOM YUACTKE COXPAaHSer MOCTOAHHOE
snayenne. [Ipu TypGyeHTHOM pexuMe NpH BXOAE MHAKOCTH B TPyGy
Ha BHYTPEHHEH ee NoBepXHOCTH 06pa3yeTca, Kak U B EPBOM Caydae,
JAMHHAPHLIA NOrPAHHYHBIA CJIOH, KOTODHIA 3aTeM nepexoiaur B Typ-
GysentHbiii, [Toc/iennnéi no Mepe yaaneHHs OT BXOIHOTO CEUEHHS yTON-
maeTcA W Ha HEKOTOPOM paccTosuu [y OT BXOJa CMLIKaeTcs, o6pasys
TypOyMenTHEfl cTabuaMSHpOBaKHBIE TOTOK {(pHc. 17.6, 6).

YcTaHOBEHO, UTO HAPAAY € YYACTKOM THAPOJAHHAMHYECKON CTa-
OUIH3ALHN CYMECTBYET HAYAAbHBLE YHACMOK Menrogol cmaburusayuu
lr.n, KOTOPBIH HMEET MECTO KAk NpH JAMMHAPHOM, TaK H npH TypOy-
JEHTHOM DEeXKHMAX JIBHMEHUA,

Has anuenbix tpy6, y Kotopuix [/d 3> 50, BausHHeM na Temn.ao-
o0MEH y4qacTKa CTAGHJIM3ALHH MOMHO MNpeneGpeub.

JlamunapHoe rtedewne, [Ipu TennooGMene pa3nuuainT BA3KOCTHOE
H BA3KOCTHO-TPABHTALHOHHOE JaMHHADHOE JBHIKEHHE.

BAakocTHEM HA3bIBaeTcs TAKOH JaMHHADHBI PeXuUM BbI-
HYKJIEHHOH KOHBEKUHM, NIPH KOTOPOM MOMKHO npeneGpeub BIHAHHEM
cBOOONHON KOHBeKIHM. BAskocrubifi pexiuM Habaionaercsi npd He-
OONIbILEX nepenajgax TeMmUepParyp W BEICOKOH BA3KOCTH CPeNH, KOrja
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Gr,Pry << 8-10%. 310T pe:kuM TeueHus XapakTepeH /15 Pa3JHUHOrQ
poJia MacooXxAajHTeNeH, a TAKKE MOKET UMeTh MECTO B MCIADUTEIAX
XOJOJNIbHEIX MAIIHH, OXJaMI4OUHX PACCONBl W DacTBOpHI 3THaET-
rJHKOAS.

Mg 1anedex Kpyrasx tpy6 (I/dy, > Pey/12) ¥ meneit ([/d, >
= Pe,/70) BnusHHeM Ha TennooOMEH y4acTKa CTabHIU3aLKHH MOMKHO
npeseGpeus. Torpa npu f., = const cpenHee mo Bcel nnuHE TPyGH
anauenue Kpurepna Hyccensra 6yner Nu, = 3,66 ana kpyrnoi
TpyOut H Nuy = 7,50 14 nuocko#t wenu.

st koporkux 1py6 (//dg, << Pey/12), nanpumep npH ABHKEHUH
paccona B uWcnaputene, cpejHee 3Hadenne kpHrtepua Hyccensrta
HAXOAAT 1O Gopmye

Nug = 1,55 (Peytdyn/ 1) €2y, (17.29)

rae e = (Pry/Pr.;)®% — ¢axrop, YUHTHIBAIOWUA BAUAHHE HaNpas-
Jelnusl TemA0BOro MOTOKA HA TEMJ00THauy; & — MONPaBOYHBIA MHO-
AKHTEThb, YUHTHIBAIOWMH BJAHAHHE HAYANBLHOIO YUacTKa CTaCHIN3anuu:

Udgg o v v o v 1 2 5 10 15 20 30 40 50
Bl v v e oo 19 1,70 1,44 1,28 1,18 1,13 1,06 1,02 1,00

B cnyyae BA3ZKOCTHO-TPABHTALHOHHOTO JaMmu-
naproro pexuma (GrPry > 8-10°), kKorga Ha tennoo6MeH 3aMeTHO
BJIHAET TeUYeHHe cpejibl B NMONEPEYHOM HalpaBJeHHH, OGYCJAOBIEHHOE
cBOOOAHOH KoOHBexuue#l, cpefHuid Kos(bHuHeHT TemnooTAaun ompe-
JeMHTCA U3 YPAaBHEHHS

Ny = 0,15 Pe2® (Gry Pr, )™ g2, (17.30)

3a onpeneidwnine pa3meps! NPHHATH BHYTPEHHHA AHAMETpP TPyOsl
11 cpeands TeMmeparypa notoka. MHOKHTENH &, H € Te e, U4TO H
B (17.29).

Typ6ynentHoe nsuxenne (Re, > 10%). [Ias pacuera cpenHero
KoxhhunHenTa TenJooTAaud o Henoab3yloT dopMyay M. A. Muxeesa,
MOJYYEHHYI0 MM Ha OCHOBaHMM 00OOUIEHUHA Pe3YJbTaTOB MHOFHX
IKCNEPHMEHTOB,

Nuy = 0,021 Re%® Pri*ee;, (17.31)

rhe g; — MHOMKMTeIb, 3aBHUCAUHI HE TOABKO OT OTHOCHTE/IbHOH
ATHAB TPYOH [/d,,;, HO u orT Re (NpUBOAMTCHA B CHENHANLHON JHT -
patype). Ilpu l/dy, > 50, uto xapaktepno Wi annaparoB XO0JO0NH/Ib-
LLIX MalMH, & = 1

Mepexoanptii pexum. Jas nepexoguoro pexuma (2300 << Re, <<
< 10%) ucnoabsywtr 3aBucuMocts (17.31) ¢ BBejenueM MONPaBKu ey

Nu? = Nute,.

[TonpaBka Ha nepexoAublii PE&XHM YCTAHOBJEHA 3KCIEPUMEN-
TaabHO:

Rey ... 2500 3000 4000 5000 6000 8000 10000
&y . ... 040 057 0,72 08 088 0,9 i
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Ta6anuwna 17.1
3nayenyua B ans pacconoB

Mot T Temnepatypa paccona, °C
Paccon npu 15 °C,
Kr/M? o —5 f —10 ( —15 —20 —30
1060 1410 1280 == - e s
NaCl 1120 1310 1190 1070 — — —
1175 1200 1065 960 865 795 =
1130 1240 — 1000 — — —
CaCl 1200 1060 oo 875 — €95 —
2 1250 935 - 762 - 620 528
1286 845 = 684 — 560 459

TaCtnwuya 172
3uavenun B AnA KHAKMX X/1ajareHTos

TemnepaTypa xsaagareuta, °C
XnaparenT
—30 —20 — 16 1} +1a +2¢ +30
R717 2200 2235 2275 2320 2365 2350 2410
R22 786 776 764 750 734 716 - 695
R12 637 650 660 665 666 666 664
R11 — = 2= 570 580 586 590

Tak kak B ammaparax XOMOIMJBHHX MAalldH Tepenafsl TeMIle-
paryp, Kak NpaBHAO, HEBEIHKH, TO B, = (Pr,/Pr.,)0% &~ 1. 'Kos-
(PHIHEHT TenooTAauH, onpelensembld u3 topMynanl (17.31), mMoxHO
OpeiCcTaBuTL B PasMeEpPHOM BHJE:

a = 0,021 M/ (v*a™*)] (0**/d) e, = B (w™*/dvd) e, (17.32)

rae B — xos(ipulnenT, 3aBHCAIHHA OT (HIHUECKHX CBONCTB KHJ-
KOCTH,

3uauedus B A5 pacconoB M XJiagaredtos Aadel B taba. 17.1
H 17.2. [1nsa Bo3ayxa B uxreppase remneparyp —50 °C << { << +50 °C

B = 3,73 — 0,0091¢ -+ 0,0000465¢;
And Bofnl B uHTepBaJe temneparyp 0°C << { << +50°C
B = 1430 - 221
OGTexkanne nyuxka Tpy6. Ilpy npogoabHoM oGTeKauHH nyuka Tpyo
KO3(xpH1IHeHT TEMJOOTAAYH TaKKe ONpelensioT us ypasHenus (17.31)
C BBEJleHHEM B Hero MHOMHTeAA (dy/d,;)'-'. B rauecTBe onpeneasiomero

pasmepa NPHHHMAIOT 3KBHBANEHTHHIH AnaMeTp d, NpoOXojAHOrQ ceue-
HHA Bcero KaHala ¢ Ny4YkoMm TPyO Auamerpa dy.
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B usorayTex Tpy6ax (3meeBmKax) mpolecc TennoofmeHa npote-
KaeT HHTEHCHBHEE, 9eM B npsmeiX. BossnKawuine B 10TOKE LEHTpO-
GesKHBlE CHJBI CIOCOGCTBYIOT JyyllemMy MNEepeMellyBaHUI0 4acTHIl, 4TO
NPHBOIUT K POCTY TYPOYJNEHTHOCTH. 3TO YUHTBIBaeTcs KO3phuuueH-
TOM £g, Ha KOTOpHH YMHOMaT KOIh(GHUMEHT Tens00TAaul o, onpe-
nenenHelll u3 gpopmyarl (17.31). [Tpu paguyce KPHBH3HB 3MEEBHKA Ryy

tep=1-=1 1,8ds/ Rox-

17.4.3. Ilonepesnoe obmexarnue nyska mpyb

PaccmoTpum  nponece nonepedroro O6TéKaHus OAMHOMHONR 1M-
JHAJAPHYCCKOH TPpYOL NoTokoM kuakocTH (puc. 17.7). IlnasHoe ofre-
KAHHC IHJANHApPA BO3MOXKHO TOJABKO NPH MajbiX CKOPOCTAX NOTOKA —
npn Re < 5. Tlpn Becex 3nayenusax Re > D nabilofaercs OTpPhB
noTOKa OT CTeHKH TPYOH u o6pa3oBaHue B KOPMOBOH 4YacTH ABYX
CHMMETPHYHEIX BUXpPeH, KoTophie ¢ YBEIHUCHHEM CKOPOCTH TNOTOKa
BLITATUBAIOTCA 1O TEYeHWlo, yaanssck OT TpyGsl. JlaMunapHsiil no-
rpannunniil csIo#, o6pasykunniics Ha n060BO# vacTu N0 06e CTOPOHEI
ot touku O, npu 5<CRe<C2.10° oTpriBaeTcst OT nOBEPXHOCTH TPYGLI
B TOUKE 4, XapaKrepusywpineiica yriom ¢ = 82° (puc. 17.7, a).
YBe/lHdeHHe TOJIHHBI  NOTPaHUYHOTO CJOA OT MHHHUMAJBHOTQ
B Touke O A0 MAKCHMAJbHOro B TOUKE OTPbIBA @ MPUBOAMT K YBEJH-
YEHHIO TEPMHYECKOrC COMPOTHRACHHA H YMEHBIICHHIO KOo3hdHIHeHTa
TenaootTgaun o. Kosdduumenr o umeeT MmakcumalbHOE 3HadeHHe
B touxke O, MMHHMa/IbHOE — B TOUKE OTPhIBA &. B KOPMOBOH uacTH
3HAYEHHs o0 BHOBb YBEJHYHBAOTCA 32 CYET paapyIUeHHs MNOTpanuy-
HOTO ¢J10s H 00pasoBaHuA BuXpel, TypOyJH3HPYIOIIHX noTok. [lpu
3HaunTeARHBIX YHcnax Pefinoasgca (Re > 2-10°) samuHapumifi no-
TPAHHYHBIH CJIO IepeXOAHT B TypOy/1eHTHBIH (Touka b na puc. 17.7, 6)
K MECTO OTPBIBA OT TPYOhl mepemellaeTcs MO NOTOKY (TOYKa @), Dro
NPHBOAUT K YJydlIEHHI0 OGTeKaHHst LuInHApa (¢ =~ 120°) H ymenn-
IIeHUI0 BHXPEBOH 30HBHL,

AnnapaThl XO/JOAHJIBHLIX MAIUMH YaCTO KOHCTPYHPYIOT B Buie
NyuKoB Tpy6, OMBIBAEMBIX momepevHsIM MOTOKOM cpepsl. Pacmosoxe-
HHe TPyG B Ny9dKe MOKET Opitk KOPHAOPHB MHUIHIWI AXMAT-

a) §<Re<2-10° 5) Re>2-10°

Puec. 17.7 [lonepesnoe o6texauue oxupounod Tpyohi
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Puc. 17,8, Kopuioproe H DIaXMaTHOE PAcHoiOXKeHHe TpyG B nyuke

B
Al

e (puc. 17.8). MutencuBHOCTb Tens1006MeHa B NyYKE 34BHCHT
OT MHOTHX (PaKTOPOB: XapakTepa OMbIBAHHA TPYO MNOTOKOM (aaMu-
Hapubifi, TYpOYJeHTHBI, CMELIAHHBIA), B3aWMHOTO DaclOJOKeHHs
Tpy6 B KaHajae, oTHOCHTEAbHOPO nonepeunoro (S,/dy = a) u orTHO-
CUT&ThHOTO npofodabnore (S,/d, = b) Waroe nyuka, (H3HUECKHX
CBOICTB Cp€apl, yIaa ataky P, 2ucaa psjpoB Tpyo.

OMelBanne nepporo pAjaa Tpy0 B nyuyke Mano yeM Orinuaercs or
XapakTepa OMBIBanHA OJUHOUHOH TPyObl, HO B MOCAEAYIOUIHX pALAX
yeJ0BHA OBTEKAHHA CHJBHO 3aBHCAT OT THNA NyYKa. B KOpUEOPHBIX
NyyKax OCHOBHAaf Macca TNOTOKa NPOXOAHT MexNy TPybamH (B «Koe
pHAOPaX»), a moatoMy Jo6OBasg M KOPMOBas 4acTH TPYO OMBIBAIOTCS
MeHee HHTEHCHBHO, 4eM TC Xe 4acTy ofiwHouHol TpyGel. [Tpr maxmar-
HOM DAcTHOJOMEHHH XapaKTep OMLIBAHHA TPYG B [YUYKe NOUTH HeE
OT/IMYaeTca OT XapakTepa OMbIBaHHA Tpy6 mepporo psiga. lllaxmarHoe
pacrnonoxenue TpyG B nyuxe crnocoberByer Goabinefi TypOyauzanun
[0TOKa, a 3HauuT, JyvlleMy TenjaooOMeny.

 OnwiTel moKasanH, 4TO HaUHHAA ¢ TPETbero psla Xapaktep NoToka
NPaKTHYECKH cTabHIM3HDYeTCA M, CJAEN0BATEJbHO, MOXHO OpPHHATH
cpenuuil KoappuuueHT TEINJIOOTAAUM [ 3TUX DANKOB BEIHUHION
NOCTOSAHHOM. YCTaHOBJAEHO TakKke, UYTO KOSPQUIHEHT TENI00THAYH
TpyO MHEpBOr0 H BTOPOrO pPAJOB MeHbIlle cpefrerc KosdxpHuuueHra
TENJOOTAa4YH cTabHAM3HPOBAHHOTO NOTOKAa, 3aBHCALLErO B GOJMBINOH
CTEMEeHN OT TyPOYNN3alnKn NOTOKA, CO3/1aBaeMoft NPEABAYILUM PALOM.
KospduiuneHT TensiooTjauH NepBOTro psijia IIAXMATHOTO Oy4Yka Tpyf
coctapaser okono 60 %, a sroporo — 70 % oT BeAMUHHB O HA cTa-
Guiu3NpOBaHHOM yuacTke, T.e. o = 0,60, oy = 0,70,y oy ==
= Op. Jist nepBoro u BTOPOTO PANOB KOPHAOPHOIO NyYyKa 3Ta 1044
coctasisier 60 % u 90 % cooTBercTBeHHO.

Cpenuuit KoapdpyuUHEHT TENNOOTAAYH NMPH NONEPEYHOM OOTEKaHHH
KOPHIOPHOro H IIAXMATHOTO NYYKOB IVIaJKHX Tpy0 HAXOAAT H3 ypas-
HeHHA

Nu,, = C Re™ Pr7e g, (17.33)

COpaBelIHBOIO B NpejeiaX W3MeHeHust mapamerpos: a/b = 0,6--2,5
119 KOPHLOPHBIX nyukos; a/b = 0,33--2,8 mist WaxmaTHBLIX NYYKOB;
Pr = 0,71+500; Re = 30--1,2-10°. B kauectse oOnpeLeisiOLIEro
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Ta6auna 17.3
Monpapounniit Koshpuunent g, 8 popmyne (17.33)

Yucno praoB TpYS 2z
Re Tum
nyuKa
2 4 Li] 8 10 12 14 16 18 20
]
V Kopr- |1 I 1 1 1 1 1 1 1 i
o AOpPHBIH
A Ilax- [0,88[0,94[0,96(0,98]0,985|0,99]0,995{ i 1 1
v MaTHDIH
3
% Kopn- |0,80/0,90]0,94]0,97]0,975|0,98|0,985]0,99|0,995| 1
- LOPHbIA
A Max- |0,75]10,88:0,9310,96|0,97 |0,9810,985)0,99(0,995| 1|
o MaTHLIf
o
Tabaunma 17.4
Beswunuw C, m u n 8 dopmyne (17.33)
Tun nyuxa
nfue:;::m Kopuaopusii IlaxmaTHbé
c m n C m n alb
(Rﬂa:‘““;'g‘;i“;‘ga) 0,52 | 0,50 | 0,36 0,71 05(036] —
N 0,35 (aib) "7 | 0,6 |0,36| <2
epexonslil 0,27 [0,63}0,36
K ] ] L
(1:10° < Re<200 109) 04 0.6]036] -2
0yl 0.08310,80 {040 | 0,031 (a/e) ™* | 0,8 {0,40| —

pasmMepa NPHHHMAIOT HADYXKHBIH amameTp TPyOel, onpenenswiled
TEMIepaTyps — TeMnepatypy HaGeramllero mnoTOKa, CKOPOCTH —
CKOpOCTb B HaMMEHbLEM NPOXOLHOM CEYeHHH KauaJa.

KoadxpuueHT €, 3aBHCHT OT yucna pajoB TPyG 1o xopy TOTOKa
(traGn. 17.3). [Mocroannasa C M nNokasaTeau CTENeHH M, N ypaBHEHHH
(17.33) npusemenst B Tada. 17.4.

Ecnn yroa mexsny nanpaBieHdeMm JABHXKCHHS INIOTOKA H OCSMH
Tpy6 (yroa ataku ) orauuaercs or 90°, TO HEOGXOAHMO YTOUHHTB
PaccyHTaHHBIl N0 opMyJe Kosqx‘pnunem TEIIOOT/IaUH, YMHOXKHB
€ro Ha NoNpaBoYHBIH KOIPPUILHEHT &y (Gy = 8yClga). 3HAUEHHUA &y
NPHBOASTCA B CIEnHanbHOH Jautepatype. B anpaparax Xomomuib-
HbIX Malud ofeiyHo P = 90°,

7 Nawmyrusa H. T. B 1p. 193



§ 17.5. TEIUICOBMEH 0OPH CBOGOAHOA KOHBEKUHH

Ecmecmeennod unu  ceobodnoll koneexyuell Hasvieaemcs
Oeuoicerite 4wacmuvex cpedbl 3 Cuem Maccoswix cun (cua msdcecmil)
nod Oelicmauen 2pasumayuorHozo noas 3emaiu. Pasauyne naotHocred
YacTHI, XHAKOCTH WJH rasa o0ycJOBJEHO Ha/JH4YHeM Da3sHOCTH TeM-
nepatyp. Dodee XOJ0AHLIE YACTHUKHM Cpefrl, ofiajaicuine GoJabluel
NJ0THOCTRYD {6Oee TAXKeNbie), Nox AeHCTBHeM rpABHTAIHOHHBIX CHJ
onyckawoTcs BHU3, a Gonee Harperwie (Gosee Jerkue) nof LeficTBUEM
apXHMeLOBBIX CHJ noixuMaiorcd BBepxX. Tak ofpasyworen csoGoiHble
KOHBEKTHBHbIE TOKM.

B Xom1oIudpHBIX KamepaX NPHUCTEHHbIE oOXJaakjaloumpe Gartapeu
pacnosnararoT Noj NOTOAKOM, 49T00bB HHUCXOAALULMH MOTOK XOJOLHOTO
BO31yXa, oO0pa3oBaBlUMiicas OKoJo TPpyG, onyckasCh BJOJb CTEHBI
KaMmepH, 06Gpa3oBbIBa/] XOJOAHBEIH BO3AYIUHEIH 3KpaH, OpensTcTBY-
WIUHH MPOHHKHOBEHHIO TEMNOTH B KaMepy HaBHe. Pazauuaior Tenio-
o6MeH TNpH CBOGOJHOH KOHBEKLUHM B HEOTPAHMYEHHOM H OrpaHHYeR-
HOM MPOCTPAHCTBAX.

TerooTsaua B HeorpanudeHnom npocrpanctse. Ha puc, 17.9
H300paxeHa BEPTHKAAbHAA CTCHKA C HeusMeHHOH TeMneparypoll f,.,
NOrpyXeHHan B HeorpaHHyeHHbIH 06beM MuikocTH (ua# rasa) ¢ Tem-
nepatypoi BAaNH OT CTEHKH fy, npuuem f,, > f,. Henocpencrrenro
Yy CTEHKHW, HauuHaf OT HUXKHeH KPOMKH, NOABJdAercss MoNbeMHOe
JIBHXKEHHE HATPETOro CJ10sl KHAKOCTH. KHAKOCTE ABHKETCS TOJbBKO
B TOHKOM CJ0€ Y NOBEPXHOCTH, BAAJIH € OT Hee CKOPOCTh MO-Npex-
HeMy papHa Hymo. [lo HanpaBieHHIO ABMMKEHUN KHAKOCTH TOMUHHA
JAMHHAPHOH NJEHKH PacTeT OT HyJad (B TOUKE @) 10 KAKOTQ-TO Ma-
KCHMaJBHOrO 3Hayenus (B Touke 6). 3aTeM /NaMHHapHHH cJof Ha-
YHHAET PaspyllaTbCd H BO3HHKAET NepexoijHbld pexXHM (NpOMEXYTOK
6-—6). Janee, or ToukM ¢ u Bbillle, IBHMEHNE NPHOOpeTAaeT PasBUTHIA
TypOyJdenTusld XapakrTep € JaMHHAPHHIM MNOACJI0EM Y TOBEPXHOCTH

(24
;
E ] {) ]2
= &) )
] mn
S TS
¥ (-J al
\1]*
ll
'S
E
=%
L]
5
5
=
o
Pue. 17.9. Cpofonrian KOBBEKLHA Pruc. 17,10, CpofiogHas KOHBEKUHA OKOJOQ
BAO/AL BEPTHKAJBHON CTEHKH TOPH30HTA/bHELX TPYG
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creitki. Tak Kak npouece TenJaoofMeHa B MOrpaHuuHOM CJI0€ ocylie-
cTBJAETCH TJIaBHBIM 00Pa30M TeNJAOIPOBOJHOCTRIO, TO 3HAYEHHA KO3(-
(pvlHeHTa TENnJNOOTAaYH O IO BbICOTE CTEHKH O6PaTHO MPONOPLUO-
HanbHbl TOJLLHIIE JAMHHAPHOTO CJ0A. B 30He TypOyJenTHOTO peXHMa
KO3(WpHILHEAT O NPHHUMAET MOCTOAHHOE 3HaueHHEe M He 3aBHCHT
OT BHICOTHI.

Xapaxkrep pacnpefeneHHs cKopocTell B nMOrpaHHYHOM CROE NpPH
cBoGoanoH KoHBeKUHH (cm. cewenne /—/[ ma puc. 17.9) ornuuaercs
OT TAKOBOIO NpPH BBEIHYXMAeHHOH KouBeKnuu. [lpn cBoGonHOH KOH-
BEKIIHH CKOPOCTb CHAYasa BO3pacraeT OT HYJsl ¥ CTEHKH J0 MakcH-
ManpHOFO 3HAYEHHS, 4 3aT€M BHOBb YMEHLIUAeTcd 10 Hyasa Ha rpa-
LHle NOrPaHUvYHOro CJOof.

XapagTep CBOGOJAHOIO ABHMKEHMS V MNOBEPXHOCTH TOPSIUMX TOPH-
30RTaMbHEIX TPY6 mokasan na puc. 17.10. ¥ tpy6 manoro nuamerpa
HA BCell MOBEPXHOCTH CYILECTBYeT JaMUHAPHBIH NOrpaHUYHBIE CJI0H,
paspyLieHHe KOTOPOTO NpPOMCXOAMT Bianu or Tpyon. Ilpu GosblioM
JUaMeTpe mepexol JaMHHADHOTO TEYeHUS B TYPOYIAeHTHOS NPOHCXOLHT
Ha NOBEPXHOCTH TPYORL.

[Ipu pacuere TtenaoobMeéHa NpH CBOGOJHOM [BHIKCHUHM CpPeln
VUHTHIBAIOT CHJY BSI3KOCTH U NOLBEMHYIO CHJY, MOSTOMY ONpejens-
WOILHMH KPHTEPHAMH ABJAAITCA KpuTepHH I'pacrogpa Gr u [lpasaras
Pr. Yacro komnnekc Gr Pr samensiior k putepuem Panes

Ra = Gr Pr = (gI}/v*) (B0) v/a = [gl}/(va)] 8. (17.34)
Cpepunfi xo3dxpuuleHT TENM0OTHAYH NPH CcBOGOAHOH KOHBEKIHH
B HEOTPAHHYEHHOM OObEME MOMXKHO ONPENEIHTh H3 KPHTepHaJbHHEX
YpaBHEHHI:
st TOPU3OHTAABHOH TpyORl mpu JaMHHapHoM pexume 10° <
< Ra, << 10%) . ,
Nu,, = 0,50 Rag®s,; (17.35)
AJIS BepPTHKAJBHBIX CTEHKH H TPy6bl NPH JaMHHApPHOM pexume
(10% << Ray << 10%) o
Nu,, = 0,75 Rap™e,; (17.36)
JUIf BEPTUKAJBHBIX CTEHKM W TPYObl NpH NepexofHOM U TypoOy-
JenrHoM aBuxeHHH (Ra, > 10°)

Nu, = 0,15 Ray**,. (17.37)

Ypasueunn (17.35)-—(17.37) moryt OuiTb [pEACTABJEHH B pas-
MEpPHOM BHAE:

= Ay B/d)"%; o = Ay (O/H)O5; = A0033,  (17.38)

rge O = f,, — t, — Temueparypumit Hanop; A,, A, Az - Koap-
puynentl (tada. 17.5); e, = (Pr/Pre)%» ~ 1 — aaa  annaparos
XOJOAMABHBIX MALIRH,

Onpenensitolufi pasmep: AaA Tpy6 — HapyxHelH Zuamerp ([, =
= d.); AAA credkH — BecoTa (I, = H); onpepensollias Temnepa-
TYpa — CpefHss Temieparypa MXUAKOCTH & = 0,5 ({gp + fy).
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Ta6nuna 17.5
Kosgpdrumentu A;, A;, As 8 gopmynax (17.38)

TemnepaTypa Boaflyxa, “C Temnuepatypa Bomel, °C
Koopduunent
—50 —20 0 +20 +50 0 +20 +40
A, 1,381 1,34 1,31 | 1,26 | 1,22 65 104 137
A, 2,08 2,00 t,98| 1,881,841 96,5 | 155 207
Aq 215 2,02 | 1,87 | 1,74 | 1,64 | 114 220 326

Kosdpuuuents TenaooTauu ANsi FOPH3OHTANLHLIX TPYy6 Auname-
Tpom 38 M 57 MM CO cnupadbHBIMH HABUTHIMH pebpamu (HapyKHpill
Auamerp opebpenua Dy = 120--160 mm; war pebep s, = 36 mm)
MOXHO paccuuTarh no gpopmydae a = 2,30%%, Ecau ropusoHTanbHbE
TPpYObl PacnoONOMKeHsl JApYr MoK APYTroM, KaK 5TO HMEET MeCTo B OpH-
CTEHHBIX 3MOCBHKOBEIX H KOMJeKTOPHLIX arapeax, To KOI(PHUILHEHT o
yseauunBawt Ha 3,5—4 % AaA Kaxnol nocaedywouled TpyGel npH
Sldy > 2,5 u yMeHnlIAWT Ha TY XK€ Beanupdy npu S/d, << 2,5
(S — mar mexay TpyGamu).

TennooTnaua B OrpaHHdeHHOM npocTpaHcTse. B orpanuueHHOM
MPOCTpaHCTBE XapaKTep ABHKEHHS W TEMIO0TAaya 3aBHCAT 0T (hOPMLI
1 pasmepoB HPOCTPANCTBA, POJA KUIAKOCTH, €€ TEMNEPATyphl H TeM-
nepatyproro Hanopa. CBoGOAHAA KOHBEKUHS B OrPAHHUYEHHOM fpO-
CTPaHcTBe HaOJI0LaeTCs, B WYaCTHOCTH, B BO3AYIHHOH NpocJoHKe
MeXy cTexJamn IBOHHBIX OKOHHBIX pam. B mpociofike y xonoanoro
CTeK/Ja BO3HHMKAeT HHCXOAAWLHI MOTOK, & Y TEMIOro —— BOCXOAsLLHi,

B BeprukanbHBX KaHanaaX XapakTep HHUPKYIAALHU
34aBHCHT OT paccToAHms Mmexiay creHkamu 8 u mx Beicotsr H. Ecau
3HauenHe O peauko (H/8 < 3), To BOCXOAALLHA K HUCXONSALLHIE NOTOKH
BBHIKYTcA, He Mewmas Apyr apyry (puc. 17.11, @). B stom cayuae
TEMJIOOTAAYa PACCUHTHIBAETCH, KAK AIA CTEROK, HAXONALUIHXCA B He-
orpanuuennom obveme. Ilpu H/6 > 3 BcaeacTsHe B3aUMHEIX MOMeX
MEXJy MJACTHHAMH BO3HHKAWT [HPKYJAIHOHHbIE KOHTYPH, BHI-
coTa h KOTOPHX 33aBHCHT oOT O ® TeMnepaTypHOro nepenaja
(puc. 17.11, 6). I1pu ouens Manwix paccTosuHAX O XKUAKOCTb B 1WenH
OKa3bBAaeTCS HENOABHAHOMN, TaK KakK BOCXOAAIMH M HHCXONAILLHH
TOKH 3aTOpMaxuBalT Apyr jpyra (puc. 17.11, @),

B ropusoHTadbHEZX KaHamJdax Ha XapakTep
OBHIKEHUS KUJIKOCTH BJMAKT B3aUMHOC DACHOJOMEHUE HATPETHIX
H XOJIOJHHIX NOBEPXHOCTEH H paccTosinHe MexnAy HMMH. Eciu B Ka-
Hale Harpetas TOBEPXHOCTb pacnojoxeHa csepxy (pue. 17.11, 2),
T. € lory = lop oy TO LHPKYJIANHSA MKHAKOCTH BCJEICTBHE KOHBEKUHH
orcyTerByeT. Ec/iH Ke Harperas noBepXHOCTh pacno/iOKeHa CHH3Y,
TO B KaHaJe BO3NHKAOT uepeaymoliuecd Mexay cobofl mocxoAdline
H Hucxoasue notoku (puc. 17.11, 0).

B unauHapHYecKuX npociAofKaKX, eclH Harpera
BHYTpeHHAA Tpy0a, UHPKYJAUHA XKHUJIKOCTH pasBHBAETCA TOIbKO
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Puc. 17.11. Cpofoptas KOHBEKUKS B MHAKOCTHBIX H rasoBHX Npociofixax

B 30He, Jemauled Bhllle HHMHEH KPOMKH HarpeTodl NOBepXHOCTH
(puc. 17.11, ). B cayyae Gosbliero HarpeBa Hapy:KHOH NOBEPXHOCTH
(prc. 17.11, o) nMpPKYJAAUHA KHAKOCTH OPOHCXOAHT B TOH YacTH
KOJILLEBOr0 TPOCTPAHCTBA, KOTOPad pacnojoKeHa HHMKE BepXHel
KPOMKH XOJOZHO# MOBEPXHOCTH.

Tax xak npouece Tensoo6meHa B KaHajax C/lOXKeR, TO NEPEHOC
TENJIOTH 9epe3 HHX paccudThiBaercd No ¢opMyae TenJonpoBORHOCTH,
HO BMecTO 0OLIYHOro KosddpHuHEeHTA TemJONpOBOXHOCTH A B pacyer
BBOAAT 3KBHBAJEHTHBIH KOI(DHIHEHT TENJONPOBOZHOCTH Ay, YUH-
THIBAWOIWHE YJAydYIleHHe TenJonepeHoca ueped XHAKOCTb 33 CUET
BHYTPEeHHEH KOHBEKIHH:

Q = (A'Jlifﬁ) (tc'r L= tc‘r 2) F'

CreneHs BJAMAHHSA KOHBEKUHMH HA TEPeHOC TEIIOTH OLEHHBAIOT
KO3(HIIHEHTOM KOHBEKIHH &; = Ag/h, KOTOPBIH MOMeT GuiTh ompe-
menmen no ¢opmyae e, = 0,106Rady® npu 10° < Ray << 10° nau
no ¢gopmyae & = 0,4 Raly’ npu 10° << Ra,, << 10'°. 3a onpepens-
WULYI0 TeMNEpArypy NPHHATA CPEJHAS TEeMNepaTypa MHAKOCTH [,
3a onpejelsOWHE JHHEHHEH pasMep — TOMUMHA Tnpocaofikuy .
3aect Ragp, = 8B Alg/(va); Al ==ty — tor .

DKCNEepHMEHTANBHO yCTaHOBJAEHO, yTo npi Ray < 10° xoaddu-
HHEHT KOHBEKIHH ey = 1, T. €. Ay = A U Temjora yepes npocioHKy
fiepenaercs TOMBKO 33 CUET TENJONPOBOXHOCTH.
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§ 17.6. TERJIOOBMEH 0NPH KHINEHHH )XXHAKOCTH

17.6.1. Ocnosutie nosamus

Kunenuem nazweaemea npoyect nopoobpascéarus 6 s#udxo-
cmu, Haxofawiedcs npu MeMnepamype HACLUUEHUA UL HECKOABKO
nepeepemoll omuocumenrsHo smod  memnepamype, € 06pazosaHueM
naposeix nyswipell. Tlpouece napooGpasoBaHuA CBfA3aH € NOABOAOM
TenJIOTE, HeoBXOoIMMON Anf ($asoBOTO nepexoja XKHAKOCTH B map,
HaselBaeMolt menaomoil napoobpaze6arus.

TeMnepatypa KUNsleH KHAKOCTH HENOCTOAHHA, OHA YMEHb-
[aercsd no Mepe YJHajJeHHA OT MOBEPXHOCTH Harpepa (puc. 17.12).
" XapakTep H3MCHEHHA TEMIEPATYDPhi MHIKOCTH fy 3aBHCHT OT yCJO-
BHI Tena006MeHa ¢ NOBEPXHOCTBIO HAarpesa H MexAy dasamu (nap—
Kuakocts)., Ha rpanumne paspena ¢az KHnAmAEs KHIKOCTb BCerna
HeCKOJIbKO Neperpera, a y NOBEPXHOCTH HAarpeBa HMeeT MaKCHMANb-
HYW0 TeMNeparypy, PaBHYIO TeMIEPaType CTeHKH f.,. OCHOBHOE H3Me-
HEHHE TeMnepaTypbl OT f,p M0 fy NPOHCXOAMT B MPHCTEHHOM NOrpa-
HHYHOM CJIOE, U 3Jlech Teperpee xujxkoctH O = f.. — {, 1o cpasne-
HHMIO C TEMIEParTypoH Hachienud f#; Hauboawbmuil. OcHoBHAs Macca
MUIKOCTH HMeeT HEH3MEeHHYI0 TeMNeparypy fu.

PaznuuaioT KHNCHHE B O6GBeMe MHAKOCTH (06 bEeMHOE KH-
NeHHeE H HAa [OBEPXHOCTH HarpeBa (N CBEPXHOCTHOE
KuneHue) B neppoM cayuae ny3npeKH Napa BO3HHKalOT He-
NOCPEACTBEHHO B ODbeME MHIKOCTH NPH 3HAYHTENHHOM €e meperpese
OTHOCHTE/IBHO TEMIIEPATYPBl HACBUIEHHA, YTO BO3MOXHO HJH TPH
PE3KOM NOHHMCHHH N3BJCHHA HAJ MKHAKOCTBIO, WM NpPH HAJHYHH
B JKHAKOCTH BRHYTDEHHHX HCTOUHHKOB TelaOTel. B ciayuae noBepx-
HOCTHOTO KHNCHHA NY3HPBKH napa o0pasyloTcsl TOJMLKO. HA [MOBEpPX-
HOCTH Harpesa B OTAENLHHIX ee ToukaX. Huas coepemenHoi tenJo-
SHEPreTHKH U XOJOAUABHOH TOXHHKH XapaKTepHO MOBEPXHOCTHOE
KHICHHUE HA CTeHKaX TPyO M KAHAJOB, B CBAI3H ¢ yeM HMEHHO 3TOT BHJ
KMIICHHA W paccMaTpHBaerca paee.

Ecnn xrnedue npoHCXOAHT Ha KaxoH-AHOO MOBEpXHOCTH, pacno—
JIOKEHHOH B GONMbLIOM O0BEME HUAKOCTH, TO OHO HA3LIBAETCH K H -

nenuem Bcaobon-

HoM o6beM e ecau

HA BHYTPEeHHEH I10Bepx-

tu=100,4°C HOCTH Tpy6 H KaHaJ/OB,
TO KHODEHHEM B
Tpy6ax (xananax).
. ,, DB 3aBHCHMOCTH OT Xapak-
SH5C Tepa nBMMKeHMS IKHIKO-

: . CTH pas3fHuawT KK Mne-

0z w0k W8 W8 Bk yuq now ocno6oa

Pue. 17.12. Pacnpepenesne teMnepatyp B KHma- 2OM B BELEY K-
wefi kuikoctH (H — paccTosnme or mosepxmocts A EHHOM A BHX €~
Harpesa) HHH
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B TensooGMeHHEIX annapatax XOJOAHALHHIX MAIIHH KHNEeHHe
XJajareHta 4Yaile BCEro NPOHCXOAMT HJAH B Goapliom o0beMe npH
€CTECTBEHHOH KOHBEKITHHM HA NMOBEPXHOCTH mydyka Tpyl (KOXyXorpy6-
libie HCMAPHTEH), HJIH B TPyGaX NPH €CTECTBEHHON U/IH BLIHYKACHHOM
KOHBEKIHH (BO3NYXOOXJIajHTeNH, GarapeH, KOXKYXoTpyOHble Hcna-
pHTEIH ¢ BHYTPHTPYOHbIM KMNEHHeM XJajareHra H 7. m.).

YcTaHOB/IEHO CYyLIeCTBOBAHHE [ABYX OCHOBHBIX BHJOB TOBEPXHOCT-
HOTO KHIEHHA: Ty 3B PbLKOBOTro H nJeHoyHoro. [pu
Ny3bpbKOBOM KHIEHHH Ha MOBEPXHOCTH HAarpeBa NEPHOJLHUECKH 3a-
pOXKIaTCA My3EIPbKH Tapa, KOTOpEIE pacTyT, 34TeM OTPLIBAKTCH
H BCIJIBIBAIOT K NOBEPXHOCTH pazjena as. Ilpn nyselpbKoBOM Kune-
HHH JKHMIKOCTE CMauyHBdeT GOJbLLIYW YacTh MOBEPXHOCTH HArpema.
Ilpu nAeHOYHOM KHNEHHH XHAKOCTL OTHAe/eHa OT rpewlled noBepx-
HOCTH CHJIOIUHBIM NAPOBHIM CJ0OEM, OT KOTOPOTrO MepHOAHYECKH OTPHI-
BAlOTCA M BCILILIBAIOT KPYNHBIE IY3LIPH.

17.6.2. Mexanuam napoobpascéarusn u menioobmer
npu RY36LPLKOBOM KUNeHuU

BoJsliol BKNan B pasBHTHE yUEeHHA O TEIIOOGMEHE NPH KUIeHHH,
a TaKXe B PACKPHITHE MeXaHH3Ma MpOIECcCa BHECJH COBETCKHe HecJle-
nosatenn C. C. Kyrarenaaze, B. M. Bopuwanckuit, 1. A. Jla6yu-
nos, M. T. Ananmees, I'. H. Janusoera. MHuoroyncaeHuble 3KCIepH-
MeHTb! H HaGMioleHHs NO3BOJUJIM ONHCATH (U3HUECKYID KapTHHY
Ny3blpbKOBOTO KHMEHH#, XOTH HPHPONA H MeXaHH3M 00pasoBaHHsA
NapoBbIX 3apojpllied M A0 HACTOAINEr0 BPEMEHH HCCJENOBaHH He
NOJHOCTBIO.

Mexanusm napooGpasopanud. [lJ1a BOZHHKHOBEHHA Nponecca K-
MeHus JOCTATOUHO JABYX YCJOBHIH: Tneperpesa MHJAKOCTH OTHOCH-
TEJbHO TEMIIePATYphl HAChILIEHHA M HAJHYHA L EHTPOB Napo-
o6pasoBanyAi.

Henmpamu napoobpasosarus HA3LBAIOMES OmMOEAbHEE MOYKU NO-
6epXHOCMU HO2pe6a, 8 KOMOpHX 3apoxOaiomes naposbie Nyssipu.

AKTUBHHIMH UEHTPaMH NapooGpa3oBaHHs ABJSAIOTCA Pa3JHYHblE
TPelunbl, KAHABKH, HEPOBHOCTH (MHKPOIEPOXOBATOCTh) NOBEPXHOCTH,
BLIMABIUWE HA TOBEPXHOCTH OKHCJLI, HANeThl H JPYrHe BKJWOYEHHH,
a Takxe agcopGUpPOBAHHUEIE MOBEPXHOCTHIO NMY3BIPhKH rasa (Bosmyxa).
Uuecso neutpoB mapooGpasoBaHHA 32BHCHT W ©F MartepHa’ia rperlled
NMOBEDPXHOCTH, BO3pactas ¢ YBENWUEHHEM €ro TelJonpPOBONHOCTH.
O6pasywoiiecsi B neHTpax napoo0pasoBaHHd NapoBwle 3apOJblILIK
HMEIOT pasMePHh 3HAYUTEAbHO MEeHblHe TOMUHMHB BA3KOIO MNOACTIOA.
B CBA3H € TEM YTO TeNJONPOBOJHOCTH XMHIAKOCTH CYLTJ,ECTBQHHO BbILIE
TeNJIONPOBOAHOCTH Napa, MOUYTH BCA TENJIOTAa Nepefaercd OT CTeHKH
K MHIKOCTH, & 3TO NPHBOAHT K Neperpesy morpanuynoro cios. [le-
perperas XHUIKOCTh HCOAPAETCA B Ny3biPh, H 3TO UCnapeHHe NpOonc-
XOIMT rJ1aBHbIM 00pa3oM 33 CUET NOABOAA TEMJIOThi K TNOBEPXHOCTH
Ny3HPLKA Yepe3 MHKPOCJOH KHUIAKOCTH Yy €ro OcHOBaHudA. Pasmepn
nysbipbka OGRHICTPO YBENHYHBAIOTCS, H NPH HEKOTOPOM 3Ha4YeHHH
Anamerpa D, (oTpelBHOM AMaMeTpe) OH OTPhIBaETCA OT NOBEPXHOCTH
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Harpesa M NOA NEHCTBHEM NOLBEMHONH CHMJBL BCIVIBIBAET H YXOANT
B napomoe NPOCTPAHCTBO Hal MHIAKOCTBIO. B mecte OTpBIBA OCTaeTrcH
HeOOJIBII0e KOAHUECTBO Napa, KOTOpOe fBJAETCA 3apoAblIeM /i
ofpasopanus cjelywowero nyseipa, Ha wmecro oropsasmerocs ny-
3pIpbKa H3 00bEMa MPHTEKAeT MEHee Harperas XHIKOCTb, KOTOpas
yepe3 HEKOTODOE BpeMs MNeperpeBaeTcd, H NPONECC POCTa W OTPHIBA
Ny3mphLKa NOBTOPAETCA.

Brisicheno, uto Ha 06pa3oBaBlIHiiCA HA TNOBEpXHOCTH Harpepa
3apoapiln mapa ACHCTBYIOT CHJIA NaBJeHHA OKpy»Kalollell ero XHAKOCTH
H CHJIA TOBEPXHOCTHOIO HATAMEHHUA MICHKH MEeXGpa3sHOH mOBePXHOCTH,
Kotopasi nomofHO ynpyrofi ofojioyKe CIKHMAeT fMap B ny3biPbKe.
[TostoMy ZAaBienue napa BHYTPH Ny3bipbKa OKa3LIBAETCS Bblllle JAB-
JIEHHSA oxpymaiom,eﬁ ero XHUIAKOCTH. Tax kak AdBJIeHHEe H TeMmnepa-
Typa HAacHUICHHA Napa B3aHMOCBA3aHB!, TO PaBHOBECHAR TeMnepatypa
HacHIleHUA §; BHYTPH Ny3bIpA BLINE, YeM Ha NOBEDXHOCTH pasjena
®KHAKOCTb—NAp, Ha BeduYUNy neperpesa 0, sapHcAlLyl0 OT pafHyca
KPHBH3HLL NY3bIPbKa R. DTa B3aHMOCBA3b ONMUCHIBAETCS yPaBHEHHEM

len = QUTH/(TPHGL (17.39)

rae Rogn — MHHAMAJBHBIN Pasuyc YCTOHUHBOIO My3pIpd; 0 — KO3th-
(hMLHEHT NOBEPXHOCTHOPO HATHMEHMA; r — yje/bHAA Tewjaora napo-
o6pasoBanus; 0" — IJIOTHOCTh mapa; Ty — TeMnepatypa HACKILeHHS .

{108 nosepxHOCMHBIM HAMANCEHUEM NoHuUMAOM cury, nod Oed-
cmaLeM KOmopoU NoBepXHOCHIL N UOKOCIMU CMPeMUMCH COKPAMUMbCA.
Sra cuna JEHCTBYET IO KACAT&IBHOH K NOBEPXHOCTH paspena das.
[TopepXHOCTHOE HATAKEHHE ABJAACTCA (PH3HUYECKOH XapAKTEPHCTHKOWH
BEIleCTBA, OHO YGHBaeT ¢ yBedauueHHeMm temmnepatyph. [lpu 20 °C
noBepxHocTHoe Harskenue Boxsi 0,068 H/m, pryth — 0,47 H/m,
xnagarenta R12 — 0,009 H/m, ammuaka — 0,028 H/m.

Ha ypaeuenus (17.39) caepyer, 4TO KaXIOMY 3HadyeHHIO TeMne-
paTypbl HAacBILEHHS U TNeperpesa XKUAKOCTH COOTBETCTBYET OmNpene-
JIeHHBlH MHHHMMAaJAbHBIE pajHyC YCTONYMBOIrO My3eIpsA, KOTOPHIM Ha-
3HBAIOT KPUMUHECKUM Paduycom naposoeo 30podvitia R .

HeanauurteibHoe H3MEHEHHE TeMmIepaTypsl BASKOTO NOACA0A, TAE
pacnoJioKeHsl NapoBei€ 3aPOMABINTH, MPHBOAHT K HApYUIEHHIO TEpPMO-
JuHamuuyeckoro paBHoBecHsl. Ec/iu paguyc BO3HHKIIEro Ha NOBepX-
HOCTH HAarpesa napoBoro 3apojpliia GoJiblile KpuTH4ecKoro (R >
> Rumm), TO HE3HAUYNTEIBHOE IPEBBILICHHE TEMNEpParype HKHAKOCTH
OTHOCHTEJIbHO DABHOBECHOH NPHBOLNT K UCODAPEHHUIO HacTH XKHAKOCTH
B ny3eipb. [ly3snipex GeicTpO pacter W passumaercd. Ecau paauyc
[apoBOre 3apojsia MeHslle KpurHYeckoro (R << Ry}, TO OpH
HE3HAYHTEILHOM MOHHKEHHH TEMICPATYPHl MHAKOCTH mpeobiapaet
npolecc KOHAGHCAaUuH, pa3Mepsl Ny3bipbKa yMEHbLIAKTCA, H B HTOrE
OH HCUe3aerT.

B npomecce pocta sapolplllia ero Mexkpa3Has NOBEPXHOCTb pas-
Jlena OTTecHAeT OT CTEHKH cJ0H neperpeToll HIKOCTH, HEKOTOpPOE KO-
JIHUECTBO KOTOPOH YBJEKAETCH B IIPOCTPAHCTBO BCILTHIBAOLIUMH Napo-
BEIMH NY3bIPAMH. YCTAHOBJEHO TaKXe, YTO JAMameTp MNapoBOro
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Puc, 17.13. O6pasoBanke, pocT H OTPHB NAapOBOro Nyawps

3apojpilla yBeNHunBaerca npumepHo B 10°-—10° pa3 3a oyenn kopor-
KHil NPOMEXYTOK BpeMeRH npefuiBaHMA HA NOBEPXHOCTH Harpesa,
MCYHCJ/IsieMblll COTHIMH M THICAYHLIMH JOJAMH ceKynanl. Taxko# B3puiBo-
noAOGHLIN XapaKkTep pocTa Ny3pipell NPHBOANT K MHTEHCHBHOMY pas-
pyIieHHIO H TypOyJH3allHH BA3KOTO MOACJOS XHIKOCTH H 0Gbsic-
HAET BLICOKYIO TeNJOOTNAuy NPH Pa3BUTOM Ny3bIPbKOBOM KHOEHHH.

Ha puc. 17.13 noxasana cxema pocTa H OTPhiBa Ny3bpd OT No-
BepxHocTH HarpeBa. [Ilosioxenne [ COOTBeTCTBYeT O6Gpa3oBaHMIO
napoBOro 3apojplllla B NeperperoM norpanuynom caoe, /I — poery
Ny3LIps H OTTECHEHHIO NMePerperoro BA3KOTo NoACHA0S OT NMOBEPXHOCTH
Harpesa, [I] — momenty oTpmBa ny3swmips, /V — noavemy nyseips
B MHAKOCTH. BCniLpFRe NpOHCXORHT MeJJIEHHO, H Ha HEre 3aTtpauu-
Baercs 3HaYHTeNbHO Goabllle BPeMEeHH, YeM Ha Pa3BHTHE nysups oT
2R mn Ao Dy y nosepxuoetH HarpeBa. BenamBawowuil nyswipe npo-
XOAWT 06J1acTs cJ1a00 neperperoi KUAKOCTH, HO €ro pPocT, T. €, HCMna-
peHye B Hero XHAKOCTH, He npekpamaerca. M xora paameps! nyssips
NpH NoAbeMe YBeNHYHBAKOTCH BCEI0 NHIIL HA NOPAJOK NO CPaBHEHHIO
¢ ero OTpLIBHERIM AHamelpoM D, Ho ocHoBHas Macca mapa (zo 95 %
IJis BOALI) TPOH3BOAMTCH HMEHHO B MOMEHT BCIUIBITHS.

Tennoo6men npu xkunenwn. HMATeHcHBHOCTL Tenjoo6MeHa npH
KHIMEHHH 3aBHCHT OT MHOTMX ()akTOPOB, BJHAIOUIHX Hd YHCNQ HEH-
TPOB napoo6pa3oBaHMsa 7, OTPLIBHOA AMamerp nysuips Dy i wactory
OTpLIBa ny3bipefl 4. B HacTosuee BpeMa elne OTCYTCTBYIOT AOCTaTOYHO
HajexHble TeOpHH, 00BACHAMIHE BIMAHHE OCHOBHHIX (DAKTOPOB Ha
9TH BeJH4HHLI. [103TOMY ONEITHBIE JaHHBE N0 Tenn0oGMEHY NpH KHne-
HHH OOBIYHO MPEJICTABJAIOT B BHAE Pa3aHYHBIX pasMepHHX Hau Ges-
pasMepHBIX 3aBHCHMOCTEH IS pacueTa Koh(pHUMEHTAa TENJOOTAAYH.

Kunneuune B cBofoaunom o06beme. lns Konkper-
HOH KP[]'IE]J],EF':[ HKHUAKOCTH NNpH 3aJdHHbIX JNaBJjJeHHH KHINIeHHd U xapaK-
TEPHCTHKE NOBEPXHOCTH NMPH KHNEeHHH B cBOGOAHOM ofneme Koadipu-
LMEHT TeNJOOTAAYH ¢ 3aBHCHT B OCHOBHOM OT TeMnepaTypHOTO Hanopa
0 = {,; — #; (MJN NAOTHOCTH TENNOBOTO NOTOKA gp = a.8). Xapakrep
3TOH 3aBHCHMOCTH NpeACTaBJeH Ha puc. 17.14.

[Ipn Mannix snauenmssix Temnepatyphoro namopa (6 < 6,) yse-
Jdruerne O cna6o cKaspiBaeTcAd Ha W3MeHeHHWH a. B 3atom pexime
napoenie ny3blpH He OOpasyoTCsA, KuneHne orcyTcTByer. Hmeer
MecTo cgobodras koneexyua (ob6aacts CK na puc. 17.14), npu kotopoit
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o X HHAKOCTh, npHaerawpmas K Ino-
i BEpXHOCTH Harpega, neperpe-
oK 73 [\ Y BaeTcs H 3a CYCT apXHMENOBhiX
CHJT NOAHHMAETCS K NOBEPXHOCTH

/. \'\ ./ pazfena ¢as, rjpe ucnapsiercs.
P

o | vip | 7# TennooTnaya B 3TOM peXume
7 NONYHHAETCS 3aKOHAM eCTeCTBeH-

/ HOW KOHBEKIHH.
[Tpy noseitleHHW TeMmnepary-

b % 0 7~ DLl CTEHKH, a 3HauWT, H Temne

4 parypHoro wmamopa (8, << 0 <

Puc. 17.14. Momenenne xospduumenra << 0Op) Ha NOBEPXHOCTH Harpe-

TEN/IO0TAAYN H PEMHMB KHDEHHs B CRO-  Ba  HAYHHalOT OGpa3oBLIBATLCA

GopHoM: CETEME nysepH  Dapa, HO HX UHCJO

elle HEeBeJHKO W He BCe OHH

OKa3bIBAIOTCA MHU3HECNOCOOHBIMH 13-32 HENOCTATOYHOrO [eperpesa

ofbeMa MHAKOCTH. JTOT PEXXHM KHNEHHS fABJfeTcs NepexoiHbiM OT

cBO6ONHON KOHBEKLHH K pasBHUTOMY NY3blPbKOBOMY KHNEHHIO H Ha-

SBIBAETCA HepassuUmoim nysvipoxossr xunenuem (obaacte HP). Tenno-

oTAaYa B ITOH 06JaCTH onpeledsieTc KaK NY3ppbKOBLIM KHNEHHeM,
TaK M €CTECTBEHHOH KOHBeKiWed.

[pu pansneiilieM yBelndyenHu TeMnepaTyproro nanopa (6, << 6 <
<< B,,) yMeublliaerca paiuyc 3aponbmed  [cM.  ypaBHeHne
(17.3{3)], YTO NPHBOLHT K 3HAUMTENBHOMY POCTY YHC/IA JKH3HECNOCOl-
HMX 3apOibiliefi, T.e. K YBEJHYCHHIO KOJNUYeCTBA JeHCTBYMOUIMX
LeHTPOB napooGpasoBaHus. Hactynaer pexum pasgumoeo nysoLpbKo-
6020 xunenus (ob6nactb P), KOTOpHH XapakTepH3yeTcs HHTEHCHBHbIM
paspyiieHHeM H TypOyJ/H3ajHeli BS3KOro Nojuc/ios, GHICTPO pacTy-
UHMH NY3BIPSAMHE napa. JTOT PEeXHM OTJAHYAeTCS BHICOKOH HHTEHCHB-
HOCThIO Tensoo0MeHa, 4TO SBJASETCA CJAEACTBHEM Majlofl TOJILHHLL
[IOTPAaHUYHOTO CJ0A Y NOBEPXHOCTH Harpesa.

[Tpu Bo3pacTaHuu NJOTHOCTH TENJOBOTO NOTOKA WM AaJbHeRIleM-
yBeldHYeHWH TemnepaTypHoro Hnanopa (8 >> 0,p) uyncio uEHTpoB
napooGpasoBaHuf YBEJHYHBAETCS HACTONLKO, UTO HACTYN4€T MOMEHT,
KOrZa nysbipbKH CJMBawTCA, 06pasys Y IOBEpXHOCTH Harpesa
CO/OIUHOW [apOBOH cJOH, OT KOTOPOTO MNMEPHOAHYECKH OTPLIBAKOTCSA
H BCIIBIBAIOT KpyMHLIE NY3bipH., TaKoH peXHM KHNEHHS MXHAKOCTH
HasbiBaercH naexounotm (06nacte [1/1). OTBOA TenJoThl OT CTeHKH
K XKHIKOCTH B 3TOM peXHMe KHIIeHHA OCYLLeCTBIAeTCA NYTEM KOHBEK-
THBHOTO Tei000MeHa W H3JyyeHHs Yepes napoByio njenky. [lnenou-
Hblfl pexuM noipasfensercsi Ha nepexoOusii (I1P), ycmotiwusod
naenounptdd (YI1JI) u menaoobmen uzaysenuem (T H). Tlaposasi nienka
npelcrasiiser coGoil GOMbIIOE TEepMHYECKO? conpOTHBJAEHHE BBHAY
cBOe#i mMa 0¥ TennonpoBoAnocTH (B 20—40 pas menblle, yem y KHAKO-
CTH), B CHJIY Yero TENJOOTAaYa OT Tpelollled NOBepXHOCTH K XKHAKOCTH
PE3KO yxyauraeTca, yMeHbIIaAch B IECATKH Pas no CpaBHEHHIO C my-
3bIPbKOBLIM KHIIEHHEM, @ TeMnepaTypa CTEHKH NpH TOM 3HAYHTEIbLHO
BO3pacTaer.
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MowmenT nepexona nysspekosoro kunenns (/13) b naenounoe (17,7)
HaSBIBACTCA KpusUcoM Kunenus (Touka K va puc. 17.14), a Benunmy,
ero XxapakrepHuayioulne, — kpumuseckustt (O,,, gy, Owp) . Kpura-
YeCKHe napaMeTphl JKHAKOCTH 3aBHCAT OT XapakTepa ee JBHIKEH)s
Y NOBEPXHOCTH HATpPeBa, COCTOANHUA 3TOH NOBEPXHOCTH, (pHBHYECKNX
CBOICTB M JNaBJEHHA HaCHILIEHHA,

Hcnapureny X0NoaunbHbIX Mallie paGoTaloT NPH TEMREepaTypHLiX
Hanopax 0 u TenJIOBLIX Harpyskax ¢, B 15—20 pas MeHbmwAX O, 1 Drep-

Kuneune BHYyTpH Tpyo6. B orauude OT KHneuus
B cBOGOAHOM obbeMe, KHneHHe MHAKOCTeH BHYTPH TPYy6 nMeer no-
NOARUTENbHBIE OCOOEHROCTH, OGYC/NOBIEHHBIE FHRPOXMHAMHYECKHMH
PEXHMaMH JIBHXEHHA. IBYX(asroro noroka. [locTosiuno Rospacra-
Iolllée NPH KHNEHHH NAPOCOAEPIKAHHME NOTOKA NPUBOAHT K YBeJNHue-
HHIO €r0 CKOPOCTH H M3MEHEHHIO THAPOJAHHAMHKH TeueHns IBYX(asnoil
CMECH,

HNas npumepa paccMoTpuM Npomece KUNEHUS B B € PTH K 4 A b-
HO#A Tpyo6e c BOCXOASWHM NOTOKOM MuikocTh (puc. 17.15, g).
Ilpu noctynnenun B Tpy6y HeAOTPeTOH MHIAKOCTH H BHIXOLE U3 Hee
TIEperpeToro napa MOXKHO BHAENHTL Tp# 00JACTH o BHICOTE TPYObI:
! — obnacte moporpema xuaxocTH Ge3 Kunenus; [/ — obnacTs
kunenns; /1] — o6aacTe nNoACLIXAHHS H meperpesa napa,

B nepBo#t 06nacTn uasmiBaemOll sxomoMasisepHofl, MMUIKOCTH no-
AorpeBaeTCs, CKOPOCTBE NOTOKA NPAKTHYECKH NOCTOSIHHA M pAaBHa
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Pue, 17.15. CipyKrypa AByxdasHoro OToKa NPH KNNEHEH %HAKOCTH BHYTpH
BepTHKANbHOH H TOPH3OHTANbEON Tpy6
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CKOPOCTH HA BXOAE w,. B Konue odwoghasnod somet K u B 30ne [T
nablliofaercs nOBePXHOCTHOE KunedHume xuAkoctH, Ona  Harpe-
Baercd 0 TeMmnepaTtypul, GMH3KOH K TeMnepaType HAECHIEHHA.

B soue nyasipbrosoeo kunenua I1 cKopocTh noTOKA yBeJndHBaerca.
Ilpn panbHefiinem BO3pacTaHHH CKOPOCTY MNY3LIPbKH CJUBAOTCH,
obpasys naposwie npobku (cuapsas) — 30na C; TennoofMeH 3jech
NPOHCXOANT KaK 32 cuer o0pasUBaHHA NY3LIPLKOB HA (OBEPXHOCTH
Harpesa, Tak U 3@ CYET KOHBEKIHH B NJIeHKe XKHIAKOCTH C IOCJeAy-
IOIIMM ee HenapeHHeM B napopbie npo6ku, laasHefiiee yBeiaHdeHHe
CKOPOCTH NPHBOAMT K CAUSHHIO OTAENbHBIX NMAapOBBIX NpoGOK H mepe-
XOJly CHAPANHOrO PeXuMa TeUeHHH B Koasyeeoe — 30Ha K. [lpu atom
pexHMe XHIKOCTb B OCHOBHOM pacno/ioXeHa B MJAeHKe Y CTEHKH,
MexaHuaM Tensoobmena B o6lUleM aHaJOrHYEH MEXaHU3MY B Npeipl-
Ayuwer zoHe, ONHAKO POJib HCHAPEeHHA KUAKOH neperpeTofl nileHKH
BO3pacTaeT N0 Mepe ee YyTOHYeHHA. B 3aBHCUMOCTH OT CKOpPOCTH Tede-
HHA YacThb JKHAKOCTH MOXeT CPLiBATbCA BHYTPb NApOBOTO MOTOKa,
o0pa3syn AMCneprupoOBaHHbLle B HeM KalJjl, YTO NMPHBOAUT K Jucnepcro-
Koablesomy pemumy — 3ona JK.

CyuiecTBeHHOE NOBLIILIEHHE TeMIEParypsl CTEHKH N0 BbICOTE B 06-
J1acTH NOAChIXaHHA napa o6ycaoBNeHO KaK yXyAlleHHeM TensioobMena
MOCAE BbLICHIXAHHA NJIERKM (30HA AMCOEPCHOTO pexuma [), Tak u
neperpesoM napa.

Ilpy KunewHH B TOPpH3OHTAJABbHOIM TpybGe
(puc. 17.15, 6) npoueccel B ofuleM analorugHsi. Oco6eHHOCTH reo-
METPHUECKOr0 PpACHONOMKEHHs NPHBOAST K HEKOTOPOMY H3MeHeHHID
yCAOBHA Tennoo6MeHa He TOMbLKO N0 HaNpaBJICHHIO MOTOKA, HO H MO
ceueHHn, Halmionaercd Goasliiee pa3HOOGpa3He DPeXHMOB TEUEHHSH.
Nyaviperoseid 11T 1 cnapadned € peXuMH aHANOTHUHBI paHee pacs
CMOTPEHHbIM, OZHAKO NOTOK HMeeT OGOJBIIYI HeoBHOPOAHOCTE MO
cedeHHIo. TIpH MaleiX CKOpPOCTAX NBHMEHHA HAOGHIONAeTCH paccaceH-
Hbil pexuM P, npH KOTOPOM XXHIKOCTb TeyeT B HHKHeH 4acTu TPyOh,
Tle H TPOHCXOAHT ee kunerue. BepXusas (necMOueHRAA) NMOBEPXHOCTh
TpyObl yyactByer B Temnoobmere Kak peGpo.

[pu yBenuyennn ckopocreil ABHKENHA KUAKOCTH H Napa, a TaKXe
OTHOCHTEJLHOTO JBHXKeHHA (a3 paccJOCHHLIH pPeHM nepexolut
B 80ar0goil B, a sarem B eoanosotl ¢ nepemuwuxanu BI1. Uurencaduka-
nUf TennooOMera npu ITHX pexnmax ofychoBaeda TypOynnsanued
NOTOKOB, @ TaKXe yBeJdHyeHHeM RMAOLLAJN CMaynBaeMol NOBepXHOCTH,
Tlp# BICOKMX CKOPOCTAX H napocOiepaHusiX NOTOKa ero JHHaMuue-
CKOr0 BO3IEHCTBHA OKa3bIBaeTcs IOCTAaTOYHO JNS KOABKEEOZO WIH
OUCHencHo-KoAbyeeoz0 pexuma Teuenus JK, Korja XHAKOCTb cMa-
unBaer Bew Tpy6y. Boicokas TypOy/in3allia XKHUAKOCTH H yMeHblleHHe
TOJIUHHBI MVICHKH NPHBOLAT K MHTEHCH(QHKauUuH TenjoobMeHa B 3THX
ycroBuax. Kak u B cayyae kunenus B BepTHKa/lbHOH TpyOe, B ropu-
304TaJbLHORN prﬁe TAKMKe BO3IMOXHA 30Ha NOJCbIXaHHA Ilapa.

B ofumem npn KHneHuH KHAKOCTH B TPYGaX HHTEHCUBHOCTL TENJO-
obvena ofycJioBjieHa COBMECTHLIM BJMSHHEM KHIEHHA H BhIHYXIeEH-
HOFO JIBHMKEHHS,
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17.6.3. Pacuemmubie 3aéucumocmu npu Kunexuu x1a0azenmos

Kunenne B OonblioM ofbemMe Ha TOPH3IOHTAAbHOH OAHHOYHOM
Tpy6Ge. [Tpouecc napooBpasoBanus aMMHaka M XNaiOHOB TIPH OAHHA-
KOBBIX fy (py) NpoTeKaer no-pasnomy. Kunenue amMmnaxa, no cpashe-
HHIO ¢ XJAaJOHAMH, OT/IHYAeT 3HAYMTENbHO MEHBILEe YHCJO IEHTPOB
napooo6pa3oBania H 60.bluiA OTPHIBHOA Auamerp nyswipedi. [na
pacyeTa TenJOOTAAYH NPH KHNEHHH HA NOBEPXHOCTH OAHHOYHOH TPy Ob
B o6racth cBoGoaHofi kKowmperklUnwn CK nm Hepasz-
BUTOTO NY3BpPbLKOBOTO KuneHua HI(em. puc. 17.14)
PEKOMEHAYIOTCH YPaBHEHHA:

84 xaadoros npn uucaax Peaes (Ra = GrPr) 3-10° L Ra < 107

Nu == 0,21 Ra"®, nan ay = Agy™ = B6"*; (17.40)

Orq ammuara (moavko 6 3oxe c60000Rot Koweexyuu npn 10° <<
< Ra < 108

Nu = 0,5 Ra®%, nan o™ = A (gp/de)”’ = B (0/d,)"". (17.41)

B kayecTBe XapakTepHOro pasmepa NPHHAT HADYXHLIH AHAMETD

TpyObl dy, Onpefiensioueli TeMNepaTypel — TeMIeparypa Hachblule-
HHA f,. 3HaueHHs Koadxpunmuen-

toB A u B npnBenensi BTaba. 17.6, Ta6auna 17.6
B ofanactH pasBuTOTO Koathpuunentss A, B

NysSHpPbLKOBOTLO KHmne- B ypaswennnax (17.40), (17.41)

HH A HAa rOPH3OHTANbLHOH TpyGe

das xaadonos mOmeT OHITL wme- Xnagarent A B

noib3oBaHa  ¢opmynaa  Jlauu-

J10BOH Ri2 54 | 205
o 0,75 0,2 R22 62 246

op = CoF () 96" (R/Ryy) "~ = R142 53 | 200

5 RC318 48 174
= AgF (R Ry)™, (17.42) AVMHAK TpH  TeM-
nepatype ty, “C:

rae C, — xoapunment; F (n) — 68,5 | 197
HEKOTOpas GYHKUKA AdBNeHHus, ﬁfg ;‘i} gg?
XapaKTepu3ywlLas BIHAHHE Aa- o 705 | 211
BEHHS HA YCNOBHA BO3HHKHO- +10 74 | 217

BEHHA KHOeHHS M YHCJO LEHT-
poB napoofpasoBanus; @ —
= Py/Pyp — TPHBEJEHHOE MaBJeHMe; p, — JABJEHHE HAChILECHHS,
ApH  KOTOPOM MNPOHCXOJHT KHNEHHE; Py — KPHTHYECKOE LaBJie-
HHE; R, — napaMerp WepOXOBATOCTH NOBEPXHOCTH; Ry, = 1 MRM —
LIEPOXOBATOCTL 3TaNOHHOM noBepxuoctH; A = C,F (n) — obobluen-
HbIA  Koadxpuunent (rabn. 17.7).
Hucstennvie 3navenns C, n Pypy

Xnagarenr . . . . . ... . Ri12 R22 R142 RC318 Rb502
Gy s 5 v e s e Bk mow o 4,20 474 4,05 3,85 4,54
Pup -8, Ma. . . ...... 40,5 4'5-4 41,1 28,0 40,5
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Ta6auma 17.7
Kosddmunent A = C,F (n) 8 ypasnennn (17.42)

4y, °C
X napgarent
—~40 —30 —20 —10 0 +10
R12 0,734 0,816 0,930 1,084 1,285 1,543
Rz22 0,885 1,008 1,178 1,408 1,707 2, 1090
RC318 0,549 0,588 0,647 0,734 0,855 1,019
R502 0,952 1,121 1,351 1,655 2,047 2 540

HOasn T1py6 npOMBHILJIGHHOTo u3rotoBjeHHs (R, = 3+6 Mkm)
¢ yuerom C, (popMy.na (17.42) npuuumaer Bui

= 5,5¢%"°F () aas R12;
ol = 6,26%"°F (n) aas R22.

3uavenns dyukuun F (1) npu 0,003 < nn 0,95 moryr Gurh
onpenenenn! no ¢opmyJe :

F(n)=0,14+n [1,6 + 0,4/(1 —=)];
B uutepsaie 0,05 < 7 < 0,5 MoxHO noss3cBatnes GopMyaoi
F () =~ 0,14 - 2,27,
Han ammuaxa e 3one paseumoeo xunewus

= 2,2 (p,107°)"% &3 (17.43)
O0aft QMMUAGKA 8 30HE HEPA3BUMOZO NY3bIPEKOBO20 KUNenus
am =o' V1 + (@/a2)" . (17.44)

B caydae kuneHHa aMmMHaka ua 3aMacieHHoH TpyGe Koadxpunuent
TeNnJ00TAAa4YH yMmeHbllaercs B cpeanem na 15 %.

Kunetive Ha ropusoHTaibHOM ny4ke raagxux tpy6. Cpeanne 3na-
YeHHs KO3(ppHIHEHTOB TEnJOOTAAYH NPH KHNEHHH XJajareHTOB Ha
nyyYKe TOPH3OHTaNLHLIX TpyO OGoablile, YeM Ha OAHHOYHOH Tpyée.
Iy3wipbKu napa, noniHHMarpolUIYecs ¢ HHXKHHX PALOB Tpy6 Ha BepXHue,
HHTEHCHOHUHDPYIOT TennooOMEH Ha BhIlleJexKalux TpySax 3a cuer
TypOynn3allHd ROTPAHHYHOTO CJAOSA H CO3AAHAA  LONOJHHTEIBHBIX
UEHTPOB mapoobpasoanusi. Fcnapurenn XOMOAMJBLHLIX  MaLIHH
06bIyHO paGoTaloT npu HeGONMBLIUMX MJOTHOCTAX TENJOBOrO NOTOKA
H HH3KHX TeMnepatypax kunerus. [Tpn TakoM pemume Tennaooraaua
HA NyYyKe INMIAZKHX Tpy6 B aMMHAyHBIX annapaTax NPOHCXOIHT B 30-
HaX CBOGOAHOH KOHBEKUHH H HePa3BHTOTO NY3EIPLKOBOTO KHOCHHS,
a B XNaJOHOBHIX annapatax — B 0GJacTH HEPAa3BUTOTO H B Hauaje
PasBHTOrO KunenHsi. BiHAHHE nyyKa Ha TENJOOT/ayy CKa3bBaercs
TEM MeHblle, yem 60Jjbllle IMEPOXOBATOCTh MOBEPXHOCTH TPYO, ZabJe-
HHE H TENJOBOH NOTOK.
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Cpennuit Ko3bhHUHEHT TemnooTiayw NpH KHIEHHW aMMUAKA
Ha MyyKe rajknX TpyO6 MoMer GbiTh paccuuTan no O06OOGILeHHOMN
dopmy ne

oy = 13,6¢%°, (17.45)

a NpH KHNEHHR XAa00r08 — no NpubiarxenHo Gopmyne
og = odey, (17.46)

rie af — KOS(XpHUHEHT TenI00TAAuM ANS OAHHOHOH TPyGH, ompe-
nensiemuli no dopmyie (17.42); e, — KOIQPHUHEHT, yUHTHIBAKOULHMA
BIHSTHHE Ha TenJoo6Men nyuka Tpy6 (3HauyeHHS €, NpHBeJleHbl B pa-
Gorax [12, 141}; ey — KO3(OHUHEHT, YURTHIBAOULN BANSHHE MacJa.
HOas R12 n R22 npu MaccoBo# KoHUeHTpanun Macaa ao 6 % B Anana-
30He H3MEHeHHd ¢r = 16,5 KBt/M® n {, = (—25)=-(—10) °C no-
npasxa cocrapnsietr g, = 1,4-=-1,0; npn {, = —10°C n g = 5 kBr/M?
g, = 0,96.

Kunenue Ha ropu3cHTaIbHOM nyuke opeGpeHHbix Tpy6. OnbBITHHIM
NyTeM YCTAHOBJEHO, YTO KO{XPHIHEHTH TemJ0OTAa4H NpH KHNeHHH
Ha my4yke opebpeHHbIX TPYO @ , NPH paccTOSHHH Mexay pebpamu
Sp = 0,3=-1,5 Mm n Boicore pebpa h, = 1-:-3,5 MM Bblllie, yeM Nis
nyyxka raagkax tpy6. D10 06bACHAETCHS JYULIHMMH YCJAOBHAMH s
3apOXKIeHHA MW pocTa nyasipedt Ha pebpax, ocoGeHHO KOrfia paccTos-
HHUA MeXay peOpaMy COH3MEpHMBI C OTPLIBHLIM AHAMETpOM MapOBLIX
ny3bipeH.

B X1afOHOBBIX KOXKYXOTPYGHLIA HCNAPHTeNAX OOGLIUHO NPHMEHSIOT
MefHble TPyObl ¢ HaKaTHbIMH pefpamn (Beicora pefep 1,5—2 mw, mar
0,8—2 mym), KoadxpuiueHT TensooTAauH NPH KHNeNHH XJaJOHOB Ha
nyuke opefpeHH:EX TPYO

Og p = CarBr. pr (17.47)

TJie &y p — NONPABKa, YYHTHIBAIOWAS BAHAHAE HA TensooGMeH Unchia n
psfos Tpy6 no Buicore nyuka (puc. 17.16); ¢ty — cpennuii Koagdu-
LHEHT TenJOOTAAauH 3TAJOHHOTO (LIeCTHPALHOrO) nyuKa.

ITpu gp = 0,59 xBt/M? u f, = (—30)--(-+20) °C mna wectn-
pAAHOrC MNyuKa

tr = 18,3¢%° (p,107°)"% = 3356 (p,10™°)"° nas RI12; (17.48)
Oy = 32,605 (p,107°)"® = 5680"%7 (p,10™°)"** mna R22. (17.49)

3necy p, — B I1a, a BeJHUHHB O, W ¢r OTHECEHB! K TOJHOH NJOLIALH
HapyXHLIX noBepxHocTed TpyG B nyuke € yuerom mJjomanu pebep.

Hasnune macia B XhajarenTe yMesblllaeT KOS(pHLHEHT TENJo-
oraauu. B cayvae kunmennsa xJaajaredta R12, B xoropom MaccoBas
KoHueHTpanus macna § = 8 %, Ha iwectupsAgHOM myuke TpyG B HHTeEp-
Bane temneparyp f, = (—20)-~(—10) °C npu TennoBoM noToke gp =
= 2--6 kBr/M® xoa(xpulHEHT TenJOOTAA4YH COCTaBJsIET

OSH. P — aaTSM. p*
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a) e €y p — KOMpPHUHEHT, yuH-
Enp THBAWOIHA YXyIlleHye Temn-
L1 JIOOTHAUH MPH HAJHUHH Mac/a
7 7 B XAajareHte; =y p = 0,89
/s npu o = —20°C 1 gy p =
A / = 0,81 npu {, = —10°C.

10

HMecnenoBanus KHNeHuA
cueceit R12 n R22 ¢ macnamu
‘} NOKas3aJiu, 4YTO UNpH MaJbiX

; J KonuenTpauusx wmacaa (€ =
4/// ' = 1+5 %) xos{dunuent ren-

i\\\\
0
TN
1
B

R\
'bd/\ \\ \\

%

aootgaun Ha 10—30 % Boiwe,
AN " yeM y YHCTOro paGoyero Beile-
crBa. Mutencudukanus renio-
s ' ofmeHa ofycnoBleHa copep-
MAIMHUMHCS B Mac/laXx TOBepX-
HOCTHO-aKTHBHLIMH BellecTBa-
8) MH, ODTH BemecTBa cnoco6-
Enp CTBYIOT CHHIKEUUIO IOBEPXHOCT-
HOTC HATSKeHHA Ha IPaHHLE
] | pasnena a3, PasBHTHIO MeX-
11 ,Aﬁ ——| asnoil MOBEPXHOCTH H HHTEH-
? = T—=-—/=2i cHBHOMY BHLIpaBHHBaHHIO MO-
Jefl KOHIEHTPAalUMH, 4TO HpPH-
BOJHT K 3(hekTy «xkycTroobpas-
Horo» Kunenua. Haubosbuiee
yBeJHueHHe Tel00TAayH Ha-
Gmopaerca npu E=1-+3%, npu
E=6-8% ona ymenbluaercs.
5 7 m Knnenue BHYTPH rOpu3OH-
n
Puc. 17.16. 3aBucuMoCcTs €5 p OT HHCAA TasbHbX  TPy6. Mutencus-
pm'OB prﬁ' B nyuxe: @ — Ri%: 6 — R92; HOCTb Tenn006MeHa NpH KHIe-
1 ~ gp = 500 Br/n*% 2 — gp= 1000 Bww%; HHH  BHYTDH Tpy6 onpexe-
3 = g = 2000 Br/m* 4 — gp = 3000 Br/mt JNAETCH He TOJLKO MNpOoueccoMm
- o = "j“ﬁb%‘ = = = k= papoolpa3oBauusi, HO B 0OJb-
el creneHn peXXHMOM TeyeHHs
AByx¢asnoro noroka. Ilpy nBmXKeHHH KHNSIEH XUAKOCTH B TpyGe
NPOMCXONUT CMena pexumop Teuenns (cMm. puc. 17.15, 6), kaxnaomy
H3 KOTOPbIX COOTBETCTBYeT ¢BOii MexamuaMm TensoofMena. Mas-aa
HEeJOCTATOYHOCTH JAHHELX [0 JOKANbHBIM KOaphHUNEHTaM TenN00TAAYH
PACCUHTLIBAIOT CPeHHA nO giiuHe TPYOH KO3(pOHUHEHT TeNnJN0OTAaYH.
[Mpn xapaxTepusiX ANA HCTNApHTeNeH XOMOAHJBHLIX MalllHH 3Ha-
yeHHsdX ¢, = 2--3 KBT/M® cpemunii mo ajmnHe Tpy6nl KO3(XDHUHEHT
TENJIOOTlauH NpH KHneHuH xyanonoB R12, R22 e eopusonmarsnod
2na0xoi mpybe ldgy = 12 Mm; 1 = 1,5 m; wp = 50600 xr/(v*-c)]
onpeflenfiioT 0o (GopMyJe
pel (opmy o = Cq®® @wp)™", (17.50)

roe C = 23,4 nna R12 n C = 32,0 ana R22,
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Popmyna (17.50) npumennma npu MJIOTHOCTAX TENJOBOIO MOTOKE,
OrpasMYCHHLIX 3HAYEHHAMH MaccoBOH CKOpPOCTH Wp:

wp, KEAMEC) . . . . . . 60 120 950 400 650

gr, kBT/M® ., . . .. . 1,5 1,8 2,0 2,5 3,0

[Ipu Gosee BLICOKMX 3I1aYeHHAX ¢p PEKOMeHAyeTcs dopMyaa
o = Agr® (wp)™* dii ™. (17.51)

B ¢opmyaax (17.50), (17.51), @ — B Br/(M*:K); gr — B Br/M%
dys — B M; wp — B Krf(m%-c). 3uavenus kosdpuuuenta A:

f0C L e e e e =30 —I0 0 410 -}-30
AgaRI2Z ., ..., 085 1,045 1,14 1,23 1,47
AmpmaR2 . ..... 0% 1,17 1,32 1,47 1,74

Jas pacyera TensooTAauH npu KuneuHn R22 e eopusonmantrbix
mpybax ¢ 6HymMpernum opebperuem (NATH- W JECATHKAaHaNbHBIE
BCTABKH)} ANA 30HEI HEPA3BHTOrO KHNEHHA MOXKer OLITh HCNOAL3OBAHO
ypaBHeHHe

g, p = 100 @p)"" 5" (poip,p) ™" (17.52)

QopvyJa cnpaBelinBa A1A TPY6 NPOMBIIIEHHOFO H3IOTOBJEHHA
npu wp = 90-2-200 kr/(M%:c), fh = (—15)=(-+5)°C, gg = 4+
— 6 kBt/M? nsis nATHKAHANLHOM H gmy = 810 kBr/M® nis necs-
THKaHanLHOH TpyOul. KospduiuenT Ten100T1aun OTHECEH K NOJHOM
nJoMafy BHYTpeHHeH NOBepXHOCTH Tpy6 H pebep Fyy M K Temme-
ParypHOMY Hanopy MeXAy XJajareHTOM H CTeHkoH TpyOwl, TenJo-
BOH MOTOK gy — K Fup.

§ 17.7. TEINIOOBMEH NPH KOHAEHCALHH HNAPA

Kondencayueld naswisaemcs npoyecs pasoeozo nepexoda
sewecmsa U3 napoobpasnoeo cocmoeanus 6 sudxkee. Konnencauus Moxer
NPOHCXOMHTE Kak B o0beMe napa, TaK H Ha OXJaxAaeMOH mnosepx-
noctH. B TennooOmenuniX ammapatax XOJOAWALHON, nMINEBOH, XH-
MHUYeCKOHl H APYTHX OTpaciefl npOMBIILLIEHHOCTH KOHAeHCAuusa npo-
HCXOIHT OBLIYHO Ha TBepAOH NoBepXHOCTH (BHYTPH MK CHAPYXH TPYHE,
B MJIOCKHX KaHajax M T. A.). JIIA OCVILECTBJAEHHA STOTO npomecca
Heo0X0INMO, 4T06H TeMnepaTypa NOBepXHOCTH Oblia HHMKE paBHOBec-
HOH TeMmmepatypbl HachHILEHMA XJajaTeHTa NPH JAHHOM JaBJeHHH
IJIf YHCTBLIX BeuwlecTB H NPH nmapnHaabHOM jJapaeHHH IJS naporaso-
BHIX cMeceil.

PasznngalT nBa BHAA KOHJEHCALHH HA NOBEPXHOCTH: MJ € H O Y-
HYy© W KaneJdbHYyio. [Ipy n1eHOYHOR KOnIEHCAUHH XHIKanA
(hasa CcTeKaeT no NOBePXHOCTH B BHIE NMNEHKH, a NPH KaneJabHOH -—
B BHJAE OTJedbHBLIX Kanedbs. [lneHouHasi KoHpjeHcauus NpPOHCXOAHT,
KOI'fla MHIKOCTh CMAauHBaeT MOBEPXHOCTh, a KameabHas -— Koria
He cMaydBaeT. B XOMORHIbHBIX MalU¥HaXx BCe MeTalJHyecKue noBepx-
HOCTH CMa4yHBawTCs paGOYHMH BeLLeCTBaMH, NOTOMY KaneJbHYK KOH-
A€HCAUHIO 31ech HE pacCcMaTpHBaeM.
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Teopua Hycceavbra. Ilpn Kou-
JeHCallMH napa Ha BepTHKaJbHOR
| crenke (puc. 17.17) TosuuHa nMeH-
lll d KH KOHJIeHCATa YBeJMHYHBAETCA N0

J N Mepe ee cTeKanufi BHH3 OT HYJs
[ I! r B BepXHel uactn 10 8pa B HUMHel
| | K TOYKE MOBEPXHOCTH.

! 3ajaua 0 TemiooTAaYe HpH MJe-

A HOYHOM KOHJEHCAUMH YHCTOTO Ha-

CHIILEHHOrQ mapa Oblia pellieHa

7 B 1916 r. Hyccenntom. Brin caena-
I
|

R’

L

VZ.

Hbl CAefyiollye fonymenus: 1) ABH-

MeHHE MUICHKH KOHJAeHcaTa no Beed

| NOBEpPXHOCTH JamuHapHoe; 2) TeM-

neparypa BHeIUHeHi NOBEpPXHOCTH

Brnax MHAKOH mNJeHKH paBHA paBHOBec-

HOR TeMnepaType KOHJEHCAIlHH,

- T. €. TepMHyecKoe CONMpOTHBIEHNE

Puc. 17.17. Cxema nuenousofi kou- (a30BOTO Nepexoaa OT Napa K MHj-
HEeHCAllHH Ha Be]JTHKElJIhHGﬁ CTEHKE

KOCTH H€ YuuTeiBaercs; 3) TeMme-

paTypa CTeHKH mNOCTOfIHHA NO Bbl-

core; 4) dM3nyeckHe napamerphl KOHAEHCATa He 3aBMCAT OT TeMHe-

paTyphl; 5) TpeHHe Ha I'paHHIe XUAKOA N napopoit (ha3 OTCYTCTBYET;

6) CHALI NOBEPXHOCTHOTO HATHKEHHS HA TPaHMue Pasfiella MHAKOCTH

H Tapa HE BJAMAIOT HA Xapaktep ABHXMeHud NJeHKH; 7) nJOTHOCTB

napa no cpaBHEHNIO ¢ NNOTHOCTbIO MHJAKOCTH OYEHb MaJja, H €10 MOKHO

npetefpeys.

Tak xax B ucxonHo#i runotese HyccensTa npeneGperawT TeMne-
paTypubiM CKauKOM Ha Tpannue pasjena ¢as, a JIBHKEHHe NJEHKH
npeAnonaraeTcs JaMHHAPHLIM, TO TEMJIOOTAAaYa NPH KOHJEHCAIHH
OyZeT LeAHKOM OnpelensaThc TEeMJIONPOBOAHOCTLIO uYepe3 NJIEHKY
HuLKocT. [loaToMy TemmnepaTypa cJ0eB INIEHKH H3MeHAeTcH JuHelHo
OT Temneparyps! CTeHKH T¢p npn y = 0 10 TeMnepaTypHl KOHJEHCa-
uun Ty npn y = 8, (puc. 17.17). Tlepenoc tensioTs! TenronpoBog-
HOCTBIO Yepe3 mJeRKY KOHAeHcaTa ToJWHHOH 8, onuceiBaerca ypas-
Hentem @ypbe

> AN
]

Gx = (lf’éx) (TH - Tc-r)'
3T0T e Tenn0BOH NOTOK MOMET ObITh BHpaMeH ¢ NOMOLbIO 3aKOHA
HhK)TOHa—pHXMaHa Kak TenJiora, nepellaHHasa oT napa K CTeHKe:
Gx = Ay (T«—T¢x).

B stux ¢opmynax ¢., Ox, 0 — JOKaNTbHbe NO KOOpJHHATE X
3HaUeHHs NJOTHOCTH TeIMJIOBOTO NOTOKA, TOJUMHB! HIEHKH H Ko3d-
(¢HuHeHTa TenJOOTAAYH NPH KOHJCHCAUHH napa.

M3 stux ypasHenuii caenyer

oy = MOy (17.53)
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Takum obpasoMm, Kosgpuyuenm menaoomdadu npu Koxlencayuu
NPAKmMuU4ecKy 0npedersemecs mepmuHecKum Conpomusieruem mwudkocm-
HOUW NAEHKW, M. . YMEHbLIAEMCA C YGeauYeruem ee MOAULUHDL.

HyccenpT nonyyua saBucuMocTb AJ5 pacyera KoadduiuueHTa Ted-
JIOOTNA4YH NpH KOHAEHCAUMH NMpaKTHYECKH HEMOJBHIKHOrO mapa B Cly-
yae JIAMHHApPHOTO JBHXKEHUA mNJEHKH:

any = C 3 7gp%ubly) = CB (Bl,)—%%, (17.54)
rae C — kosbduudenr, pasuniii 0,728 1ma ropusonTaldbuo# TPYGH
u 0,943 ans BepTHKAALHOI NOBEpXHOCTH; I — TenJyora napoobpasoba-
uua, [x/Kr; g — yckopeHue ¢BOGOJHOrO MajeHun, M/c; p — MJIOT-
HOCTb KHIKOCTH, KI/M%;, A — ko3ddHLHEHT TenJaonpoBOAHOCTH,
Br/(m-K); p — nvHavuyeckas Bsiskoctb, Ila.c; 8 = Ty — Tep —
temneparypubii Hanop, K; [/, — onperensiomuil pasmep, M; B =

it el A
=V rgo*A?/p.

B ypapuenuu (17.54) rennodusnyeckue napaMeTprl IJEHKH p, A,
) onpenensioT npu cpeiHeir Temmeparype T = 0,5 (Tx -+ T,
a yAeJbHYIO TEINIOTY NapoobpasoBaHHf 7 — NpPH TeMOepaType KOH-
zencauuu Ty Tlpu KOHAeHcalluy HA TOPH3OHTAJbHOH Tpy6e [, = d,,
Ha BepTHKa/JbHOH Tpybe (crenke) l, = H. Kosdpduunenr B moxer
ObiTh Haiifed no puc. 17.18. JOna xnanaresra R13:

G 5 u swson v oww —50 —40 —30 —20 —10

B, Br/(w /4 K¥%) ., .. 1532 1463 1384 1262 1203

Kak orMeyanoch Bbllle, TEPMHYECKOE COMPOTHBIEHHE ABHMKYIWEHCA
JaMHHAPHO MJIEHKH OKa3blBaeT BJHSHHE HA Tens1006MeH npH Kou-
pencaund. Yem OGosblie temyora napo- 8,81/(n 75174
06pasoBaHHa M NJOTHOCTb MKHAKOCTH, e
TeM MEHbUIH{ ee OGLeM OTBONHT ONHO ..,

H TO Ke KOJHYEcTBO Tema0Th. [IpH yMeHb- N
WeHHH 06bemMa KOHJEHCaTa yMeHbluaercs c
M TOMWHHA NJEHKY, T. €. YBeJHYH- 7400
Baetcs Kos(duuMent rensoorsauu. Ha- N
06opoT, yBeJHYeHHe BA3KOCTH CHHMKAeT b
K03hpHIUHeHT TenaooTAauH u3-za Bospa- 7000 11
cTaHus TomnuHbl nieHku, Ha puc. 17.19 T T
N

2

MOKa3aHO U3MEHEHHWEe TOMIIHHLI nJeHkuw 1700
KOHJeHCaTa MO BLICOTE BEPTHKAJbHOMN S
CTeHKH AJs BOAH, amvuaka (R717) u 1500 L
xnanarenta R12 npu T, = 313 K u \'P?\K
0 = 10 K. Cpexnve 3HayeHHs Ko3(u- ~ /NN
[HEHTOB TeNJO0OT/Aaus & COOTBETCTBEHHO 130 G0 NS
paBue:: 5070, 3920, 705 Br/(m*.K). He-
CMOTpPS HAa TO YTO TOJIIHHA MJEHKH KOH- ¥
Zencata R12 B 1,5 pasa membwe, uem  MWhr=——5——57— 3%
TMUIEHKH BOABI, €ro KOIDQUUHEHT TeMIO- o ;e g 5o
OTAayd NPHMEPHO B 7 pa3 MeHbIUE, YeM o1 ;. n1a pasawumsx Xaan-
Y BOARI. 310 OGBACHAETCH CPaBHHUTENBHO areHToB
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0 gg5 040 015 b,mw PBHUSKDH (mpHMepHO B 10 pa3 MeHbluei) Ten-
JIONPOBOAHOCTBIO R12 no cpaBHEHHIO C BO-
N J0k.
N Ha0 Teopua Hyccemsra cnpaseasusa B npe-
07 k Jeilax [paBOMEPHOCTH MPHHATHX JOnYyIe-
! \ \\ 717 HUH. PeasnHule Yes0BHS NpOTEKaHHR MpO-
o Hecca NpPHBOAAT K HeOOXOAHMOCTH BBEIEHHA
\ K K12 NMONPaBoOK K pacuyery. PaccMOTPUM BaHSHHe
0,4 /\ Pa3sJHYHEIX pealbHelX (AKTOPOB HA MPOLECe

KOHJEHCalHH.

\\ Bnusaune pexuma crTexa-
\ Hu A nJaeHXH Jna oueHKn pexuma

\ JBHKEHHA HMCMNOJb3yloT KpHTepuit Pelinomb-

Aca AJA KHAKOCTHOH NJIEHKH

438 \ \\ Repy = @.0,/v, (17.55)

Hm rje @,— JOoKajdbHaa 00 BEICOTE H CPEAHsAS

) No CeYeHHUID CKODOCTb CTEKaHHA [JEHKH,

Puc. 17.19. Tommuna nres-  § — rommuna njeHKd HAa PaccTOSHHH X

KH KOHIEHCATa J/18 pas/iHu- H
HHX. XAaLAreRTon OT TOBEPXHOCTH CTEHKH.

Tak kKak pacxojs KOHAGHCaTa B cCede-

H¥Y X, ¢ OAHOK cTOpoHml, paBen M, = Q./r,

a ¢ apyro#i croponn, M, = pw,8,b, rre b — mMpHHA [OBEPXHO-
cTH, TO Belpaxkenue (17.5D) mpunuMaer Buj

Reyn = M, /(plv) = g, x/(rpv) = @, 8x/(rpv).

IMpu Rey; = 5-+7 JABHXKEHHe NJIEHKH JaMHHapHoe, npH Reg, =
> 400 — typOyJaeHTHOE, a NPH OPOMEMKYTOYHBIX 3HAYEHHAX — BOJ-
Hosoe. [1. JI. Kamupa ycraHosuMsl BIMAHHe CHJ [OBEPXHOCTHOrO
HaTs)KeHHA HA JaMiHapHOe TeyeHue [JIEHKW, npH KOTOPOM cayuyak-
HBlE BO3MYLUICHHS NPHBOAUMJH K BOJHOBOMY ee aBikeHnio. Cpenusas
TOJUIMHA [JEHKH O0Ka3aJjach MeHhbllle, YTO NpPHBEIO K YBEIHUYEHHIO
Kospprumenta a Ha 21 % no cpaBHeHHIO ¢ pacCYUTaHHHM NoO GopMyIe
Hyccenbra. Jlna BepTHKanbHulX Tpy6 NpH JaMuHapHO-BONHOBOM Té-
yeHHH @ ompepenswr no Qopmyne (17.54), o npu C = 1,15. Ha
FOpH30HTANMbHEIX Tpydax BOJHOBOE H TYpOYJEHTHOE TeUeHHR MJIEHKH
He 00pa3syloTCca H3-3a MaJIOH AJIMHBI MYTH, U pacyeT BEAYT Mo GiopmyJie
(17.54).

Bnuanue neperpesa napa. B xoniedcaropn Xo-
JOJAMJBHBIX MallMH Nap NOcTymaer neperpersiM. B ammapare OH
OXJIa#JA€TCA JO TEMNEePaTypPH HACHIULEHHA, a 3aTeM KOHAEHCHpYeTCa.
Or 1 kr napa npu 3toM otBopHTCR 7' = 7 + ¢py (T — Ty) TEnIOTHL
[Iponecc KoHOeHCAUHH B CAy4ae neperperoro napa pacCYHTHBAKT M0
npHBeJeHHBIM Boilne (OpMyJaM, HO BMeCTO yeJbHOH TEmJoTH napo-
06pa30BaHHA 7 MOACTABJARIOT 3HAYeHHe 7', PABHOE PASHOCTH SHTAJb-
M4H [eperperoro napa H HacelUEHHOH MXHIKOCTH.

Bauwanume ckKkopoctu mnapa. [lap asuxerca OTHO-
CHTEeJIBHO NJEHKH JHAKOCTH M Bo3jedcTByer Ha Hee. Ecin o ABH-
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Puc. 17.20. Kougehcauus napa ma

Ny4yKke TOPH3OHTAILHEIX Tpy6: a —
KOPH/IOPHbiT NYYOK; 6 — 11aX MaTHBE
DYYOK; &8 — BHI cOOKy

HKYTCA B OJHOM HANPABACHHH, TO NPOHCXOAHT YMEHbIICHHE TOJUUAHE
nieHKy, a Npd 3HaYuTeJbHLIX CKOpPOCTAX mapa u ee Typ6ynuszauus.
Koapunpenr rtensooraaun Bospacraer. [lpu IBuxeHud mnapa H
NJeHKH B NPOTHBONOJOMKHLIX HanpapJeHHAX Nap TOPMO3HT MJEHKY
¥ OpY MajbIX CKOPOCTSIX YBeIu4HBaeT €& TOMUHHY, YTO OPHBOIUT
K yMeHblleHHI0 Koadepuumenta TensooTAadH. JlanbHefimee ypennde-
HHEe CKODOCTH Mapa BBISHIBAET TYpOYJH3ALHMIO MJEHKH MKHAKOCTH
H ee yTOHYeHHe, KO3(puIHeHT TenJo0TAaYY yBeluYHBaercs.

Bnuaeue CKOpocTH ABHXKeHHs napa Ha Ko3dduument Tenmaoor-
JauH YYyuTbIBAIOT KOPDHIIHEHTOM &,, CUHTAA Oy = GNuEy.

[lpu KoHAeHcanuH ABHXKYHIMXCA NHapOB XJMalOHOR g, = 0,43 X
X (Re")0.12 (Pr")—0.33, rpe Re” = w'dy/v"; Pr” = +"fa". llag xnano-
HOB BJHAHHE CKOPOCTH Napa HAa Tena00GMeH NpH KOHAeHCAuuH 3a-
METHO CKa3biBaeTcsl HayuHas ¢ w” > 1--2 m/c, B TO Bpema Kak ann
BoAu 4 npH @ < 10 M/C 370 BAHAHHE HECYUIECTBEHHO.

Konpencauua sa ropusontanbHoM nyuke 1py6. KonueHncaropwl
XOMOOUJbHBIX MALIHH YacTO BBIIOJHSAIT B BHIE NYYKa rOpH3OHTA/b-
HBIX TPYG, pacnoJomeHHLIX B KOPHAOPHOM HJH IIAXMaTHOM NOPSAKE.
Kongencar ¢ Tpy6ku Ha TpyOKy CTeKaeT B BHIe OTAeJbHBIX CTPYH
H Kaneab (puc. 17.20), xoropwie, momajas Hda HH3Nexawylo Tpydy,
C OJHO# CTOPOHBI, YBEJHYMBAIOT TOJIHHY NJEHKH, a C ApPyroit —
TypOynusupyior ee. CpesHui KO3(DQUIMEHT TEMI00TIAYH NpH KoM-
JeHcanHu Ha Ny4YKe TrJaajilKuHX Tpy®O onpeiensior no
dopmyne

Op = I_INUSB = [_lNuﬂ""o"S?. (17.56)

rae n -— CpejHee Nno annapary 4dcao paios TpyG no BepTUKaMH ANA
KOpPHJODHOTO HJIH NOJOBHHA pAJOB AJNA IIAXMAaTHONO nMydka, g, ——
KO3()PHUHENT, YUYHTHIBAIOMMA BJIHAHWE UYHCAA PAJOB Tpyo:

By oo 1 3 5 10 15 20
Bo v e v a s 1 0,83 0,766 0,68 0,635 0,605

B X/1a10HOBBIX KOXYXOTpYGHBIX KOHIEHCATOpPax NPHMEHRIOT Ha-
KaTHuhe opedpeHine Tpybu ¢ KO3(hdHUHEeHTOM opebpenna f =
= 2,7+4,5. KoabduuyeHT Tennooraays npH KOHAGHCALHMH Ha OpeG-
peHHBIX Tpy6Gax Bbille, 4yeM Ha IJajKuX, H3-3a TOrO, 4TO pebpa Bl
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CTymawT Haj NOBEPXHOCTHIO MJIEHKH KOHAeHcaTa, BaHAHUe opebpenus
Ha TenJ000MEH YUYHTEIBaloT KO3hgpuuuenToM &, Cpeanuii Koaddu-
IIHEHT TEIVIOOTAAYH NPH KOHAEHCalMdi Ha nyykKe ope6-
PEHHBX Tpy®b

O, p = Op¥p = UNpByBp. (17.57)
3nech

gy = 1,1 (FBJ"{ Op) E?J'Ta (dm’ih;)o'%_}‘ (Fl‘i’J op)s

rae Ep — Kosgduunent addekTuBHocTH pebpa; Fy — miomasb Bep-
THKAABHOH noBepxHocTH pebep; F, — naoumaib ropusOHTAILHON
NOBEPXHOCTH MexpeGepHLIX Y4acTKOB TpyOut ¥ TOPLOB pebep; F,, —
noJHas TJOWEAb HAapPYxHOH NOBEPXHOCTH TPYOE € yueToM peGep;
hp = (n/4) (Dj — d})/D}, — npuseleHHas BuicoTa peGpa; D, — ana-
MeTp pebpa; dy — HApYXKHH AHaMeTp TPYOHI.

MMnowanu Fg v F, ana tpy6H Aaunoll 1 M HaXoafT no dopMyaM!

Fo= 0,57 (D} — di);Sp; Fy=nidy (1 — 8,/S;) ++ nDpd:/Sp,

rae S, — war pe6ep; &, &8, — TommuuHA peGpa B OCHOBAHHH U
Ha TopIe.

[Ipu onpejeneHHHIX ware H KOHQUIypauuH peGep B pesysbrare
JEeHCTBHA KAOWJANRPHBIX CHJA NPOHCXOAHT CTAMMBaHHE KOHJEHCATA
¢ TOpiloB pebep B MexkpeGepHKE KAHABKH, YTO MPUBOAHT K YTOHYCHHIO
IVIEHKH KOHAEHCAaTa Ha MoBepXHOCTH pefiep H, KaK CAeACTBHE, K yayy-
[IeHHK TEenJ00TIAAa4H. Jro MOXHO Y4Y€CThb BBEJEHHEM B BhIaXKCHHE
(17.57) nonpasounore MHOxHTENs e, = | + 0,7 (8;/S;), nony-
venHoro npu 6,/S, = 0--0,6 u S, = 0,9--2 mm. [lpu Gonsuwom
ware pebep &, = |. Toraa c yueroM CKOPOCTH Napa BbIPAXKEHHE
(17.57) npumer BHI

Cn, p = ONuERELEpEq- (17.58)

Konaencauus pHyTpH ropH3oHTaabHbIX TpyO. CyliecTBeHHOE BIHA-
HHe Ha TensJoo6MeH Npu KOHJEHCALHH BHYTPH TPyl OKa3bIBaeT CoOT-
HOLIEHHE MEXLY CHJIOH TpeHHH Ha NnOBepXHOCTH pasfiena ¢as u CHAO#
TAXKECTH B IJeHKe. 3 3aBHCHMOCTH OT CKOPOCTH mapa H BHYTPEHHEro

flap
L

— ———
=
g - = f

Josunii Kowdencam —_—— —

Z2Z T L A A A A A

l

Aowdnii “wondencam

Pue. 17.21. Cxema Koulencauuu Napa BHYIPH TOPH30HTANbHON TPYOH
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IAvamerpa TpyGbl HabMIGAaeTCa paccAOoeHHH, NepexOAHsH HIK KOJMb-
1eBoll pexHM ABHXEHUA nieHkKH. [IpH ManniX NJOTHOCTAX TEMIOBOrO
[HOTOKA W CKOpPOCTAX Napa mJeHKa KOHAPHCATa CTeKaeT ¢ BHYTpEHHed
BGOKOBOH OBepXHOCTH TPyOnl Ha ee JHO, 06pasys AOHHBIH KOHJEHCAT
(puc. 17.21). Bo3snukaeT pacCcNoeHHbIH pexHM [IBHMKEHMSA, XapaKkrep-
Hpll /18 KOHJAEHCATOPOB XOJOAHJbHHX MaluiH. Tak KakK TOjmHHA
JIOHHOrO KOHJAEHCATa 3HAYHTeJbHa, TO TeMMoo6MeH B 3TOH YacTd MaJo-
uHTteHcuBen. OCHOBHOH TenJ006MEeH MPOHUCXOAHT HA yd4acTKe TpyOml,
He 32HSATOM JAOHHLIM KOHAEHCATOM U ONpeienseMoM MIEHOYHBIM YIIOM
Y/2. [lp NOCTOSHHOM TeMOepaTypHOM Hanmope no AJuHe Tpy6m [
W cBOGOJHOM CTOKe (W, pwyx —> 0) NJEGHOYHBLIE YTOJN H3MEHAETCH
B npegenax 110—130 °.

KoajpuunesT Tena00Tauq npH KOHIEHCAalHkH a MM HaKa B T O-
PH3SOHTAJABHB X CTAaJdbHEX TpyO0ax onpelensior nmo
dopmyie

o = 869047 " dp* = 1940 0% g0, (17.59)

[Npu KOHJZEHCALHH XA aJ0HOB B MEAHHX Tpybax a
MOXHO onpeaeauTh no gopmyae (17.54) npu I, = dyg.

Jas ycnoBui KOHIEHCANHH Mapa BHYTPH FOPU3OHTAJbHHX TPYO
NAOCKOTO 3MeeBHKa KosbphuuueHT TensooTAauud X 1 a -
JOHOB

Oy == BiNuayy = 0,195y, " (17.60)

Bansanne Ha TennooGMeH HeKOHAESHCHpYromnxcs rasdop. [lpucyrt-
CTBHE HEKOHJEHCHPYIOULHXCA Ta30B B XJaJareHTe 3HaYMTEJbHO YXYA-
mwaer Tensoo6MeH npH KoHAeHcauud. [To JaHHBIM 3KCOepHMEHTa,
Haquyne 2,5 % Bosuyxa B anmapare CHHXKaeT o NPUMEPHO B YeTIpe
pasa.

Oco6eHHO CHJIbHO 3TO BIIHAHHE CKA3LIBAETCS NPH MajblX IIOTHO-
CTAX TenJoBOro NoToka ¢r. B KoHZencarope BOsu3u oxJaamjaloied
MOBEpXHOCTH HaKanJuBalTCA HeKoHJeHcHpyomuecs rasel. [lapu
XJajnarenta BeIHYKAeHs! AM(pyHAHpOBaTh CKBO3b CJOH rasa K IO-
BepXHOCTH KOHJAEHCALHH, ¥caoBua rensoofMeHa yxyawatorcs. ae-
JleHHe H TeMneparypa KOHJAEHCAUHH BO3pacTaloT, H 3TO NpPHBOAHUT
K JOMNOJHHTENLHOMY PacXody 3J€KTPOIHeprHd H YMEHbIUEHHID XO-
JOAONPOH3BOAHTENLHOCTH YCTAHOBKH.

C yBenHueHHMeM CKOpPOCTH IBHXMeHHA mapa (npH GOMbUIHX 3HAYE-
HUAX §g) Mapsl XJajareHTa OTTeCHSIOT CJ0f rasa B KOHell annapara.
Bonsiuag gacth noBepxHocTH TensoofMeHa ocBofow/aercs OT razos,
YTO CNOCOGCTBYET YJYUIIEHHH MPOIlecca KOHJGHCAIHH.

JKCOEPHMEHTANBHO YCTAHOBJIEHO, YTO MPH KOHJEHCALUH aMMHaKa
npuMech Macna B napooGpasHOM XJajareHTe yBesHYHBaer Koapdu-
UHeHT TenyooThayu Ha 20—30 %.



rnaBa 18. TEINJIOOBMEH H3JYYEHUWEM

§ 18.1. OCHOBHBIE NOCHATHA H ONPEAEJEHHUA

Tenaosoe u3aysenue TpeicTaBaser co6OH MpPOLECC pac-
MpOCTpaHeHHA BHYTPeHHeH 3HEPTHH H3Jyualomero Teja 3JeKTpo-
MarHHTHLHIMH KoJeGanuamu u Qoronamu, JlioGue Tena, temmeparypa
KOTOpBIX Bhilue abCOMIOTHOTO HYJRA, H3AYYalOoT 3JeKTpOMarHHTHbIE
koneGaHun. [enepaTopaM¥ 3/eKTPOMATHHTHEIX BOJH fBJAAITCH 3a-
PAMEHHEIE MaTePHAJbHBIe YaCTHLIBL — 3JIeKTPOHLI H HOHBI, BXOJAALMe
B cocTaB BeulecrTBa. IJOMHMO BOJIHOBBLIX CBOMCTE H3Jy4yeHHe 00/MaiaeT
KOpNyCKyJ/APHEIMH CBOHCTBAMH, T. €. JIYUHCTAas SHEPTHs HCNycKaeTcs
H MOIJIomLaeTCs BEILlecTBAMH He HENPepHBHO, a AMCKPETHBIMH MOp-
uusMy — ¢oroHamMy. Takum o6pasoM, TensoBoe H3JayueHHe 06aanaer
ONHOBPeMEHHO W CBOHCTBAMY HEMpPepBIBHOCTH UOJH 3JI€KTPOMAaTHKT-
HBIX BOJH H CBOMCTBAMH [IMCKPETHOCTH, XapaKTePHbIMH A/ (OTOHOB.

HHuTeHCHBHOCTE TENA0BOro H3JIYYEHHS 3aBMCHT OT MaTepHana H
TeMneparyps! Tena, AJHHbI BOJHBI, COCTOAHHA MOBEPXHOCTH, a AJA
rasoB — ellle H OT TOJIIMHE CJI0A M AaBieHHst. C BO3pacTaHHEM TeM-
nepaTypbl HEPrHR H3MNYUYEHHS YBEJHYHBAeTCA, TaK Kak yBeJHUH-
BAeTCH BHYTPeHHAA SHeprHa tena. [IpH BLICOKHX TeMnepaTypax oCHOB-
HBIM BHJOM NepeHoca TeNJOThl MOXKET OKa3aThCsl TeNJIOBOe H3JayueHHe,
TaKk KaK WHTEHCHBHOCTb M3JIYUEHHN 3aBHCHMT OT TeMnepaTypsl 3HauH-
TeJIbHO CHJIBHEe, YeM KOHBEKIMA H TenJOoNpOBOAHOCTD.

B oTnnuue or paHee paccMOTPEHHBIX MpoleccoB TenoobMena, no-
TOK JYYHCTOH SHEPrHH nepejaerca Kak ot 6Oojee Harperoro regsa
K MeHee HarperoMy, tak H HaoGopor. KoHeuHBIli peayabTaT Takoro
BO3JeHCcTBHA M OYIeT KOJHYecTBO TeNJOTh, nepejaHHON U3JyueHHeM.

Bece Buanl u3nyyeHWs pa3znuyalorcs AAHHOH BOaHBL Jlas Rac
HaHOONBIIKH HHTepeC NPeACTABJASKT HOCHTENM TEMJOBOH JyYHCTOH
SHEPrdH: BHAMMHE (CBETOBBE}) JYuH € AAHHON BOMHB A = 0,4
0,8 MKkM u ocoGeHno HHppakpacHoe ¢ A = 0,8--800 MkMm.

Bonbmwunerso TBepALIX u KHAKHX TeNl HMEIOT C¢NJAOW H O |
CNeKTpP H3AyueHHS:, T. e H3IyyaloT SHEPTHIO BCeX NTHH
BoJH: 0 < A < oo. HucThie Meranssl, MeTajjnel C NOJHDOBAHHOH
NOBEPXHOCTLIO, Ta3el  XapakTepHsyoTcs NpepBBHCTHM
CHeKTpPOM H3JYy4YeHHSd, UMEIOMKM OrpaHHYeHHLIH AHana-
30H JJHH BoOJH. ManyueHue, COOTBETCTBYIOLLEE Y3KOMY HHTEpBanay
JMHH BOJH (OT A 710 A - dA), HA3LIBAGTCA MOHOXPOMQMUHYECKUM HIH
00HOpPOOHBIM.

TenneBoe U3y ueHHE KOMHYECTBEHHO XapaKTepH3yeTcA N 0 J1 H Bl M
NOTOKOM H NJOTHOCTHIONOTOKAa.

CyMmapHas 3HepIua, HaJyvaeMmas ¢ NOBEPXHOCTH TeJa BO BeeM
HHTEpBaJe AJMHH BOJIH CNeKTpa B EIHHHIlY BPEeMeHH, HasbiBaeTcs

UHmezparbHois UJIH AOARBIM HOMOKOM u3Al4YeH U, BT.
Q=[Ear, (18.1)

F
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rae E — sHeprud, usjgyyaemas C €1HHH-
Bl MOBEPXHOCTH Tela B EIHHHIY Bpe-
MEeMH [0 BCeM HampasJeHusMm noaycde-
puuecKoro mpoctpaxcrsa, Br/m?,

E = dQ/dF. (18.2)

Benuuuna E 3aBHCHT TOJBKO OT TeM-
meparypsl ¥ (PH3UYECKHX CBOACTB Tesa
H Ha3biBaeTCA COOCHIGEHHbBIM USAYHEHUEM
HIIH  U3AY4QMEeAbHOL CNOCOBHOCTIbIO MeAd.
Ora BeqHYMHA SBARETCH naomuocmelp  Pac.  18.1.  Cocrasraiouine
NOMOKA uHME2PAALHO0 UBNYHERUS. i by

OTHOIEHHUE INIOTHOCTH HHTEr pajbHOTO
Jy4gHCTOrO MOTOKA, HemyckaeMoro B Gec-

KOHEYHO MaJoM HHTEpBajie [JHH BOJH, K BEIHUHHE 3TOTO HHTEp-
Bafa HAasbiBATCH CHEKMPAAbHOL AAOMHOCHLIO  NOMOKA  U3AYHe
nHun, Brmd:

)

E, = dE/dh. (18.3)

B ofweM cayyae Kaxoe Tel0 MOXKET H3Jyyarb, OTPaxarb, norao-
math M nponyckatb uepes ce6f NOTOKH JY4YHCTOH 3IHEPrHu, 4TO
3aBHCHT OT NPHPOABI TeJa, COCTOAHHA MOBEPXHOCTH, TeMnepaTyphl
T A4

PaccMoTpum Teqo, yyacTByolliee B Jy4ucToM TenaoofmeHe ¢ Apy-
rumg Tteaamu (puc. 18.1). Ha nosepXHOCTb AaHHOIO TeJa najaer
SHEpruA uajdyyeHus APyruX Tea Q — nadawouee usayqenue. Ira sHep-
THSA YACTHUHO MOTJIoMaeTcs TenoM (Q,), uacTuuHo orTpaxkaercs (Qg),
a vactauno (Qp) npoxoauT ckBo3b Teso. Kampas us s1ux uvacredt
XapaKkTepH3yeTcs COOTBETCTBYIMIHME HOTOKaMH:

Q, = AQ (NOTOK NOIVIOWEHHOTO H3JIY4eHUs); (18.4)
Qr = RQ (NOTOK OTPaXKEHHOTO H3JYyYEHHUA); (18.5)
Qp = DQ (notok mpomyckaemoro u3jyyenus), (18.6)

rae A, R, D — xosppuuyentsr: A — nozaoujamenvrold cnocobrocmu
Tena; R — ompancameasnod cnocobrocmu 1ena, D — nponyckameno-
Hoil cnocoGHOCMU Tena.

B COOTBETCTBHH C 3aKOHOM COXDAHEHHR SHEpPrHy¥ HHTerpafibHeIfl
JAYUMCTHII MOTOK, Majaoldil Ha Teslo, paBeH CyMMe COCTaBJRIOHX:

Q=QA+QR+QD;

OTKyAa ¢ yuerom Bhipaxkedud (18.4)—(18.6} cnenyer
A+R+D=1. (18.7)
Kaxaplil 43 8TuX K03hduLHEHTOB B O0IMEM Clyuae MOMeT H3Me-
uatoes or 0 go 1. Ecnu nmoraowareabHas crocoGHOCTE Telna A = |,
To gBa ApYruX KosdouuueHta pasubl Hymio (R = D = 0). Tena,
HorJoliawilHe BCHO [1aJA0UY0 HA HHX JYYMCTYIO PHEPIHIO, Hashi-
Balorea abcoaomno wepnomy (A = 1).
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[loraomenHasn sHeprus 3/7eKTPOMarHATHBIX Kose6GaHuH BHOBb mpe-
BpaulaeTci BO BHYTPEHHIOK 3Hepruwo tena. Takum o6pasoM, Tenjo-
ob6MeH H3JyYeHHEM CBA3aH C ABOHHEIM MpeBpaileHHeM 3HEeprHu: Ten-
Jota TpaHcQOpMHpYyercs B 3Hepryio H3JIYueHHs, KOTOpas, YACTHUHO
NorJoWasich APYTHM TeJIOM, BHOBb MpeBpamlaeTcs BO BHYTPEHHION
3Hepruio Tesa.

Ecnu npefmer morJouaer Bce JY4H, TO OH 3PHTENLHO BOCMPHHH-
Maercs KaK 4epHoe Tes10. EC/i e noBepXHOCTb NOIVIOILAeT Bee JYUH,
KpoMe BHAHMBIX, TO OHA He KaMKercs 4YepHoil, XOTA MO JYYHCTHIM
CBOHCTBaM MOXeT OpiTh GIHM3Ka K aGCoMOTHO yepHomy Teay. Hanpu-
Mep, CHer moO morJjoiaressHol coocobHoct (A = 0,95 =+ 0,98)
OTHOCHTCR K abCOJIOTHO YEPHEIM TeqaaM, XO0TA uMeer Geanid user. [Jeno
B TOM, YTO GeJ1as MOBEPXHOCTb XOPOIIO OTPAXAaeT TONbKC BHAHMEIE
(CBETOBBIE) JIYUH, YTO HCIIOJb3YETCH B XKU3HH: BesIbe KOCTIOMB!, OKpacKa
BaroHOB-peQpHKeparopos, LHCTEpH H T. A., a HEBHAMMBIE TENJOBbIe
ayyu Oesias Kpacka ¥ TKaHb NOLJICLAIT TaK e XOpollo, KaK H TeM-
Hble [10B€PXHOCTH.

Teno, ana koroporo R = 1 u coorBercTRenHo A = D = 0, oTpa-
JKaeT BCIO JYYHCTYIO sHeprui. Ecau 3TO OTpamKeHHe NPOMCXOIHT Mo
3aKOHaM TeOMeTpHYecKod ONTHKW, TO €ro NOBepPXHOCTh Ha3nBaeTcs
aepkansHOLl, €CHH Ke OTPaX{eHHe pacceaHHoe, To abcoatomuo Geaol,

Teno, ana koroporo D = 1, a A = R = (0, nponyckaer BCiO
JYUHCTYIO 3HEPTHIO W Ha3bIBaeTca abcoarmaoe npospadneim. Tena, aas
kotoprix 0 <C D < 1, nasmBalotes noaynpospadnstmu. Mnorue teep-
Jnle Tena H KHAKOCTH AJIA TeNJOBBIX Jy4ell mpaKTH4YeCKH He mpo-
spaunsl. CYMIECTBYIOT Tesa, KOTOph€ NpO3payHbl TOJMBKO AJA onpe-
JIeJleHHKX AJMUH BoJH. Hanpumep, OKOHHOE CTEKJO NpO3Pa4vHO AJA
CBETOBBIX Jydelt H NOYTH He MpO3PAYHO AJS YJAbTPa(pHOJETOBHIX,
a KBapll Npo3payeH AJAA CBETOBBIX M VJbTpadHONETOBLIX, HO HE
npo3payen AJs TenJOBbIX.

TakuM 06pa3oM, IBETOBWE H ONTHYECKHE OMLYHIEHUS 4en0BeKa He
BCErAa COOTBETCTBYIOT CNOCOGHOCTAM TeJa OTpa)arhb, MOTJOIATh HJIH
NponycKarb Tenjosoe H3jdydenwe. JIIf DOIJIOMIERHS H OTpameHud
TeNJIOBLIX JIyYell pelaimyo poJib UIpaerT [LepoX0oBaToCTh NOBEpX-
HOCTH: 4eM OHa Gosbmie, TeM GOJble 3HEPTHH NOrVIOWACT H H3AYyYaeT
nosepxHocTh. [IpuMmep co CHeroM CBHAETENBCTBYET O TOM, YTO 14
3aMTH annapatoB OT BO3AEACTBUA TEMJOBOIO H3AYYEHHA HX 0O~
BEPXHOCTh JOJKHA OhITb He TOJNLKO 0Oelofi, HO H OYeHb IJIajKOH.

Kak 6pio ckasano, KaxI0oe TeJOo XAapakTepH3YeTcs MNOTOKOM
COGCTBEHHOrO H3ay4yeHHs Qcoq. Ero cyMMa ¢ MOTOKOM OTPaXKeHHOTO
M3JIydeHHs COCTAaBJReT HNOMoK 3JPhexmugnoz0 u3ay4enus Mmesaq

(puc. 18.1):
Qattl = Qcoﬁ *IF Qn-

Taxum 06pa3oM, ayuucmoim mennoobmesos Ha3LIBAIOTCA COBMECT-
HEle MPOLECCHl B3aHMHOrO MCIYCKaHHRA, NOIVIOUIEHHS, OTPaMeHHd H
PONYCKaHHS 3HepTHH H3JNy4eHHs B CHCTeMaX pasnuyHelX Ted. [lpu
3TOM TeJa, BXOAallHe B CHCTeMYy, MOTYT UMeTh KaK pa3JH4yHbl€, TakK
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H OJHHAKOBhIE TeMneparypsl. TenaooOMeH H3JyueHHeM MemAy ITHMH
TENaMH XapaKTePH3YeTCA HOMOKOM PE3YAbIMUPHOUL20 USAYHEHUA,
KOTOpxIfi mpelcTaBaneT co60fi pasHOCTb MeXAY COGCTBEHHBIM H3Jyye-
HYeM TeJa M 4vacTbl0 MaJalollero H3Jy4YeHHs, KOTopas MorJomaercs

'AAHHBIM TEJOM:
Qpr—s = Qcoﬁ - QA'

B npupoae aGCOMIOTHO YepHBbIX, GEJBIX H NpO3payHbiX Tel He Cy-
IWECTBYET, a IPUMEHHTEJbHO K peabHBIM TeJlaM 3TH MOHATHS YCJIOBHBL.

§ 18.2, GCHOBHBIE 3AIKCGHBI TETJICBOIG HM3JIYUEHHSA

3axon Maanxa. B 1900 r. M. [lnauk, ucxons u3 anexTpo-
MACHHTHO{i NPHPOAbI H3/MyuYeHHA H paspafoTaHHON MM KBAaHTOBOH
TEOpHH, TEOpeTHUYECKH YCTAHOBHJI AJA aGCOJIOTHC YepHOTo Tesa (HH-
gekc () 3aBHCHMOCTb MHTEHCHBHOCTH COGCTBEHHOIO H3JYYEHHA TeJa
OT AJHHBI BOJHBL ¥ TEMOZpaTyphl:

Eqp = CiA—5/(e+/01) — 1), (18.8)

rie A — aauHa BoaHHE, M; T — abcomoTHaa TeMmnepartypa rtena, K;
C;, Cy — KoHcTanTe: C; = 3,74.107% Br.m?;, C, = 0,0144 & - K.

Ha puc. 18.2 sakon [lnanka mpeicraBieH rpaguuecku. Ma rpa-
¢¥Ka BUIHO, YTO C YBeJH4YeHHeM IAJHHL BOJHEl NpH J060H Temmepa-
type (Ty, T», T3, ...) MHTEHCHBHOCTb H3JIyYeHHs CHayaja ORICTPO
BO3pacraer, AocTdras MmakcuMmyma (touku M,, M,, M,), a 3areM
Me/JJieHHO yG6biBaer. C noBpilueHHeM TeMnepatypel Teaa (T, > Ty >
> T,) 3Heprus ero 43JyyeHHs CYHMIECTBEHHO BO3pacraer (Ha rpaguke
OHa H306paXkaeTcs NJOLLAAbIc NOJA COOTBETCTBYIOLLEi H30TepMOi).
Kpome Toro, ¢ noBblneHHEM TeMnepaTypbl YBEJHYHBAETCA 3SHEpTHSA
Jy4a OJHO H TOH e AJVHBI BOIHEL. My

3akon cmemenus Buna. M3 3a- Gl
koHa [1nanka (18.8) moxHo onpene-
JUTb JJMHY BOJIHEI, COOTBETCTBY-
IOILYI0 MaKCHMaJbHOW MJOTHOCTH
MOTOKA H3JAYYEHHA: pelias ypaBHe-
nue dEg /dh = 0, noayyum 3a-
BHCHMOCTh

j"rﬂzuc = 219' 107%T,

HJIH
kmaxT = 2,9-1073, (18.9) .
. ’\Jmax Azma'\fmzx A
npeJCcTaBAAIOULYI0 COGOH MaTeMaTH- pyc 18.2. [paduueckoe npexcTas-
YECKOE BBEIpaXEHHE 3aKOHa Buna. Aenne 3akoHa [lnanka
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MakcumarbHas CREKMPAABHAS NAOMHOCHD ROMOKQ USAYHEHUS
€ nosbuUeHeM MEMREPAMYPol CMELYARMCA 6 CIMopory Goaee KOPomKux
daun 6oaH.

M3 puc. 18.2 BugHo, yto ecnnn Ty > T, > Ty, T0 Ay max << A2 max <
< A*1 max- o

3akon Crtedana—boabnmana. DTOT 3aKOH, OTKPBITHIE ONBITHBIM
nytem B 1879 r. yewckum yyensim M. CTeaHoM ¥ TeoperuuecKs 0Go-
cHoBaHHbIM B 1884 1. aBcTpHitckum yueHbiM J1. BosbumaHoM, ycTaHas:
JIMBAET 3aBHCHMMOCTL H3/1Yy4aTeJbHOH cNocoGHOCTH abCOoMIOTHO yep-
HOTO Tesa OT €ro TeMNeparypsl:

Eo= | Ey.dh = o,T4, (18.10)
0

rie o, = 5,77.1078 Br/(M%. K*) — nocmoannas Cmegana — Boaoy-
MAHA.

TakuM 06paszoM, NAOHIHOCHIL NOMOKQ UIAYHEHUS ADCOMOMMO Hep-
HO20 MELA RPONOPLUOHARLHA HeMBepmOl cmeneny €20 abroaomuod
memnepamypes.

HurerpansHoe uanyuenue aGCoOMIOTHO YEPHOTO TeNa NpH AAHHOM
TeMnepatrype B npejenax oT A = 0 1o A = oo rpaduyecku H3obpa-
WaeTca mAOMIaAsI0, orpaHuyenHof Kpusoii T = const u ocbio aGcuuce
(puc. 18.2).

Has ynoGersa pacueror Boipaxenue (18.10) npeacrasisior B Buje

Eo = C, (T/100)4, (18.11)

rne C, = 5,77 Br/(M®. K*)} — rosppuyuenm uarydenus abeortomuo
wepHo20 Mmeaq.

Hns peanbHuIX Tes, T.e. HeaGCOMIOTHO 4epHIX (cepex mear),
NJIOTHOCTb NOTOKA U3JYyeHus Takke Belpaxaerca dopmynoii (18.11):
E = C (T/100)*, o BenHuyvHa C OTHOCHTCR YK€ K CepblM Tenam.

Hns conocraBleHHs MAOTHOCTeHi NOTOKOB H3JYUeHHS peadbHOro
¥ a0CcoJIIOTHO YepHOro TesJ HpH OJHOA H TOH »Ke Temmeparype Hc-
MOMbL3VIOT XapaKTepHCTHKY TeJa &, Ha3bLIBAEMYIO CMeneHsio 4epHomot
Tesaa:

e = E/E, = C/C,. (18.12)

3akon CredaHa — BonbnmaHa ais ceporo Te/a 3anHiuercd B BHe
E = eo,T* = eC, (T/100)%,

rie eCy = C — Ko3ppuIHeHT H3AyyeHHS CEeporo Tela.
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Beanunna e ans cepuix Tea Beeraa R
MEHbllE EAMHHIE, OHa 3aBHCHT OT
NPUPOABI TéNla, COCTOSIHMS [10BEpX-
HOCTH, TeMnepaTypsl H HaXOAHTCH
ONLITHEIM NYTEM,

3akon JlamGepra. Pacnpepenenne
SHEPIMH  HM3JYyYeHHd, HcnyckKaeMmoil
abCoO/MIOTHO YEePHBIM TEJOM, B pasnHu-
HbIX HanpaBJeHHAX NPOCTPAHCTBA He-  yyrAGoy:
onuHakoBo. B 1760 r. nemeuxuit yuve-
neiit M. JlavGept ycTanoBua 3aBHCH-  Puc. 18.3. K ofwacnennio sakona
MOCTb BEJNHYHHBI SHEPTHH H3/y4eHHA JlamGepra
OT HanNpaBJ/IeHHA ee PacnpoCTPaHeHHA.

Martemaruveckas sanucb 3akoHa JlamGepTa AJIf NJIOTHOCTH [IOTOKa
H3JYY4eHHA B HANpaBJeHHH M, COCTABJSIOUIEM C HOpManbio f
K HOBEpXHOCTH W3Jy4eHHs yroa ¢, HmeeT BHA (prc. 18.3)

Ey, = Eqy, cos @, (18.13)

rae E,, — BJAOTHOCTb MOTOKA H3JAy4YeHH abcoalOTHO YepHOTO TeNa
B HanpaB/JeHHH HOPMaJdH K noBepxHocTH (@ == 0).

Takum o0pasoMm, 021 abCOMOMHO HEPHOZ0 MEAQ NOMOK UIAYHEHUS
6 GaHHOM HANPABACHUU NPONOPYUOHAICH NOMOKY USAYHEHUS 6 HANpas:
ACHUL HOPMAAU K USAYHQIOLEN NOBEPXHOCIIL U KOCURYCY y2aa Mencdy
HUMUW,

H3 Bruipaxenns (18.13) caenyer, 4To B HanpaBAeHHH HOPMalH
K noBepxHocTH (¢ = 0) uzjyuaercs HaHOOJBILIEE KOJHYECTBO 3HEp-
THH; C yBeJHueHHeM ¢ KOJHYECTBO H3Jy4aeMOd BSHEPTHH YMeHb-
waetrcs ¥ npH @ == 90° cTaHOBHTCH PaBHBIM HYJIO.

Huterpuposanne BuipaxkeHua (18.13) aaer cooTHouieHHe

Eon = EO/ﬂl

T. 8. NACMHOCG NOMOKQA USAYHEHUA 6 HANPABACH UL HOPMAAL K NOsepX-
HOCMU 8 T PA3 MEHbUIE NOAHOL MAOMHOCTIL HOMOKA USAYHERUS MEeAd,

Jan peanbHeIX Tl 3akoH Jlamfepra nmoATBepXKAAeTCHA JHWbL OPH
¢ = 0 = 60°

3akon Kunpxroda. 3akon ycTaHABAMBAaeT B3aHMOCBA3L MEXIY
CnocoGHOCTAMH Te/a H3Jy4yaThb M NOIJIOWAaTh 3HEprHio. 3ta CBA3b
MOXET ObITh NOJY4YeHa H3 pacCMOTPeHHS TEPMOAHHAMHYECKOFO paBHO-
BECHA NPH JAYYHCTOM TemjaooOMEeHe MexAYy IABYMA MNapaluiedbHbIMU
noepxHocTaMu (puc. 18.4), neBas U3 KOTOpHIX — cepas, a npapas —
a6eooTHO yepHad. Cepan MOBEPXHOCTb XapaKTepH3yeTcs TeMnepa-
Typoit T, nor/iomareiasHoll cnocoGHOCTLI0O A H IVIOTHOCTBIO OTOKA
coGeTBeHHOTO H3ay4yenuss E, a a6CoIIOTHO yepHas — BedudnHaMu Ty,
Ay # E,. CoficTBeHHOE H3/y4enHe cepoll noBepxHocTH £ noraomaerca
a6CoaI0THO YePHBIM TeloM. AGCOMIOTHO YepHas NOBEPXHOCTD 3a TO e
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T BpeMA H3JAyuyaeT NOTOK MJIOTHO-

cteio Eg, KOTOpHI YacTHYHO (B KO-
J/E aunuecrse A E,) noraouwaerca cepoi

~
—

4 : 4 NOBEPXHOCTBIO, & 4acTHYHO [B KoJu-
/ yecree {1 — A)E,] orpaxaerca ot
¥ [ Hee. OTpakeHHasl yacTb 3aTeM no-
= E rJ0iaeTcs abeoqIOTHO YEPHBIM Te-
/ 7 Je U JoM. [INOTHOCT NOTOKA pesyJib-
AL, 7 ¢ A THPYIOLETO M3JyueHHss B CJayuae
/ T > T, HaxoAUTCH H3 IHEpreTHue-
4 ckoro GanaHca ANfl cepoil noBepx-
/ /) HocTH !
Puc. 18.4. K BuBoay sakona Kupx- pe. = E — AE,. (18.14)
Togd [pu T = T, cucTeMa HaXOAWT-

€A B TepMOAHHAaMHYeCKOM paBNoO-
BECHH, T. €. MEXAY NOBEPXHOCTAMM HMEET MeCTO JYYHCTBHIH Tenaoos-
MeH, HO ¢p.; = 0. Torna Beipaxkenne (18.14) npumer Bup E — AE, =
= (), oTKyna

E{A = E,. (18.19)

Coornomenne (18.15) cnpasennnBo n0s T0GLIX CEPEIX TEJ, HO3TOMY

Ey/A) = EsJAy= EgA;=.. .= E,. (18.16)

3asucumocts (18.16) — MarematHueckoe BhlpaKenue 3akoHa Kupx-
ropa: omsowlerue NAOMHOCMU NOMOKA USAYHEHUS CEpPo20 Meaa K e20
NO2A0UAMENbHOL CROCOBHOCTY He 3asucurm OM nPupods. Mesa u pasHo
RACMHOCIMUY NOMOKA U3AYHeHUS aBCOMOMHO HEPHO20 Mmeaa npu mod e
memnepamype.

Tak kak E/E, = &, T0 u3 Buipaxenus (18.15) caenyer, uto

e= A. (18.17)

3ro Bropas dopma 3anuCH 3akoHa Kupxroda, B COOTBETCTBHH
C KOTOPOH npu mMepmoOuHAMUNECKOM DABHOBECUL HOSAOWAMEAbHAS
CROCOGHOCMS t CIMENEHb HepHOMbL MeAQ YUCACHHO PAasHbl MENOY CoBol.

Ha sakona Kupxroda MoxHO caenaTh CAeYIOUIHE BbIBOABL.

1. Uem Goabule Ten0 ¢nocoO6HO H3JAYdaTh, TeM GOJbLIE ero BO3MOX-
HOCTb MOTJIQLIATh JYUHCTYIO SHEpruio.

2. Uem MeHbLIE NOTJIOLLATE/bHAR CIOCOOHOCTH TEMa, TEM MEHblle
ero uaJdyvareqbHas crnocoGHocTk, ClieoBaTeNbHO, TeJa, XOPOWO OT-
paxalol1e JYYHCTYIO SHEePTHIO, CaMH H3Jy4aloT O4YeHb Majo (H3ay-
yatenpHas cnocoBGHOcTb aGeodioTHO Gedoro TeJa paBHA HYJ).
TTosToMy j/1st yMeHbIIEHHS TENJOBBLIX [IOTeph ANnapaTa ero NoBepx-
HOCTh [JOJI3Ha HMeTh HaHMeHblllee 3HAYEHHE €.

! 37ech NAOTHOCTE NOTOKA HATYYeHHs ofo3MaveHa uepe3 ¢ (Bmecto E), urofH nogdepk-
HYTh ee CMBCJ — KOJHYeCTBO TensoTsl, nepeflalHof O OAHOH NOBEPXHOCTH K ADYrof B efH«
HRALY BPeMeHH B Pacdere Ha elHHHUY NOBeDXHOCTH, Br/umi,
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3. [lpn onnuakoBoll TemnepaType H3/AydaTeabHas CrnoCoGHOCTh
abCoNIOTHO YepHoTo Teaa Beerja Goablue H3AY4aTeNbHOH CHOCOGHOCTH
ceporo teJja.

§ 18.3. IYUYUCTbIA TENNCOBMEH MEXAY TEJAMH

Jiyunctoiii Ten1006MeH MEXAY NapaieibHbBIMH TUJIOCKO-
cramu. Ha puc. 18.5 nsobpaxens jaBe napajJiesibHule GeCKOHEYHO
Go/ibllMe N/JAaCTHHBI W3 PasHLIX CepblX MaTepHa/IOB, KamAasd H3 KOTO-
pbix XxapakrepHayercs cBoefi temneparypoli (T, u T,) u creneHbio
yepHOTHI (g, U ). [lpumem T, > T, H onpejeJuM Tensory, nepeiax-
HYIO Jy4eHCNyCKanHeM OT nepBoil (AeBoH) IJIaCTHHBI KO BTOpOH
(npapoin). CHavana onpeje/iM TENJOTY, NEPEAAHHYIO OT NepBol mJa-
CTHHBI KO BTOPOH, HCKJ/IOUAB H3 paccMOTpeHHs COGCTBEHHOE Haayue-
HHe BTOpol maacTHHbl. COGCTBeHHLIH NOTOK H3JYyueHHs NEpBOH nJa-
crunbl £,. [lpn nonafianud Ha BTOpYiO IIaCTHHY 4acCTh 3TOr0 HOTOKA
A,E, nornemaercs eio, a octaapnan — R,E, orpaxaerca. Otpaxen-
Had YacTb MOTOKa B KoJudecrse R,A,E, nornomaercsa neproit mna-
CTHHOH ¥ yacTHYHO (B KoamyecTBe R,R,E,) oTpaxaercd or Hee u T. A.
[1I0THOCTL TENJIOBOrO MOTOKA, OGYCJIOBJIEHHOTO COGCTBEHHLIM W3JY-
YeHHeM nepeoil IM1aCTHHBL H NOTJIOLEHHOTO BTOPO# B pe3y/bTaTe O1HO-
CTOPOHHEro TemJoOOMEHA, ONPeASIHTCA Kak CyMMa

g,=AE -+ ARRE, +ARRE, +... = 4,11 +RR,+
+ (RiRo)* -+ .. .1 Ev.
Benenereue Toro uto Ry < 1 u R, <C 1, BhIpaxeHnue B ckofKax

npeCTaBAsneT co060il yObIBAIOUIYIO TEOMETPHYECKYIO NPOTPECCHIo, 1po-
CYyMMHPOBAB KOTOPYIO NOAYYHM

Js = A2E1/(1 - Rle)-

AHaJIOTHYHO ONpeeHTCA MOTHOCTb TENJIOBOTO NMOTOKA, 06yC/I0B-
JIEHHOTO cOGCTBEHHLIM H3/YYeHueM BTOPOH NJAaCTHHLL M NOTVIOUIEHHOTO
nepBoOi B pe3ysbraTe OAHOCTOPOHHETO
Tenjaoobmena:

gy = AE/(1 — RiRy).

CymmapHasa nJIOTHOCTb TEIIOBOTQ
DOTOKAa OT NEPBOR NJAacTHHBI KO BTO-
po#i

g = gs — q = (A,E, — A Ep)/(1 —
— RR,). (18.18)

YuurtnBa, uro E = C (T/100)*
HR=1—A = 1— e, noayuum

g == £5Cy [(71,100)* — (T'5/100)*), Pue. 18,5, Tennoof6men wuaayde-
; HHEM MEXKAY NapajJjefbpHbIMH NO-
(18.19) BepXHOCTAMH

223



rae g, = 1/(l/e, 4 l/e, — 1) — npuBeneHHan cTeneHb YEPHOTHL ABYX
TEJ.
TennoBoO# nOTOK JydYeHCnyCKaHWeM Yepes noBepXHOCTh F

| @ =gF = eqCo (T /T00)" — (T5/T00) F. | (18.20)

B XoJ0AuALHOH TeXHHKe (HanpuMmep, B cocylax [A/Af XpaHeHHa
CHKHMEHHBIX 3308, NPH BaKYYMHOH H30JALHMH KPHOTEHHBIX YCTaHG-
BOK H T. 1.) /I8 yMeHbLIEHHA JYUHCTOrO TeIooGMeHa MEXAy noBepXx-
HOCTSIMH MpPHMEeHAIOT 3KpaHbl. Ecan creneHs yepHOTH 3KpaHOB H Tel-
JonepealoHX CTeHOK OJHHAKOoBa, TO INIOTHOCTb TemIOBOTO MOTOKA
OT BBEJEHUR n SKPAHOB YMEHBIUHTCA H COCTABUT

> = Go.of(t + 1), (18.21)
TA€ (5. 5 §p — MJAOTHOCTH TEMJIOBOTO NMOTOKa U3JAyUeHHem Ge3 SKpaHOB
¥ IPH HaJHYHH SKPaHOB.
ShheKTHBHOCTE SKPaHOB pe3KO BO3pacTaeTr, €ClH MarepHas, H3
KOTOPOrO OHH MW3TOTOBJIEHBI, HMEET MaJjyio CTeneHb HYepHoTsl. Jlas
cayuas, KOTAA e, = & > &, DacdyeT BeayT no GopmyJe

o = [go.o/(n -+ 1)] &, /1. (18.22)

B kayecTBe 5KpaHOB B KPMOreHHbIX YCTAHOBKaX HCMOIL3YIOT aJio-
MuHueBRYi0 (oabry (anbdouas), MeTaNNu3MpOBAaHHLIE NOJHMEPHbiE
IJIBHKH H T. J.

PaccMQTpHM BJAHAHHE KAUeCTBa MOBEPXHOCTH KpaHa Ha BEIHUMHY JIydMHCTOTO
NepeHoca TemAOTH MEX1y IBYMA MEAHMIMH OKAC/CHHLIMM CTEHKAMH NPH BAJHYHH O-
HOTO (TAKKE OKWCJEHHOIO) MeiHOro 3kpaHa. B 3TOM cayuae & = & = & = 0,57,
H NpHMeHeHHe 9Kpaha, B COOTBETCIBHM C ypaBneHHewm (18.21), BABOe cHmxaer mioT-
HOCTB TEMJIOBOTO TOTOKA. EcAH 5Kpal OTIONHPOBAaTh, TO €ro CTeneHb YepPHOTH Co-
crasuT e = 0,02, & NAOTHOCT TEMJIOBOro INOTOKA, CoraacHo Bhipaxennio (18.22),
cHH3uTcH B 57 pas:

%/%. 2 = 83/[(?1 -+ 1) Eg. 8] = 0,02/’[(1 + l} 0,57] = lf57.

JIyuucTbifl Tenioo6MeH MeX(ly TeJaMH NpOH3BO/IbHONH opMBIL.
Paccmorpum cayuail TemooGMeHa H3jyveHHeM AJIfl Tela NPOH3BOJb-
HOlt (hOpMBI, 3AMKHYTONO BHEWUHHM TeJOM OOJbILEH HOBEPXHOCTH
(puc. 18.6), Koropoe yacTo Ha3HI-
BaioT ero o6oJogkon. Tena xapakTte-
PH3YKTCA IJOmAAbI0 NOBepXHOCTH,
TEMOepaTypoH, CTeNneHbi YepHOTH
nopepxHoctH, npuuem T, > T,
TennoBol noTok, nepefaBaeMbli OT
nepBoro Tedla Ko BTOPOMY, MOMKET
ObITL onpenpesen no dopMmyne, aHa-
JgoruyHoit (18.20):

Q1-2= e4Cy [(T1/100)* —(T»/100)*1F,
(18.23)

Puc. 18.6. Tennootmen nanyuenmen TAC &n = 1/{1/ey + (Fy/Fy) (1/e3 —
MEXAY TEAOM H ero oBoNouKoil — DI
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U3 nocaennero ypaBHeHHa caeayer, uro npd F, > F, npuseaen-
Has CTeneHb 4YepHOTHl &; =c £;. YpaBHenue (18.23) cnpamenauso
TONLKO JJI5 Clyuas, KOTia MeHbllee TelI0 BbillyKJIoe.

§ 18.4. CIOXHBIH TENJOOBMEH

B peanbHuIX yCIOBHAX NEPEHOC TEINIOTH JyYEHCYCKaHHeM
CONPOBOMAAETCA JPYyrdMH BHRAMH TEIJIONEPEHOCE — KOHBEKIHeH
HJIH TEeNN0NpPOBOAHOCTHIO. TaKo# CoBMECTHLIA Npollece TeMIonepenayn
HOCHT Ha3BaHHE CA0MHO20 menaoobanena. Ecam nepeHoc Tennors
B NPOCTPAHCTBE OCYIIECTBASETCA BCEMH TPEMA BHAAMH OLHOBPEMEHHO
(paznanyefi, TenJIONPOBOLHOCTEIO H KOHBEKLHEH), TO OH HasnIBaeTcH
PACUaYUORHO-KOHBEKIMUGHBIM TEena000MeHOM.

HanGonee THIHUYHBIM CAydaeM CJI0XKHOTO TemIooOMEHa SABASETCH
COYETaHHEe KOHBEKTHBHOIO TenjooGMeHa ¢ JYYHCTHIM: MPH BO3AYIIHOM
OXJaMIeHHH NPOAYKTOB B anmaparax TYHHEIbHOIO THHa, TepMo-
G6apoxamepax H T. 4. Bo BceX ciiyuanx BaxHO OLEHUTH BK/aL KaXJ0ro
COCTABJSIOUIETO Nponecca B Temnoo6MeH. B npoleccax oxJamJIeHHs
BO3AYXa ORPEENAIONIHM, KAaK nNpaBHJo, SBISETCH KOHBEKTHBHLIR
tenyiooGMeH. Bausanne Jy4uHcroro temaooOMeHa Ha cyMMmapHBIH nepe-
HOC TENJOTHL OKa3b[BAETCA TEM CYLIECTBEHHEE, YeM MEHLINE KOHBEKTHB-
Han cocraBafiowas. Hanpumep, B TepMmofapoKamepax naoTHOCTb
BO3JyXa NpH HH3KHX NaBJEHHAX MaJja, d 3TO CYLIECTBEHHO CHUXKaeT
OTBOJl TenJoThl KoHBeKuueH. [TostoMy Adf oxJaxiaenus H3AEHA 10
HY}KHOR TemnepaTtypbl B STHX KaMeépax OXJaxAawuHe yCcTPOHCTBa
BLINOJHAKT TakuM 006pa3oM, 4TOOBl MaKCHMaJbHO HCNOAb30BaTh (-
texT smyuuctoro tenjioo6mena. ons JydHCTOro TemaoobMeHa MOXKeT
OBITh CYLIECTBEHHON H ANf OXJad/alollHX YCTPOHCTB ¢ ecrecTBeHHOM
KOHBeKUHeH Bo3ayxa (DPUCTEHHEIE M noTonounble Gartapen). Ilpw
rayB6okoMm BakKyyMe (B KOCMOCE) NMepeHoC TEnJOTbl JYYEHCHYCKaHHeM
AB/SETCA NPaKTHYECKH OCHOBHEIM Crocof0M nepeaayd TemJoThl BO
BHENIHee NPOCTPAHCTBO.

Ecanuw npeofaajawmiM AaBARETCA npoilece
KOHBEKILHH, TO KOJHYECTBEHHON XapaKTEPHCTHKOH CJOMKHOTO
TenJoofMena ABAAETCH cymmapHuiil (0OmHiA) KoshbuuHenT Tendo-
OThaYH

Oogm = %k ~+ s

Tie oy, 0, — KosthpHUHMEHTE TenJoOTAAYH NpH KOHBEKTHBHOM TEMJIO-
ofiMeHe H NpH TenJOBOM H3JYYEHUH (JYHYeHCnyCKaHHH).
[T1oTHOCTL TENMIOBOFO NMOTOKA NPH Nepeaave TemaoThl KOHBeKiued

Ju = Ok (Tl - Tcr)’ (18.24)

rae Ty, To.r — TemnepaTyphl oMbiBaiolLel cpelbl ¥ cTeHkH; Ty > Toq,
[l1oTHOCTE TENNOBOTO NOTOKA MpH TEIIOBOM H3JYHYEHHH

gu=£C, (T} = Tix) 107° =,y (T1 — Toa)- (18.28)
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3nech @, — yCHOBHEIT KO3((HIHMEHT TemnoOTAAYH, YUHTHIBAOMHA
BAHAHHE TEMIOBOr0 H3JAYYeHHA Ha oOWHi nponecc nepenoca TenJoTH:
(T —T&) 1078
o, =eC, T T o = eC,0,

rae O — temnepaTtypHblil Ko3(bdHMIHNEHT, 3aBHCSLMIE TOJNBKO OT 3Ha-
ennits Ty 0 Teq.
B cayuae, econ 0,9 L T/Ter < 1,1, Moxno npunumats 0 =
~ 0,04 (T,/100)*, rne T., = 0.5 (7T, + T¢y). Torna
a, =~ 4eCeT3,1078.

CyMMapHas NJOTHOCThL TEeMJIOBOro noToKa ¢ yuerom (18.24) wm
(18.25)

Foom = G 19 = (@ + &) (T1 — Teq)-

Ecau npeobaapatomum AaBJaAgercas npouece
TEeNJAOBOIrO M3JAY4YeHHHA, TO pPacieThl NepeHoca TEIJIOTH
BeAyT no dopMyae TenjooGMmeHa uaayduenuem. Bauswnne nHa oGIHA
TenJ1006MeH KOHBEKTHBHOH COCTaBARIOLIEH YUMTHIBAIOT YBeJHYEHHEM
[pHBeJIeHHOH CTeneHH GepHOTH CHCTEMbI, T. €.

Gotm = (En + £7) C(} (T‘l1 - T:T) 10_-8,

rae g, == o,/(C,0) — ycnoBHasa cTeleHb YEPHOTHI, YUHTHIBAKWOIUIAf
BAMSIHHE IIPOIECCa KOHBEKIMM Ha TenJooOMeH.

r;aBa 19, TENJONEPEJAYA
H TENJIOOEMEHHLIE ANNAPATHI

§ 19.1. TENJONEPE/AYA YHEPE3 NJOCKYH CTEHKY

Hepedaua menaoms. om 00HOG cpedwt (dcudxocmu wau 2a3a)
K Opyeoti uepe3 pastesq Oy X CIMERKY Hasbieaemcs mensonepedaved.

[IpuMepamu Tenaonepenaud ABASKOTCA NEpenaya TenJoThl OT ro-
pAYEH BOABL K BO3AYXY IOMELEHHS HYepe3 MeTallndecKHe CTeHKH 6a-
Tapell peHTPaNLHOTO OTONJEHHSA, [Iepefaya TEM1oTH OT TOPSYNX fa-
POB XJlajareHra K BOJE WJAH BO3LYXY yepes CTajbHLIE CTEHKH TPyl
B KOHIEHCATOPaX BOASTHOTO WilH BO3XYIIHOTO OXAaxAEHHA H T. Il. B aTHx
CAYYaAX CTEHKH He JOJIKHEI NPensTCTBOBATL TeNJonepetaye oT OXHOH
Cpe/sl K APYTOH, # MOSTOMY OHH H3TOTOBJRIOTCA H3 MATEPHAJIOR, HMEIO-
IHX BBICOKYIO TENJ0NPOBOLIHOCTD.

Korjaa xe Tpebyercs yMeHbIIHTbL TENJONPHTOKH (Hanpumep, B Ka-
MEPh! XOJOMHAbHEKE, K XONOJHLIM TPyfGonpoBosaM H annapartam) HiaH
YMEHbIIAThL MOTEPH TeNnJOTh OT FOPAYHX MOBEPXHOCTEH B OKpyXKaio-
IYIO Cpeay, TO CTeHKH H annaparsl NOKPLIBAIT TEIOH30AALHOHHBIMH
MaTepHaaaMy.
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Puc. 19.1. Tennomepenaua uepe3 IJAGCKHE CTEHKH

Tennonepesaya — cloxHHEE npoilecc, pUsHyeckKan CymHOCTh KOTO-
pOro OnpeaeaseTcs KOHBeKuueH, TENVIONPOBOAHOCTLIO H TEHJIOBHIM H3-
ayuyeHdem. BzaumocBase Memny napameTpaMu cpex M paspedsiolled
HX CTEHKOH 3aBHCHT OT (JOpMBI CTEHKH.

OnnocnoitHast naockas creHka. PaccMoTpum npouecc nepeaayu
TEIVIOTEl Yepe3 OJAHOPOAHYIO NJOCKYI CTEHKY ¢ TOMUHHOR & H Ko3d-
(HUHEHTOM TEIIONPOBOAHOCTH Marepuana A (puc. 19.1, a). Crenka
pasjeaser JBe CPeAbl — TenJyl0 H XOJOJAHYIO, HMEIOIHE COOTBET-
CTBEHHO KO3(D(MHIHEHTH TermlooTAAYH Gy H ¢y H TEMNOEPATYPEL £y H fy.
Eciyu npeino/osKuTb, 4TO BeJAHUHHBI ¢y, Gy, [ M [y NMOCTOSHHBI, TO
¥3MEHEHHE TEMHNEPaTyp cpeA M CTEHKHM OCYIUIECTBJAAETCHA NepreHiH-
KYJpHO K MOBEPXHOCTH cTeHKH. TeMmneparypbl NOBEpXHOCTEH CTEHKH
fory M fepg HEH3BECTHEL.

B ycraHoBHBIIEMCS peXHMe TpOLECC NMepeHoca TenNOTH OT GoJee
Harperoii Cpeibl 4epe3 CTEHKY K MEHee Harperoil paccMaTpuBaercs
KaK COCTOAIIMH H3 TpeX COCTaBHBIX dacTteit: 1) remyiooTaaiyn — nepe-
HOCa TemJIOThl KOHBeKLHel oT GoJsiee HarpeToH cpeab! ¢ TeMIeparypof
{; K CTeHKe, TeMIepaTypa NOBEPXHOCTH KOTOpOif f..,; 2) mnepenoca
TENJIOTbl TeNJONPOBOHOCTLIO YEpes CTEHKY; 3) TenJooTAaud — nepe-
HOCa TEMIOTHl KOHBEKLHEH OT TMOBEpPXHOCTH CTEHKH C TeMNepaTypoh
t.rp K GOJICe XOJMOAHOW Cpejie ¢ Temnepatypoli fy. IIpu cTaunoHapHoM
pexuMe, COTJIaCHO 3aKOHY COXPAaHEHHA 3HEDPTHH, HJIOTHOCTR TEmJo-
BOTO MOTOKA BJOJL OCH X HE H3MEHAETCA. TOrha fiaa Tpex paccMoTpeH-
HEIX 3TanoB TEeIONepeAauyu CHpPaBelJHBLI COOTHOUIEHHS:

Jr = &g (ty — tex1)s Gr = (AM8) (lox1 — Ecn )i gr = Ox (Ecre — fx)
(19.1)
YpaBuenus (19.1) MoHO npeaCTaBuTh B BHAE:

by — lex1 = Qpltte; tony — bono = GrO/A; tone — Ix = gr/az.  (19.2)
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CyMmupys pasfeJbHO MpaBble H JEBble HacTH 3THX YpaBHeHMH,
NONYYHM BhIPAXKEHHe /s NOJHOTO TeMIepaTypHOIO Hamopa

ty — tx = qp (1og -+ /A + 1/cty), (19.3)
o*rxy,aa IJIOTHOCTH TENnJaoBOTO [IOTOKa

gr = (fx — tx)/{L /ot -+ O/A - Vag) = k (tx — t), (19.4)
TIe BeIpaxkeHHe
k= /1jo, - 8/h + ljay) (19.5)
HOCHT Ha3BaHnue Koagpuyuenma menaonepedauu.

B otnnyne oT KoshdHLIHEHTOB TEROTIPOROAHOCTH H TEMNEPaTypo+
NPOBOAHOCTH, 5TOT KO3(pHLHEHT HE RBARETCH TenmodH3uyeckol xa-
pakrepucrHKoil BellecrBa. Kosdduuyent tenaonepenaun xapakTepH-
3yeT MHTEHCHBHOCTL NEPEHOCa TelVIOTH H OTPaykaeT KOJIHYECTBEHHYIO
CTOPOHY 3TOTO Nipolecca, ero pa3MepHOCTb COBnajaeT ¢ pa3MepHOCTLIO
a: Br/(M%- K).

Kosgppuyuenm mennonepedatu k pasen KoAuHECmsy MeEnAOMSL,
nepedasaemoti om 0dnoil cpedor K Opyeoil uepes edunuyy nosepxHocmU
CMeHKL 8 EOUHULY 8pemMerl npU PasHocmu memnepamyp cped & o0ux
2padyc.,

Beanunna, ebparuas xosbguiuHenTy Telonepeaauy, Ha3blBaeTCH
ROAHBIM MEPMUMECKuM CORPOMUBAeHUeM menonepedadu. Jna opuo-
CAOHHOH CTEHKH

k=R =lja, -8+ ljoeg =Ry -+ Rex -+ Rey  (19.6)

OTKYAd CclleyeT, YTO MOJNHOE TEPMHYECKOE CONPOTHBJEHHE pPaBHO
CyMME 4aCTHBIX, npuyeMm R, == l/ct, — TepMHUECKOE COlpOTHBJEHHE
TeNJA0OTAa4YH €O CTOpPOHBl GoJee Harpertofi cpeibl; R., = §/A — Tep-
MHYECKOe CONPOTHBJACHHE TemIonpOBOAHOCTH CTEHKH; R; = lfay, —
TEPMHYECKOE COTIPOTHBJAEHHE TeNJI00Ta9H CO CTOPOHBI MEHee HarpeTtoll
cpednl.

Muorocnoithass naockas cTeHka. PacCMOTPHM MHOTOCRONHYIO
crenxy (pHc. 19.1, 6), cocTosuiyio U3 Tpex cloes ToamuHol &, 6,, &,
KO3(dHIIHEHTE TENJONPOBONHOCTH KOTOPBIX Ay, Ay, Ay, C opmoit
CTOPOHbl CTEHKa OMBIBaeTCa TenjoH Cpefoii ¢ TeMmneparypoit f,
C ApYTO#t ~ XO/J0AHOfI CPEROl C TeMOeparypoh fy; O, H Gy — KO3~
(UIHEeHTH TENJ0OTAaYH 3THX Cpel.

Jra 3ajaua peilaeTca aHalorHuHo npeasayueir. Ilockoasky obuee
TEPMHYECKOe CONPOTHBJEHHE PABHO CyMMe YacTHBIX, TO NpH pacuere
MHOTOCAOHHOH CTEHKH YUMTHIBAHT TCPMHYECKOE CONPOTHBJEHHE BCeX
ee cjioeB. B coorBercTBuu ¢ dopmydolt (19.6) nonnoe Tepmuueckoe
CONpPOTHBJEHHE Terjaonepefayd CTeAKH, COCTORILEH M3 1 CJ0eB,

R = l/k = lyo, -+ 6y/M + 8y/hy P 8p/hn + oy,
HJH

R = la,+ ;] 8y/hy + oty
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Torga KoshdHUKEHT TenJonepeiayn MHOTOCAOHHOR CTEHKH

k=1/R = 1/(1/% + X i 4 l,focx), (19.7)

& NJIOTHOCTL TelJIOBOIO NOTOKA

qr = (t'r = tx)/(l!’a"r -+ El 6:‘.’}\& + lf"“x] =R (tr = tx)- (19-8)

Bripamenue (19.4) apasercs qacTHuM caydaem (19.8) npu n = 1.

TennoBolt MOTOK 4epe3 CTEHKy ¢ NoBepXHoctbio F ompenenntes
no dopMyne, ROTODAR Ha3LIBAETCA OCHOBHBIM YPUBHEHUEM IMenao-
nepedadu

Q = q;F = kF (t, — ty) = kF8. (19.9)

HeusBecTHhte TemnmepaTypbl NMOBEPXHOCTH OAHOCAOMHON CTEHKH
HaxoAAT W3 BelpaxeHuii (19.2):

tor1="1ls — @p(l/ag); fore =ty — g (1/0x 4- O/M),
WIH Lopy = b -} qp (1/0g).

YpaeHenue Jis onpeaefeHHss TeMOeparypkl NOBepXHOCTH Ha
cThiKe ABYX Jo0blx i-r0 W i -+ 1-r0 cloeB MHOTOCACHHOH CTEHKH
HMEET BHA

]
fen a1y == bz — Gs [1,’05,. wfl ;Eﬁ (6,4?\5)]. (19.10)

H3 ypasHenus (19.9) cneayer, 4to np 3ajaHHOM TEMIEPATYPHOM
nepenaje § HEH3MEHHOH [IOIaAH [IOBEPXHOCTH TEI1I000OMEHA BeJHyH-
HOH, onpejedsiowei Tenjdonepeaauy, spaserca KosdbbuiHeHT Teno-
nepesauu k.

Hutencuukauua Temmonepeiaud B TENNOOOGMEHHBIX anmaparax
SIBAAETCH OJHHM M3 OCHOBHBIX NYTEH CHHXKEHHA HX TalapuTHLIX pas-
MEpOB H MeTaJJIoeMKOCTH. [lyTH HHTeHCHUDHKauHH NIpouecca nepejayn
TeMJOTH MOTYT OLITh HailleHBl H3 4HAJHM33 YaCTHBEIX COCTaBJARICILHX
xospdunpenra k. Tak, na8 YUCTOI METaNNHYECKOH CTEHKH, TOJNIGMHA
KOTOPOH Mafla no CPaBHEHHI0 ¢ Ko3((pHUHEHTOM TenaonpOBOAHOCTH
(6/A — 0), ypaBuenne (19.5) mpuHMMaer BMA

k= 1/{(la, -+ lag) = (a0y)/cty -+ ay),

otKyJa edelyeT, 4r0 3HayeHHe Ko3bdWIMEeHTa Telvlonepenaqyu He
MOXeT ObiTh Oo/blIe CaMOro MaJjoro 3HayeHHA .

[lpoananuaupyem uncnoBoll npuMep 3aBHCHMOCTH Kozdiprnnenra &
OT 3ajaHHHIX ¢4 W O}

oy, Bv/(m> K} , . ... ..., 10 10 50
oy, Bry(m®K) . . . .. ..., 2000 4000 2000
By Br/wa Ky oL 9,95 9,99 48,78
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M3 3THX AAHHHIX MOXHO clefaTb C/A€AYIOLIHE BHIBOABI

1) npu a; € @, yBelHueHHe GOMALIErO H3 KO3()HIHEHTOB TenJ/io-
OTHa4u (c,) MOYTH He JaeT yBeauyeHus &;

2) kospdHuMeHT TenJonepenayd yBeJIHYHBAETCss NPHMEPHO BO
CTO/LKO K€ PAa3, BO CKOJBKO yBeJIWTHBAETCHA MEHbIMH () H3 Kod-
(PHIHEHTOB TENJOOTIA4H.

Takum o6pasoM, npu o; € Oy MOXKHO CYUTATh, UTO B & ¢y, 4 NpH
oy D o, 9TO R A 0.

Tennonepenaiowman NOBEPXHOCTL aNNapaToB XOJOAHABHMX MallHH
B NPOLECCE SKCANYATalMH 3arPs3HAETCA KaK €O CTOPOHK XJajareHra,
TAK H CO CTOPOHHI XJalcHOCHTeAS. Ko3dHLHEATH Tensonepesaul
nocae AAHTeNbHOR SKCIAYaTauuy MOTYT CHH3HTbCA Ha 40—50 % no
CPaBHEHHIO ¢ YUCTLIMH 2NIIapaTaMH, 4TO OGBACHAETCA GOJbIIHM TEp-
MHYeCKHM COMPOTHB/ECHHEM 3arpsAsHeHuil (raba. 19.1).

§ 19.2, TEMNJONEPEJAYA YEPE3 UHWJHHAPHUYECKYIO
CTEHKY

PacemoTpuM OO HOCAOHH YO IHIMHADHYECKYIO
cTeHKY (TpyOy) ¢ BHYTPEHHHM JHaMeTpoM g, HAPYXHLIM dy H AJH-
noii /. Crenka TpyGul Xapakrtepusyerca Ko3hduuneHTOM Temionpo-
BOAHOCTH A. BHyTpu TpyOnl Tewer Gosiee Harperast cpeja C TeMmepa-
Typo#t i, cHapyxu — OoJee XoJoxHas c¢ Temnepatrypoi fy. Cymmap-
Hble KO3 puiHeHTE TenJM0CTAAYH Ha BHYTPEeRHEH H HapyKHOH noBepx-
HOCTSX TPYObl Opy M . TeMnepaTypel NOBEPXHOCTEH CTEHKH f.qy
W lors HensBecTHB (puc. 19.2).

Ecau nnnHa Tpy6ul [ BO MHOTO pa3 NpeBOCXOAHT ee TOMuHY §, TO
NOTEPSAMH TERJNOTHl ¢ TOPUOB TPyOl MOXKHO npeHelpeys. B ycranosus-
1eMcs TEenJoBOM pexHMe IVIOTHOCTh TelIOBOrO NOTOK&, MepelaHHoro

Ta6anna 19.1
KosgpdsunenTal TENAONPORGAHOCTH

t A

dep 4 3arpasHA0IKUX BewesTs
A
% Bemecrso BT/iM
% T Z T f(n K)
7Rt
f CMa30uHOE MACIO 0,14
% /t/_ Torr Macasanan Kpacka 0,23
P orf %, %t Bo,qn;;oﬁ KaMeHb MOpH
er? L a? , KI/M?:
iy LJ v 1000 0,i5
A 2000 0,70
0 3 2500 1,75
2700 2,30
Fan Cuer npu p, Kr/m®:
7, 200 0,15
- 400 0,35
600 0.65
Pue.  19.2.  Tenaonepeaaua 4epes Jlea npu o = 920 wr/vd | 2,20

UHJAHHIDHUECKYID CTenly
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oT ropAuelt cpenpl K CTeHKe, NPOLIGIMIEro yepes Hee H MEpPeJaHHoro oT
creHKH K XoJ0ZHoff cpexe, oauHakoBa. CieloBaTe/NbHO, MOMKHO

sanucarhb:
g1 = Q/l = ttpidyy (tr — Len )
_ 2'711'("‘0 ;-tc'rz) .
W= TN ) (2:40)
g = agfidy (fera — tx)
Pewvs ypaBrenns (19.11) oTHOCHTENBHO YACTHBIX TeMMeparypHBIX

HamopoB M CJA0XKHB pa3fie/IbHO HpaBble H JI€BbI€ YACTH, NOJYUYHM
BhIpaXkeHHe [JIs1 TOJHOTO TEMIEpaTYPHOTO Hamopa

= 1 1 i |

t'r'"'tx o [m"}_ﬁln(d}ﬁ'dm])f dy J' (1912)

Orciona HaxoJHM 3HadYeHHe JHHeHHON MJIOTHOCTH TEINIOBOrO NOTOKA
g =l T = ks (f— £, (19.13)

aB}{dBH + 2;\‘ In (dH/dBH) + __H

rae k, — auuednmii Kosgpduuuent tennoneperauy, Br/(M-K), no-
Ka3bBAWIHE, KaKoe KOJHYSCTBO TeJIOTH NepenaeTcs OT 0RHOI cpeisl
K ApYrodl uepes UWIHHAPHYECKYIO CTEHKY AAMHOH | M B enuHuuy
BpeMEHH OpH PAa3HOCTH TeMNepaTtyp cpen B OLHH Fpanyc.
M3 Buipaxentn (19.13) caenyer
1
by = —— : . (19.14)
m o —%—]n (du/dpr) +

Beanynua, obpaTHan JHHEHHOMY KOs(HMLMEHTY TemjonepenadH,
Ha3LIBaeTCH muezi&m.u mepmultecr«:um conpomueﬂeuue,u menaonepedaru:

Ri= o = b+ In(dud ot Rigy+ Ry
(19.15)

G‘BHdBH
TepMuueckue conpoTHBJAEHHA TenaooTnaud 1/(audy) M 1/(eu.da)
ANsT LHAHHIPHYECKOH CTeHKH 3aBHCAT He TOJIbKO OT KosdduiuHenTa o,
HO H OT QMaMeTPOB COOTBETCTBYIOWIMX MNoBepXHocTefl.
TenaoBofl nOTOK uepe3 UHIHHAPHYECKYIO CTEHKY MoXKeT Obith oT-
HeceH K BHYTpeHHel HJH Hapy»XHOH ee noBepxHocTH. IToBepxHoCTHas
IVIOTHOCTb TEMJIOBOTO MOTOKa ¢ yderoM BuipaxkeHus (19.13) cocras-

asier, Br/m*:
dr sa = Q/ ndnnl) = ( EdeH) (t'r - tx};
= Q/(:l'[dHl) = (kI/’dH) (t'r = tx)'

OTcioaa MOXKHO Ha;"{m KO3XpHUHEeHTHl TEIIoNepeayH, OTHeCeHHLIe
K BHYTpeHHeH H HapYMHOH TOBEePXHOCTAM TpYOM:
Rop = ky/dgy = - l >
' Loty + Edes/(2A)] In (dy/dpg) + dan/(0ndy)
1
Ay (0 audon) + [du/(2A)] In {dy/dpy) + Vo ©

aydy

kil = klfdn =

231



CoOTHOIEHHS] MEXIY TNJIOTHOCTAMH TeNJIOBBIX NOTOKOB H K03(pdus
UMeHTAMH TenJonepelayd HMeloT BHA:

q = ﬂdnuq}? BH = ﬂdﬂ‘h‘ﬂ; kl _— ndnuknn = ﬂduka-

B cayuae nepepayd TensIoTHl Yepes MHOTOCJ O HH V0 IH-
JHHAPHUECKYIO cTeHKY B ypaBHeHHAX (19.13)—(19.15) nosmkHbI 6bITh
yUT€Hbl TEpMHUYECKHE CONPOTHBJICHHS TelJIONPOBOJHOCTH BeeX ee
cnoeB. Torna auHelHbll TennoBoil notox, Br/M

@ = o A Te) , (19.16)
(opudpn) + ZI £1/(244)]) In (dys/dpx ¢) + 1/(0ndnir)

Han
g1 = ki (fy — 1Y),

a moJIHOE TepMHyecKoe conpoTHeiaeHue, (M. K)/Br

R = 1/(aBIIdBH) T+ §1 [1/(27"1)] In (duifdyg i) (la’l(audnu)' (19.17)

Heussecrtubre TeMneparypbl NOBepXHOCTH O,ZLHOCJ'IOﬁHOﬁ LHJIHHADH-
4ecKoi CTeHKHM HAXOAAT M3 cooTHomeHH# (19.11):

tc*r 157 t'l‘ - (Qt/ﬁ) [U(aaﬂdml)l;
th- B = tr - (fhfﬂ) {l/(a'nndmt) ‘+‘ [1./(21')] ITI (du/dau)}-

Temneparypa noBepXHOCTH HA CTHIKE MeXAy i-M H [ + 1-M cioem
MHOTOCIOHHOH CTCHKH

ta = o (i4+1) = [y — (QIJ'";) [ lf(ocas{dan) + ig} [1/(2%)] In (dui/dnﬁ i)}

(19.18)

Hna npakThuecKHX pacueToB (GopMyJabl MOTYT OBITh yrpolleHbl,
ecJH rnpeHeOpeyb pasHOCTBbIO TUJIoWlalell HapyXHOH M BHyTpeHHeH
noBepXHocTed TpyObl. 2T0 BO3MOXKHO, KOTHAA dpy/dy—> 1. Luauuapu-
YecKylo MOBepPXHOCTb TPyOn MOMHO NpPeICTAaBHTL B BHJE IJIOCKOH
pa3BepTKM WHpHHOH Nid, W ANA pacyeTa TeNAONEpesaul BOCNOAb3O-
BatbCa ypaBHeHuaMH (19.4) u (19.5) nas onHoponHO# NAOCKOR CTEHKH.
Torna ypasuenue (19.13) npumennrtennko K tpybe anunoii 1 M mph-
MeT BHI

ndp (fp — f3)
Vo, + 8/0 + Ljog *
rae d, — pacyeTHbIH AMaMeTp UMJIHHADHYECKOH CcTeHKH; § — Tou-
HHHA CTEHKH.

B xonopunpHbIX TenJooOMeHHBIX anmaparax HCIOAL3YIOT TPyOh
¢ 60bIHM KO3(hHLHEHTOM TenI0NPOBOAHOCTH H MaJIof N0 CpaBHEHHIO
¢ AMaMeTpoM TormHHON credku. C L0OCTaTOYHON TOYHOCTHIO TEIIOBOMH
NOTOK uepe3 LHJIMHIAPHYECKYIO CTEHKY MOMeT OBIThb OlpejesieH [o

dopmyae
Q = knd,l (ta — tn)- (19.19)

qr = kndp (ty — tx} =
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[Tpu 3TOM oOKaswiBaeTcl, 4TO NPH dy/dyy < 2 MOrpelHoCTh He
Gonee 4 %, a npu dy/dy, << 1,6 — ne Goaee 1,5 %, uto BnoJaHe
fpHEMJIEMO N1l TEXHMYEeCKHX pacueToB. ITY MOTPellHOCTb MOXKHO
YMEHBLILHTh, ec/d 3a pacueTHHH axaMerp TpyOw npHHATH TOT, €O
CTOPOHHL KOTOpOTro « MeHbmte, Ecau @, M Ogy — BeJHYMHBI OJHOrO
nopsaxa, To dy, — cpelHeapH(pMETHUECKHH AHAMETD MeX1y dy H dpy.

B uensix ynpolueHHs pacyeToB o NPHBENEHHBIM (POPMYJIaM TepMH-
YeCKHMH CONPOTHBIEHHAMH NpeHeGperalT KaK OTHOCHTEIbHO MaJIbiMU
BeJIHUHHAMH.

§ 19.3. TENJOBAS H30JSALHA.
KPUTHYECKHA JOUAMETP H30JISILIUH

Tenaosoti usoaayued nasssaonm awboe noxpsimue, crnocob-
CHIBYIOLIEE [MEHBIUEHUIO MENA08020 ROMOKA HePe3 OAHHYI0 NOGepXHAOCHIb,
B xayecTBe M30/ILHOHHBIX NPHUMEHAIOT MaTepHassl Kak opraHuye-
CKOTO, TaK H HEOPraHMYecKOro NPOUCXOMKAEHHS ¢ KO3(DHIUHEHTOM
tenaonposogroctd 0,35—0,015 Br/(m - K).

PanuonanbHas TOJNWHHA CJI0A TENJOM30JSLHY 3aBHCHT OT 3(dek-
THBHOCTH TIPUMEHAEMOro H30JALNOHHOIO MaTepHala 1 ero CTOUMOCTH,

Pacemotpum dakrtopbl, BJAHAIOUIHE Ha fnepeiadyy TensaoTel Yepes
CJI0i1 H30AAUMH, H& BPHMeEpe CTAJbHOIO H30JHPOBaHHOTO TPyBompo-
BOfa: Hunelihioe TepMHUECKOE CONPOTHBJEHHE B COOTBETCTBHH C (hOp-
myqoit (19.17)

R; = 1/(ctpudpn) + [1/(2hc4)) In (d/dpy) +- :

+ [ (2hua)] In (duo/dy) + 1/(0dua), (19.20)
rie YeThblpe C/taraeMulX NPaBod 4acTH ypaBHEHHA NPeACTABAAIOT COGOH
COOTBETCTBEHHO TEePMHUYECKHe CONMPOTHBJEHHA TEMIOOTAauH BHYTDH
TpyOb!, TEMJONPOBOIHOCTH CTEHKH, TeNJIONPOBOJHOCTH H30JAIMH,
TenJ00TAAYH HA HAPYKHOH MOBEPXHOCTH TEMJOH3IOJALHH.

[TepBoe u BTOpOE coaraeMble npaBoil YacTH YpaBHeHHA HE 3aBHCAT
OT HaMeHeHMsI HapYMXKHOTO AHaMeTpa H3oJAudH d,,. Ha rpaduke
(puc. 19.3, @) cymma atux conporubaenuit (R, -+ R;..) nzofpaxaercs
npsiMofl, napaJsenbHoit ock aGcumce. Tperee caaraemoe R, ., —
COMPOTHBJIEHHEe TENJIONPOBOAHOCTH H3OAALMH C POCTOM ee TOJILIHHEI
Bo3pacTaer, a noclegHee R, — cONpoTHBJIEHHE TeNMJIOOTAaYH Ha
HapYXXKHOH MOBEPAHCCTH ¢ POCTOM d,; YMEHBILNAETCST.

Takum ofpa3om, npu HaJOMKeHHH CJOS TENJOBOH H30JALMH HA
TpyOy [NPOHCXQAUT HE TOJbKO yMeHbUIeHHe TeNJOBbIX NoTeph, CBs3aH-
HBIX C JIONOJHHTeNbHBM COMPOTHB/ICHHEM CJI0S HROMANHH, HO OQHOBpE-
MeHHO yJydllaeTcsi OTBOA TENJOTbl OT BHeIIHeld 110BePXHOCTH B OKpPY-
KWWY cpey 3a cueT yBeJMUeHHd IJIOWAaAH HapYXKHOH noBepxHO-
cti. CnenoBatenbHO, CyMMAapHEIR TENJIOBOH NOTOK 4epe3 H30JHPOBaH-
HYIO TpyOy MOXKeT KaK YBeJHYUBAThCS, TAK W YMEHBILAThCA.

KpuBass cymMMapHBIX TepMMYeCKHX CONPOTHBAeHHE R, B Touke 2
HMeeT IBHO BbIpaKeHHBIH MHHUMYM. Ecan yuecTb, 4TO TepMHYecKoe
COMPOTHBJIEHHe OOPATHO NPONOPLHOHAABHO Ko3hdHUHEHTY TemIo-
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Puc. 19.3. K onpesencHuio KPHTHYECKOTO NHAMETDA TEMIOH3OAAUAH
nepefadd, TO MUHHMMATLHOMY TePMHUECKOMY CORPOTHBAEHHI R, gn
B Touke 2 6y AeT COOTBeTCTBOBATh MaKCHMaJbHas [JIOTHOCTL TEMJIOBOro
NOTOKA § max, TOYKA 2.

3uaueHHe BHEIIHErO AMaMerpa TEIVIOH3OJALHH, NPH KOTOpOM
TenJaoBOM NOTOK HOCTHTAeT MAKCHMAJILHOTO 3HaueHHS, HaskiBaercsl
Kpumiveckum duamempon U0AALUU.

Hz puc. 19.3, a caeayer: 1) npa d,, << dyp YBeNHYEHHEe TOJLLHHbL
H30JI9LHH NPHBOAUT K BO3PACTaHHIO TEMJIOBOTO NMOTOKA 10 CPaBHEHHIO
C HeH30JHpOBaHHHM Tpybonposojom (rouka /), T. e. K pocty renso-
BbiX [OTePb, KOTOphie NPH dy, = dyp HNOCTHTAOT MaKCHMyMa; 2) npu
dyy = dyp YBENHUEHHE TOMIUHHE M30/IAUHH NPHBOIUT K YMEHbIICHHUIO
TenJIoBOTO MoT0Ka, 3) npH dy, (Touka 3) TenJoBoH NOTOK CTaHOBHTCA
pagHbLIM TEIUVIOBOMY NOTOKY HEeH30J¥poBaHHOTO TpyGomposopa: g;, =
= @ig. JTO 3HAUMT, 4TO CJIOH H3OAAUUU Opy = 0,5 (dyy — dyy) yeTa-
HOBJIeH HaNpacHo, T. €. U30JALHOHHLIH MarepHas BeiGpaH HeBepHO.

HapyXHblit anameTp H30JALUH dgy = dy, B 3KCTPEMaJbHOMH TOUKE
2 moxer OuiTh onpesened w3 ypasHedust (19.20), ecan B3sTh nepsywo
NPOH3BOJHYK OT R, no dy, H NpHPaBHATL €& K HYJIO!

oORy _ 1 1
Odus  Phpalus ad, *

OTKY Ad
dyy = 2hyga/0ty = dyp. (19.21)

W3 Beipaxenus (19.21) cnenyer, yto KpHTHYECKHI AMaMeTp TEIIO-
H30JS UMY dy, 3aBHCHUT TOJBKO OT TeNJIONPOBOAHOCTH H30JALHOHHOTO
MarepHana Ay, H KOHUHEHTA TENJOOTAAUH o OT HAPYXKHOH no-
BepXHOCTH H30JSAIUK K OKPYKaKILEH cpesie H COBEPIIEHHO He 3aBHCHT
oT pa3MepoB TpyGonposoaa. [lostoMy ans onuoit u TOH XKe TPyOu
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auamerpa d, B 3aBHCHMOCTH OT INPHMEHSIEMOTrO H3CJASAUHOHHOrO
matepuana (kpussie /, /1, 111 wa puc. 19.3, 6) KpuTHUecKHi InameTp
M30JALUA MOMKET HMeTh Pa3iHuHble 3HaueHHs: dgp, dip, drp .

M3 rpapmka Buino: 1) NpH o1HOH W TOH Ke TOJNIHHE CJOs TElnJo-
H30JAALMK §,, HauGoJpllee YMeHbIleHHe TeNJOBOro MoTOKa AOCTH-
raetcsi OPH HM30JALMOHHOM Matepuane, st Kotoporo dy, <C dy;
NefiCTBHTENBHO, G4 = A > §p > Gc; 2) TOJMIHHY H30JAUHH TPYOO-
npoBoja CJAelyeT YBeJAMYHMBATH TOJBKO O TeX [10p, MOKA NPORCXOAHT
peskoe CHHXKeHHe TenuoBOTO MOTOKAa, TdK KaK jajbHeiilee ypenuue-
Hue cJod u3oasuun manoadpekrnno. CrenoBarteabHO, A5 NpaBHIb-
HOro BbI6Opa THNA H30JALHOHHOTO MaTepHana HeoGXOLHMO, uToObI

dy > dyp WAH dy > 2he/%,. Toraa

RS tigll3, (19.29)

M3 nepapencrsa (19.22) cjegyer, UTO yeM MeHbIIe IHaMeTp H30-
JupyeMoro tpy6omnpoBoia, Tem Gonee sdxpeKTHBHOH nO/MMHa OBITH
TenJOH30IANUA, T. . TeM MeHbilie JoJuKeH ObiTh €e KO3pdHuHeHT
TenNonpoBOIHOCTH.

B eAy"ae YCTaHOBKW TENAOM3OAsNUK Ha nnocKol crenke uHe
BO3HHKAET BONPOCA 0 NPHHUHNYAILHON NPHTOJHOCTH TOTO MJH APY-
roro Matepuana. Jlio6o#i H30J5LHOHHbIE MaTepHas OyleT yMeHbLIaTh
TenJioBofl [TOTOK, TaK kKaK Pa3Meph! MJIOMLAJH MOBEPXHOCTH TenJjonepe-
Jlauyl B HAMpPABJeHHH TeNJOBOTO N0TOKA He H3MEHSIOTCH (g = const).
Tomuuna cjof Tenaoy30JAALHH OrpamialolliX KOHCTPYKUHE XoJo-
IMJbHBIX OObeKTOB onpefenserca U3 ypasHenus (19.7):

b =2 Uho = (/o T ot e} |, 1929
i=

rne k, — HopMaTHB HH 1 Ko3(¢puuyeHT tenonepesads (CHull 105—74),

§ 19.4. TEJONEPEAA4A
YEPE3 OPEBPEHHBLIE TNMOBEPXHOCTH

Koadduuuent opebpenus. OaHHM H3 cnocoGoB HHTEHCH-
(puKauuH Tennoo6GMeHHHX annapaToB ABJAETCH OpeOpeHHe mnoBepX-
HOCTH €O CTOPOHEI cpejibl, HMeOUeH MeHbLIIHHA KO3G(pHIHEHT Ternuo-

otnaun. Ecam o, << a,, TO Opef- . 5 @, 00y
PAIOT [OBEPXHOCTh, KOHTAKTH- %, tor2 ¢ torz
pylolyK co BTOpPoH  Cpeioft gL
(puc. 19.4). Ornomenne Gome- ¢ t t2
e nJoliain NOBEpPXHOCTH CTeH- ! b % %z
o %y %2 £ F

KH K MeHblueli HasplBAETCH KO- 3 F s %
sehuyuentmon opebpenut P:

F=fz Fr<fz

B= F.F,. (19.24) Pre. 19.4. Opedpenne noBepXHOCTH: @ —
| OJI0cKas CTelka; 6 — opeGpennas CTeHKa
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Has paccMOTPEHHS] CYIHOCTH TAKOro MeTola HHTEHCHOMKaLHH
noayuyum npubiuKerHy0 GopMyay IJA pacuera TelJIOBOTO [OTOKA,
npoxojdAiero yepe3 CTeHKy, Koropast ¢ Ka)KJIOﬁ H3 CTOPOH HWMeeT pas-
JIMUHYI0 A0WAa s NOBEpXHOCTH, B NPeANOJIOKEeHHH, YTO TEPMHUECKHM
CONPOTHBJEHHEM CTEHKH MOMXKHO npeHeOpeub: f,, = forp. 1€nnoBbIE
NOTOKH, NepejaBaeMble H BOCIPHIIHMAeMble KaxI0H H3 cpej npyu ycTa-
HOBHBILUEMCsH TelJOBOM peXHMe, paBHBl Mexay cofofl, T. e.

Q= o1 Fy (h — tor) = AuFs (Lo, — ).

Pemus atu YpaBlieHHst OTHOCHTEJBHO YaCTHLIX TeMlepaTypHbIX
Hanopos ¥ CJA0XKHB [OU/IEHHO, NOJYYHM

fl"—lg
= =kF, (t, — ¢ 19.25
Q l/‘(thg) + ”(GCzFQ.) 1 (1 2)! ( )
rne k& = 1/R = /oy + 1/(c,p) — Ro3pdpuunent Tennonepenauu, ot-
HeCeHHHIH K MeHblUed noBepxHoctd (F,) rtennoobmeHna; l/ay = Ry;
1/(csP) = R, — uacTHble TepMHUeCKHE CONPOTHBIEHHA TenJIo0TIAqH.

Hna nnockoit noeepxnoctu P =1, w ecan oy > o, TO Ooflnee
TEPMHUECKOe COTPOTHBJEeHHE OYIeT ONpelesiThCs TepMHUECKHM Co-
npoTHBJeHHeM Bropoil cpemsl: R = R,.

PECCMOT[JHM OpHMED BO3AYXOOXJAAHTeNd HeNOoCpeICTBeHHOIC HCnapeHHd, Anf
KoToporo KosdumuenT TensiooTaadit  co  CTOPOULI KHIANIEr0 XJaJareHTa =y
~800 Br/(m2..K), a cocroponnl Bo3ayxa a & 40 Br/(v?- K). Hactubie Tepmnueckrie
conpoTHRaenna: Ry = 1/800 = 0,00125 w2 K/Br; Ry= 1/40= 0,025 wm2.K/Br;
obmee R = 00,0263 m*. K/Bt, T.e. R = R,

Y MEHBITHTE TEPMUYECKOE CONPOTHRIEHHE R, MOXHO YBeJHueHHeM
nopepxHocti Fy ¢ momolleio ee opebpennsi. Hanbonee cymectsentoe
H3MeHeHHe [O0JHOTO CONPOTHBJIEHHS TEM/IONepeaud 3a CYeT YacTHBIX
NPOUCXOLHT A0 TEX 110p, MOKA CONPOTHBJACHUA R, 1 R, He cpaBHAIOTCH,
Ilpy R, = R, tpebyemblit Ko3phHMUMEHT opefpeHns nOBepXHOCTH

f = Fy/F, = ayfo,, (19.26)

T. €. 3a cuer opeGpeHMs yBeJHUMBAIOT HOBepXHOCTbL Teloobmena F,
BO CTOJIbKO Pas, BO CKOJMbKO KO3(PHUHEHT TeIJOOTIAYH O, MeHble
Ko3pduienTa o, ¢ APYroH CTOPOHBI.

B paccmarpuBaemoM npumepe paudomanbubifi Koddduument opebpenna B =
= 800/40 = 20. TIpw TakoM opeGpehun oCuLee TePMHUECKOE COMPOTHB/IEHHE COCTa-

BuT R = 0,0025 m*- K/Br1, T. €, ymenvnres B 10,5 pas. Bo crosbko e pas pospa-
CTeT TelToBOf NOTOK.

Paunonanwnoe opeGpenue, omnpelensieMoe ycioBHeM R; = R,,
3aBHCHT OT YCJa0BHHA TemtooOmena. Hanpumep, B KoXyXoTpyGHom
KoHjencarope, paforawlueM Ha xaaparente R12, npu ToM Xe Kosp-
(uiMeHTe TENJOOTAAYH CO CTOPOHH areHra o, =~ 800 Br/(M2-K) n
KoaddHLHeHTe TelI00TAaUN CO CTOPOHH paccoa o,~2400 Br/(m?: K)
opeOpsATh HYKHO MOBEPXHOCTH CO CTOPOHHL XJajareHra, NpH 3TOM

.

B paccMoTpeHHOM npHMEpe NOKa3aHO BAHAHHE Ha KOMXpHIMEHT
opeGpenina ToNbKo yCJOBHI TenJoorhaud. B feficrBuTensHoeTH pa-
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IHOHAJLHOR 3HaueHue [ onpengensieTcss He TOJAbLKO OTHOILEHHEM KO3(-
GHUMEHTOB TenJIOOTHa4H, HO M cTeneHsl 3¢peKTUBHOCTH pebep,
TEPMHUECKUMH COTPOTHBJEHHAMH 2aTPA3HAIONIHX BellecTR, TEXHOJO0-
TMYeCKHMH BO3MOMHOCTSIMH H3rOTOBJIeHHS! OpeOpeHHOl moBepXHOCTH
HT. A

Ha rtenJiootmen opefpeHHOH MOBEPXHOCTH CYLIECTBEHHOe BJAHSHHE
OKasbiBaeT pachpesesieHue TeMiepatyp no Beicote pefpa, B TO BpeMmA
KaK B PacCMOTPEHHOM MpHMepe MpeanoJsaraiock, YTo TepMHYecKoe
CONPOTUBJIEHHE CTEHKH MaJ0O M N03TOMY OpeOpeHHas W HeopeOpeHHanA
IOBEPXHOCTH HMEKT OJHY W Ty Ke TeMIeparypy.

Crenenp addexTuBHOCcTH pe6Gpa. Pacemorpum pefpo, pacnodio-
JKeHHOe Ha NJOCKOH NoBepXHOCTH, TOJIIHHA KOTOpOro & 3naunte/NLHO
MeHbllle ero BHICOTHI A u jaunel [ (puc. 19.5, a). Pe6po omuiBaercs
GoJiee XOJOIHOH KHAKoCcThIO ¢ Temnepatypoit Ty, Koaduunent
TeMJIOOTAAuH, OnpejedsieMbifi YC/JAOBHAMH 00TeKaHMs, B MepBOM
NpUGIMKEHHH HOCTOSIHeH W paBeH o. Ecau temneparypa pefpa
y ocHOBaHHA Tycy, TO Temneparypa Topua pe6pa Tp,p, MeHblle, ueM
y OCHOBaHH#, BCJeNCTBHe TOTO, 4YTO peGpo MMeeT KOHeUHYK Tamjo-
NpOBOJLHOCTb, & TeNJOBOH MOTOK Mo OcH X (no BeicoTe pebpa) yMmeHb-
1aeTcs 3a CYET OTBOLA TeiVIOThl OT HOKOBbiX noBepxHocted. [Tpoucxo-
JIMT YMeHbIUEHHe cpelHell Temneparypsl pefpa no ero BbicoTe A OT
sHaueHnst Tgoq Mo Troy (pH. 19.5, 6). llpu T = const temneparyp-
HBI nepenaa Mexnay peGpoM M XKHakoetblo Op = T, — Ty r1akxke
OyJeT H3MeHATbCA 10 BHCOTe, YMeHbIasch 0T Oyen = Toey — T
10 09y = Tqop — T BeaenctBue 3T0ro ymeHbltaeTcsi Mo BBICOTE
H MJIOTHOCTb TEMJOBOTO -NOTOKA, MEpPefaBaeMoro 3JeMeHTaMH NoBepX-
HoctH pebpa. Cpepussi remneparypa peGpa

h
Ty = [ Ty dxsh.
0
I'papuuecku oHa MOxer GHITH OnpefeseHa 110 PaBeHCTBY 3allTPH-

XOBaHHHIX nJolaneit (pue. 19.5, 6). Cpenuuil TemnepaTypHuiit nepe-
nax O, = T, — Ty npu paccMoTpeHuyu 3ajad TenJoNpoBOIHOCTH
é\ -

a) ~ 5 XA o]
|
} R
7;'3.0 | Tm; /7}’
,;/ //T % )
Z i By | 7‘;
N3 5/ A i
e’ l -
% /Jy/,y 7 Tu Trop Taen T
T afH _ 90{":‘ -

Pic. 19.5. Hamenenre u3GuToYHOA TeMnepaTyphl 1O BRICOTE pebpa
27



Ha3LIBAIOT cpeduell uabumouroll memnepamypoti nosepxrocmu pebpa,
a BeNHUHHY Boeq = Toon — T — u30bimounoll memnepamypoi ocHo-
sanua pebpa.

TensnoBoit notok ot pebpa K JKHIKOCTH MOKHO ONpefeNuThL 110
ypasnennio Hrorona — Puxmana

Q = a8, Sh = ab,F,,
roe S = 2] -+ 286 ~ 2] — nepumerp ceuenns peGpa; h — ero BEICOTa;
F_ = 2/h — nJoiajle MTOBEPXHOCTH TensoobmeHa pebpa.

B caydae ecnu Ob peGpo HMeso GecKOHEUHO GOJLLIVIO TEnJonpo-
BOJHOCTL, €r0 TeMneparypa Nno BuCoTe Oblna 6bl NOCTOAHHON H paBHON
T oo Takoe pe6po 6b1710 66 cocoGHO nepenaBath GoablIHE TENJIOBOH
MOTOK:

roﬂ e Gt"}Kelzlt;}li‘Sh' = aJEBDCHFD' (19'2?}

CrenoBarensho, 3pdexTHBHOCTh pefpa Moxer ObiThb OLEREHa

OTHOLIEHHUEM

|ED = Q/Qoca = Om/Bocn- (19.28)

Bennuuny Ep, paBHYIO OTHOIleHHIO cpelHell M30LITOYHOH TeMme-
patypbl K H30BITOYHOW Temneparype OCHOBaHHA pebpa, Ha3LBAIOT
Kosghpuyuenmon s(ppexmusrocmu pebpa. Vienonb3ys 31oT Koatpdm-
uMeHT, TENJOBOH NOTOK OT NOBEPXHOCTH pefpa K OMBIBaolleH cpele
MOXHQ NpeICTaBHTL B BHIE

Q= anﬂEp = czn:eu[:ﬂFpEp- (]929)

Takum obpa3om, and pacyeTa TEMJOBOrOo MOTOKa MNo Gopmy.Je
(19.29) noMHMO MCXOAHBIX JAaHHBIX HeoOXOAHMO HMETb 3HadeHue Kosh-
(muuenTta spderTuBHOCTH pebpa E,, 11 KOHKPeTHbIX ycnoBHIT 3a1auH.

Bennuuna E, 3aBMCHMT Kak OT reoMeTpuM M MaTepuana pelpa,
TaKk H OT ycAoBHit Tenjootnaun. as maocxoro pebpa
(puc. 19.5, @) Benuuuny E,, paccuurthiBaioT no dopmyne

E, = Ith (mh)}/(mh), (19.30)

rae th (mh) = (e — e—~mh)/(emh + e—mh) — runepGonnuecKHi TaH-
TeHc N0 aprymeHry mh; m = y 205,,,/(}» 8) — BcnoMoraredbHast Be-
sanuyna; h, & — BbICOTA W TOJMLIHHA peﬁpa Ap — TensonpoBOAHOCTD
marepHana pebpa.

B saBucumocTy ot mh sennuuna E, npHHHMaeT 3HaueHHs:

mh . ... O 01 02 03 04 05 06 08 1,0
LD 1 0897 0987 0971 0950 0924 0,895 0,830 0,762
mhoL. .0 12 14 16 1,8 50 25 30 35 40

- 0695 0632 0576 0525 0482 0394 0332 0,285 0,250

Popma cewennit naockuX pebep He ABASEeTCA ONTHMANBLHON ¢ TOUKH
8peHMsl MaKCHMAaJbLHOro TemsooOMeHa W MHHHMMAaNbLHON Macch! anna-
pata. briso ycrawopneno, 4To onTHMaNbHB A npod UL
pe6p a, obecneyHpaolluil MHHHMAJALHYIO Maccy [PH 3aJaHHOM
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Puc. 19.6. Tunwr peGep Ha TpyGUaTHX NOBEPXHOCTAX

TENnJOBOM norToxe, ofpasoBan ayramu okpyxHoctd. llupokoe npu-
MEeHeHHUe HallJin TpeerJinbIE H TpanellHeBUIHHIC [I}Oprl peﬁep,
KOTOpBIE 10 Macce Manio OTAHYAIOTCS OT ONTHMAJNBHEIX, HO 3HAUHTENbEO
fo/tee TeXHOJOTHUYHH.

B tpyfuarthwX annaparTax XOJIOAWIBHEIX MallHH
4acTo HNpHMeHSoT KpyTJbie pebpa nocTosiHHOR M nepeMeHHOl Ton-
LHHBl, A TAKXKe KBAjpaTHBE H NJIACTHHYATHIE MOCTOAHHOMN TOJINHBI
(puc. 19.6). Koadduunent sdxpekrnBHocTH pebep nmocToO 4 H-
Ho# TOMNILKHE HaXogaT no dgopmyne

E, = [th (mh")|/(mh'); mh' = (h'/8) V' 2Bi , (19.31)

rne A' — npuBenennas Bbicota pefpa (taba 19.2); Bi = a8/, —
KpHTepHii BHo.

B creuwanasHoil autepatype NPHBOAATCH 3aBUCHMOCTH AJIS Ha-
xoxjeHus Kosgguinenta £, s ApyrHX THOOB pebep
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TaGauma 19.2
Dopmyabl AAs pacyeTa npuBeacHHOR BRICOTH pebpa

T vetoe | o, ey
H = h {1 - 0,805 In p); p =~ Dldy;
19.6
KPR i ¥ h=05 (D — d)
K = 0,5 "— 1) (1 4 0,805 In p),
[psamoyroasHoe ' +odo (p =0, P
Ef‘. > g; keanpatuoe | 19.6, 6 p =128 VA/E—0,2;, p= Bld,
IMpu A= B p' = 1,158/,
ITnacrunyaTbie:
kopugopnbrit  ny- | 19.6, ¢ Kak pans npamoyrojbuoro pedpa
YOK
waxmateelit  ny- | 19.6, e Kak gana npamoyronbHoro pelpa, HO
40K p' = 127p V' A/B — 0,3, npu A= B p’ =
= 1,0658/d,

JecTBHTENbHLIH KOAddHUHEHT Tenno0TAaYH OpefpeHHOH nosepx-
HocTH. [Ipu obtekaHuu nyuka opeOpeHHBIX TPYO M3MEHAITCA YcCi0-
BHMA TENJIOOTAAuH, Ha KOTOpHIE OKa3blBaeT AOMOJHHTENLHOE BJIHSHME
reomeTpusd opebGpenud. BBHIy MHOrooOpasua KOHCTPyKuHit peGep
B JuTeparype npHBogHTCH HOJLINOE YMCAO PACYETHHIX 3aBHCHMOCTeH
A5 HaXOX/eHHA KOPHLHEHTOB TeJOOTAaYH, XapaKTepHbIX s
rpymnkl NOfOOHLIX fOBepXHOCTEH.

Hass cnydan nmonepedvnHoro obrexKauusn Tpyé6
C KPYTJABMH H NpPAMOYrodabHBIMH pebpamu
9. C. Kapacuna npeanoxuia KpuTepHaibHOe YpaBHEHHE

Nu,, = C Rejy (dy/6)~" (n/6)~"", (19.32)

B KOTOpOM 3a onpejeJsiolnii pasmep mpuHAT mar pe6ep b, sa on-
peneJsiionLy 0 CKOPOCTE ~— CKOPOCTE B Y3KOM CEueHUH.

B caysae kpyrabex peosep: aad WaxMaTHOro nyuka tpy6
C = 0,23 u n= 0,65; naa xopuiopHoro nyuka C = 0,104 u n =
= 0,72

B caydae KBajapaTHB X pe6ep: Aisg axmaTHOTO Nyuka
C = 0,205 u n = 0,65, ana gopusopuoro nyuka C = 0,096 y n =
= (,72.

®opmyaa (19.32) cnpaBemyuBa A IaXMaTHOrO nyYKa npH
Re = 300 + 22 500; d,/6 = 2,4 =~ 3,5; h/b = 0,36 = 5,00; an1a Ko-
panopHoro — npu Re = 500 -+ 25 000; dy/b = 3 + 8; /b = 0,36 =
-+~ 4,30.

HepaBhomepHOCTb TENVIOOTHAYH 110 BhicoTe pefep yuMTHIBaelcs
BeenenneM B ypaBrenne (19.32) koadpunuenra ¢ = 0,85.
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KpurepuaapHee YPaBHEHHS AJS pacyeTa TenJooTHaud npH npy-
THX THnax opeGpenus NPHBOAATCA B CNPaBOYHOH JuTEpaType.

Nprseaennble KoaGdHUMEHTHI TENACOTAAYH K TeMioNepenayu oped-
peHHo# noBepxnoctH. Pasauuue nJowaieil NoBepXHOCTH TENJI000-
MeHa, BOCTIP HHHMAIOWMX H OTAAIOWMX TEIJOTY, PasiHyue TeMneparyp
pefep M MeXKpefepHOro NpOCTPaHCTBA, 4 TAKKE DPas/iHuHe yCJIOBHH
Tensoo6Mena OTHEIbHBIX YYAaCTKOB TelJIoOOMEHHOH MOBEPXHOCTH
NPHBOIAT K YCJAOKHEHHIO pacyera npouecca rensionepenau. Ilpakru-
YecKH O0Ka3alocsk yAOGHEe paccMaTpHBAaTL M YUYHTLIBATL BJMAHHE
BeeX 3THX (akTopos B uedom. as storo B pacderax mepefauu Ten-
MOTLI yepe3s opeSpeHHBIE IOBEPXHOCTH BMECTO HCTHHHOTO KosdxprinenTa
TEIJIOOTNAUH  [OAL3IVIOTCS YCPEeIHEHHOH BeJMYHHON, HasuiBacMmol
npusedennoim Kosppuyuermom menasoomoaqu. Jra BEJUUHHA TONY-
yaercsl w3 ypasrenus (19.27) u yuuTsiBaeT T€NAO0TAAYY NOBEPXHOCTH
pebep, MOBEPXHOCTH FAAAKOH HacTH CTeHKH M 3¢deKTHBHOCTL pebpa:

Clgp = Q/'(Ppaceocﬂ) = Q/’[‘Fpﬂc (Toca cus Tm)}- (19-33)

rie Fl,, — pacuerHast naollans noBepXHOCTH TenJooOMeHa.

O0nyro B KayecTBe Flh,, NMPHHUMAKOT HAPYXHYIO OpeGpeHHYIo
MOBEPXHOCTH TpyObl, PaBHYIO CyMMe NJOMadell NOBEPXHOCTH pedep u
MexxpebepHBIX yUacTKOB. TPYOH (Fogwy == Fp + Fy,) HIH HapyXxHYyIO
NOBEPXHOCTh TagKoH TpyOu (Focn = mdyl), B3ATy0 no amamerpy
OcHOBaHUA pebep.

PacemorpuM mepenauy TemJOTH 4Yepes opeSpeHH Yy w 1 o-
BepxHoOCTb TpyOH (puc. 19.6, 6). Temneparypnt cpen T, o
T, nocrosuunl, npuuem Ty > T,. KosdduiuenTsl TeNJI00TRAYH 0
H oy Cpel, OMBIBAIOIMX BHYTPEHHIOIO H HapYXHYIO TOBEPXHOCTH
TpyOsI, He uamensworcA. Temneparypa pefpa H3MEHAETCA TOILKO MO
ero BHICOTE, TEIJIooTAaya ¢ TOPLHOB pedep pasHa Hymw. Tensoso#
norok Q, mnepenasaemblii HapyXHOH oOpeGpeHHOH NOBEPXHOCTHIO
K MeHee Harperoil cpexe, OyNeT CKJIAINWBATLCA H3 TEMJIOTH, NepeiaH-
Hofi pebpamu Q, u MexpebepHbiM npocTpancTsoM Qyp,. B cootercTBHH
¢ sakovom Hborona — Puxmaua

Q=Qp+ Qup =24 (TCTE—T2)Fp+a2 (Tcwz_Tz) FMps

e Tope — CPENHAS TEMOepaTypa CTEHKH TPyGH u pespa.
3aMeHHUB PA3HOCTH TeMneparyp H3CLITOYHBIMM TeMnepaTypamu H
BBena KosdpunmneHnt sddekTurHOCTH pebpa, HMeeM

Q = azﬂme —+ a’aeochMp = a?.eocﬂ (Fpam-’laocn ‘l“ FMp)l

MK
Q = asgen (FpE, -+ Fup). (19.34)
IoacraBus Brpaxenue (19.34) B ypasuenue (19.33), nonyunm
Onp = % (FREp/F pac -+ Fup/Fpac)- (19.35)

[lpupenennblfi KO(xpHUHEHT TEMAOOTAAYH MOMET ObITL OTHECEH
nau K ofwe# opebpenno nosepxnocti Tpy6u (toraa Foa, = Foew),
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HIM K HeopeOpeHHOA HapyXHOHR moBepXHOCTH (Torfa Fpae = Fiyopu)t

®np. o6 = %2 (FpEp/'Foﬁm + FMp.fFuﬁm}; (19.36)

Cpp. oca = % (FpEpn/FGCH_I—' FMpf’FocH)' (1937)

B 3THX ypapuHeHHAX NJIOWAAW NOBEPXHOCTEH NMPHUHHMANIOT HJIH s
Tpy6El ANHHOA 1 M, HAM INA ydyacTKa TPYOH, BKJOYAIOMEro OXHO
pe6po H onHH MeXpeGepHBIA TPOMEKYTOK.

B ycTanoBuplueMcst TENJOBOM peXHME Nneperauy TENAOTH OT OXHOH
cpejbl K APYro depes pasienfomlylo peSpHCTYIO CTEHKY MOMKHO pas-
JIENUTH HA TPH 3Tana U 3amucaTh AN HUX YDaBHEHHS, aHAJOTHUHEIE
(19.1):

1) TenacoTnaya OT nepsoil cpenw ¢ Temneparypoit Ty K BHYTPeH-
Hejt MoBePXHOCTH TPYOw ¢ Temneparypol T.p (puc. 19.6, 6)

Q = G'fo:lm (Tl - TCT 1); (IQSS)

2) TenJOTPOBOAHOCTE uUepe3 CTeHKY *Tpy6bl Ge3 yuera BJAHRAHHA
ee KPHBM3HH, T. & KOTIA dy,/d, — 1,

Q = (A‘cTﬂ"“ScT} (TC'rl = TcT 2) (FBH + Focn)fgv (1939)

rie Ogp = 0,5 (dy — dyy) — Tomuuua creuxH; (Fyy + Focn)/2 — no-
BepXHOCTL TPYGH NO cpeiueMy AHAMeETpy;

3) TenmooTAAYA OT HAPYXKHOH Pe6DHCTOH NOBEPXHOCTH KO BTOPOIl
cpene ¢ Temnepatypoit Ty NpH YCTOBHH, 9TO TEMMOBOH MOTOK OTHECEH
K ofilell opebpeHHOH NMOBEPXHOCTH CTEHKH,

Q = Oup. o6uif o6 (Ter 2 — Ta)- (19.40)

Pewus ypasuenusn (19.38)—(19.40) oTHOCHTeNbHO YACTHLIX TEM-
nepaTypHLIX HamopoB, NPOCYMMHPOBAB HX OPAaBLIE H JEBLIE YacTH, 3a-
MUIIEM NOJYYeHHOe BHIpa)KEHHE OTHOCHUTENBHO Q, pasieaus npensa-
PHTEJNBHO UHCAHTeNL H 3HameHaTedb Ha Fosu:

Q= Fopw (Th—Ts) .

(1/et) (F o6m/Fon) + (Sca/ror) [2F o/ (Fen -+ Foen)l -+ 1/8ap. ofm
(19.41)

3unavenarenn ypaBHenua'(lg,éll) ABJIACTCA NPUBLOCHHBIM MePMu-
decKuM conpomueaenuem opedpernod mpybsi, OTHECEHHBIM K NOBepX-
#0cTH Fogy. OBpaTHast eMy BeMUHHA HA3BIBACTCH NPUBEOCHHLIM KO-
puyuenmon menionepedauu opebpennoil mpybet, OTHECEHHBIM K TOM
e nosepxHOCTH Fogy!

l
knp‘ 5. = (Ho) B+ (8erfrer) [2F oo/ {Faa + Foew)] -+ Uaﬂp. obut
(19.42)

rae f — Fopw/Fen — KO3DduIMERT opebpenns,
AHANOFHYHO MOMXHO Ob1JI0 Gbl NOAYUYHTL GOPMYJLI LA NPUBEAEH-
HbIX KO(DGUIMEATOB TerIonepefiau, OTHECEHHBIX K Foop nan Fy,.

242



Yame BCero B pacyerax NpHBENeHHe NENAloT K HapyXHOH Figy
HIH BHyTpeHHe#l Fy, MoBepXHocTH. B nocnexnem ciayuae

Q = k]:rp nnf na (Tl = T2)- (1943)
rae
1
kay. w8 = Ty T GorTren) (ZFanFam = Food 1T Bamp sy~ (1044)
Wz dopmyn (19.42) u (19.44) cneayer, 4t0 gy pn = Rup. o6wB-
Takum ofpaszoM, NpH pacuere KOxpbULHEHTOB Tenjoneperayn
HeoGXOIHMO OTHECTH HX K KakoH-iub0 NOBEPXHOCTH M Jalee B pacue-
Tax HCMOJb30BaTh HAH ypasuenus (19.41) u (19.42), ecan 3a pacuer-
HYI0 nosepxnocTs npuuata Fug,, uau ypasnenusa (19.43), (19.44),
€C/IM 32 PacueTHYi0 MOBEPXHOCTb NMPHHATA Fyy.

§ 19.5. TEMJIOOBMEHHBIE AMMAPATbI
XOJIOAMJIbHBIX MAIIHH

19.5.1. Kaaccupurayua menioo0MeHHMX annapamos,
KOHCMPYKMUBHbE peLleH U

Tenaoodmennom annapamom Ha3EBAETCA YCTPOICTBO, Cay-
¥amee AMA Tepefayy TEIJIOTHl OT ORHOH cpelibf K APYroi.

Kanaccudukauua. [To npHHIHIY B3aHMOIEHCTBHA CPel amnapartsl
Pa3zensioTCA Ha NOBEPXHOCTHHE M annaparsl CMEIleHHS.

B amnaparax cMelleH M NPOHCKOLUT CAHAHHE NOTO-
KOB OIHOrO M TOroO Ke BELlecTBa, HMEIOIHX PAa3NHYHYIO TeMneparypy.
ITpu »TOM TNpaKTHYECKH HEBO3MOKHO ONPEAe/UTb MAOWAdb MOBEPX-
HOCTH HX TenyoofMeHa, Tak Kak NMPOUCXOXHT B3aHMONPOHHKHOBEHHE
YacTHL KamAoTo W3 noToKes. [Ipumepom Takux annapaTtos SIBJASETCA
CMecHTeNL Topsyell H XONOLHOH BOXBI.

B nosBepxHOCTHEBR X annapartax NOEepeHoC TENJIOTH
OT OAHO# cpefnl K Apyroft APOHCXOAHT UepPes NOBEPXHOCTL pasjena
cpef, KOTOpas MoxKeT ObiTh U BLINOMHEHA W3 HHOPOAHOTO MarepHana,
HaAH o0pazosada B MNpolecce HENOCPEACTBEHHOIO B3aHMOAEHCTBHA
cpen. [loBepxuocrnule anmapathl no cnocofy OpraHH3amHH TNOBEpX-
HOCTH M €e POoJdu B npouecce TenaoobmeHa NMOAPasIeNsioT HA peKyne-
paTHBHEIE, KOHTAaKTHblE M pEreHepaTHBHELE.

B pexynepamusrox annapatax oOMEHHUBAWLLIMECS TENJOM CpPessl
pasjesiensl HHOPOAHOH MOBepPXHOCTLIO TenaoofMena (CTeHKOH), KOTo-
pas WrpaeT RacCHBHYW POMb — pasjiesleHuss cpel. [loBepXHOCTh
TenJoo0Mena npH 3TOM NOCTOAHHA M ONPENENseTcs KOHCTPYKILHed
annapara. :

B xonmaxmuerx annapatax Tenslota oT OAHOH cpensl K Apyrod
NEPEHOCHTCH NMPH HX HenocpeicTBEHHOM B3aMMOREHCTBHH (KOHTZKTE),
B otsinyue ot annapartos cMellleA s, B KOHTAKTHBIX annapaTax HMeeTcHd
NOBEPXHOCTh pazfiena oOMeHHBAIOMHXCA TenJoToll cpea. OnHako 3ra
NOBEPXHOCTL 3ABHCHT HE TOJALKO OT KOHCTPYKUHH anmapara, HO H OT
ycnoBu#i ero paboThi. 310 XKe OTAHYAET KOHTAKTHBIE anmaparthl OT pe-
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KyneparHBHbIX, B KOTOPhIX NMOBEPXHOCTH TEMNIOOGMEHa OMpeenserca
TONLKO KOHCTpYKIHed. [TpuMepoM KOHTaKTHBIX annapartoB siBJASIOTCA
OPOCHTENbHBIE KaMepbi, TPARHPHH H T. I., B KOTOPHIX OGMEHHBAKOTCS
TENJOTOH B3aHMHO HEPACTBOPHMbIE CPEnbl OMHHAKOBOIO WIH DAa3JHy-
1010 ($al0BOro COCTOAHHUSA.

B peeenepamusnpix annaparax ropsuas M XO0J0jHAA CPEAbI OMbI-
BAIOT OIHY H Ty K€ MOBEPXHOCTL TenaoodMeHa nonepemento. O0byHO
BHYTPH TAKHX annaparos MOMEWaloT Hacaiky (HAnoOJHHTENDL), KOTO-
pas CAYKHT aKKyMylfATOpOM Tensaothl. B KauecTse nacankd HCIOMb-
3YIOT KoJblia Paiura, nakertl roppHPOBAHHEIX METaNlHYECKHX JIEHT,
MeTaJlinuecKue cetku 1 ap, IlosepXHocThio TenMooOMEHA B 3THX anma-
parax fiBJfercs NoBepXHOCTh Hacalku. [opsuas cpena B Teyenue He-
KOTOPQIo BpeMEHH OMbIBAeT HacajKy k Harpesaer ee, 3aTem Ha Ty Xe
HacalKy MOMAT XOJ0IHYW CPeiy, KOoTopas Harpepaercs, OXJaias
Hacajlky. B cBA3H ¢ TeM, yTO B pereHepaTHBHLIX annaparax Npoueccs
HarpeBa W OXJam/JEHH OCYUEeCTBJAATCA NepHORHUECKH, IJs opra-
HW3allHH HenpepHBHOH PaBOThl YCTAHOBKH WX OOLINHO KOMMNOHYIOT H3
ABYX annapatoB. Torna B ojHO u TO Xe BpeMs uepes OAHH anmapar
NPOXORUT ropsyas cpena, a yepes JAPyroii — XoJonHas.

Kpome paccMOTPEHHHBIX THIIOB CYILECTBYIOT anmapaTtel ¢ B H Y T
PEHHHUMH HCTOYHHMKAMMH TETNJOTH; BuASIAOLLAACA
BHYTPH HHX TENJOTa OTBOAHTCS oXJdaxnatoineil cpenofi. [NogoGHbie
annaparhl HCNOAL3YIOTCA B XOMOAHALHOH TEXHHKE IJA OXJaKACHHA
GeToHa MPH CTPOHTENBLCTBE IIJIOTHH, 3aMOPAKUBAHHA TPYHTA U CO3]a-
HHA HCKYCCTBEHHEIX KATKOB.

KoHCTPYKTHBHBIE pelreHdA. B XOJMOMH/bHONH TeXHHKe B OCHOBHOM
MPHMEHAIOTCA anmaparthl pekynepaTHBHOro Tuna. Mckmouenne cocras-
JIAI0T IPAAHPHH, KOHTAKTHLIE BO3JYXOOXJAAJHTeNH H HCNAapHTEJbHbLIE
KOHj\eHCcaTophi. B 3aBUCHMOCTH OT HasHaueHUa U ycaosuil paGoTh an-
rapaTbl HMET pPa3fM4HBle KOHCTPYKTHBHEIE petienusi (puc. 19.7).

B annaparax noepyscroeo muna (puc. 19.7, a) xaaparedT ABHXKeTcH
BHYTPH TPY6 3MEeeBHKA HJH [aHeIH, a BO4a WJH Pacco] HaXO[UTCs
B Gake. llupkyasiua paccona obecneympaercs Mewanarami [Ipume-
HeHHe TAKHX HcnapuTesell OrpaHHYHBaeTCs HeNOcTaTKaMH, CBA3AH-
HBIMH € HaJHYHEeM OTKDPRITOH PaccONBLHON CHCTEMAL

HauGombiiee pacnpocTpaHeHHE B XONORHABHON TEXHHKE TIOJYYHIH
koxyxompy6rete annapatbl. Ha puc. 19.7, 6 nokaszane KOHCTpYKUHH
IBYX KOXYXOTPYOHHX Hcnapureneil, B nepsoM XoJ0IHJIBHBIE areHT
XA kunut B MeXTpyGHOM NPOCTPAHCTBE, OXJAXKAAf XJAaJ0HOCHTEMD
XH, rexymuii no tpybam. Bo BTOpOM Henapuresne XJAaAOQHOCHTENMn
TeYeT B MEXTPYOHOM NPOCTPAHCTBE, B KOTOPOM YCTAHOBJIEHB Mepe-
TOPOAKH /IS JIyUINero omeiBanug Ttpyl XaanouocuteneM. B cpfzm
c TeM, 4YTO KO3(HLHEHT TeN00TAaYd NMPH KHNEHHR XJajareHToB
R12, R22 umxe ko3(hHUHEHTOB TENNOOTAAYH CO CTOPOHBI XJAJOHO-
CHT@MSI, TOBEPXHOCTb CO CTOPOHH XJajaaredta opefpserca. Momxer
OBiTb KaK Hapy’HOe, TAK H BHyTpeHHee opeGpenue TPy6.

Ha puc. 19.7, ¢ npeacrasienbt KOHCTPYKUKH COPH30HTANLHOTO H
BEPTHKAILHOrO KOXKYXOTpYyOHLIX KOHjzeHcatopoB. Topadguit napood-
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Puc, 19,7. OcHoBHBlE TEIL TeNJIOOGMEHHEIX ANNAPATOR XOTOMINILHEIX MALHH (XA —,
xnagareut; XH — xJIAROHOCHTENb)

PasHbIA XJajareHT nonajaer B MeXTPyGHOE NPOCTPAHCTBO annapara
rae KOHIEHCHPYeTCA Ha XOJOAHOH TOBEPXHOCTH TPYD, NO KOTODBIM
nporexkaer poma B.

Ilns oxaamaenus BOAK B CHCTEME OBOPOTHOTO BOJOCHAGKEHHS
IUMPOKO HCMO/AL3YIOT BEHTHJATOPHLIE FPARKHPHH C HACANKOH pasniuy-
HEX THNOB (puc. 19.7, 2). Boga B B uuX pasGpHI3ruBaercs dopeyH-
KaMH M CTeKaeT no Hacanke BHu3. HaBcTpeuy aswmixercss Bospyx Ba.
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Hexoropoe xoinyectBo BOABI npH 9TOM HcnapsaeTcs. Has unredcudu-
KallHH NpOIecca HCTapeHHA YBEJHUHBAIOT CKOPOCThL IBMHMKEHHS BO3-
JyXa OTHOCHTEJBHO [IOBEPXHOCTH BOJH 32 Cyer BeHTH/IATOpa, B Takux
rpafHpHAX HCNOAL3YIOT KaNHAAAPHYIO NEHOUHYH Hacajky, o6pa-
30BAHNYK NJACTMAcCOBWMM JIHCTAaMH MJAM aJIOMHHHEBOH (OJBrOH.

Bee Goablliee npuMeHeHHe NOJY4alOT HelapHTelbHHE KOHJEHCa-
Toper (puc. 19.7, d), B KOTOPBIX KOHAEHCATOP M FPajUPHS 0GbENLHHEHD
B ofiuH arperaT. Boja ucnapsierca ¢ yBJaXHeHHOH NOBEPXHOCTH TPY6
KOHJEHCATOPA 3d CYeT KOHIEHCHDYIOLUIErocH B 3MeeBHKE XJajareHra.
Bea rensiora, OTBeseHHas OT XJajareHTa B KOHAEHCATOPE, BOCTIPHHH-
Maercst Boz3jyxom Ba.

KoHCTPYKIHH BO3LYIIHEIX KOHIEHCATOPOB M BO3AYX0OXJaXuTenel
anasoruunnl {(puc. 19.7, ). 310 nNyuku CTadLHHX, OpeGpeHHHX CO
CTOPOHE BO3AYXa TPpyO ¢ NPHHYAHTEILHBIM OGIYBOM MNOBEPXHOCTH
BEHTHJAATOPOM. B Manmx M CPeANHX XOJOAMJLHEIX YCTaHOBKaX,
paboraiomux Ha GTOPUPOBAHHBIX XJajareHTax, BO3AYIUHBIE KOHJIEH=
caTtopsl ¥ BO3LYXOOXJALHTENAH BLINOJHSTIOT H3 ~opeGpPeHHBIX Mel-
HolX Tpyo.

19.5.2. Qcroenbie NOAGHEHUR MENAGETEd pacHema

Hecmotpa Ha muoroofpasue KOHCTPYKTHBHBIX THIOB H NPHHIHIOB
pafioThl annapaToB NPOLECCH TeNJI00OMEHA B HHX NOAUHKAIOTCA OOMHM
3aKOHOMEPHOCTAIM, H OCHOBHEIE MOJIOXKEHHA MeTOAHKH HX pacyeTa Mo-
TYT 6HTh PACCMOTpeHH B OOeH NocTaHOBKe.

Ilpu TenaoBoM pacyeTe annapaToB MOTYT BO3HHKHYTh [IB€ OCHOB-
Hbie 3afayH.

1. [lpn sananHBIX napaMeTpax NOTOKOB Ha BXOJEe M BBIXOAE H3
annaparta i THOE TENJIOO6GMEHHOI NOBEPXHOCTH ONPENeUTL Tpedyemyto
NICmMAajAk NOBEPXHOCTH Ten00OMEHA H NPOH3BECTH KOHCTPYKTHBHYIO
ero paapaGoOTKy.

2. Ilna pealbHO cyliecTBYIOWEro annaparta NPH 3aJaHublX napa-
METpax NOTOKOB HA BX0JE ONPEeNeJHTb KOJHUECTBO [epelaBaeMoif
TeMJIoTHl W TapaMeTphnl MOTOKOB Ha BRIXOIE W3 ammapara.

[Teppasi 3ajnaua THOHYHA AN KOHCTPYKTHBHOTO pa-
cyera, a BTopas — A1 nmpoBepoudHoro, TenjoBoi pacuer
TenI006MERNBIX annapatod (KOHCTPYKTHBHBIR H NPOBepPOYHLIE) Ga3u-
pyeTcsl Ha ypaBHeHHAX TennaoBoro GajaHca H TenJjonepenaud. Pac-
CMOTPHM HX LISl cJy4asd CTalHOHAPHOrO Ten/oofmena.

¥Ypasnenne tennoBoro 6ananca. 1A pexynepaTHBHOTO annapara,
ec/in  npenebpedb TemJOBLIMH TMOTEPAMH B OKPYHAIOWYIO cpefy,
MOM¥HO HaMUCATb ypapHenHe GanaHca TenJIoThl Ha GECKOHEYHO Malo#

AOBEPXHOCTH
dQ = Mdiy = Mydi, = ..., (19.45)

rae dQ — Tennoso#i noTOK, nepenasaeMbldi mosepxnocThio dF; M,
M, — maccornie pacxo/ibt OOMEHHBAIIHXCS TENAOTOH cpen; iy, {p —
30TaABNMI NOTOKCB liePBOI B BIopoil ¢pel Ha yuasixe dF.
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Hnaa rtennoo6Mena ¢ ofgHodasHEIMH TEIJO- M XJ3aAOHOCHTEAAMH
ypasnenue (19.45) ynoGuee npefcTaBuTh B BHie

dQ == A’flel dTl = Mchngz = .y (19.46)

TA€ Cpy, Cpp — YAETbHBIE TEMJOEMKOCTH MEPBOTO H BTOPOrO TNOTOKOB
NpPH WX cpenHHX HA 3heMenTe dF rtemneparypax Ty, u T,.
[ponzsepenne Mc, (B1/K) gBiasercs noasofi TenaoeMKocTbio
MOTOKAa ¢ maccoBblM pacxozom M npu Temneparype T. Ee oGoszua-
uapeT W U HA3BIBAIOT MERA06bLIM HIIH B00RHbLIM IKBUBAACHMOM NOMOKa.
Hna nepsoit u BTOpO# cpen umeem W, = Mc,;; W, = MyCps.
Torna suipamenne (19.46) mMoxHO NpejpcTaBuTL B BHjE

dQ = W, dTy = W, dT,, wnn | dTy/dT, = Wy/Wy. | (19.47)

U3 ypasuenun (19.47) caepyer, 4TO OTHOWEHHE U3MEHEHUS TeM-
neparyp cpej Ha JHOGOM JIOKaILHOM Y4acTKe Tensoo0MeHHOH nosepx-
HOCTH O0paTHO NPOMOPIHOHANLHO TEMJIOBHM 3KBHBAJEHTAM HOTOKOB.
Ecan pacemarpusate npouece TenaoofmeHa Ha BCeHf NOBEPXHOCTH,
TO B peésyabrare HATerpupoBaius ypaBHeuus (19.45) nomyuum

Q= M, (i1 — i]) = M, (i5 — i), (19.48)

”

rlie HHIEKCHI ’H OTHOCATCA K napaMeTpam noToKa Ha BXoJie H BBIXOj€.
YCIOBHO MPHHATO, YTO TENJioTa Nepejaerca OT NepBoil cpeul
KO BTOPOH.
Ananornyno ypasHetuio (19.47) B cayyae TensnooGMeHa ¢ OxHO-
¢a3HbIMH TENJO- H XJaAOHOCHTENNIMH A5t annaparta B Ie/JOM MOMXKHO
3anucarh

Q=W (T{ — T}y = W, (Ts — Ts), (19.49)

rae Wy = Myc,,, W, = M,yc,, — cpeaune TemoBbe 5KBHBATEHTH
NOTOKOB B anmnapare; &), €,y — CPEAHHE VJIEJbHBIE TEMJ0eMKOCTH
NOTOKOB.

Buipamenue (19.49) spasercs ypaBHenueM TemsoBOro GafaHea
annapara. B annapartax ¢ ¢asosbiMH nepexozamu (KonneHcaropax,
HCTIAPHTE/IAX) TEMOEPaTyPa XJalareHTa B npoleccax KOHACHCAIHH H
KUTICHUA HE HM3MEHAETCH, YTO COOTBETCTBYET GEeCKOHEYHO GOMbuof
TEMIOEMKOCTH M TeNIOBOMY B5KBUBANEHTY XJanareita W, = oo,

Ypapnenue rennonepenaun. Jasa Geckoneuno MaJsioft NOBEPXHO-
CTH annapara ypasHEHHE TeNJONEPeNayH HMeeT BHJ

dQ = kOdF, (19.50)

rae k — JokanbHOe 3HaweHHe KodbdHIMeHTA Tenaonepefaqu; O ==
= Ty, — T, — reMneparypubifi HaNOP Ha yyacTke MoBepxHOCTH dF.

B obwem cayuae Temmeparypubiii Hanop M KOSBGHUHERT Tenmo-
nepelayd Ha pas/HYHBEIX YYaCTKax TeNJonepeaioileil NoBepxHOCTH
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B npoiecce TenJsoofMeHa HaMenawTesa. CheosaTesbHO, 1A HaXO0XK/le-
HHA TENJOBOTO MOTOKAa, NepeiasaeMoro B annapare, HeoOXOAHMO Npo-
uHTerpupoBare ypasHenue (19.50):

F
Q = | 40 dF = kFO,, = g,F, (19.51)
0

F

rpe 0,, = (1/F) J 6dF — cpepunii mo moBepxHOCTH TeMnepaTypHLIA
0
Hamnop.
Bripaxenne (19.51) sBaserca ypasHeHHeM TenJonepejayd B an-
napare. k3 Hero ofw4HO onpefeisior TpefiyemMylo NOBEPXHOCTE

TennoofimeHa

‘ F = Q/k8,0) = Q/ds- (19.52)

Cpenuuit TeMnepaTypHbiii Hanop. XapaxTep H3MEHEHHA TEMIEpa-
TYpPHOTO HATlOpa Ha ydacTKax amnmapara 3aBHCHT He TONLKO OT TemJo-
BLIX 5KBHBAJIEHTOB Cpejl, HO ¥ OT cXeMul UX ABHxeHus. Hanboaee npo-
CTLIMH CXEMAMU JBHIKEHUsT CPEX ABIAWTCS: npasomok (puc. 19.8, a),
npomugomox (puc. 19.8, 6), nepexpecmuwiti mox (puc. 19.8, 6). Cyiue-
CTBYIOT aNNapaThl # ¢ 6o/iee CJAOMKHBIMHE CX€MaMH JBHKEHHA NOTOKOB!
cmewannoll (puc. 19.8, 2), cormemaiomedi NpAMOTOK ¥ NPOTHBOTOK;
MHo20KpamHo nepexpecmnozo0 moxa (pac, 19.8, 0).

B cayuae ecsid onna H3 Cpea He MeHsieT cBow Temneparypy(W =
= oo), HanpaB/JeHHe ABHMXEHHsA HE OKa3biBaeT BAMAHHA Ha CPEAHHMH
nepenaj TeMnepatyp Aas Mo60o# W3 cxem asHxeHHs. Ha puc. 19.9, a, 6
npejacTaBJedbl QyHKIMOHANbHbIE CXeMbl H XapakTep H3MEHeHHS TeM-
nepaTyp B HcnapuTese, KOHJEHCATOPE H peKynepaTHBHOM TenJoo0G-
MEHHHKEe XOJOAHNbHOA MaluHbl. B MemapHTE e XJajareHt
KHIIHT OpH NocToanuol temnepatype Ty = T, u 3aTem neperpesaercs
no Temneparypul T, NPH 3TOM XJaAOHOCHTEb OXJaxjaaercss oT T,

9 I 1 " IR 1 b
-~— P o7, -— -
|, I AT SIS SIS IITY |
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Puc, 19.8. Cxems! ppiuxenns cpej B annaparax
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Pue. 19.9. Xapaktep naMeHeHHs TeMIIepaTyp cpel B aufiapatax

JoT,,. B xouaencaTope meperpersit nap, nocrynas B annapar
¢ Ttemneparypoit T,,, oxnamuaercs A0 TeMnepatypnl KoOHAeHCALHH
Ty (cOuB neperpesa), KOHINEHCHP YETCS NPH 3TOH TeMNepaType, a 3aTeM
KOHIEHcaT oxJAaxJaeTca Ao TeMmnepaTtypu 7T, (nepeoxnamijenue).
Cpeza, oxJaxjaomas KOHAGHCATOD, HM3MEHART CBOI TEMIEpaTypy
or Ty, o Tp,. B perkynepaTHBHOM TENJOOGMEH-
HHKE XUAKHHA X7aJlareHT oxJaKaaeTcs OT Temneparypul T,, 10
temnepatypnt T,,, a napooGpasHbli XJalareHT HarpeBaetcss OT 7Ty,
no Ty, M3 pue. 19.9, 6 Buano, uro B HchapuTese H KOHJeHcaTope
npoueccsl H3MEHEHHA COCTORHHYA XJaJareHTa UMEeT PasHyo NpHpORY
(Kax ¢ (pasosBbIM NepexofoM, Tak H (€3 Hero).

HeBoaMoxHOCTb pasjieneHna 5THX MPOLECCOB B pealbHbiX annapa-
TaX NPHBOJAMT K HEOGXOAMMOCTH HCMO/AbL30BATL NPH pacyeTax YCJOB-
HYI0 cXeMYy H3MEHEHHA TeMIeparyp no xJaaparedty (puc. 19.9, 6).
O6biyno npunumaor Ty, = T4, = T,, NpH 3TOM A4S MCNApUTESA

Ty = T,, a ana xounencaropa T, == T, CpegHuil TeMneparypubii
Hanmop B annapate onpeaenasior no gopmyne
0, = (85 — 0,)/In (B6/0y), (19.53)
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rae 95, 0, — GOJbIIHA ¥ MEHBIIMH TEMIEPATYpPHHE HANOpH B am-
napare.

Beanuuny 0,,, onperenennyio no dopmyse (19.53), naswBaioT
CPEOHEeA0ZAPUPMULECIUM MEMNEPAMYPHBIM HANOPOM, KOTODHH NOJdy-
yeH B peayJbTaTe TeopeTHuyeckKore peiteHuss pacrogpa a1s annapa-
TOB, MMEIOWHX TOCTOSHHLIE TEMJIOBHIE 3KBHBAJEHTH MOTOKOB H He
3aBUCALLHE OT JIOKAMLHOH PA3HOCTH TEMNEPaTyp KOIPhHIUEHTRI TENIO-
neperaun. CaenyeT OTMETHTB, YTO B HCNAPHUTENsAIX M KOHMEHCATOPAX
JIoKanbHbIe KOGhHUIMEHTE TENJIONEePeayl 3aBHCAT OT PA3HOCTH TEM-
neparyp, u ypastnense (19.53) apasercss AAs 3THX yC/AOBHH npubiaM-
KenHpiM. Ecain reMnepaTypsl cpei H3MEHAIOTCA MO NMOBEPXHOCTH an-
napata HC3HAYHTRNBHO, TO CPEJHHH TeMnepaTypHBIi HANOP MOXKHO
OnpeleqHTb Kax cpeaneapudmernueckuii 6, = 0,5 (85 4+ 8y). Cpena
nHeapudMeTHyeckHii Hanop scerja Goablue cpefnenorapudMuyeckoro,
u npu B6/0, < 2 oHH pazauuawTcd He Gosee uem na 3 %. Jna
CTOXKHBIX cXeM ABuenua 0, paccuuThiBaioT Kak A NPOTHBOTOKA
¥ YMHOXAIOT Ha TNONPaBOYHBIH KO3(PPUIHEHT Eg, 3HAUEHHA KOTOPOTO
IS pPa3/MyYHBIX CXeM HABHKEHHA TPHBOAATCA B ClenuansbHOH JH-
tepatype. A KOHAEHCATOPOB M Hcnapurened eg = l.

KoadduunenT rtennonepelayn M CpejHAs MJIGTHOCTL TeNJAOBOTO
notoka. Panee 6bIH NOJYYEHEl BRIpaXKeHHA 115 pacuera kosdodu-
UHEHTOB Tenjonepejays opeOpeHHBIX W HeopeOpEeHHLIX CTEHOK NpH
yC/IOBHH HeH3MEeHHON DA3HOCTH TeMIlepaTyp H Ko3(ppHUHEHTOB TelJo-
OTAauK Ha JIG0OM 3/IeMEHTe TTOBEPXHOCTH. ECin B pealbHOM annapare
COXpPaAHMIOTCH AHAJOTHYHBIE YCJAOBHA, TO pacueT Ko3(ppHIHEHTOB Temn-
JIOTIEPeaYH MOeT OHITh BHITIOJIHEH HO 3aBUCHMOCTAM, MPHBEASHHEIM
B § 19.1, 19.2, 194.

B pane npakTHueckHX clyyaes, KOMAa KOPPHIHEHTH TENJIOOTAAYH
CpPeNl MaJo M3MEHSIOTCS 1O MOBEPXHOCTH amnapara, MOXKHO paccuyll-
TaTh CpeaHee AJs annapata 3HaueHue KosdpuuueHra rensonepenauu
k. Ilpn omuBakoBBIX TapaMeTpax OGMEHHBAIOWHMXCH TEILIOTOH cpej
(pacxoaax, TeMmepaTypax, CPEIHHX CKOPOCTSX ABUIKEHUA) 3HAYEHHE &
3aBHCHT OT TOH MOBEPXHOCTH, K KOTOPOH ero otHocAT. IIpH oTHeceHuu
K Hap%muoﬁ NoBepXHOCTH TeIoo0MeHa, [0 aHAJOIHH € YpaBHEHHEM
(19.42),

ky == Vlljog 4 (Fu/Fr ¢ ) X (B/hi) + (1/oten) (Fu/Fem)l;  (19.54)
fip# OTHECCHHH K BHyTpeHHef:{ NMOBEP XHOCTH
kBH = “[(Umﬂ} (FBHfFR) "(L“ (FBH/FT. [+ 1)2 (5:/7\:) + 1/.0513111’ (1955)

rre Y (6;/A;) — Tepmuueckoe conpoTHBIeHHe CTEHKH C YUeroM
sarpazHenudt; F, .; — miaomans j-H 3arpA3HeHHOR TNOBEPXHOCTH;
npUHAMAOT Fy 1= Fpy IPHW pacueTe TePMHYECKOTO CONPOTHB/EHHS
¢ BHyTpeHHe#d cropounl, Fp o = F, = 0,5 (Fy + Fy,) npu pacuere
TEPMHUYECKOTO CONPOTHBJAEHHA CTeHKW annaparta, F, .3 = F, npu
pacyeTe TepMHUECKOro COMPOTHBACHHUSI C HAPYMHOW CTOPOHHI.
¥Ypasuenus (19.54), (19.55) npuMeHHMBI B calyyasix, Korja sg-
dexktuBrOCTE pebep E, & 1, 4To uMeeT MecTo B KOXKYXOTPYyOHBLIX:
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KOHIEHCATOPAaX H HCNADHTENNX € MeIHHIMH TPYOKaMH H HaKaTHBIMH
pe6paMH MaNo#l BHICOTH H CPaBHHTeJbHO GOJbIIOH TOJNWHHLL. Ecan
E, < 1, nanpumep B OpeOpeHHBIX BOZAYWIHHX KOHJeHCATOpax,
BO3JYXOOXNAiHTeNRX H T. A., TO B Buipaxenusx (19.54) n (19.55)
BMecTO K0apHUHEHTOB TENNIOOTAAUH CO CTOPOHK OpeGpeHHoH noBepX-
HOCTH NOACTABAAIOT NpHBEACHHHIE KO3(DOHUHEHTH TeNJOOTAA4H, Pac-
cuutaHnsie cornacHo § 19.4. Torpa npu HapyxHOM opeGpeHHU:

kn = ln‘iiﬂ:’rasﬂ <+ (FHfFT c j) E (611’?%') "I‘ llianp. n]; (19'56)

kyu = 1/[1/atpy + (Fu/Fq. ¢ j) E (ain"li) I 1/(aﬂp- uf)]- (19.57)
Cpe,[LHﬂH NJAOTHOCTL TEIJIOBOTO IIOTOKA:

Gr, = ki Gr,, = kuubo. (19.58)

Ouesnpno, uto gr p = gr_ .

19.5.3. Anaaumuneckutl 1 epagoanarumuteckull
Memoder MenAosoeo paciema annapama

Kak oTmewanoch paHee, TenJioBOH PacyeT annaparoB BHIIOJHAKOT
NpH KOHCTPYKTHBHOM H NMPOBEPOYHOM pacyeTax. PaccmoTpum meTofs
H NOCJeA0BATENLHOCTh KOHCTPYKTHBHOTO pacyera Kak GoJee ofiero.

[lpn KOHCTPYKTHBHOM pacyete 3ajaHhbi:

1) Tn annapata u oflHe reoMeTrpuYeCKHE XapaKTEPHCTHKH MO-
BEPXHOCTH TenaoobMeHa (pazMepnl Tpy6, opefpeHHN, MaTepHAaM:,
Ocr M AP.);

2) napamerpbl cpen Ha BXOJe H BLIXOAe M3 annapara (Temnepa-
TYPH, AaBJeHHR, TIAPOCOAEDXKAHHA H T. L.}

3) TenJioBasi MOI(HOCTb afNapara WAH pPacXoll Cpel; XapaKkTepHble
CKOPOCTH 00TeKaHHA nOBEPXHOCTH TelloofMeHa cpelamH AJs anna-
pPaToB C BHIHYK/JEHHBIM KOHBEKTHBHBLIM IBHXKEHHEN.

[Ipn takoi nocTaHoBKe 3aja4yd 3aj4aH JNEeHCTBUTERBHBLIN XapaKTep
H3MeHeHHR TeMnepatyp B annapare (cM. puc. 19.9, 6). Pacxoaw cpejn
OnpeflenfloTCA M3 TenJoBOTO Ganauca [cM. ypaBhenne (19.48)1:

My = Qilia, — ia,); My = Qiip, — is,)- (19.59)

Tenstopoit MoTOK Q ¥MeeT 3HAaK MHHYC, CJH TENJOTa OTBOXHTCSH
OT IaHHOW Cpeabl, H NJKC, ecAH noiBoAuTcs. Ecam sanan pacxon
OJHOH M3 cpell, To H3 ypaBHeHHn (19.48) HaxomAT TeNNOBOH NOTOK U
pacxoA Apyroii cpeast. Janblue pacyeT BeayT B CJelyiolleM mopsjke.

1. [lo npHHaTOH pacueTHOH CxeMe H3MeHeHHR TeMmneparyp (cM.
puc. 19.9, ¢) cnpeleantor Bg, 0y, 65/0, W CpenHHH TeMnepaTypHbIH
wanop 0,,. [Nocreanuii waxonst u3 BHpaxenus (i19.53).

2. OnpejensiioT cpeinne napaMeTpsl NMOTOKOB B annapare H CBOH-
CTBa Cpej MpH 3THX napamerpax. [Ins ucnapHTenell H KOHJAEHCATOPOB
npunnmator T, = Ty, T, = T, & 0,,, Tle sHaK NAWC — AJAg HCha-
purenefi, MUHVe — a8 Kounercartopes Jlna nerynepaTiBHRY Telao-
OﬁME’l-ll]llKOU. NGIOKH KOTOPBEX HE fnpereplesakT q]aSOBbIX fipespatie-
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HHIl, CPEAHIOI TeMNepaTypy MoTroka ¢ GOMbLIHM TenJOBbIM SKBHBa-
JEHTOM NPHHHMAIOT paBHOH cpeiHeapudMeTHYecKoif, a Apyroro mo-
TOKa ~— BBIPAXAIOT Uepes CPERHION TeMmIllepaTypy I1epBOrd H Temme-
parypuulit Hamop 0,. Hanpumep, B coorserctBuu ¢ puc. 19.9, @

A TpeThero cAydas {(IpOTHBOTOYHOrO TenoobMeHHHKa) T, ==
=05 (To, + Ty,); To= T — Oy

3. Bribupaior HeofXoAHMLIE YPAaBHEHHS 1A pacyera Kos(ppuIlHeH-
TOB TEIIOOTAAYH KaxkJAoi M3 Cped B 3aBUCHMOCTH OT XapaKTepa Ipo-
11ecCOB (BHIHYXKJEHHAS MJIH CBOGOJAHAS KOHBEKUMS, KHIOEHHE HJH KOH-
JeHcauusa W T. [I.) H TeOMeTPHH MOBEPXHOCTH TennoofMeHa.

4, AHaMU3HPYIOT 3aBHCHMOCTH KO3P(PHUHEHTOB TEMA0OTAauH OT
TeMMepATYPHLIX HAMOPOB ANfA KaxIOoH M3 Cpen.

5. BuifHpator MeTon pacyera cpepHeH TJIOTHOCTH TenJoBOTO TO-
TOK2 §p. C BEIGOPOM criocoGa onpeieseHHsI Jp M CBS3aHO OTJHYHE
AHANHTHYECKOro M TpadoaHaJHTHYeCKOTO METOAOB pacyera.

Tlpu Hesasucumeix OT TeMmepaTypHBIX HanopoB KoadduuueHTax
TenJaooTAayH 06eHX CPej NpeinoyTHTeNbHee a HAM HTHUY e C K H i
MeTOJ, OCHOBAaHHLIH Ha HCNOAL30BAHHH KO3((PHUHMEHTOB TEnao-
nepejaun. 2TOT MeTO)] H3JoxeH B n. 19.5.2.

Ecau B npouecce TenyoobMeHa KOo3(p(HIUMEHT TENJAOOTAAYH XOTA
On OnHOI Cpeibl 3aéucum OT TeMIepaTypHOTO Hamopa, TO H B 3TOM
cJyyae MOKHO TPHMEHHTb 2HAJHTHYECKHI MeTOX, Ho pacuer 6yner
fosee TpyLOeMKHM, TAK KaK TpebyeT nocieloBaTelbHbIX NpHOAHKe-
Hui. B 3toM cayuae nocTynator caefyioniM o6pa3oM. 3a1al0TCH Cpe-
Hefl TemnepaTypoi cTeHKH. B nepBoM npHGMHKEHHH MOXKHO IIPHHATb
Tep = 0,5 (T, -F Ty). s npunAToll cpeaHeli TeMIepaTypsl CTeHKH
T.r W 33JaHHOH CpejHeH TeMNepaTypul NOTOKa, Hanpumep T,, pac-
CYHTHIBAIOT CPeaHHl KoahpHUHEHT TensnooTAaud G, H KosGuimenur
Tennonepenayd &, oTHeceHHHH K BHOpaHHOH onpenesioliled nosBepX-
HOCTH (BHYTpeHHeH, HAapyxHOH H T. A.). 3aTeM NpOBEPFAIOT, COOTBET-
CTByeT JiM BeiOpaHHAf TeMMleparypa TcT 3HaYeHHIO, OTBeYamlleMy

YCROBHIO CTauHOHapHoro npouecca o, (Top £ T4) = kB, oTKyna
S (Eemlaa) =+ Tcu (1960)

rie 3HaK MJIOC COOTBETCTBYET clydaw 1o, < Ty, a munyc — 7>
2o P

[lpn HecoBuajeHHH NPHHATOTO H TOJYYERHOr0 HO YPaBHEHHIO
(19.60) suauenuit T, 3Ty TeMiepaTypy YTOUHSIOT H pacyer IOBTO-
pPAIOT, ¥ TAK A0 TeX Nop, NMoka oHH He coBnanyt. [To kosdduumenty
TenJonepenayy H NoJy4eHHOMY NpH 3TOM CpeJHEMY TeMnepaTypPHOMY
Hanopy 6, HaXolsT CpPEIHIK NJOTHOCTH TENINIOBOTO INOTOKAa §p,
OTHECEHHYI0 K COOTBETCTBYIOUIeH MOBEPXHOCTH.

B takux cayuasx, T. €. Korga xora Gbl OQHH H3 KOa(PuIUHEeHTOB
TenJoOTAa4yH Cpej 3QsUcu OT TeMnepaTypHoro Hanopa, Gonee Jerkum
apagerca rpadoaHaNHTHUYECKHHA MeToOn onpeleieHus
cpeiHel NJOTHOCTH TEIIOBOrO MOTOKA.
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IpadoananuTuyeckit MeTol Haxo:NeHHA §r OCHOBAH Ha rpadH-
YeCKOM OTpefeieHHH P2ABEHCTBA MPHMBEJEHHLIX K OQHOH M TOH Xe To-
BEPXHOCTH Tenoo0MeHa NMAOTHOCTEH TenaOBbIX MOTOKOB (NPH CTAlHO-
HADHOM Npouecce), nepejaBaeMbX OT TMEPBOI CPeAbl K CTEHKe M OT
CTEHKH KO BTOPOH cpefe:

Jr = Gra = Grvs Gr = a8y = @0, = kO, (19.61)

PaccMOTpHM 3TOT METOA Ha TIpHMepe pacyera KoXyXoTpy6GHoro
HeopeGpeHHOro HCIapHTeAs M KOHAeHCAaTOPa XOJOAHJILHOH MallHHBI,
B KOTOPbIX NpOoUECcCH TensoofMeHa ¢ Ga30oBEIMH NlepexofaMH (KHIeHHe,
KOHJleHCAURA) TPOHCXOAAT CHApyxH TpyD, a oiHo(pasHOTO KOHBEK-
THBHOTO Tenfoobmena XAaMOHOCHTENA HAH BOAB — BHYTPH TpYyo6.
[Tpennosoxum, uto ¢ ofeux CTOPOH MOBEPXHOCTH MMeIOTCs 3arpa3He-
HU#, OUEHHBAaeMble TepMHUECKMMH CONPOTHRAeHMAMH R, = &,/h;
Rau = 0.4/Mhsy. TepMHYecKoe COIPOTHBJEHHE HENOCPEeACTBEHHO CTEHKH
oueHHBaercs Benuannoll K., = 8../h.;. Ha puc. 19.10, a npencrasnen
Xapakrep H3MeHeHHs TeMnepaTyp B NonepeyHoM CedeHHH TPYOnl A/
ucnapurens, a Ha puc. 19.10, 6 — ana KoHleHcaropa. ByJem orHo-
CHTb pPAacyeTHYIO CPelHIOI0 IIMIOTHOCTL TeNJOBOr0 NOTOKA K Hap yXKHOH
NOBePXHOCTH, HA KOTOPOH NPOHCXOAAT (ha30BbIe NepeXxonbl, H CYKTATh,
4T0 KO3(PPHRUHEHT TennooTJaud &, 3aBHCHT OT TeMuepaTypHOro Ha-
nopa, T. e. OT MJAOTHOCTH TEIJIOBOTO MOTOKA.

HanpuMep, ana pacyera ko3(pHIHEHTOR TeNJIOOTA3YM TIpPH pas-
BHTOM NY3WPLKOBOM KHMEHHH B KOXKYXOTpYOHLIX annapatax HCOoJb-
3YIOT 33aBUCHMOCTH BHAA

o = CoftF (10) (Ry/Ryp)™ Ento (19.62)

3nect 0603HaYeHH AHAAOTHYHLI NPHBOAHMEIM B § 17.6,
Ilpr HenameHHoli TeMuepaType KHNeHHH H OAHHAKOBOH reoMeTpHH
annapara BupaxedHe (19.62) moxHO npeAcTaBHTL B BHAE

d, = Bigh (19.63)

rhe B) = CoF () (R,/Ry:)™ €,8,, — NOCTOSHHAS, YUHTHIBAWILAS BJH-
fiHle Ha TenJaoofmed BCeX (aKTOPOB, KpPOMe MNJOTHOCTH TENJOBOIO
NOTOKAa 4.

[aa xonzencatopa pacuerHad dopmyna Ko3(pbHUIKEHTOB Terno-
OTAa4H [IpH KOHJAEHCANWH Ha MHOTOPSLHOM NYYKe TPY(0 HMeer BHJ
(cm. § 17.7)

Gy = C vV rgp®h(u0dy) €ne 8,8, (19.64)

[lpu nocrosHHOR Temmeparype KOHJEHCAlMH W HEH3MEHHOH KOH-
CTPYKUHH annapara ypaBHenHe (19.64) MOXHO npeicTaBHTL B BHAE

a, = Bo—-, (19.65)

e
rae B, = C V/ rgo®a¥/(ud,) En€,€,E, — TOCTOSIHHASN, YYHTHIBAIOWAN
BAMAHHE Ha TtenaooGMmeH BceX (PaKTOPOB, KpOMe TeMNepaTypHOro
nanopa 0.
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-

Pue, 19.10. K rpadoananuruueckoMy pacuery: @, @ — HCRAPHTENS,;
6, 2 — KOHJeHCaTOpa

Jlna rpadoananuTHuecKoro pacyera 3asHcHMocTH (19.63) 1 (19.65)
[pencTaBAfOT B BHae QyHKuMUM §p = [ (). M3 ypapnenns (19.63)
@, = Bigf = §p/0, MOXKHO nNOAYYHTH

dr = (B,9,) /0—m, (19.66)

e 8, = Tox — T, (puc. 19.10, a).
AuanoruyHo u3 ypaeHenusa (19.65) @, = B,0~'* = §./6, no-
Ay4yaem .

g = BAY, (19.67)

rae 8, = T, — T, (puc. 19.10, 6).
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ITnoTroCTe TENNOBOrG MNOTOKA OT BHYTpeHHeH CTEHKH TpYOH!
K Bole (KOHAEHCATOP) HJH OT XJIaAOHOCHTeNA K CTeHKe TP YO (Hcma-
PHTENB} C yueToM BCeX TepMHYECKHX CONDOTHBJEHWH, KpOMe COnpo-
THBJAEHHUS CO CTOPOHM XJajarenrta, onpejensercs no dopmyne

‘71?‘ = Gb/[(]fab) (Fpacime;)] ‘JF (‘SCTMBT) (F'pachT. c) +

“l“ (GBH/?\‘BR) (Fpac/Fnu) '}L (Buffhu) (Fpac/Fn)- (1968)

3aech MAOTHOCTD TEJIOBOTO MOTOKA AOJkHA ObITh OTHECEHA K HAPYXK-
HOHl NOBEPXHOCTH, T. €. Fpae = Fy, Kax GwisIo NPHHATO Npu Onpe-
JNeNeHun a,. Temnepa'rypﬁbm nanop 0, = T, — Ty, ANA pacuera
ucnapurens ¥ 0, = T.. — T, — koHneHcatopa. Jlas HeopeOpeH-
HHIX Tpy6 FII/FBH = dn/dnu; F!J/F'r-c = an/(dn & dalt)-

[Tpu rpatdoananutrueckom mMerone (puc. 19.10, 6, &) no ocu abeuuce
B MacliTabe OTKJAajnBaloT 3HaueHHe B,. 3 0poTHBONOMOMKHLIX
KOHUOB MOJAYYEHHOr0 OTpe3Ka, 3ajaBasich PANOM 3Hadenui O, u 0,
CTPOSIT 3aBHCHMOCTH G, = [ (0,) M §r, = [ (8,), Hcnomb3ysa ypas-
uenus (19.66)-—(19.68), npuyem BolpamenHe (19.68) sapaserca ypas-
HeHHeM NpfMOH JHHHH, T. €. LI ee MOCTPOeHHA AOCTATOYHO ABYX
TOUeK, OAHA W3 KOTOpwX coorBerctByeT 0, = 0, a Bropaa nwboH
Beanyune. [1pw stom 8, + B, = 0, a Benuuuuu 8, 1 B, H3MeHsoTCH
or 0 10 0,,. [lepeceuenne kpHBLX Ha rpaduke — touka P (puc. 19.10,¢
aas ucnaputens u puc. 19.10, ¢ naa KoHAeHCaTOpa) COOTBETCTBYET
CTAallHOHAPHOMY pexHMYy paboTH anmapara, NpH KOTOPOM g, ==
= Grp = qp-

6. Ilo wH3BecTHOMY 3Ha4YeHHIO CpeAHell NJOTHOCTH TeNJAOBOToO
MOTOKa {p, OTHECEHHOTO K HApPYKHOH MOBEPXHOCTH, H TernJoBOMY
NOTOKY @ onpeiensiioT TpefyeMyio NACWAAL HAPYXKHOH MOBEPXHOCTH
TerioobMeHa — 1o dopMyne (19.52). Beanuunbi B H @, HaXousT
u3 cootHowenun (19.61).

B xanbpHelimeM npH KOHCTPYKTHBHOM pacueTe J€/alOT KOMIOHOBKY
annapara # onpeie’sioT ero AJHHY, YHCJI0 X008, yHcao Tpy6, AHa-
merp ofeda#ikH u 1. n. [lpH npoekTHoM pacuere BuIGHpalOT GNuxkKai-
IIHH N0 NAOWIAAM NOBepXHOCTH annapat, AN KOTOPOro BLIIOAHAIOT
OpOBEPOUYHBIH pacuer.

19.5.4. Mposepounsii pacuem menaoobmenrnozo annapama

B Hacrosillee BpeMs AOCTaTOYHO CTPOTHE MEeTOALI NPOBEPOYHOTO
pacyera CYIIECTBYIOT TONBKO ANA PEKYNePATHBHBIX TenJaooGMeHHH-
KOB, ¥ KOTOphIX KO3(HIHeHTh Tenjooriayu B Mpolecce nepeHoca
TEINOTH OCTAlOTCHA HEH3MeHHLIMM M He 3aBHCHAT OT TeMIeparypHLIX
nHanopos. lleabio mpoBepouHoro pacdera annapara 3aflaHHOH KOH-
CTPYKUHH fABJAAETCA OIpefe/IeHHe el'0 TPOH3BOLMTENBHOCTH U TeM-
neparyp noTokoB Ha Buxoae Tg,, Th, (pHc. 19.9) npu 3anaHHBIX
A0 ANH HOBEPXHOCTH Tenaoobmena F, pacxonax cpen M,, M, n ux
Temneparypax na Bxoze T, T%,.

Ha nepsom sTane ucxonfl M3 KOHCTPYKUHH annapata onpegensior
JleHcTBHTe/NLHBIE CKOPOCTH JBHXKEHHS Ka)KNoH H3 cpel H no paHee
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ONHCAHHOH METOJMKE pPACCYHTHIBAIOT Ko3(GPHUHEeHT Tensonepenaun
Tennodu3HueckHe XapaKTepHCTHKH KaxkaoH H3 cpea (A, p, v H T. I.
NPHHUMAIOT DaBHHIMH NPUHATHIM NPH OnpejefieHuH TpeSyeMol Mo-
BePXHOCTH TemJooBMeHa. B cayuae ecau npoOBOJHTCA TPOBEPOYHE
pacyeT 3SKCIJyaTHpyeMOTO anmapata NpH nepesoje ero Ha Apyro#
PEeXAM PafOoThl, B KauyecTBEe MEpPBOr0 npHOAHMEeHUs MOMKHO IPHHATH
3HadenHA TenJoHIUYECKHX XapaKTePHCTHK mo Temnepatypam T,
H Ty, di (C yYeTOM OXMAEMBIX H3MEHEeHHH B Mpouecce) 0o HpHﬁJIH—
JKCHHBIM CpenHuM Temnepatypam Tg ., H T4 ., € NOCACAYIOUWHM HX
YTOUHEHHEM N0 pEByﬂbTaTaM pacuera.

[lpuvem, uTo anmapat NpPOTHBROTOUHLIA H TennoBoH 3KBHBAJEHT
noroka W, = M,cp, > W, = Myc,,, 4T0 coorBercTByer T e II-
doofOGMeHnHUKY no puc. 19.9, 6, 6. Koneynan rtemneparypa
notoka b ompelenuTcs MO ypaBHEHHIO

T, =Ty +To, —Ts) D, (19.69)
a NOTOKa @ — 7110 YPaBHEHWIo
Ta = Ta, — (Ta, — Ts,) (Wo/W,) ©. (19.70)
TennoBoli noTrok B annapare
Q=W (T, —T)D. (19.71)

3neck Beanunna @ 418 NpOTHBOTOKA OnpenenfiercA ypaBHEHHeM
o™ (1—Wo/W,) (kF;u?b)

e (bewa) e (1 =Wy/W ) (RE/W ) '

(19.72)

TakuMm ofpasoM, paccuntaB Koa(phHUHEHT TenJioneperaud nds
JNAHHOTO annapara ¢ TNOII3Ablo moBepxHOocTH F, K KOTOpoH 3TOT
Ko3(h(hHUKEHT OTHeCceH, MOXHO onpelenutb no dopmynam (19.69)—
(19.71) Bennunnm To,, Tp, H Q.

B kongeHcaTope W HcmapHTeJde TeMOeparypsl
®UIKOTO XJaparenta He usMmensiiorca: 1y, = T, = T, (puc. 19.9,
6, 6), TOTAa TenJOBOH SKBUBA/JEHT [OTOKA XJajareHra GecKOHEUHO
penuk: W, = co. B 310M CcAyyae npAMOTOK M NPOTHBOTOK pPaBHO-
3HauHbl ¥ IPH YCAOBHH, 4TO £ = const, ypaBuenue (19.72) npumer Bug

O =1—e "W, (19.73)

Oprako Takofl MeToj A/ TNPOBEPOYHOIO pacyera HCnapHTened
H KOHJEHCATOPOB ABJfETCs NPHGJIHMXKEHHBIM, TaK KaK HX TenaoBaf
HATpy3Ka 3aBHCHT OT TeMTepaTyp KOHAeHCALMH H KHHOeHHH, a Ko3p-
¢duuHeHT Tenjonepenayn £ == f (0,,)

MoxHo npennoXuTL CAenyIoUlyl cXeMy OPHOAHAKEHHOro npose-
pOYHOro pacyeta 3THX annapatoB. [Ipu 3anaHHbix pacxopax M,, M,,
Temnepatypax cpen Tg,, Tp, H TemsoBom 10TOKe { 10 YpaBHEHHIO
(19.71) naxoasitr 3HayeHHe BcroMoratenbHol QyHkuHH O, obecneun-
Baloulee JaHHBIN peHM paboThl anmapara. DTOMY PeXHMY COOTBET-
CTBYeT mpelefbHOe MHHHMalbHoe 3HayeHue Koadduimenta Ttenio-
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nepenauH, onpefensiemoe no ypasHenHwo (19.73), koropoe nocne npe-
00pasoBaHHi MOXHO MpPEICTaBHTL B BHJIE

k= (F/Ws) In [1/(1 — D)]. (19.74)

[Mpu sanaHHbix @ H KOHCTPYKUMH annapara HW3BeCcTHAa TaKke H
seauuuHa ¢p == Q/F. Ilo ypasHenuio (19.63) Haxopar xkosdpbunueHT
TeNJOOTAAYH TPH KHIMEeHHH, a Nno ypasHeHuio (19.65) — npu koHnzen-
caunH. Jlng 3toro mocnejHee ypaBHeHHe npeobpasylor B (GYHKUHIO
&a = f (qF):

0, = B,0~1* = B, (qr/as)~"/,

otkyna av* = B, (§;)""*, nan
s = [Be (32) "1 = B 47" (19.75)

Jna 3anasHOlil KOHCTPYKUMH YTOUHAIOT 3HAYCHHE CKOPOCTH MO-
ToKa b u onperensior Kos(HIHEHT TeloNepenayy annapara Cc yde-
TOM BCEX BO3MOXKHEIX TEDMHUYECKHX CONpoTHBIeHHH Rp . EcaH nony-
YeHHOoe 3HAYeHHUE Epp PaBHO pacCUHTaHHOMY IO ypasHeHHIO (19.74)
3HayeHHIo Rk, To annapar Oygaer paboraTbh B 3ajaHHoM pexume. Ecau
kp_> k, TO annapar cmoxerT ofecleuHTh HOpPMaJbHYyl0 paboty
XONCJAH/ILHOH MamHHW B Oosnee GAAarOnpHATHRIX YCJAOBHAX (npH
NOBHLUICHHOA TEeMNepatrype KHMeHHsi WJH MOHHXEHHOH Temneparype
KOHJEHCANHH), uTO Takxke npuemaemo. Ilpu kpp< k 3ajnaHHbIE
yclioBHS He MOryT ObiTh ofecnmedensl W Tpebyercda HJNH yBEJNHYHTD
nJoWAab NOBEPXHOCTH, HAM AONYCTHTh paboTy MAalUHHBI NPH napa-
MeTpax, MeHee GMaronpHATHLIX, ueM pacyerH:le,

Ecam teMoepatypsl cpel BJONb NOBEPXHOCTH TemsioobMena Hame-
HAOTCA HesHauntenbuo (04/0, < 2), TO MoxHO npuHATE O, =
= 0,5 (05 + 6,). Wz ypasuenus remaoBoro Gananca (19.49) ompe-
MeNAT KOHEUHBIE TeMneparypsl MOTOKOB:

To,=Ta —QIWy; Ty, = Ts, +Q/'Wy, (19.76)

rae tennosofl notok Q Moxer Geith Hallen no ypapuenHio (19.51):
Q = kF8, = kF [0,5 (Ta, — Ts,} + 0,5 (Ta, — Tp)l- (19.77)

ITocne nopcranoBkH B Hero 3HaueHu#t Tg, H Ty, mo (19.76) nmeewm
Q= (Ta, = Tﬁ.)/“/(kF) + 0,5/W, + 0,5/Wp). (1978)

% Nemyrems H. F. n Ap.



PA3JIEN 3
OCHOBBI THAPABJIHMKH

rniaBa 20. ®H3HYECKHUE CBOMCTBA )XHUAKOCTH

§ 20.1. IPEAMET T'WIPABJIHKH

Tudpasauxotli Ha3LIBAIOT HAYKY, H3YYAlOWYIO 3aKOHBI PaB-
HOBecHH H JBHMKEHHS pas/IHYHbIX >KHAKOCTEH H METOIhl NPHMEHEeHHS
THX 33KOHOB JJs pelieHHs NpPaKTHYeCKHX 3ajay. 3aKOoHb THApaB-
JHKH IUHPOKO HCHOAB3 YIOTCS NPH NPOSKTHPOBAHHH Pa3NHYHBIX FHADPO-
TEXHHYECKHX COOpYkKeHHH, TpybonpoBoaoB, THAPOMALIHH, HAacOCOB
H T. A.
HapaBIHKa COCTOMT H3 JBYX OCHOBHHIX YacTefi: THIPOCT a-
T H K H, H3yyawoliel 3aKOHW paBHOBECHA XHAKOCTeH, H T H I P O-
AHHAaMHKH, H3ydalolled 3aKOHBI [ABHXEHHS MKHAKOCTeH.
l'uapaBanka — Hayka ApeBHAs. 3a HECKOJbKO THICAY JeT N0
Halleil 3pel ApeBHHMH HapofdamHu, HacensisluuMu Eruner, Basnuos,
Meconoramuio, Muanio u Kuraii, GbiiH nOCTpOeHbl TIOTHHH, OPOCH-
TeNbHLIE KaHajbl, BOASIHbE KoJseca. [lepBniM TEoperHYeckHM 006006-
menueM 8 o6JACTH THAPABAHKH cudTaercs Tpakrar «O mnapaioumiHX
TeJax», HanHcauHbl 3a 250 JeT 10 H. 3. BHILAIOUWHMCSH I'PEYecKHM Ma-
TEMAaTHKOM H MeXaHHKOM A p X H M e 3 0 M. MM 6bi1 OTKpHIT 3aKOH
O PaBHOBECHH Tefa, MOrPYXKeHHOro B MXHIKOCTh, — OOmeHsBecTHolf
saxor Apxumeda. TonsKo uepes MHorue croseTHsi nocie Apxumena,
B 30Xy Bosposxjenus, HACTymaeT HOBLIH 5Tam B Pa3BHTHH THApaB-
auku. B XV B. B Uranun Jleonapno a Buunau (1452—
1519) npoBoauT IKCIEpHMEHTANBHEIC H TEOpeTHUeCKHe HCCeA0BaHHA
B caMbiX pasiHuyHbIX obaactax. OH H3ydyaer paboTy THAPABIHYECKOTO
Tipecca, HCTedeHHE XKHJKOCTH uepe3 orBepcTHe H BojocawBel. B 1586 r.
HuJepaaHACKHi MatemaTHk-HuxeHep CuimMon CtéBuH (1548—
1620) ony6ankosniBaer pabotry «Hawana ruppocraTHku», B KoTopo#
pelIaer BONpoc o BeJUYHHE MHAPOCTATHYECKOro JaBJeHHs Ha MIOCKYIO
durypy n ofbsicHAaer «FHIpocTaTHYecKHH napagokc». B 3tor XKe
NepHoll HTANbAHCKHH (H3HK, MaTeMarHK H actpoHoM 'anmmraeo
Fanuneinn (1564—1642}) ycranaBAHBaeT 3aBHCHMOCTb BEJHYHHI
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THIPABJIHYIECKOTO CONPOTHBNEHHA OT INIOTHOCTH Cpelbl H CKOPOCTH
MOTOKA KHAKOCTH. YuenHk lanunes, HTaJpfAHCKHH MAaTeMAaTHK H
dusuk I sangxenncra Toppuueaaun (1608—1647) or-
KDhIBAET 33KOH H jpaer (opMyJay pacyera CKOPOCTH HCTEYEHHS KHJA-
KOCTH H3 OTBEpPCTHS B cocyje Noj AefiCTBHeM CHJIL TAxecTH. B 1663 r.
BHJaloWHicA Gpanuy3ckuil MmaTemaTHk H pu3uk b aes [Tackans
(1623—1662) ony61HKOBLIBAET 3aKOH O NEpefaue BHELUHEro JABAEHHA
B KHIKOCTH, KOTOpHWi# JO CHX MOp HMeHyercs 3akoHom [lackasn.

B 1687 r. Hcaakx HbowoTon (1643—1727) pa3paboran ocHOBH
TEOPHH BHYTPEHHEID TpeHHA B JABHXKYWEHCH MXHAKOCTH. Bce 3TH
HCC/TeIOBAHHA MOJIOKHJM HA4aJo RajbHeAluemMy pasBHTHIO THApaB-
JHKH KaK HayKH.

CoBpeMeHHHEe HayuHhe OCHOBEl MeXaHHKH MXHIKOCTH (THJADOJH-
HaMHKH) Obitn 3anoxedbl Tpemsi yuedeivd XVIII B.: JI. Bepryan,
J1. Diinepom u JK. J1'Anambépom. Bee uX Hccne10BaHHS HOCH/IH Teo-
PeTHUYECKHii XapaKTep H OTHOCHJHChH K HAeaJbHOH KHAKOCTH, TO3TOMY
YacTO Pe3ybTaThi 3HAUHTENHHO PACXOAHJHCH C ONbITHHIMH JAaHHLIMH.

B cBa3u ¢ 6ypHnM pasButHeM texHHkH B XIX B. BoaHHKaeT 60Jb-
IIoe YHCNO HHXKEHEepPHbIX 3aJay, KOTopHe Tpe6yloT HeMelIeHHOro
pewienusi. J[BHXKEHHE BOJAbl HAYHHAIOT H3Y4yaTh ONBITHLIM NyTeM, H
HakanJausaercs GoJblloe YHC/IO SMITHPHYECKHX JAHHBIX. 3apoKnaercs
TeXHu4eckoe (MPHKJIAJHOE) Hanpas/leHHe THAPaBAHKH. B 3Tor ne-
pHOA nosiBAsiercs Muoro pabor: A. [utd — usobperartens npubopa
[Taro; A. IWMesu chopmynuposan napamerpH nofofHA TNOTOKOB;
0. Kyaon, I'. Xareu, B. Cen-Benan, K. Ilyazéins, A. Jlapch,
Beiic6ax, XK. Dyccuueck cocraBHan dopMynsl pacyera THApaBiIHue-
cknx conporusaenuii; I'. Xaren, O. PefiHONBAC OTKPEIH 1BA PEIKHMA
asuxenus xkupkocrd; O. Koww, Puwny, ®pya, I'. Teapmronsu,
O. PeiiHompAC YCTAaHOBHJAH NMPHHUHMBI H KPHTEPHH THAPOAHHAMHYE-
CKOTO NoAo6HA H MHOTHe ApyrHe. PesyanTaTh SKCIepHMEHTOB MO3BO-
JMHJIH YTOYHHTDH TEOPEeTHYeCKHe YpPABHEHHsS THAPOJAHHAMHKH BBele-
HHeM MOonpaBodHKX KoaddHuHenToB. Jlosroe Bpems passHTHE HIpas-
JMKH H THADOAHHAMHKH WO pasaHuubiMH nytsamu. COnHXeHHe
MeXJly 3THMH HanpaBJIeHHsIMH B HayKe mpoHsouio B Hadajge XX B.
6narogapa paGoram JI. [Tpawartaa (1875—1953). UM uccneso-
Banbl THAPABJHUECKHE CONMPOTHBJEHHS B Tpyfax, co3jaHa TeopHd
Typ6yfeHTHOCTH, paspaforaHa TeopHs MOrPpaHHYROro clos. B Hacros-
uiee BpeMsi B FHIPABJHKE KaK HayKe ONHIT H TEOPHN TECHO CBS3aHH
H B3aHMHO JOMOJNHSAIOT APYT Apyra.

B PoccHu npHKJagHoe HanpaBieHHe THAPABJAMKH Hayal paspa-
GaTnBaTh TeHHaJdbHBIH pycckuii yuennii M. B. JlomMoHoCoOB
(1711—1765). B pabore «PaccyxienHe O TBepAOCTH H XHJKOCTH
Tena» UM H3JIOXEeH 3aKOH COXPaHeHHS MacChl H SHeprHH, NOJOKEeHHHH
B OCHOBY cospeMeRno# THApaBaHKH. B konue XIX — wauane XX s.
NOABJASIOTCH KpPYNMHue paboThl PYCCKHX YYEHBIX H HHIKEHEDOB:
H. T11. IlerpoBa, paspa6oraBluero TIHAPOJAHHAMHUECKYIO TEODHIO
cmaskn; H. E. )KykoBckoro, cosnaBiuero TeopHio FHIPasiHYeCKOro

yaapa B Tpy6ax, M. C. ['pomeka, paspaGoTaBLiero TeOPHIO KanHAaAP-
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HbIX ABJIEHHA W 3aJ0XKHBIIEr0 OCHOBLI TEODHH BHXPEBOIO ABHKEHHSA
JKHIKOCTH.

Bonpluoii BKAaL B PpasBUTHE THAPABIHKH BHECAH COBETCKHE
yuensie: A, H. Kpbios (treopusi nnasanus kopabas), A. H. Koamo-
ropos (teopus Typ6ynenthocty), H. H. [1asnosckuii (Teopus HepasHo-
MepHOro ABHKeHHA H (pHJAbTpaunH xuakoctu); B. I'. lllyxos (ruapa-
BIHYECKHH pacueT marucrpaiasHuiXx Hedrenposogos), M. M. Kykonaes-
CKHHl (TEOpHS MALUMHOCTPOMTENLHOH MAPaBJAHKH) H MHOIHE ApyrHe,

§ 20.2. OCHOBHBIE CBOACTBA >XHJIKOCTH

JKudxocmpro HaspiBaloT (H3HdgeckHe Tena, obaagawmue
AByMsl cBoiicTBaMH: 1) Tekydecrblo, 6Jaronaps demy OHa He HMeer
cobcreeHHOM (popMbl H TIpHHHMaer GOPMY cocyla, B KOTOpPLIH HaJIHTa;
2) BecbMa MaJbiM H3MeHeHHeM 06beMa NPH H3MEHEHHH JABJCHHS HJH
TEMIIEpaTyphl.

Cuabl CHensieHHs MeXAY YaCTHYKAMH KHAKOCTH MaJkl. MosekyJih
pacnofo:eHbl Ha HeGOJBIIOM DAacCTOAHHHM APYT oOT JAPyra, OHH TO
NPUTATHBAOTCA APYr K APYTry, TO, COAH3HBIUIHCB, OTTAJAKHBAIOTCH.
Cuapl clUenNeHHS Mex1y MOJeKyJaMH NpOfBAfAIOTCH TOJNLKO Ha Io-
BEp XHOCTH JKHIAKOCTH — CUAbL n0BepXHOCMHOoe0 Hamsaxcenusn. Hannunem
3THX CHJ OOBACHASTCH, HANpHMep, 06pasoBaHHe Kanay, CyllecTBOBa-
HHE MblIbHOTO My3bips. KuakectH o61analoT GOJBIIHM COTIPOTHBJE-
HHEeM CXKaTHIO (NPAaKTHYECKH HeCKHMaeMbl) H COBepLUEHHO MaJbM
CONpPOTHBJIEHHEM PACTATHBAIOUIMM H Kacare/NbHbIM ycHausM. [Ipu asu-
JKEHHH MKHIKOCTH MEmJY ee CJOSIMH BO3HHKAIOT CHJbI CONPOTHBJEHHS
CABHTY, KOTOPBIE TIDOSIBASIIOTCA B BHJE CUA GHYMPEHHE20 MPEHUR,
HasbiBaeMbIX cusamu easxocmu. ChenoBaTelbHO, 6A3KOCMb ~— CEOL-
cmeo HcuoKocmu, 06YCA08AUBAIOWEE BO3HUKHOBEHE 8 Hell npu ee O6u-
JHCEHUU KQCameAbHbiX HARPANCeHU.

B rasoofpasHbeix Tesax MoJeKYJNbl PacloNaralorcs Ha CpaBHH-
TeNbHO GONBIIHX PACCTOSHHAX APYI OT APYra, NMo3ToMy NpH H3MeHe-
HHMH JAaBJeHHsI HJIH TEMNEepaTypbl 5TH TeJa Jerko H3MeHSIOT CBOH
o6beM. I'aspl He OKa3pBAIOT CONPOTHBJEHHAl HH KAacaTelbHHIM, HH
PACTHTHBAIOHIMM YCHJHSAM H HMEOT MAJyl BA3KOCTb.

HOns ynpoileHHs TEOPETHYECKHX MHCCJAENOBAHHHA H BHIBOJIOB
JI. Ditnep BBeN mMoHsTHE udeaivxol cudxocmu, T. e, TaKol Boobpa-
JKaeMOH JKMAKOCTH, KOTOopad AaGCONIOTHO MOABHXKHA, HECKHMaema
H He of/ajjaeT BSI3KOCTBIO, T. €. NIPH JABHXEHHH B Hell He BO3HHKAIOT
CHJIbE BHYTpPeHHero rpeuufi. CnelloBaTe/bHO, NIPH NepeMellleHHH Hae-
anbHON XHAKOCTH 1o Tpy6aM OTCYTCTBYIOT MOTEPH SHEPrHH Ha Tpe-
HHe, Tax Kak CHJABI TPeHHSI B NOKOAIMEHCH peaJbHOR KHIKOCTH
paBHBl HYJIO, TO ee cBolcTBa GMM3KH K HAealbHOH.

Cunbl, 1efCTBYIOLIHE HA XHUAKOCTh, NOAPASALAIOTCS HA BHYMpPeH-
Hue M orewrnue. K BHYTPEHHHM OTHOCHATCS CHJH B3aHMOLEHCTBHSA
MEXJlY YaCTHYKAMH XHJIKOCTH, K BHEIUHHM — CHJInl, JefCTBYIOLIHE HA

YaCTHYKH RaHHOIO 00BeMa CD CTOPOHH! JPYTHX CPej HJH BeuecTBeH-
HBIX TeJ.
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B cBoio ouepenn, BHELIHHE CHJILI IeNATCA HA MACCOBbIE H NosepX-
HOCMHbLE. .

MaccoBrie (uaM o6bemHBE) CHJABI JEACTBYIOT Ha BCE YaCTHUKH
ofbemMa KHAKOCTH H TIDONOPLHOHAJbHBI Macce MHIKOCTH. K HuM
OTHOCATCS CHJla TAXECTH H CHJa HHepUHH. MaccoBas cuna paBHa
NPOH3BEACHHIO MACCH Ha YCKOpPEHHe H XapaKTepH3yercs BeTHIHHOR
H HanpaBJIeHHEM.

[ToBepxHOCTHEIE CHJILI ZeHCTBYIOT HA NOBEPXHOCTb OGLEMA JKHIKO-
CTH M NPONOPLHOHAJBHH MJOIAAH 3TOH NoBepXxHOCTH. [ToBepxHoCT-
HBIE CHJIBl MOI'YT ObIThb HOpMQAAbHbIMU (CHIEL JaBJI€HHA) U Kacameisb-
HoiMu (CHAB TpeHHA). [IpuMepoM HOpMalbHBIX NMOBEPXHOCTHLIX CHJ
MoxeT OmHTh aTMochepHOe jaBleHHe, AeHcrBYyHOUlee Ha CBOGOAHYIO
NoOBEPXHOCTh JKHAKOCTH., HopMmajpHble CH/AbB HJAH HOpMajbHLIE Ha-
IPsXKEHHS MOTYT BO3HHKATL KAaK B IBHKYIIEHCH, TAK H B NOKOsuUeHcs
HHAKOCTH, 8 KacarelbHHe — TOJbKO B JIBHKYUIEHCH.

JHIKOCTH  XapaKTepH3ylOTca  onpejejeHHHIMH ( H 3 H 9 e-
CKMMH CBOHCTBaM H! INIOTHOCTBIO, YIEAbLHREIM BECOM, CXH-
MaeMOCTLIO, BA3KOCTBLI® H Ip.

Ilromuocmero p HazwiBaeTCs Macca XKHIKOCTH, CoJeprKaiieics
B enunuue ofGwnema, Kr/m*:

‘ p=M/V. (20.1)

HOast querranupoBannoil Bogwl npu 4 °C p = 1000 xr/md.
Ydeavrvin Gecom ¥ KHUAKOCTH HasbIBAETCS BEC EAHHHIB 06BeMa
x)uakoctH, Him®:

I ¥ = G/V = mg/(m/p) = pg, l (20.2)

rae g = 9,81 m/c? — yckopenne cBOGOXHOTO NaIeHHs.
Ilns auctuanupoBannol Boxaw npH 4 °C y = 9806 H/m®.
Yoeronoim 06vemom U XMUAKOCTH HasbiBaeTcs 00beM, 3aHMMAEMbIA
eXHHHIEH Macchl XXHMAKOCTH, M3/Kr:

v=ViM=1/p. ‘ (20.3)

Cowumaemocms (AN 06BeMHAA Yynpyeocms) KUIKOCTH XAPAKTEDH-
3yercs Koapduyuenmom cocumaemocmu (Uan o6semHozo coacamus) By.
[lox ynpyro#t cXxUMaeMOCTBIO KHIKOCTH MOHHMAIOT ee crnocoGHOCTH
NpHHAMaTL npexHHi ofvem V nocae cHatHs Harpyskn Ap. OrHo-
HIEHHE OTHOCHTEeJLHOrO HameHenHs ofbema muikoctH AV/V x nsme-
HEHHIO naBdeHuss Ap H HasniBaercsl Ko3hDHUHEHTOM OOBEMHOro
CHKaATHS:

B, = — (AV/V)iAp. l (20.4)

Ipu uamenennn naBaenus 10 500 atm = 49 MIla KoscanuneHT By
I8 BOAL TPAKTHUECKH NOCTOsIHEH K paBed 4,9.1071° m®/H.
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Beauunna, ofpathas Koadu-

A UHEHTY CXKHMAeMOCTH, Ha3hBaeTcs
\\\\\\\‘ / MOOyrem o0B6vemuol ynpyzocmu
N w
¥ E, = 1/B, = —Ap/(AV/V).
CANRNANNN N o Bv P/
= (20.5)

N

Cad
Y2
LN Jlns Bojs B OGHYUHEX yelto-
|~ Brax E, = 2,03.10° Tla = 2,07 X
] X 10 gre/em?.

dw B GoabMHCTBE NpaKTHYECKHX
pacueroB KHJIKOCTb  paccMarpH-
Puc. 20.1. K nousTHIO BA3KocTH Xui- BalOT KaK Hecxkumaemoe Telo. CxH-
KOCTH MaeMOCTBbIO XXHIKOCTH NpeHebperaior
BEHAY Malo ee BeduyHHH. Tak,
npu E, = 2,03.10° ITa yBennyenve aasaenus Ha 10 MITa (100 atm)

IIPHBOAHT K H3MEHeHHIO NepBonavanLaoro ofnema Ha (0,5 %.

Baskocms — 310 CBOHCTBO KHAKOCTH OKa3HIBATE CONPOTHBJIEHHE
OTHOCHTEJNLHOMY HBHXKEHHIO (CABHIY) c/oeB >KHAKOCTH. Kak yKasbl-
Baliochk paHee, MeXAy YACTHYKAMH XXHUAKOCTH BO3HHKAIOT CHJIBI BHY-
TPEHHEro TpeHHs. BeJHYnHa BHYTPEHHEro TPEHHA XKHAKOCTEH H rasos
BO MHOTOM 3aBHCHT OT BA3KOCTH H CKODOCTH TedeHHs.

PaccMoTpuM cTporo NpSMOMHHeHHHH H napaiienbHOCTPYHRHLIH
NoToK XHAKocTH (pHe. 20.1), B KoTOpoM BAOJB JIHHHH TOKA AeHCTBYIOT
TOJIbKC MPOAOJALHBE H KACATE/bHEE CHILI TPeHHs. BLe/MHM B MoTOKe
JiBa cNosi XKHAKOCTH ] K 2 MaJlofi TOMUMHE, IPHYEM NEepPBHIi ABHKETCH
CO CKOPOCTRIO Wy, a BTOPOH — w, (w, > w,). Ilpn oueHs manoi ToJ-
I[HHE CJIOEB MOXHO DPHHATHL JHHEAHLIH 332KOH H3MEHEHHS CKODOCTH.
o Bcell niaomanH NoBepXHOCTH F CONPHKOCHOBEHHUSA CJICEB BO3HHKAIOT
napunie CHJabl TperHs Ty u Ty, npuuem | Ty | = | Ty |. Tlepsuifi caod,
IBHymHicA ¢ Goabledl CKOPOCTBIO, 32 CYET CHJ TPEHHH YCKOpSHer
IBH3XeHHe BTOpPOro closi, a BTopoH, Hao6OPOT, TOPMO3UT NEPBHIH.
B coorBercTBHM € runoresoil, srnickazawzoil M. Heworosom B 1686 r.
H 3KcnepHMeHTaabHo noxrBepxkiaenHod H. IT. Ilerposmm B 1883 r.,
cuna T NpoRONbHONO BHYTPEHHErO TPEHHA, BO3HHKAWOINAS HPH OTHO-
CHTRJILHOM CKOJMbLXKEHHH OTAENbHEIX NPAMOJIHHEAHEX CJI0eB XHIKOCTH,
npsMo NPonoplUHOHaNBEHA TPAJHEHTYy CKOPOCTH H nJaomain F no-
BEPXHOCTH CONPHKOCHOBEHHS CJIOEB. JTa CHJA 3aBHCHT OT (H3HUe-
CKHX CBORCTB XHJAKOCTH H TEMNeparypsl H He 3aBHCHT OT JaBJeHHA:

T = uF (dw/dn), (20.6)

TAe W — JHHAMHYUeCKas BA3KOCTb; dw/dn — rpaJHeHT CKODOCTH,
XapakTepPH3YIOUMH HHTEHCHBHOCTL H3MEHEHHS CKOPOCTH B HOPMAJb-
HOM K HeHl HanpaBieHHH.

KacarenbHoe HanpsixkeHHe MOXKHO onpefeJuTh U3 hopmyan (20.6),
yuuruBas, uro T/F = 1, 1. e. © = p (dw/dn), orxyna nuHamMHgecKas
BSI3KOCTh

w = v (dn/dw).
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EﬂHHHﬂEﬁ IlHHaMH‘IECKOH BA3KOCTH #ABaserca [la.c:
H-m Ix pasSota

Mi/c  M3/c  oGbeMHHR pacxod

CnefoBaTenbHO, AHHAMHYECKAS BA3KOCTh IMOKA3BIBAET, KAKYIO
pabory Ha eIHHHLY O0BEMHOre pacxola HeoGXOAHMO COBEpPLIHTh I
NpeofoJeHHs CHA BHyTpeHHero TpeuHs. B cucreme CI'C eaumunnen
AuHaMH9ecKoH BsAskocTH Opit mya3 (II): 1 [T = 0,1 Ia.c.

B npaxkTHYeCKHX pacyeTaX HacTo TNOMb3YIOTCS KHHEMATHUYECKOH
BA3KOCTBIO v, MI/C:

v = p/p. (20.7)

B cucreme CI'C egunHneli KHHeMATHYECKOR BA3KOCTH GLII CTOKC
Cr): 1 Cr = 107* m¥c.

r71aBA 21. THAPOCTATUKA

§ 21.1. THAPOCTATUYECKOE JABJIEHHE

Tudpocrmamura — pasfes THAPABAMKH, B KOTOPOM H3Y9alOT
3aKOHLEI PABHOBECHS XKHIKOCTH, HaxonsiueHdcs nog AedcCTBHeM BHeil-
HHX H BHYTPEHHHX CHJI, H YC/JOBHS DaBHOBECHS Tel, NOTPYKEHHHX
B XHAKOCTh. B NOKOAWEACA XKUIKOCTH BO3MOMKHE TOJLKO HOpMaJb-
HLe HaNpS)KeHHs — HANDSKCHHS CXKATHA O = Op, MOCKOJBLKY Ka-
caTelbHEE HanpsixkeHHA paBHH Hyd0 (T = 0). .

PaccmoTpuM HeKOTOPLIE O0BeM XHIKOCTH, HaxolslleHcs B INOKOe
(puc. 21.1). Pasgenum ero npoH3BoJdbHOA muockoctbio A—B Ha jBe
gacti. Bepxuss 9acthb :xuAKOCTH [ JaBHT HA HHKHIOW [/ NO NJIOCKOCTH
pasgena c cuiofi P. [l HMHeH dacTH Cuaa P aBJASeTcH eHeutrel
nosepxrocmnol cusoli. Cuna P, geficTBymomas Ha BClo nuomwanxy F,
HA3BIBACTCH CYyMMapHoll curoll eudpocmamuueckozo dagrenus. OTHOLIE-
HHe HOPMaJIbHOM cHAK P k miomamu F, Ha KOTOpylo OHa feficTByer,
Ha3HBACTCA CPeOHUM 2udpocmamuuecKum 0asrenueM:

pcp:P/F- (2L.1)

Eaununell ruapoctarnygeckoro faBieHus sBaserca 1 H/m®. Ora
enHHHNA HasmBaercA nackade (1 Ila = 1 H/m?).

Ecau ymeHBINaTh miowmais F A0 HyJs, To cpefHee THApPOCTAaTHYE-
CKoe JaBjieHHe GyAeT CTPEMHTLCH K ONpeleieHHOMY npenenay, KOTo-
poifi HA3HLBAWT 2udpocmamuueckum Oasaenuem 8 mouxe, Ila:

p = lim (P/F). (21.2)
F~0

Fn,upom‘amqecxoe LapjeHHe ofnajaer AByMA CJIEAYIOIHMH CBO#i-
CTBaMH.
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Puc. 21.1. Cxema, moacHsomag NOHATHE
CHIPOCTATHYECKOTO XABMEHHS

///'///'

Puc. 21.2. CxeMa K paccMOTPEHHIO
CBOHCTB THAPOCTATHYECKOrO JaBleHHH

1. Tudpocmamuueckoe Oasrerue 6cez0a Oelicmsyem HOPMAAGHO
K naowjadke u ABAAEMCS CHCUMAOLYUM, M. €. OHO HANPOBAEHO NO HOP-
MAAU BHYMPb PACCMAMPUBAEMO20 00BEMA HCUOKOCTL.

JefcTBHTENLHO, €ClH IONYCTHThL, YTO [AaBJEHHe p HANpaBJIEHO
HE 0 HOPMAJIH K noBepxHocTH (Trouka A Ha puc. 21.2), a nox HekoTto-
PBIM YIJiOM, TO €r0 MOXKHO PasJOXKHThL Ha HOpPMalbHYyO p, H Kaca-
TeJbHYI0 p. cocTaBnsiomHe. Ho Tak Kak B NOKOAIEACA >XXHAKOCTH
OTCYTCTBYET CONPOTHBJEHHE KacaTelbHHIM HANPAKEHHAM, TO MOA
NeicTBHeM p; XHAKOCTb AOJKHA Obl1a Gbl NPHATH B JBHIXKEeHHe, T. €,
Hapyunaochk 66 YCJIOBHE HENOABHXXHOCTH #HUAKOCTH. Cie0BaTe/bHO,
Ha J06yi0 IVIOMAIKY B NOKOAUEeHCA HIKOCTH RaBjeHHe AeHCTBYer
MO HOPMAJIH K IOBEPXHOCTH. ECJH NpeanofoXHuTh, uTo AaBJAeHHe Ha-
IpaBJeHo 1O HOPMAJH OT MNOBEPpXHOCTH (HanpHMep, ToduKa B mHa
puc. 21.2), To u B 3TOM C/yuae H3-33 OTCYTCTBHA COMPOTHBJEHHI pac-
TATHBAWIIHM YCHIHAM XHAKOCThL ONAThL NPHILNa Gbl B JABHIKEHHe,
4TO TaKXXe NPOTHBODEYHT YCJOBHIO DABHOBECHA.

Taxnm o6paszoMm, B COOTBETCTBHH ¢ NEepPBHIM CBONCTBOM JaBJeHHe
BCeraa Hanpas/eHO BHYTPb TOrO TeJsa, JaBJEHHEe Ha KOTOPOE MLI pae-
CMaTpHUBAaeM, H 3TO JaBJeHHEe SBASETCH CIKHMAMMM.

2. T'udpocmamuuecioe dagrenue p 8 a060d Mouxe Hympu HudKo-
cmu NO 6ceM HAMPABAGHUAM O00uUHAKOSO, M. e. HE 3QBUCUM OM yead
HaKAOHG naowadku, Ha Komopyro oMo Oedcmsyem.

B ofbeme nokosmedcs XuaxocTH okoso TouxH M (pue. 21 2)
BHIIEMHM GeCKOHEdHO MaJdyl0 NpH3MYy ¢ mJomajsilo cededns OF.
BokoBLie rpaHn nNpH3Mbl NapaJienbHH cBOGOAHOM NOBepXHOCTH XHA-
KocTH. ORHHE H3 TOPLOB NPH3MBLI EPNEHARKYAsIPeH K GOKOBHIM rpaHsiM,
Apyroft Hak/IOHeH nox yrioM o. CpenHHe THAPOCTATHYECKHE AaBJ/ieHHA
Ha TOPIK paHH 0603HAYHM p H p, cooTBercTBeHHO. CyMMa NpoekuHi
BCEX CHJI, JEHCTBYIOIIMX Ha NPH3My, BAO/L TOPH3OATANLHOH OCH H3
YCTIOBHS DaBHOBECHS DaBHa HYJIO, T. €.

p 6F — p, 6F  cos o = 0.

Tak kak 8F,cosa =6F, 1o p—p, =0, nau p = p,. Ipn
YMeHbIlIEHHH pa3sMepoB NpH3Mul Jo HyJAa (6F — Q) zabjenne p = p,
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Gyner He 9TO HHOe, KaK THADOCTATHYECKOE RaBJeHHE B Touke M,
T. €. edunuunoe Oasrenue 6 motke No 8cem HANPABAEHUAM OOQUHAKOGO
U He 3QBUCUM OM Y2aa HAKAOHA NAOLAOKL.

§ 21.2. OCHOBHOE YPABHEHHE THJPOCTATHKH.
3AKOH MACKANA

PaccMOTpUM »HAKOCTS, HAXOAAIYIOCA B NOKoe (pHe. 21.3),
Ha CBOGOAHYIO NOBEPXHOCTE KOTOPOM NeACTBYeT BHelllHee NoOBepX-
HOCTHOe AaBJieHne po,. HafineM ruxpoctaTHueckoe naBienue p B mpo-
H3Bo/bHOK Togke A, pacnonoxkeHHoH Ha riy6uHe A oT CBOGOAHOIN
nosepxHoctH. OXoMO TOYKH A BEJAEJIHM TOPH3OHTANLHYIO IJIO-
manky OF M paccMOTpHM yC/IOBHSI DaBHOBECHS BEePTHKAJILHOLO LH-
JIMHAPHYECKOTO OGBEMA XKHIKOCTH, NOCTPOEHHOrO Ha 3TOM NJomAlKe.
Ha stor nuanuapryecknii ofbeM CBepXy AeHCTBYeT cHJa BHEUIHEro
RaBaeHHs p, 6F, cun3y (Ha HHXKHee OCHOBAHHME) — CHJA THAPOCTATH-
gecKoro AaBienus p OF, nanpapjeHHas No HOPMAaJH BHYTPL o6LeMa,
T. €. BBepX, H, HAKOHEI, BeC >XHAKOCTH B o6beMe uuauuapa G =
= pgh 8F. YcnoBHe DaBHOBECHS BHIZEJNEHHOrO OGBEMA HMEET BHI
p 6F — p, 8F — pgh 6F = 0, nan

p = py -+ pgh. (21.3)

OT0 ypaBHeHHe Ha3bBAETCA OCHOBHHM ypaBHEHHEM
FrHApoOCTAaTHKHK. U3 Hero caenyer, uto abcomomroe Oasiewue
6 20001 moure Hudkocmu Ha 2aybuxe B paswo cymme nosepxHocmrozo'
dasrerun p, u u3buimouno20 0OasaeHus, €o30aHH020 8ecoM cmoaba
mudkocmu, pgh. M3 ypaBHeHHs BHAHO, 9TO C yBe/JHYEHHEM [VIYGHHLI
RaBJeHHE XHAKOCTH pacTeT N0 3aKORy npsamofi. MabuirouHoe ruapo-
CTaTHYeCKOe [aBJeHHe ORHHAKOBO BO BCEX TOYKAX, PACIOJONKEHHLIX
Ha ONMHAKOBOH ray6uHe OT cBOGOAHOH noBepXHocTH. COBOKYMHOCTH
TOYEK C OIHHAKOBLIMH AaBJEHHAMH OGPasyIOT 108epXHOCTU PABHO20
Oasaerus. B paccMOTpeHHOM CJydae
TAKHMH TOBEPXHOCTAMH fBJAIOTCH l l lg
TOPH3OHTA/bHEIE IVIOCKOCTH, B TOM =3
gucde H cBOGOXHAS IOBepXHOCTb R
NJIOHA/KH.

OcHOBHO® ypaBHeHHE THAPOCTA-
THKH MOXXHO NpPEACTaBHTL H B Jpy- 5
roMm BHme. [Has sroro Bubepem |- A
NPOHU3BOJILHYIO FOPH3CHTANbHYIO ]
naockocmes cpasrerius 0—0 (puc.21.3) Tl 4T 1 F
H oT Hee Oylem BeCTH OTCYeT Koop- — | p
nunath 2. ITockoabky h = 2, — 2,

TO ypaBsuenue (2]1.3) MoXHO npuBe- 4 1 —
1
CTH K Bﬂﬂy VLA TSI SIS IS TSI 7]

]

| I

Puc. 21.3. Cxema k BHBOZY OCHOBHOT'O

2+ p/eg)= 2,7+ po/{pg). (21.4) YpaBHEHHS THAPOCTATHEH
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Bcnencrene TOTO 4TO  AJA
mo6ofi TOYUKH KMJAKOCTH KOOp-
JuHara cBoGofHONi OBepXHO-
CTH 2, U JaBJleHHe p, HEH3IMEH-
HH, TO AJA paccMaTPpHBaeMOro
o6beMa JXHAKOCTH OCHOBHOE ypaB-
HEHHEe THAPOCTATHKH NPHMET BHJ

2-+ pl(pg) = const,

I T T T T I T 777 ‘
(21.5)

rae p/(pg) — neesomemputeckan

8BICOMA; 2 — HUBEAUPHAS 8bICOMA.

Cymma 2z 4 p/(pg) HaswmBaercs audpocmamudecKum Hanopom
acudrocmu.

W3 ocrosHoro ypaBHenus ruapocraTHku (21.3) creayer, aro no-
BepXHOCTHOe JaBJeHHe p, nepefaercs B JI06YI0 TOUKY BHYTPH KHJIKO-
cru Ge3 usmenenns. B caMoMm fefte, ec/iH XKHIKOCTL HAXOAHTCS B NIOKOE,
TO 1JA ToukH A (pHc. 21.3), pacnonoennoii Ha ray6use £ OT cBo-
GOAHOM MOBEPXHOCTH, MHAPOCTATHYECKOE JABJEHHE COCTABJAET BEJH-
YHHY p, = p, + pgh, AAA TOYkH B, pacnonoxeHHON Ha riayGHHe
Ry, — BenH4HHY pp = p, + p2hy M T. 1. ChnefopaTensno, NI BCeX
TOUEK ofBeMa >KHAKOCTH [aBjleHHe p, ONHHAKOEO.

YuuThiBas BTOpoe CBOACTBO FHIPOCTATHYECKOIO AABJEHHS, MOXHO
chopmynupoBaTe H3BecTHHH 3akoH [lacxkauwna: dasienue,
MPUAONCeHHOE K 6HEWHel NOBEPXHOCMI JHUOKOCMY, He Hapyuiaouee
ee pasrogecun, nepedaemcn ecem mouxam smoil xcudxocmu 6e3 usme-
HEHUA.

D10 CBONCTBO JKHIKOCTH IHPOKO HCNOML3YIOT B IpOMBIIIEH-
HOCTH. MHoOrue THAPABJIMYECKHEe MAIIHHH pafoTaloT Mo NPHHIHNY
s3akoHa [Ilackaas.

Pacemorpum paGory ruapasandeckoro mpecca (puc. 21.4). [pecc
COCTOHT H3 ABYX COOOIIAIOMIHXCA cocyRoB (uuanHapos) A u B manoro
H 6O/BINOrO JHAMETPOB, 3aNOJHEHHHIX MAlIHHHLEIM Macjaom. Ecau
Ha TNOBEPXHOCTL Macja B MajoM UMJHHAPE.HAZABHTL C IOMOIIBIO
nopmus [ (ZHameTp d,) cuJofl Py, To 3Ta CHJA CO3NACT NOJ NOPLIHEM
nJaowanelo £, nasaende p, = P,/F. Iro nasnenne no saxony [lackans
nepejacTcsi BceM TOYKaM JKHAkocTH. TakkmM o6GpasoM, Ha nopiieHs 2
(nnamerp d,) co cTopoHs Macia 6VAeT 1eHCTBOBATD TO e faBJeHHE Py,
KoTopoe cospact cuny P, = p,F,. YuurnBaa, uro F, = nd;/4,
a F, = ndl/4, umeem

Pﬂ; = piFy = P, (Fy/F) = Py {dﬂ/dl)s'

CrnenopatenbHo, cHaa Py 6yRer BO CTOMLKO pa3 GoMbile CHAN Py,
BO CKONBKO pas IJomiafs nopumHa F, Goaslie muomagu nopwHs Fy,
HJIH YBeJHYeHHe CHJIH NPONOPIHOHAMLHO KBAaAPATY OTHOIIEHHA JAHa-
MerpoB nopiuHed. B AefCTBHTeNBHOCTH pa3BHBaeMoe YCHJIHe P,

266

Puc. 21.4. Cxema runpasanveckoro npecca



GYILGT HeCKOJIbKO MEHBbHIE BCJAEACTBHE TDEHHA B ABHIKYINHXCH JacTAX
NOpIIHA H YyTeyekK XXHIKOCTH, ItH NOTEPH YYHTLIBAIOTCA BBel€HHEM

KILI n = 0,752-0,85:
Py = Py (Fy/Fy) n = Py (dy/d;)* 7. (21.6)

Mpumep. I'mapaBauvecknir pomkpar (puc. 21.4) zomxen mogwMMarth Tpys Mac-
coit [0 1. Onpesenuts ychnne paGovero @ Ha KoHIe puivara, ecau d; = 5 um, dy =
= 50 MM, 1= 0,8, a = 50 MM, b = 300 mm.

Pemw e uue Hcnoneays dopmyny (21.6), onpegensiem cuny P,;, KOTopywo He-
06X00HMO TPHJIOKHTh K MaJIOMy IOPIIHIO, YTOOH MOZHATL TPys Becom G = Py (cue-
Ayer MOMHuTb, 4To G = mg = 10* kr-9,81 m/c® ~ 10® H):

Gd 105,53
i S R T e

Hs ycnoeus paBHoBecHs priyara aP; = (a4 b) Q nmeem

a 50

§ 21.3. CHJIA JABJEHHA J)XHAKOCTH
HA IUIOCKYI0O CTEHKY

Jlna pacyera rHAPOTeXHHYECKHX COOPYXKEHHH, pesepBya-
poB H Pa3MHYHHIX EMKOCTEH 1/ XpaHeHHA KHAKOcTeH HeoGXOAHMO
3HATH MOJIHOE NaBJeHHe JKHIKOCTH HAa OrpaHHUHBAIOMIHE ee TBEpJHE
CTEHKH H TOYKY NDHJOMKEHHS paBHOAeHCTBYIOImEH CHA XaBAeHHSA,

PaceMoTpHM clyual onpefiesieHHs MOJHOH CHAW [ABJEHHS Ha
IJIOCKYIO BepTHKalbHYIO cTeHKY AB niowazeo F (puc. 21.5). Brize-
JIEM Ha NOBEPXHOCTH CTEHKH 3JeMeHTapHY1o miouanky dF, pacnoo-
XeHHyI0 Ha ray6HHe h; oT cBoGongHoii nosepxHoctH. MHenombays
OCHOBHOE YVpaBHEHHe THJAPOCTATHKH, OINpejeNseM 3JeMeHTapHYIO
Cuay RaBjeHHdA, AeHCTBYIOIMYI0 CO CTOPOHBl >XHAKOCTH HAa mJjollaj-
Ky dF,

dP = pdF = (p, -+ pgh)) dF = p, dF + pgh; dF, (21.7)

re pp, — AaBJeHHe Ha CBOOOJHOH IOBEPXHOCTH.
Tak xak nmomais F cOCTOMT H3 GeCKOHedHO OGOJBINONO YHCAA

3JleMeHTapHHX TNJaomanox dF, To, HHTErpHpys BripaxkeHne (21.7)

no niowatt F, NoAyIHM NOJHYIO B

CHJIY THADOCTATHYECKOTO Jasjie- * lR’ ‘ & A_Q

HHS Ha CTeH —— —— x

HA CTEHKY (- === ,g'?j_ e % X

P=p,|dF +og[h dF, | == /
F F :_: pF, ) .
rae j hy dF-= h F —craTHueckuit T "7 3 .
F B

MOMEHT NIJIOIATH F OTHOCHTENLHO £ 2Th 19
oci Ox, paBHHI TNPOH3BeJEHHIO

3To#l MJIOMIAZM HA KOODAHHATY A, pye. 91.5. JlaBnenre XHAKOCTH Ha mJoC-
ee leHTpa TAxecTH (Touka (). KYI0 BEpTHKAALHYIO CTEHKY
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Torna
P = (p, + pgh) F = p.F. (21.8)

Takum obpasoM, noanas cura 0asreHUs HUOKOCMU HA NAOCKYIO
cmenKy pasHa npoussederuio naowadu Cmenku Ha eudpocmamuseckoe
dagrenue 6 yenmpe maxcecmu smoll naowadu.

B gacTHoM cilywae, KoTza RaBjleHHe Ha CBOGOAHOH IOBEPXHOCTH
JKHIKOCTH H HA BHEIIHEH NOBEPXHOCTH CTEHKH paBHO arMocdepHOMY
(Po = par), uMeeM p, = pgh., ¥ CHNa AaBJeHHS Ha NOBEPXHOCTh
CTEHKH DaBHa CHJle H3GLITOYHOTrO NABJEHHA Pgq:

P = pgh,F = Py (21.9)

Bripaxenue (21.8), nolyuerHoe H3 PACCMOTPEHHS YACTHOLO CAYYast
BEPTHKAJILHOH NJIOCKOA CTEHKH, OKa3LBAeTcsi CNpaBelJHBEIM H JJIf
0601 HAKJTOHHOA MAOCKOH CTEHKH C NPOH3BO/LHBIMH OYepPTAHHSMH.
Ecnu ctenka pacnosnoxeHa ropH3oHTaNLHO, T. €. ABJSETCH FOPH3OH-
TaJbHBIM AHOM COCYZa, TO NMOJHAS CHJA RaBJEHHA ONpejenfercs no
TeM ke dopMmyaam:

Pr=1(py+pgh)F nmn P,= pghF = Py, (21.10)

rfie i — BhICOTA CcTONI6a XHAKOCTH HaZh jguoM; F — nuomaiaes JHA.

U3 suipaxkenns (21.10) caepyer, 4To cu/a NaBJeHHS JKHAKOCTH
Ha IHO 3aBHCHT TOJLKO OT NJOMAAH AHA, MJIOTHOCTH H BHICOTH CTON62
HKHIKOCTH M COBEDIIeHHO He 3aBHCHT OT dopMmul H ofbeMa cocyla.
10 nonoxkeHHe HaswiBaeTcs 2udpocmamuueckum napadokcom, TaK
KaK CYHTAJOCh TnlapanoKcaJdbHbIM paBEHCTBO CHJT ILEBJIEHH]’] Ha AHO
Zf1sl COCYROB pasHoH (OPMBI, HMEIOIHX OIMHAKOBYIO IJIOWAAb AHA H
3aNOJHEHHHIX ONHOH H TOH )K€ JKHJIKOCTBIO A0 OJAHOrO H TOrQ Xe
ypoBHA h (puc. 21.6). M3 pucynka BHAHO, YTo BeC KHIKOCTH B CO-
cyne 3 manGosbuini, B cocyle | — Hammembinuii. CHJaa NOAHOrO
AaBneHHss P Ha GOKOBYI0 HAKJNOHHYIO CTEHKY pAaCKJAAbIBaeTCsl Ha
TOPH3OHTAJILHYIO M BEPTHKAMLHYIO COCTABJNIOIIHE, KOTOPble BEI3hI-
BAIOT COOTBETCTBYIOI[HE PeaKiHH R, H Ry CO CTOPOHBI CTEHOK COCYAA.
I'opusonransHbe cocraBasiomue Ha AHO He neficTByloT. B cocyzne [/
Peakuusa CTeHOK R, HampaBJ/ieHa BHH3 H YHCJIEHHO paBHA BeCy KHIKO-
CTH B 3aIITPHXOBAHHOH 00/1aCTH ofbeMa, Tor/la NoJHAsg CHAA JaBJeHHS

J

——

Puc. 21.6. Japjense KHAKOCTH Ha NHHILE COCYAOB



Ha guo P = G, 4+ R;. B cocyne 3 peaknus cresox R, HanpasieHa
BBeDX H TAKXKE YHCJIEHHO paBHA BeCy KHJIKOCTH B 3alUTPHXOBAHHOM
obnacTH obbema, chepoBaresqbHo, Pp = Gy — R,. B cpennem co-
cyle 2 BepTHKa/JlbHAs H TOPH3OHTANbHAA COCTABJSIOUHE PABHLI
Hymo, Py, = G,.

Cuna naBJeHHSi Ha NJIOCKYI0 CTeHKY Moxer ObiThb H300paxeHa
rpagHUeCKH B BHIE€ 3MIOPH THAPOCTATHYECKOro JaBJeHHs (CM.
puc. 21.5). PacemoTpuM npaMOYroisHYIO CTEHKY COCY/a, Ha CBOGOI-
HYI0 TOBEPXHOCTh KOToporo JeHcTBYeT aTmochepHoe jaBleHHe.
B Touke A H3OLITOYHOE AaBJEeHHe paBHO HYMO, a Ha [He cocyha
B Touke B oHo paBHo pgh. O1/0XkHB B MaciuTabe oT Touku B nepnen-
JUKYJAAPHO K CTeHKe BeJHYHHY pgh, COeIHHHM NOJy9eHHYIO TOuKy' E
¢ Toukoit A npsivoii aHuHel. Tpeyroasunk ABE — sniopa usfurou-
HOro NaBJIEHHs Ha CTEHKY, miomans, smopul S = 0,5pgh®. B cayuae
BePTHKAJIbLHONH CTeHKH ¢ pasmepamn F = bh m h, = 0,5k, coraacuo
dopmyse (21.9), cunra H3GuLTOYROTO RABIEHHA Gyner

Paaﬁ = Pgth = 0.5pgh’b = Sb, (2111)

T. €. cuaa 2udpocmamuueckoz0 OGBAeHUS HUOKOCMU HA NAOCKYIO
NPAMOYSOABHYI0 CHIEHKY PasHa nAowadu 3sMiopsl 2udpoCmamuiecKozo
0asrenun, YMHONEHHOH HQ WUPURY CMEHKU.

Touka npuJoeRHs paBHOJAEACTBYIOWEH CHJRI ZaBJI€HHS HA CTEHKY
HaswBaercA wenmpom Oasrerun. TONbKO HAa TOPH3OHTAJIbHOM CTEHKe
(aHe cocyna) meHTp AaBJEHHS COBNAZaeT C_LEHTPOM TAMECTH NOBEpPX-
HOCTH, BO BCeX APYTHX Clyuafx IEeHTP AaBJeHHs D pacnoJioXKeH HHKe
uenrpa tamxecr C (cM. puc, 21.5). TMonoxkenne uenrpa AaBjieHHS
NerKo HaHTH rpaguueckHd. B cBsA3M ¢ TeM, 9TO PaBHOAEHCTBYIORAs
CHJIE JaBJeHHS NPOXOJHT 9Yepe3 LEHTP THAMECTH SMIOpHl, NPOEKLHS
3TOr0 IeHTpa Ha INTOCKOCTH CTEHKH H OYReT UEeHTpoM [IaBJeHHA.
B yacThoM ciyyae — RIS NPAMOYTOJBHOH CTEHKH — PaBHOAEHCTBY-
IOlas H HEHTp AaBJeHHS HaXOAATCHA HAa PACCTOAHHUH Fi/3 OT OCHOBAHHA.

§ 21.4. CHIIA JABJEHHA XHIAKOCTH
HA KPHBOJIHHEAHYH MNOBEPXHOCTb. 3AKOH APXHMEJA

B ofmiemM ciygae onpenefeHHe CHJbI aBJAeHHS KHIAKOCTH
Ha NOBEPXHOCTH NPOH3BOJALHOH (POPMHE ABJAETCS NOBOJLHO CAOXKHOM
3agavedl. Ha mpakTHKe uamje BCero NPHXOAMTCH ONpENENATh CHJY
THAPOCTATHYECKOTO JABJEHHA Ha NIHJIHHADHYECKHE II0BEpXHOCTH,
HMelomye BePTHKANBHYIO NMJAOCKOCTE CHMMETPHH (TpyObl, UHMJHMHADH-
YecKHe COCYIbBl M Ap.).

Jna HaxomAeHHs NOMHOH CHJLl NaBJEHHS DacCMOTPHM IHJIHH-
JPHYECKYIO MOBEPXHOCTh, PACNOJIOKEHHYIO NEPHeHAUKYASPHO K IJIO-
cKocTH veprexa {puc. 21.7). Mccenyem ycloBus paBHOBecHs oGbeMa
HHAKOCTH V,ppy, HaXOAAIMErocA Haj paccMarpHBaeMoill LHJIHHADH-
gecKoli NMOBePXHOCThIO WHpHHON AB. 2ra MUAKOCTh JAaBHT Ha yda-
crok AB ¢ cunoli P, a noBepXHOCTb ¢ TOH e cutoll R = P (peakumus
NOBEPXHOCTH) NeACTBYeT Ha XKHAKOCTb. Peakuusi R Moxer ObiTh pas-
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JIOKeHa Ha jJBe COCTaBJAIOLIHE: TOPH-
30HTANLHYI Ry H BepTHKalbHYIO Rg.
CocraBnsiiomass R, Nno BeJHYHHe paB-
Ha cymMMe JBYX CHJ, JAeHCTBYIOWIMX
Ha noBepXHocTk AB cBepxy BHH3:
CHALI JaBJeHHA Ha cBOGOJHYIO No-
BepXHOcTb Ha yyactke MN u cuanl
TSKECTH BblaeNneHHOro o6veMa V gpuw,

T. €.
Rs = poF -+ G, (21.12)

rae F, — nnoianb c¢BoGoAHOA mno-

a7 g BEePXHOCTH Ha ydactke MN; G —
f:: cunﬂlHipniacnsynaﬁc:;gﬁzgﬂi Bec paccMarTpHBaeMoro o0beMa KHI-

KOCTH.

Peakuns cTeHKH R, H3 yCJIOBHS PAaBHOBECHS CHJ (TOro Xe ofbeMa)
B TOPH3OHTAJNLHOM HANPABIEHHH J0JKHA OLITL paBHa CHJe NaBJeHHS
KHIAKOCTH Ha yuactke BD, tak kak Ha yuacrkax MD u NA 3Tu chabl
B2auMHO ypasHoBemHBalores. [lockonsky nnomain BD saBasercs
BEPTHKANBHOMR NpoekuHed noBepxHocTh AB, To cHaa, RefCTBymMAasn
HAa Hee, ONpeNeNserTcs KaK CHJIA JMABJeHHA XKHIKOCTH Ha TJIOCKYIO
CTEHKY, T. €.

Ry = pcFs = poFa + pgheFs, (21.13)

rae F, — niomajas NoBepXHOCTH cTeHKH BD; h, — ray6una pacno-
JIOXKeHHA LeHTpa THXKeCTH nJowWaitH BD; Pe — THAPOCTATHYECKOE
naBjeHHe Ha miaomans BD.

B cayuae p, = pa, Buipaxenus (21.12) u (21.13) umewor BHA:

Ry =G =pgVapmn: Rp=pgh.Fs. (21.14)

[Tonnas cmia rHAPOCTATHYECKOro JABJEHUS DaBHAa paBHOZLEH-
CTBYIOllell ee COCTABMSAIOMMX H HAXOAHTCH M3 3aBHCHMOCTH P =
=R =y R+ Ri.

Ina UUAHHAPHYECKHX KPYTOBHIX noBepXHOcTeH paBHoAeRCTBYIO-
Ias CHJIA AaBJEHHs BCerfa HanpasJleHa no paguycy. Ecan »XuaxocTs
pacno/ioena CHApYXKH UHJIHHIPHYECKOH NOBEpXHOCTH, TO NOJNHAA
CHJIa THIAPOCTATHYeCKOro JAAaBJEHHS H €e COCTaBJIfAIomHe HAXOASITCH
no Tem xe Gopmyaam (21.12)—(21.14), Ho ¢ ofipathniM 3Hakom. [Ipn
3TOM BeNWYHHA (7, KAK H B IepBOM CJydae, ABAfAeTCA COGCTBEHHLIM
BecoM o0beMa Vg ppy, XOTA 3TOT OfBeM B PacCMaTpHBAaeMOM Ba-
PHAHTE M He 3aNOJIHAETCA MHAKOCTBIO.

3axkon Apxumena. OnpeneluM CHIy, AefCTBYIOIYIO CO CTOPOHHI
JKHIKOCTH HA TBEPJOE TeJO, MOJHOCTEIO NOTPYXKEHHOe B 3TY XHIKOCTb.
lns npocToTh! NpeACTaBHM, Y4TO B XKHAKOCTh NOTPY2KeHa NPSIMOYTob-
Haf npuama obwemoM V (puc, 21.8). Cuay ruapocTaTHYeCKoro JaBJe-
HHS MOXXHO HaiTH N0 3HAYEHHSAM TOPH3OHTANLHHX M BEPTHKAJALHBIX
cocTapafiomHx. CyMMa TOPH3OHTAJNILHHIX COCTaBAfAOWHX P, paBHa
HYJ0, TAK KaK CHJIL RaBJeHHs Ha GOKOBLIe M'PaHH PaBHH 0 BeJHIHHE
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H NPOTHBONOJOKHE MO HANPABJEHUIC, T. €. OHH B3aHUMHO ypaBHOBe-
WwyiBaloTcs. BepTHKanbHue COCTABAAIOIHE CHJBI T'HAPOCTATHYECKOTO
NaBJEeHHsA, [eHCTBYIOINHE HA OCHOBAHHS NPH3MBI, HEOJAHHAKOBHI.
Ha Bepxnee ocHoBanHe miowansio F cBepxy BHH3 JedCTByeT CHJA
Py, = p,gh,F, parHas Becy XHAKOCTH B 06beme V;, Ha HHIKHee OCHO-
BaHue — cuna P, = p,g (b, + h) F, nanpaBnennas Beepx. [Ipnuem
cuna P, paBHa Becy JKHMAKOCTH B ofbeme V; + V, Haxonsmmemca Haja
HUJKHUM OCHOBAHWEM MPH3MhI, XOTs YacTb 310ro obnema V u He 3a-
HATa XHAKocTblo. Tak kak Py > P,, To paBHOZeHCTBYyIOWlAasi CHJI
FRAPOCTATHYECKOFO AaBJEHHS HanpaB/ieHa BePTHKAaNbHO BEEPX H PABHA

P =Py — Py = puhF = pugV = Py, (21.15)

rlie pugV — BeC XXHIKOCTH, BBITECHEHHOH TeJOM.

Vpasuenue (21.15) npeacraBaser cofolf MaTeMaTHyeckoe OMNMCa-
HHe3a KO Ha A p X uMeaa: Ha meao, nozpysicenroe 8 HudKocms,
Jelicmeyem 6oiMatKUBAIOWAR CUAG, HANPABAEHHAA BEPMUKAALHO 68EPX
U pasHasn eecy MUOKOCMuU, BLIMECHEHKOLU MEAOM.

3akon Apxumesna, BbiBeJeHHHIA Ha NpHMeEpe NpPAMOYTrOJBHOMN
MPH3MHI, CHPaBelJIUB AJA TeJ JMo60H KOHDUIYpamuK, a Takxe Tel,
YACTHYHO MOrpYXEHHHX B XkujAxkocTb. Chaa P, uyacTo HasplBaeTcs
apxumedogodi unu nodvemno cunoii. OHA NPUJIOKEHA B IEHTPe TH-
JECTH BLITECHEHHOr0 O0BeMa KWAKOCTH, KOTOPBIA Ha3bIBAETCH YeH-
mpos eodousmewerun. LleHTp BojoM3MeleHHs O6LIYHO He coBHajaer
C HEeHTPOM TSIKECTH TeJa, UCKJIOYeHHEe COCTABJSAIOT OJHOPO/HbIE Tea.

Ycaoeus nnaBaHns Tea. 3akoH ApxuMmena Hawes GOJbIUOE Mpak-
THYECKOEe NPUMEHeHHe, Ha HeM OCHOBaHa Teopys niaBaxus ten. Hs 3a-
KOHA CJeAyeT, YTO Ha TeJO, NOTPYKEHHOe B XUAKOCTb, B HTOTE jeH-
CTBYIOT [B€ CHJBL: BeC Tesia U, NPUJIOXKEHHbIH B IIEHTPE TSAXKECTH Tena
¥ HANpAaBJIEHHKIH BHH3, ¥ NOABEMHAs cuna P4, NIPUICKEHHAas B LleHTpe
BOJOM3MelleHHs W HanpaBJedHas BBepX.

Irasyvecmes meaa (cnoCOGHOCTL Teéna NNaBaTth) 3aBUCHT OT COOT-
Holenuss Bensuuud G u P,. Pasnuyaor TpH OCHOBHBHIX cayyas:

1) G = P, — T1eno nnhaBaer B Mo-

Tpy»eHHOM cocTosiHuM;, G = p.gV = t mei
PV = R, 1. e. nJoTHOCTH TeJa =
H XHIKOCTH OIMHAKOBH (Pr = Pu); o e T

2) G> Py, v py > p, — TENO 'é::lvf \{J il
TOHET, TaK KaK ero Bec GoJblle BH- e T
TanKHBAWIIEH CHJHL; ] = 1F | 2 _|-

) G Py, uau py < p,y, — TEIO REEN n
BCRJBIBAET U MJaBaeT Ha NOBEPXHOCTH =177 Il":
B YaCTHYHO NOTPYXKEHHOM COCTOSHHH. 4= —4 1

Has  paBHOBecHA  NJABAOWEro [~y — .@%ﬁ“&’l*
TéJla, MOJHOCTHIO NOrPYXKEHHOro B — o= Mg ==
XUJKOCTh, KpoMe paBeHcTBa G = Py E— ac
Heo6X0AUMO, YTOOE TOYKH NPHUJONKE- pye 9218 K paccworpenio aa-
HHA 3THX CHJA Jexaln Ha O,Ilﬂoﬁ KOHa ApXHMeaa
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Beptukanu. Crnoco6HOCTDb
TeJla CaMOCTOSITEIbHO NpH-
HHMAaTb COCTOSIHHE YCTOH-
YHBOTO PaBHOBECHS nocJe
KpeHa HasblBaeTcsi ocmoti-
yusocmefo. B aaBucumocTs
OT B3aUMHOrO pacnojoxKe-
HHS [eHTPa BOJOH3Melle-
HUS W LEHTPA TAXKECTH Tesa
BO3MOXHEI TPH CAy4as.
1. Lenrp tsixxecTd Te-
Pue, 21.9. efictBue cHA Ha Tena, morpymen- 18 C pacnosioXkeH HuXKe
HHE B HUAKOCTH IeHTpa Bojouameinenns D
(puc. 21.9, a). B stoM cay-
yae napa CHJ, o6pa3oBaBUIAsCs NpPU KpeHe, CTPEMHTCS BO3BPATHThb
TENO B COCTOSHHE YCTOHWYHBOIG PABHOBECHS, T. €. paccMaTpuBaeMoe
Teso 06/1afaeT OCTOMYHBOCTEIO.
2. UenTp Tsi>kecty C Bbilue neHTpa BogousMemenus D (puc. 21.9,6).
B sToM cayyae Teso 6yIeT HeOCTOHYHBLIM, TAK KaK IPY KPeHe NOsSIBHB-
ascs napa CHJ CTPEMHTCS €ro NepeBepHYTh.
3. Lentp Tsxectd C coBnajaer ¢ weHTpoM Bojouamelnenuss D.
Ha6monaerca coctrosinne 6e3pasjMyHOro PaBHOBECHS, MPH KOTOPOM
nJaBaolee TeJO MOXET COXPaHATh Jio6oe MoJoxKeHHe. DTO BO3-

MOXXHO IDH NJIaBAHHH CIVIOIIHOTO OJHOPOLHOIO T€JA, KOTJA Pr = Py
(puc. 21.9, 6).

JIABA 22. OCHOBbl THAPOAHHAMHKHU

§ 22.1. OCHOBHBLIE NOHATHA H ONPEAEJNEHHSA

Tudpodunamurxa — pasnen ruApaBIUuKH, B KOTOPOM H3Y-
YaloTCA 3aKOHB! JIBM)KEHHA H B3aHUMOJEHCTBHSA KUAKOCTH C TBEpPJAbIMH
TeJIaMH NPH HX OTHOCHTeNbHOM ABHXKeHHH. OCHOBHLIMH NapaMeTpaMi
JBHXKEHRS JKHIKOCTH SBJSIOTCA CKOPOCTh H THAPOAMHAMHYECKOe
JlaBJleHYe, KOTOPHIe H3MEHAIOTCS B MPOCTPAHCTBE W BO BpPEMEHH.
Tudpodunamuveckoe Oasaenue — 510 BHYTpPEHHEe NAaBJEHUe, BO3-
HHKalollee NpH ABHIKEHHH JKHAKOCTH. Pas/iuuaor JBa BHAA ABHIKEHHS
HUAKOCTH: YCTAHOBMBIUEECH H HeYCTAHOBHBLUEECH.
Yemanosuswumcs HaswBaeTcs Oeuscerue, NPH KOTOPOM CKOPOCTb
H paBJeHHe B KaXJoH JaHHOH TOUKE NPOCTPAHCTBA, 3aHNTOIO XKHIKO-
CTBIO, HE H3MEHAIOTCA BO BPEMeHH, a ABNsIOTCA QYHKIMAMH TOALKO
ee KoOpIMHAT:
w="hx g 2 p=hL&y 2.
[IpuMepoM ycTaHOBHBUIETOCH ABHIKEHHS MOKET CIYKHTh HCTEUEeHHe
HKHAKOCTH H3 pe3epsyapa, B KOTOPOM NOANEPIKMBACTCA NOCTOAHHBIA
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yposeun (puc. 22.1, a),
T. €, Korja ofecrneynpaer- o
CA MOCTOSIHCTBO Hamopa
Kuakocrd (h = const) u
TUAPaBJIHYECKHX CONpO-
TuBliensii moroka. CKo-
pOCTb ABHIKEHHMS 4acTHLL,
JABJAEHHE B KamA0H ToUKe
NOTOKa U, KaK CAEACTBHE,
pacxo] KHIAKOCTH OYIyT
MOCTOSHHBI,

Heycmanosusgutumcs
HaszpiBaerca  Oguicexue,
HPH KOTOPOM CKOPOCTb
W RaBjieHHe B Kaxa0H
NaHHOH TOYKE MPOCTPAHCTBA HU3MEHAIOTCH HE TOMABKO C H3MEHEeHHeM
KOOpIMHAaT, HO M BO BPEMEHH T:

w=f(x, 4,2 1 p=fxy 2 1.

Heycranorupuieecs ABHxEHHe DBO3HHKAaeT NPH HIMEHAIOILEMCH
THAIPABIHYECKOM CORNPOTHBJAEHHH W Hanope. [lpumepom MOMXeT cay-
KHTh MCTEYPHHE KHAKOCTH H3 pe3epByapa mnpd NOCTENEHHOM €ro
omopoxHeHuu (puc. 22.1, 6).

[Toa mudkou Hacmuyed B THIPOAHHAMHKE IORHMAIOT YCJAOBHO
BHIAE/NEHHbIA OueHb MajAeHbKHH 0GBEM HHUIKOCTH, H3MEHeHHEeM (OPME
KOTOPOrO NpH IBMMKEeHHH fipeHedperanT. Kaxaaa yactHUa KHIKOCTH
IPH ABHMEHHH OMHCLIBAET KPHBYIO, KOTOpPAs Ha3biBAETCH MPACKHO-
puett dgumenus.

[lon nomokom HudKkoCHLE MOHUMAIOT ABHMKYILYVIOCH MACCY MKHIKO-
CTH, TOJHOCTHIO HJH YACTHYHO OrpaHHueHHyio noBepxuoctsaMmH. [lo-
BEPXHOCTH pa3jfefia MOrYT OHITh TBEPIBLIMH HJIH 00pa3oBaHbl caMoi
KHAKOCTBIO Ha rpanuue pasiena ¢as. [lo xapakrepy ABHIKEHHA pa3-
JMYAT TPH BHA2 NOTOKA: HAMOpHbIA, Oe3HAMOPHBIA U CTPYH.

Hanopreim nasbiBaerTcd IBHXMEHHE NOTOKa B 3aKDHITHIX pycJaax
OPH AOJHOM 3anoJHEHHH ITOMEPeuHoro ceueHns xuiAkocTwio. llpH-
Mep — jBiKEeHHe BOJbI B BORONMPOBOIHBLIX TpyHax. Hanoproe nBHke-
Hue BO3HHKaeT 3a cueT PasHOCTH JaBJEHHH B Hauale ¥ KOHIE TpyDo-
npoBo;ia.

besnanopreim 1a3piBaeTCa ABHKEHHE XKHUAKOCTH B OTKPBITOM pyCie,
KOrja MmOTOK MMEET cBOGOAHYIO MOBEPXHOCTL. B 3TOM cayuae ABHXKe-
HHe KUAKOCTH OCYILECTBJAETCH TObKO 33 CHeT CHJA TAMKECTH, T. e.
NpH HaJHYHH FEOMETPHUECKOTO YKJOHa pycaa. [Ipumep — ABHxeHHE
BOOH B KanaJiax, pekax, JOTKax W T. 1.

Cmpyu nupeacrasiasior co00# MOTOKH JKMAKOCTH, BHITEKAIOHE
Hepes OTBEPCTHS HJH comjla Aoj JlelicTereM Hauopa. CTpyH MOTyT GblTh
OrpaHH4YeHbl €O BCeX CTOPOH Ta3o00pas3HOH HAH 2KHAKOH CpejoH.
B nepsom caysae oHM HashIBAWOTCH C80000MbIMI, BO BTOPOM — 3a-
MOAACHHbIM Y.

~

h-const

Pue 22.1. Hcreuenme MHIKOCTH

10 Nawyryua H T. w zp. e
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Puc. £22.2, Jlunna Ttoka

Puc, 22.3. 3aementaphas cTpyiika BHY-
TDH NOTOKA K

Junueil moxa HasbiBaeTcs BoOGpa)KaeMast KpHBas B ABHKYLUEMCS
NOTOKE MHAKOCTH, ANA KOTOPOH BEKTODBI CKOPOCTEH © KaXAOH M3
YacTHYeK XKHAKOCTH, HAXOAALHXCA Ha Hell B JaHHbI MOMEHT BDPEMEHH,
ABAAIOTCA KacaTelbHbIMH K 5Tof KpupBoi (pue. 22.2). Oanako neob-
X0AHMO pasJ/inuars JHHHK TOKA, KOTOpas XapaKTEDPH3YET Hanpas/e-
HHE JBHJKEHHA BCEX HacTHIl, DPaclONOMKEHHBIX Ha HeHd B JaHHb#
MOMEHT BpEeMEeHH, H TPAEKTOPHIO YacTHI(bl XKHIKOCTH, KOTOpas npel-
cTaBaseT co00H MyThb, NMPOHAGHHBIH OJHOH UYAaCTHUKOH 3a KakKOH-TO
NPOMEXKYTOK BPEMEHW, JIHNSA TOKA NpH yCTAHOBHBILEMCA ABWKEHHH
COBHajaeT ¢ TPaekTopHel wactHi XKuakocTH (cM. puc. 22.1, a). [lpu
HeyCTaHOBHBIIEMCA ABMIKEHHH JHHHHU TOKa (CIIOIIHBIE KPUBBIE B MO-
MEHTbI BPEMEHH Ty, Ty, Ty Ha pHc. 22.1, 6) H TpaeKTopHA ABHKEHUSA
YacTHUb XKUAKOCTH (WITPHXOBas JHHHA) HE COBHANAOT.

H3-3a caoxiocTy yuera BAHSHHs BceX (PaKTOpPOB NpPH ABHXKEHHH
NOTOKa NefiCTBHTEeNLHOe ABHMEHHE XKHUAKOCTH 3aMeHAIoT yHpOULeHHOR
mMojenblo. B OCHOBe H3yueHHS THAPOAMHAMHKH JEXHT TaK Ha3blBae-
mMaa cmpyddamas medeay deuscedus. Jra CXeMa UPEANOJAraer, 49To
NOTOK MHJKOCTH COCTOMT H3 OeckoHeyHo 6OJBLION0 HHCJAA 3AEMEH-
TapHHIX CTpPYEK.

Ecan B notoke asHxkyinefcsa xuakocru (prc. 22.3) BoigennTh sie-
MeRTapHylo niomaixy OF, orpanuuensyio Koutypom K, n uepes
BCE €ro TOYKH NPOBECTH JHHHH TOKa, OTBEYAIONHE ONpeleleHHOMY
MOMEHTY BpEMeHH, To o6pasyercs Tpy6uaTas MNOBEpXHOCTh, HAa3hl-
Baemasi mpyoxoti moxa. J)KuaKocTb, IBUXKYIAACS BHYTPH TPYOKH
TOKa, Ha3hlBaeTcsl 3ieMenmapHoil cmpydkod, T. e 0OHa #ABJAeTCH
YacTblo MOTOKa GECKOHEYHO MaJsloro morepedHoro cevernns. Ceuenve,
PacHOJIOKEHHOe HOpPMalbHO K JIHHHAM TOKa, HAa3bBAWT XHUBLIM
cedeHueM SAEMEMMAPHOL cmpylixu.

[lpu ycTaHOBHBIIEMCA ABHIKEHHH 3JeMeHTapHas Ccrpy#ka obnaa-
JaeT caejyiomMMH cBoficrBamu: |) ee dopma M opueHrtamid B npo-
CTPaHCTBE OCTAOTCA HEH3MEHHBIMH MO BpeMénu; 2) GokoBas NoBepx-
HOCTb CTPYHKH HEOPOHHIIAeMa AN XUIKOCTH, T. €. IH OJlHa YacTHUKA
KHIKOCTH He MOXET NMPOHHKHYTh BHYTPER HJAH BLIHTH Hapy:Ky uepes
GOKOBBIE CTEHKH TPyOKH TOKa; 3) BBHAY MAaJOCTH HBOTO CEUeHHA
CTPYHKH CKODOCTh M JaBJEHHE BO BCCX TOYKAX 3TOTO CEYeHHA CACLyeT
CUHTATL OAHHaKOBBIMH. OHAKO BAOAbL CTPYEK BEJHYHHLI @ H p B 06-
IeM cydae MOTYT H3MEHSTLCH. |
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Taxkum oGpasom, notok npexacrasaser coboil COBOKYIHOCT: GoJb-
AIOTO HHC/JA 3J€MeHTapHbIX cTpyeK. CKOpOCTb ABHXKEHHA OTIe/bHBIX
CTpYeK B NOTOKE Pa3/jHuHa, mo3TOMy Hab/iofaercs HX OTHOCHTENbHOoe
CKOMILKEHHEe, XOTA OHHM HHUTIe HE nepeMemHBaioTcs Apyr C JIpYroM.
Onbithl 110Ka3biBaIOT, 4TO ¢ HauGoJbliefl CKOPOCTBIO RBHXKYTCA Ya-
CTHIIB KHAKOCTH Y OCH MOTOKa, C HauMeHblueli — y CTEHOK.

Kusotm cewerenm nomoxa F naspiBaercs naomaib CeyeHHs noToKa,
NpPOBEJCHHOTO MEPNeHIUKYAAPHO K HanpasieHHI0 MHHMHA TOKa H
OrpaHHYeHHOro €ro BHELIHHM KOHTypoM. [liolanb KHBOIO CeYeHHs
paBHa CyMMe M/IOHIAAeH »KHUBbIX CeYeHHH 31eMEHTapHBIX CTPYeK.

Cuovernbim nepumemposr nomoxa IT HaswiBaercs AMMHa KOHTypa
JKABOIO CEYEHHH, IO KOTOPOH KHIAKOCTL COTNpHKacaeTcs C OrpaHHYH-
BalOMHMH €€ CTCHKaMH, [IpH HANOPHOM NBHMEHWH MHAKOCTH CMOYCH-
HbIl NMepHMEeTp COBIajaerT ¢ reoMerpHueckuM (nd Ha puc. 22.4, a 4
2h + 2b Ha puc. 22.4, 6). ITpu GesmanopuoM ABuxkenun (puc. 22.4, 8)
cMouennwi nepuMerp f1 = 2h + b orauuaercd OT [EOMETPHYECKOrQ
I, = 2h - 2b, Tak Kak B CMOYEHHBIH MEPUMETP HE BXONMT JIMHUA
cBoboiHoll MOBepXHOCTH.

Fudpasauseckum paduycom R, HasbiBaercsl OTHOLIEHHE HJOLLAAH
JKUBOTO CeuyeHHsl NMOTOKa K CMOYEHHOMY NepHMeTpy:

’ ; ' R.= F/II. (22.1)

FeomeTpHueck#il paauyc # THAPaBIHYECKHH paalyc — COBEPLICHHO
pasuble I[OHATHA, QaXE B CJAYYae HAMOPHOIO TEUEHHH IKHAKOCTH
B kpyraoi TpyGe. JleficTRuTeNLHO, 114 TPYOHR AHaMETpOM d FeOMerpH-
yecKuil paauve r = d/2, a rugpasamdeckiil R, = nd’/(dnd) =
= d/4 5= r.

[Ipn ruapaBAMYeCKHX pacuyerax 4acTo HCIOJAb3YeTCs IMOHATHE
aKBUBANEHMHO0 GUaMempa, KOTOPL paBeH YEThIPeM FHAPaBAHIECKHM
paiuycaM. Torida aasi KpyrawX Tpy6, MNOJAROCTBIO 3aTOIJEHHHIX
x)ujkoernio (puc. 22.4, a),

dy = 4R, = d. (22.2)

Hna tpy6 mpamoyroasnoro ceuepus (puc. 22.4, 6)
Ry = bhj12(b - W)];  dy = 2bhy(b + h).

a) 8)

Puc. 22.4. CMoueHHbII nepuMeTp noToka
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Pacxodom HazpiBaeTCA KOMHUECTBO HUAKOCTH, MpoTeKalomel yepes
JKHBOE CeueHHe II0TOKa B CAHHHIY BpeMenH. Pasnuuaor obbemunill V,
MmaccoBnit M M BecoBOH G pacXOanl KHAKOCTEH:

V=~L%% M=mft, G= mg/,

rae L? — oGbeM XHIKOCTH; /1 — Macca XKHAKOCTH, T — BpeMs,
Mexay 3THMH PACXOjaMH CYIIECTBYET 3aBHCHMOCTb

V = Gipg) = M/p. i (22.3)

Has snementapuofl CTpyilkn, uMecniefi OECKOHEUHO Maiyio AJo-
1AL MONEPEYHOTO CEUeHHS H OAMHAKODYI0 HCTHHHVID CKOPOCTL W
BO BCEX TOUKaX KaXKAOTO CeUCHHS, INEMEHTApHBIH DACXO[ COCTaBaAeT
dV = wdF. Takum ofpa3oM, o0wemmblil pacxod assemenmapHol
CMPYIKIL PABEH NPOU3BEDCH IO NAOLAON ee HLBO20 CeHeHILT HA CKOPOCHTL
8 IMOM CeHeHIIl.

OObemMHbIli PACX0OA MOTOKA paBseH CyMME 3/]eMEHTapHbIX PaCXO/0B
CTpyeK:

V=|waeF. (22.4)
F

CKOpOCTh MKHIKOCTH B PA3JIHYHBIX TOYUKAX KHBOrO CEYeHHS pas-
JIHYHA, K TOYIbLIH 3aKOH H3MEGHEHHS CKOPOCTH IO CEYEHHIQ HE BCeria
H3BECTeH, MOSTOMY BhIUHCJAcHHE Hurerpana (22.4) B psane cryvyaes
3aTpyaHHTe bHO, JINS yNpPOmeHNs pacyeros BBOASAT MOHSATHE cpeaHed
JJS JAHHOTO JXHBOrO CEYEHUA CKOPOCTH NOTOKa W, = V/F, orkynaa

(22.5)

V = wepF.

Cpedusasn ckopocme — 310 (PUKTHBHAH CKOPOCTh MOTOKA, KOTOpas
CUHTAETCH OMHHAKOBOH A4 BCEX YacTiIl JaHHOTO CEYEHHs, HO MO-
no6para Tak, 4TO pPacxod, ONpeAe/eHHEH 1o €e 3HAUYCHHID, paBeH
HCTHHHOMY 3Hauesito pacxona. Ha puc. 22.5 npesacrasiieHa Kpusas
H3MeHeHHS CKOpPOCTH B fonepednoM cedennu ab. Cpeansa ckKopocrts
MOTOKa W,, TakoBa, UTO MJIOLLafb MPsIMO-

- Wmax yrosbHHKa abcd paBHa NJOLEAH  3MIOPBI
b L HCTHHHBIX CKOPOCTei.
j YcranoBuBiieecs ABHXEHHE MKuUAKOCTH,
e XapaKTepH3yIoUleecs MOCTOSHCTEOM pPacxona
l - RO BpDEMEHH, nNOApasjendAlT ila paBHOMEp-
HOe H HepaBHOMEepHOeE.
& s d Pasromeprorm HasblBaeTCsl Takoe ycma-
HOBUBLUEECA OBUNEHIE WHIKOCTH, TIPH KOTO-

Puc. 92.5. Pacnipepenenme POM CPeIHSis CKOPOCTh H MJIOWANH XHUBBIX
cKopocTelf B ceueRMH TpyOH ~ CEUEHHH NOTOKA He H3MEeHAITCs N0 ero
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aaune. [lpuMepoM paBHOMEPHOTO ABHIKEHHS MOMKET CHAYXKHTb yCTa-
HOBHBLICECH ABHMKEHHE MXHMAKOCTH B LHJHHAPHUECKOH TpYyGe.

Hepagrosmepusis HA3bIBACTCH TAKOE YCMaHO8UGIeeCs JBHMKEHHE,
OpH KOTOPOM CpeIHsfl CKOPOCTh M IJIOWIALM KHMBHIX Ce4eHHH MOTOKA
U3MEHAWTCH NO ero AnHHe. [IpUMEpOM CAYXKHT YycCTaHOBHBILEECH
JABHIKEHHE HHJAKOCTH B TPpyO€ nepeMeHHOro CEeueHHUS.

[Tpn u3yueHHH HepaBHOMEPHOIO ABHKEHHA KHUAKOCTH MOML3YIOTCS
MOHATHEM AAQBHOUMEHIOWee0ca deucerus, pH KoTopom: 1) paauyo
KPHBH3HLI JAHHMA TOKa OYEHb BEJAMK M B mpelene crpeMHTcs kK Gec-
KOHEYHOCTH; 2) yroJi pacXOmACHHS MexAy JHHHAMH TOKA OYeHb MaJ
M B rpejeie CTPEMHTCA K HYMWO; 3) KHUBLIE CeuCHHsS CTPYeK — NJIo-
CKHe nJollalkH, HOpMaabHble K OcH nmoroka, CnenosaTe/bHO, IJIaB-
HOM3MEHOWIEeCs JIBHMEHHE 110 CBOHM CBOHCTBaM NpHOJIHIKAETCH
K PaBHOMEDHOMY ABHXKEHHIO, COCTORMIEMY H3 MPAMBIX H NapajJenbs
HBIX MewJy cOOOH 3/eMeHTapHBIX CTPYEK.

§ 22,2, YPABHEIIMHE HEPA3PBIBHOCTH MNOTOKA

PaccmoTpHM ycTaHOBHBLIeecs ABHIKCHHE [IOTOKA X HJAKOCTH
(puc. 22.6), orpaHnuennoro ¢ 60KOB JMHHAMH TOKa, JlBymMs mpous-
BOABHBIMH ceueHuaMH [—[ u 2—2 (HOpMaNbHBIMH K JHHHSM TOKA)
BhLIEAHM HEKOTOpHI OTCEK MOTOKa. 3a Bpems dv depes XXHBoe ceye-
uue [/—/ BHyTpb OTCEKa NOCTymaeT ofbeM kuakocTu V, dv, a uepes
JKHBOE ceuenue 2—2 3a TO e BPEMSA U3 HETO BHIXOJHUT 0OBEM KHAKOCTH
V, dv. YuureiBa#i, 4T0 NPOHUKHOBEHHE MHHIKOCTH yepe3 6GOKOBHIE
MOBEPXHOCTH, 00Pa30BaHible JHHUAMU TOKA, HEBOSMOXHO, YTO XKHA-
KOCTb HeC)KHMaeMa M cOOJIOLaeTCA YCJAOBHE CIVIOLIHOCTH (T. €. He-
BO3MOXHO 00pasoBaHue MNYyCTOT, HE 3aMOJHEHHBIX KHIKOCTBIO),
MOXHO YTBEPIKIATh, 4TO 00LEMBl HHAKOCTH Ha BXOAE H BHXOJE paBHH
mexay coboi: V, dt = V, dr. Tak Kak ceuenng [—/ n 2—2 ObliH
B3ATHl [IPOH3BOJNBHO, TO s JMioGbIX APYTHX CE4eHHHA MOTOKa MoJy-
YHM Te JKe €00THOLIEHHH, T, €. B ofIeM BHje MOXHO HanHcate V, =
=V,=V,=..=V,=V = const, nau

V = const (BZoab notoka). ‘ (22.6)

JpyruMu cj0BaMu, ecau Hecowcumaemas ncudkocms Osusemcs
Ges pas3peisos, Mo Npl YCMAHOBUEILEMCA OBUNCEHUL 06DeMHbIL pacxod
048 BCEX NHCUGLLY Ceuer il NOMOKA NOCMOAHER . DTO ypaBHEHHE Ha3blBaloT
ypaBHeHHeM NOCTOSHAH-
cTBa pPacxoila.

B cBasu ¢ tem, uro V = wfF,
ypasnenue (22.6) moxno 3amucarb
B Bije

Fw., = const (Boosb NOTOKa). Vir by 25 F2
Puc. 22.6. K BbiBogy ypaBHeHus He-
(22.7) pa3pLBLOCTH MOTOKA
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210 ypaBHeHHe HAa3bBAIOT YPaBHEHHEM Hepasph b
HOCTH IIOTOK a, OHO SIBAAETCA NEPBBIM OCHOBHLIM ypaBHEHHEM
THIPOAMHAMHKH H FOKA3biBAET, YTO APU YCMAHOGUGUIEMES O8uaten iy
HecHeumaeMotl JCHOKOCI NPou3gedente NAOWAOU MLB020 CeveHUs HA
CPeOHIOID CKOPOCMb NOMOKA eCib 6eAUHUHA NOCHOAHHASR.

Mz Bmpaxenus (22.7) caeayer: Fuwo, = Fw, = Fauy = .., =
= F,w,, Hin

wy cpfw;: cp T Fy/F,. (22.8)

Takum o6pa3oM, ApH YCTAHOBUBIIEMCA ABHXKEHHH CpedHue CKo-
pocmu  o6pamuO  RPONOPHUOHAAbHOL RAOCAOAM  COOMBEMCMBYIOWIX
MHusolx cedenull nomoka.

§ 22.3. YPABHEHHE BEPHVYJIJIH

YpasHenne bepuyanu ABASETCA BTOPHIM OCHOBHBIM ypas-
HetHeM THAPOJAHHAMHKH, KOTOPOE yCTaHaBMHMBAaeT CBfA3b MEXIy CKo-
POCTbIO U [JaBJEHHEM B NOTOKE MKHIAKOCTH,

Ypasuenue bepHyann paR aneMeHTAPHOH CTPYHKK HAEaJbHOI
KUIAKOCTH, Jlis BHIBONA YPABHEHUS BO3BMEM JIEMEHTAPHYIO CTPYHKY
HECKHMaeMoH xuAkocTH (pHC. 22.7) 1 BeibepeM Ha Hel 1Ba TPOU3BOb-
HbiX ceuenuss [—I[ u 2—2, HopMa/bHLIX K AHHHSM TOXa. Byaem cun-
TaTh JBHMKEHHE HA€aJbHOH XHAKOCTH yCTaHOBHBLIMMCH, T. €. O0b-
emubiii pacxof V na yuactke /—2 HenaMeHHBIM. CHJIbI BHYTPEHHETO
TPEHHA OTCYTCTBYIOT, KHIKOCTb HAXOJMTCH TOJNLKO MOJ JAEHCTBHEM
MacCOBBIX CHJI: CHJIBI 3¢MHOTO TATOTEHHA H CHJB T'MIPOMEX2HHYECKOro
naBleHHs. PaccTOAHHA OT LEHTPOB THXECTH CEYEHHH JO NMpPOH3BOJb-
HOH TOPU30OHTANbHOH MNJIOCKOCTH CpaBHeHHS 0—O0 pPaBHH 2, H z,.
Ha naowany xusbix cevennit F; u Fy B HX eHTPpax TAXKeCTH JeHCTBYIOT
JABJCHHS P; H Py, CKOPOCTH XHIKOCTH B COOTBETCTBYIOIIHX CEUeHHAX
Wy u w,. OnpeneanM yleNbHYIO 3HEPIHIO XKHAKOCTH (3HEPTHIO, OTHEe-
CEHNYIO K CAHHHLE Macchl XUAKOCTH, JLx/Kr) B cevennsax /—/ u 2—2.
Kaxnas yacTHYKa XKHIKOCTH B 3JEMEHTapHON CTpYHKe, HMeliuan
Maccy m, oGnafaer sanacom yaesdbHoR sHeprun E. [Toswas yaenbnas
3Heprus CKJAAIHBAETCA H3 YyAeAbHOH MOTeHUHanbHOM £y, U yaenbHOH
KHHeTHueckoH  E.,  3Heprui:
E = Eyy + Eyy.

YieanHasn HOTEHIHAMLHas
IHEPTHA KawJOoH YacTHIBl HuA-
KOCTH paBH& cyMMe VIeNbHHIX
MOTEHUHAJbHBEIX 3HEPTHH noJo-
Keudsa En, # jnaeaenus Eg.
B coorserctBrn ¢ dopmynoi

FIPIP777777 7777777 77777777777 (21.4) HMeeM
Puc. 22.7. K BumBozy ypaBHeHus Bep- '
HYMIH N9 SMeMeNTADHOR CTpyiika Epy = Ena + Eg = g2+ pipy
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rle gz — yAenpHas NOTEHIHAJbHA® 3SHEPrus MONOMKEHHS YacTHIIH
OTHOCHTENIbHO T/IOCKOCTH cpaBHeHud 0—O0 B mose CHJ 3EMHOTO TATO-
TeHHS; p/p — yAeabHasi NOTEHIHA/bHas SHEpPrusd AaBJeHHd,
HOJ]HHH KHHEeTHYEeCKan SHEPI‘HH QJacTHI LI XUWJKOCTH MaccoH n,
ABHKYmEHCA co CKOpocThlo w, paBHa Efy = mw?(2, a ynenbHas
kuHeTHueckas sueprus E., = mu?/(2m) = w?/2.
Torga mofiHas ynenbHasi 3HepTUA YacTHUBI JKUAKOCTH

E = gz 4 plp + w¥/2. (22.9)
s paccMaTpUBaeMbIX cedeHHH 3JeMEeHTApHOH CTpYHKH MOXKHO
HamuCaTh!
2 2
E| = gz; + pilp +@1/2; Es= gza+ pa/p + wa/2.
[Ipu OTCYTCTBHH CHJ CONPOTHRNCHUA (TPEHUA) ABHKEHHIO ClieyeT,
uyro E;, = E,, nan

g2+ pi/p -+ wi/2 = g2+ palp -+ wa/2. (22.10)

Tak kak ceuetud [—1/ W 2-—2 B3ATH NPOH3BOJNLHO, TO BHIPaKeHHE
(22.10) cnpaBenauBo AS MOOBIX NOMEpPEYHBLIX ceueHHH 3JeMeHTapHOH
CTPYHKHM, T. €,

E = gz} p/p + ©*/2 = const. (22.11)

Ypasuenne (22.11), oTHocalneecss K SaemenmapHodt cmpyiixe
udeanrsHold  Mcudxocmiu, Ha3bpIBAETCd ypaBHeHHeM bBep-
H Y 17 H, KoTopbiit B 1738 r. c10B€CHO ONMHCca/d COOTHOLICHHE BXOAS-
XX B HErO BeJHY#H NPH YCTAHOBHBIIEMCS ABHIKCHHH,

DHepreruueckKHH cMHCI ypaBuedHus bep-
Hyananu O0as ssemenmapHoll cmpyixu npu ycmanosusuiemcs Ogus
genu 10earbrol HudOKOCMy 3aKI04aeTCs B TOM, YTO N0AHAR ydeas-
Has sHepeus 600ab CMPYUKL OCMAEHICS HeUu3MeHHOL.

ChenosatensHo, ypaBuenhe DepHYIAM BHpa)xaeT 3aKoH CoxpaHe-
HHA MeXaHHYeCKOH SHEPrHH NpH NBHMKEHHH HIEAJbHOH XMKOCTH:
CYMMQ NOMEHUUAABHOL U Kunemudeckol 3Hepeuti npu Oeusceruls
wudkocmu Heusmernna. VIaMeHeHHe OJHOTO BHIA 3HEPTHH NPHBOAMT
K IPOTHBOMOJIOXKHOMY H3MeHeHHlo Apyroro. Tak, ecan npu ropusoH-
TaJbHOM JBHXKCHHH JKHIKOCTH YMEHBIUHJACh €€ KHHeTHuecKas 3Hep-
rHf (3a CyeT yMeHbUIEHHS CKOPOCTH), TO ylelbHas NOTeHLUHaAbHas
3Heprus YBEeJNHYHJIaCh Ha TaKyl0 Ke BeJIHuHHY.

Paszgenus Bce unensl ypasHeHus (22.11) Ha yckopeHHEe CBOGOAHOrO
NajAeHHaA, NOJyYHM ypaBuenue BepHyanu, Bce uw/ledbl KOTOpOro ua-
MepAOTCA B €IHHHIAX JAHHBI (M)

Hy =z + p/(pg) -+ @*/(2g) = const. (22.12)

Feomerpuueckuit ecMbca ypaBHeununsa Bep-
HYJJH MOXerT ObiTh NOHATEH H3 PACCMOTPEHHS €ro CaraeMbx.
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Pre. 22.9 Hamenenne nmbesoMeTPHUYECKOro H cKOPOCTHOrO HANOPOR BIOIE CTpYHKH
HACAIBUHOH HMHIKOCTH

Mepsoe caaraemoe z npeacranisier coloil eeomempuueckuil nenop,
T. €. BHICOTY PACHOJOMEHUS AaHHOIO CeYCHHS MOTOKa Hajl HEKOTOPOH
NIOCKOCTBIO cpaBHenus 0—0.

Bropoe cnaraemoe p/(pg) — novesomempuueckuli Hanop (Bercota),
COOTBETCTBYIOUIHHA THAPOCTAaTHYECKOMY AABJEHHIO p B paccMarpHBae-
Mol touke. IIbesoMeTpuueckas BuICOTa /1, = pf(pg) €CTH paccTosHHe
OT LEHTpa THAXECTH KHBOFO CEYEHHH IIOTOKA 10 YPOBHS HHJIKOCTH
B nbesomerpe. [Ibesomerp npeacrasaser coGoit tpyOky 11 (puc. 22.8),
NPpHCOEJHHEHHYIO K prﬁe. [To BricoTE nogreMa XHIKOCTH B prﬁKE
CYIAT O BeJAHulHe jaBjends 310 MKHJKOCTH.

Tpetbe charaemoe w®/(2g) HAa3LIBACTCH CKOPOCMHOLN  HANOPOM
nomoka. OH MoxeT GrITh 3aMepeH ¢ noMolnki mpy6ru Humo (tpylka
712 na puc. 22.8), y KoTopOH HHXKHHH 3arHyThbIii KOHEl MOMeLaeTcs
B ueHTpP MOTOKa Tak, 4TOOB OTBEpCTHE TPYOKH pacrnojaralock MpOTHB
TeYEHHA, YPOBeHb KIIKOCTH B TpyOGKe [/2 ycTaHABAMBAeTCH BBILIE
YPOBHA XKHAKOCTH B TpyOke /7] Kak pa3 Ha Beanuuuy f,,, = w?/(2g).
CKOpOCTHOH HANOP OMpeneAeTCs TONLKO AHHEHHOH CKOPOCThIO NOTOKA
H HE 3aBUCHT OT poda XKHAKOCTH. C momombio TpyOkd [luto moxker
6LITH Onpenesaena cpasy cymma hy, - o= p/(pg) + w*/(2g) (puc. 22.8).

Takum o6pasom, cyMMa TPEX CAaraeMblX, BXOASUWHX B ypaBHEHHE
(22.12), aBAgETCY N OJNHBIM HAaNoOpoM RKIAKocTH fI;, B JgaH-
HOM CeYeHHN.

CnenoBarensHo, reomeTpHueckHil cMmbtca ypaBHedus DBepryaam
3aKNIOYAETCA B TOM, YTO NApU YCHMAHOBUBWEMCA O8udiceHul udearbrotl
HUOKOCTHIL CyMma mpex Goicom (HAnoPos) — 2e0MempPuUHEcKol, beso-
MEMPULeCKOl 1 06YCA0B.1eHNOt CKOPOCIHBIM HANOPOM —— €CMb  8eall-
HUHA NOCMOAHKAA 80046 nomoka. B ¢BA3N ¢ 3THM JNHHHA 1NOJHOrO Ha-
nopa Gyjet mapaJjjeibHa ILIOCKOCTH cpaBHeHus (pue. 22.9).

B ruxpaBanke TepMHH HGROp NPHMEHSETCH OYCHb IHHPOKO. PH3H-
yeckoe OOhSACHEHHE MOHATHS HAMOpP» MOMKHO AaTh, PACCMOTPEB eau-
HHIY MLe30MeTpPHUeCcKoro Hamopa

I S How J _ Mx __ paGora
. pg L MEexr{mjc?)
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CnenonarenbHo, Hamop €cTh oTHOWEHHe palfoTul K cune. Exvnnua
vanopa pasna [Dx/H = H.m/H = m, 1. e. wanop He 3aBUCHT oOT
TOTO, B KAaKOll CHCTEME BLIDAXKAETCH ELHHWIIA CILJIbL.

¥MHOKHB BCE UIeHH ypaBHeHus (22.12) na pg, nonyunM ypaBhe-
Hue BepHyanan, BCe wjieHLI KOTOPOTO M3MEPSIOTCH B €INNNLAX 1aBde-
aua ([1a):

pgz -+ p -+ pu*/2 = const, (22.13)

rile pgz — BEcOBOC Aapjenue; pw?/2 -— NAMHUECKOE AABMCHHE; p —
THAPOMEXAHHUECKOE JaBJeHHe (WM TPOCTO AaBJeHHeE).

Wz seipamennn (22.13) caeayer, 4to i TOPH3ONTANbHOTO Ha-
NOPHOTO TOTOKA CHPABEJINBO NOJNNKEHKe: ede foasule CKOPOLING, HaM
Menbiue daeaernuc u, Haobopom, e0e Gosvuie O08ACHUE, MAM MEHbLLE
Cropocme.

Ha puc. 22.9 ypashuenue Bepuyaun npeacrabieno rpaduvecku.
M3 prcyHKa BHAHO, ¥TO ¢ yBeJIHYEHHEM [OJOLLAAH JKHBOIO CEUEHHS
CKOPOCTL NMOTOKA YMEHBUIHJIACE, YTO NOBJAEKAO 3a ceG0l yMeHbIUeHHE
ckopocTHoro Hamopa [w}/(2g) < w;/(2g)} u yBeJnyeHne nbesoMerpu-
yeckoro Ip./(pg) = po/(pg) ). Ecan coeinunTh JHDIWEH YPOBHH KUI-
KOCTH B NbE3OMETPaxX, TO NOJAYUHM TaK Ha3bIBAEMYIO Hbe3cMCmipuue-
CKylo AUHNIO, KOTOpAs OTCTOMT OT JHHUIH cpaBresus (0—( na z 4
-+ p/(pg) — BeaMUMHY TRAPOCTATHYECKOID Hanopa.

JInnus, Opoxonsimias No ypoBHAM JKIAKOCTH B TpyCGkax [luro,
HA3LIBAETCH HanopHou auMued nan aunued noanod yleabHol sHepeul.
HAas aBumeyuwedcs uiacaapHoll JKHAKOCTH HanopHas JHIHA napaj-
Je/bHa OCH CpaBHEHIf.

YpasHenue Beprysin AiA ajeMEHTAPHOH CTPYHKH peasbHON Kui-
KocTH. JIBUMEHHe peanbHOd BASKOH IKHAKOCTH XapakTepusyercsl
HaJAM4YMEM BHOLIHNX 1 BHYTPEHHIX cua Tpeuns (M. § 22.5), ua opeolo-
JeHHe KOTOPHIX Pacxojiyercsl 4acTb 3HEpruH kuakocTn AE, ;. Tlo-
STOMY VAEJALHAT SHEPTHA CTPYHKH pealbHON KHAKOCTH HE OCTaeTcH
NOCTOSIHHOM, KaK B caydac HicaJbHOH MKHIKOCTH, 2 YMeHbIaeTcs
TO TEUCHNIQ. JHCPTHA, TepaemMas KIIKOCTLIO, HE licue3aeT ficccaenHo,
4 [peBpamaeTcs B TEMJOTY, KOTOpas pPacceHBaeTcs IBHXKYIIeAcH
JRHAKOCTBI0. YpaBuenne DepHyman OpHMEHHTENRHO K TEM JKe IBYM
ceueHHsM (cM, pue, 22.7) TpHHUMAET BHJ

gz pup - wi/2 = gze - polp - wi/2 -+ AEa. | (22.14)

IT0 ypaBHEHHE SIBJAACTCH ypaBHeHHeMm (aldaHca yAeTbHEIX SHEp-
rufl 5MAeMCHTAPHON CTPYHKH pealbHOH MKHAKOCTH.

¥papuesue bepuyiinm Aas moTOKa peanbHOW XHAKOCTH. [{nf
MpaKTHYECKHX pacyeToB ypaBHenne Depuymnu nas etpyiiku peanbhofi
JKHIKOCTH DAaclpocTpansiioT Ha LeJdblil NOTOK peaJbHOl KULKOCTH,
COCTOALIMH H3 MHOXKECTBA CTpyeK. [IpH 3TOM YYHTBIBAIOT, 4TO IOTOK
peanbHOH HUIKOCTH, OTPaHHYCHHBIN CTEHKaMH, HMEET HEPABHOMEDHOR
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pacmpenejseHHe CKopocTefl No CEUEHHIO H NOTEPH SHepTHH (Hamopa)
B108b NoToka. HepaBHOMEPHOCTL PacnpeAeNeHHH CKOPOCTEH 1o ceye-
uio (eM. puc. 22.5) nBHKYEHRCSH BA3SKOH KHAKOCTH oOBACHSETCH
TOpMOKEHHEM NOTOKa BIOJIb CTEHOK H3-32 ,ZIEI‘/JTCTBHH CHJ1 MOREKYJSAP-
HOTO CUEMACHHA MEXAY RHIKOCTLIO H CTCHKOH. HcmonbsoBanue ans
pacuera yjeibHOH KMHEeTHYecKOd 3HEPTHH CpefleHl Mo CEYEHHI0 CKO-
POCTH W, OPHBOAMT K OUMOKE, KOTODAS MOMKET ObITh CKOPPEKTHPO-
BaHa BBeJEHMEM I[OMpaBOYHOTO Koabhdulnenta o (kKosgguyuenma
Kopuoauca). Tlpu teuenun B xpyraofi tpybe a ~ 1,06=1,15 npu
TypOy/eHTHOM JBHIKEHHH H ¢ = 2 NpH JaMHHAPHOM JABHIKEHHH.

C y4eToM CKa3aHHOro ypaBHeHMe BepHyaan nisa LelI0oro NoToka
peasbHOM KHUJKOCTH, COTIAcHO Bhipaxkenuio (22.10), npumer BHA

gz -+ pifp - awl/2 = gz -+ pofo -+ oawy/2 - Exp, | (22.15)

rae Eg, = g¥ hyy, — NOTEPH YAJIbHOA 3HEPTHH NOTOKA HA NPeojo-
JIenue COMpOTHBACHHIT HAa DacCMATPHBAEMOM YYAacTKe,

Bripaxenue (22.15) sRJseTcs ypaBHeHHeM (anaHca yAeNbHBIX
3HEpPTHH PeaJbHOTO MOTOKA HKHJIKOCTH C Y4€TOM ToTepb. BCe wieHH
5TOTO YDABHEHHS HMEIOT TOT K€ TFCOMETPHYECKHH H SHEPreTHYeCKHH
CMBICJI, 4YTO H YypaBHeHHe DepHYNIM 149 37CMEHTApHOH CTPYHAKU
HIeaTbHON muiakocTH. M3 ypaeuenus (22.15) cnenyer, uTo yienbHas
3HepTHS Epp, 3aTPAUCHHAA HA MPEO/IOJEHHE CHJ TPEHHs HA YYacTke
f—2, paBHa M3MCHEHHIO MNOJHOH YACALHON 3HEPFHH MOTOKa (mOTeH-
uMaTbHOH M KHHETHueckoif) Ha TOM e yyactke.

YMHOXKHM Bblpaxkenue (22.15) Ha MIOTHOCTH XKHIKOCTH H, nepe-
TPYNMNUPOBAB CJaraeMble, MOJYYHM

p1— pr = pg (22 — 21} + po (w3 — w})/2 + pExy.

M3 ypaBuenus cieqyer, yTo AJas MOJbEMa KUIKOCTH OT OTMETKH Zp
A0 25, YBEJIHYEHHUS] CKOPOCTH OT Wy IO W, H MPEOAOJIEHHA CHJ TpeHHS
no AaMHe yuactka tpybomposona I—2 neobxoaMMo HMETh nepenap,
lasmeHMH Ap = p,—p,. Bee cnmaraeMple ypaBHeHHS H3MepSIOTCH
B eIMHMNAaX nasaepud — lla.

Pasnenus ypasuenue (22.14) Ha yckopenne cBoGOAHOTO MaJeHHS,
DOTyuuM (nepexoisl K Hamopam)

224 pi/(pg) |- awl/(2g) = 2+ pol(pg) + ows/(28) + X hayps

(22.16)

rae Y h,, — CyMMapHLIe NOTEpH MOJHOTO HAalopa Ha ydactke /—2.

omepu Hanopa h., NpU JBHXKEHHH XKHIAKOCTH CKAaIbIBAlOTCH
H3 nomeps no daume Ay ¥ NOTEPh HA MECTHBIE CONPOTHBACHHA fiy
{cm. § 22.5), . e. hyy = h, + hy. Tlorepn Hanopa no aJHHE BO3HM-
Kal0T B Pe3yJbTaTe MPEOACNEHHS CHJA TPEHHSA Mex1y 4YACTHUKaMM
MUIKOCTH H OTPaHMUYMBAOIIMMHE ITIOTOK CTEHKAMH, 4 TAKXE MEXLY
pasMnuHLIME CIOAMM KHAKOCTH, IBHKYI[MMHCA C pasauyHOH CKO-
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poctbio. IlosTomy noTepn no
JJAUHE CYLIECTBEHHO 3aBHCHT
OT COCTOSIHHSl  NOBEPXHOCTH
pycla W pacnpejesenis Cko-
pocTed B moTore. MecTHbie
NOTePH HaNoOpa BO3HHKAKT
TOJBLKO B OTIGABHBIX MECTax
MOTOKa — TaM, TA€  [OTOK
nperepneBaer MECTHYIO Aedop- .
MALMIO, OPHBOAAMIYIO K H3Me-
HEHHIO €r0 CKOPOCTH IO BeJaH-
uyHEe M HanpasJIeHHI.

B ciyuae paBHOMEp-
HOTO ABHXKEHHSA KUL- -
KOCTH €O CKOPOCTBIO W, = 0
= W = const no Tpy6e no- Puc. 22.10. Hamenense NMoeaoMerpuueckoro
CTOAHHOIO COYEHHH (pMCQQIO) H CHKOpPOCTHOI'O HEHOEDB BJ0JIb CT]Jyl"'lKH
ynenbuas sueprus  (Hamop) PEa-IbHOR KHAKOCTH

KUAKOCTH B ceuenuu [—/
Goablue, yeM B ceueHHH 2—2, HA BEJHYHHY CONPOTHBJEHHS TPEHHIO

no gaune: H,—H, = hyp = h,. TloTepu noinoro vanopa noToka fi,
Ha eJIMHHLY ero JJAHHbI [ Xapa]{TEpHSYI{)TCH euapaa,mqecrcum YKAOHOM
i = hyy/l. Tak Kak yc/10BHS [IBHKEHHS NOTOKA HA KAXJOl eIMHHLE
ero JIJHHBI OHHAKOBE, TO H MIOTEPH HANOPA HA 3TUX yuyacTKax Oyayr
oanHakoBul. ClefoBaTelbHo, YKJAOH HANOPHOH JIMHHH BIOJAbL NOTOKA
nocrosined. Takum o6pasoM, 8 CAYHAE PABHOMEPHOZ0 OBUNEHUA Ha-
ROPHAA AHHUA ABAAEMCA HAKAOHMOU RpAMOU.

[Tpu paBHOMEpPHOM JBHXEHHM CKOPOCTHOH HAMOP BAOJL MOTOKA ~—
BeJIHYHHA HeH3MeHHasn: ow?/(2g) = const, nosToMy moTEpAHHLIA
Hamop A, = hy paBeR Pa3HOCTH THAPOCTATHYECKHX HANOPOB B Ha-
Yaje H KOHIUE pACCMATPHBAEMOTO Y4acTka, T. e.

ha = [ + pr/pg)] — [22 + p2/(PE)].

C 5HepreTHYECKOH TOUKH 3pEHMs MPeONONeHHE CONPOTHBICHHH NO
IAHHE B 3TOM CJYuYae NpPOHCXONMT 33 CHeT YAEJIbHOH NMOTEHUMATbHOM
SHEPTHM, YaCTb KOTOPOH NpeBpaulaercs B TEMJIOTY, YTO NPHBORHT
K YMEHBIIEHHIO YJeNLHOH NOTeHUHaAbHOH SHEpPFHR [0 XONy NOTOKA.
Orciona CREAYET, UTO APU PABHOMEPHOM OB8UNeHUU nOMOKA Nbe30-
MEMpUHecKas U HONOPHAR AUHUL NROPAAACAbHLL,

I'paduueckan HHTepnpeTauus ypaBHeHHs bBepuyaau. PaccmorpuM
rpadHueCKyl0 HHTepnpeTalunio ypasicHus bepHyann B ciyyae He-
PAaBHOMEPHOTO ABHXEHHST xuikoctd (puc. 22.11 H
22.12). JKunkocTh ABHKETCA MO TOPH3OHTARBHOMY TpyOOIPOBOLY ITOA
peficTtBHeM nocTtosHHoro Hamopa h. Tpy6onpoBoa COCTOHT M3 Tpex
YUaCTKOB pAasHOTO JHAMeTpa.

B cayuae nporekanus udeaasrod audxocmu (puc, 22.11) noanbii
Harop no JJHHe TpySonpoBoaa He uameHsercs (H, = const) u Ha-
nopHasg JHHHS a—-a NapanjelbHa IVIOCKOCTH cpaBHenusa 0-—0.
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Puc. 22,11, Tpaduueckan wuTepnperayus ypasuenns Bepuylin ais njealin-
HOH KHAKOCTII

CKOpPOCTH MOTOKAZ Ha Kax/I0M yuacTKe 0GpaTHO NpONODUHOHAMLHBI
OIOMaAsiM 7KHBBIX CEUCHHI: @y > wy >> w,. Tak KaK AHAMETDHI
TPyG B mpejesax KamJOTo y4acTKa ONMHAKOBGLI, TO CKOpPOCTHOH H
NLE30METPHYECKUH Hanopel B npefetaXx 3THX YYacTKOB HEH3MEHHB
H H300paiKaloTcs OpPAMBIMH, NapajaelsHLIMU ockocTH (0—0, mpu-
UCM B COOTBETCTBUH C ypabieHHem bepuymrn Goibliell ckopoctn
MOTOKA COOTBETCTBYET MEeHbilee napieHue, C yMeHbIUEHHEM CKOPOCTH
B ceyenHH [/ pamienne BO3pacTaer or p, A0 Py H, HaoGOpoT, B Cceue-
wun I/ pmaMeTp yMeHbllaeTcsi, CKOPOCTb BO3pacTaeT OT @, 10 Wi,
a LaBJeHHe Majaer oT Py 10 py. B nbesomerpuueckoi muHun bedefg
B MeCTaX H3MEHEHHA CKOPOCTH Hab/IofalTCH CKAYKH XaBJeHHs c—d
U e—f.

B cnyyae nsixenuss no TpyGonpoBOLY peassHoll ycudxocmu,
KaK ymxe ObLJIO CKa3aHO, YACTh MOJHOIO HANOpa pacxodyercsd Ha npeo-
IOJEHHE COTPOTHBACHHA IBHXKEHHIO MOTOKA. ViamMenenue nbesoMeTpH-
Yeckoro Aamjenus (puc. 22.12) Ha ywacTkax paBHOMEDHOTO JABHiKe-
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Puc, 22.12, I'papuueckoe mpeactasneHue ypaBHenus DepHyian zafd peaib-
HOTO MOTOKa
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Husa b'—d', ¢’—e', ['—g' ceAsano ¢ pacxonom sHepruu AaBACHMS Ha
[IpeoIoNIeHHe COLIPOTHBACHHH 110 AAuHe, [HAPABTHYECKHE YKIOHH Ha
3THX YYacTKaX 3aBHCAT OT HHTEHCHBHOCTH AOTEpHU Hamopa, KOTopas
IpONOpPLUHOHAABHA CKOpOCTH notoka. Ha yuacrke f—/] rHppdBaH-
yeckHit yKJIOH HaWGOABUIHMA, TAK KaK CKOPOCThL JBUMKEHWS w; 112 3TOM
yuacTKe HauboJbmias, a Ha ydacrke f/—JII] ykjaoH HauMeHbuIMIL,
TaK KAaK CKOPOCTh W, HauMeHbluas. lsMeHenHe niowann CeueHus
i'IpHBOJlHT K H3MEHeHHIO CKOpOCTH H, CJenoBarTegabHO, K U3IMEHEHHIO
Jasnenns. [Ipu nepexoze or foabluell CKOPOCTH w, K MEHBIUEH W,
MPOUCXONHT YBEJHUYECHHE ITbE3OMEeTpHYeCKOro Hanopa (ckauok ¢ -—d'),
a ApH MepeXxoje OT Menbinedl cKopocT W, K Boabliel] w; — yMeHbLIe-
Hue (ckauok e'-—f"). TIpn nocTpoenun HANOPHON THHHH YYHTHIBAIOTCH
KaK MECTHBHIC [1OTepH Hanopa fy, TaK H NoTepH mo aaube h,. B ceye-
HuM [ OT ypOBHA RHIAKOCTH (TOUKA a) OTKIAABIBAIOT BHU3 OTPE30K ab,
PaBHBIIT I0TepE HAanopa iy, HA MECTHO® COTPOTUBJEHMIE «BX0I B TPYGY».
Ha yuwactke [—J/, kaK MB yXe BBLIAICHH/IH, HMEIOT MECTO IOTEpH
H4opa Ha NpeojioJeHle CONPOTHBACHHHA N0 AMHHE f1.,. Torna nolHbli
HAmop B KOHLE yuacTka (ceuenHe //) Oyner wmeHblue, yeM B Touke b,
Ha BEJAUUYHHY h.y, YTO COOTBETCTBYET TOuKe ¢. B ceuennu /[ cyme-
CTBYET MECTHOE€ COIpOTHBJ/JAEHHE «BHE3aMHOE pacm;{perme», KOTOpOe
VMEHBINAET MOMHBIH Hanop Ha /. (ckauok ¢—d). jlanpHefimee no-
CTPOEHHe HaNOPHOH JMHHH aHATOTHYHO npenmyymemy. Ma rpaduka
BUHO, YTO NOTEpH HANOpa YBEIHYMBAIOTCA MO XOAYy NOTOka ¢ Hapa-
CTAIOILHM HTOTOM, B B ceuennu /V oTpesok ag npescrapiaser coboi
CyMMapHBIC MOTepll Hanopa Ha TpenHe B TpyGonposoie Y gy,

§ 22.4, PEXXHMbl ABH)XXEHHS PEAJIbHOR XHUAKOCTH

CymecTBOBaHHE IBYX pAasHBIX PeXHMOB JBHIKEHHS XKHJ-
KOCTH OTKPLLT HeMeUKHH nmmeHep-rupporexHuk I'. Xaren B 1839 u
1854 rr. B 1880 r. npeano/oKeHHe 0 CYUIECTBOBANHU ABYX HPHHIH-
NHANBHO pasHbIX PEeMHMOB JBIDKEHHS ObIJIO BLICKA3RHO pPYCCKHM
yuenbiv [1. M. Menneneepniv. B 1883 r. anranficknit yuensiit O. Peil-
HOJBIC 3KCOEPHMENTANLEO MOATBEPIHI HX CYWECTBOBAHHE.

Pefinoapiac nafaonan aBHKeHHE BOILI B CTeKAsBHBIX Tpy6ax &
pasHoro nuavierpa (puc. 22.13, @), peryaHpysl CKOpOCTb IBHKEHHS
kpanoM 6. Oxpameniag ®UIKOCTL M2 cocyna 3 mo TOHKOH TpyOKe
C 3a0CTPEHHDLIM KOHUOM 4 NOABOIHIACH K BXONHOMY CCUCHNMIO CTCKJSAH-
Holt TpyOH 8. C nomoinblo cAMBHOI TPYOH 2 B cocyne ! MOLNEpXKH-
BaJCs NOCTOAHHLIH YPOBEeHEB BOXRI, uTn 00ecneunBano NOCTOSHCTRO
nanopa Ha Bxojie B Tpy6y 5. Cpexnas CKopocTh NOTOKA @ ApH nJo-
HaxH nonepednoro ceuenns Tpybm F paccunTeiBasace no pacxony V,
KOTOpHIA ompengasncs no ofbeMy BOABI, Noctynupwmeil B Gak 7 3a
BpeMs T, T.e. w = V/F. Pe3yabTathl ONBITOB NoKa3amnH:

1) mpu ckopocrsix B Tpyfe ®@, MeHbIIMX HEKOTOpOH CKOPOCTH Wy,
(xpuTHUECKOH), OKpalleHHAd KHIKOCTh, Domajawiuas B Tpyby §
U3 TpyOKH 4, ABukKercs BHYTPH Hee B BH/e TOHKOH CTPYHKH, He nepe-
MENBAACH C OCTANBLHOH MACCO# BOABI, STOT BHJ ABIXKEHHS NpH @ <
< Wgp, NOJAyulS HaseaHHe aamunaprozo (puc. 22.13, 6);
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Puc, 22,13, IlprGop Pefironpaca Aa8 AeMOHCTPANHH PEXHMOB Te-
YeHHSA

2) NpH TOCTEMEHHOM YBEJHYCHHH CKOPOCTH IBHXKEHHS BOJBI Ha-
CTYMAeT MOMEHT, KOTHa Xapakrep ee TeyeHus OLICTPO HIMEHseTcs.
Crpyiika okpallleHHOH XHIKOCTH HauyMHaeT KoJjefarTbCs, 3aTeM pas-
MBIBATHCH H MepeMEeliRBATbCA ¢ Maccoll Boibl. CTaHOBHTCS 3aMETHBIM
BHxpeoOpa3Hoe,  XaOTHYHOE  JBUKEHHE  UACTHYEK  XKHJKOCTH
(puc. 22.13, 6). JBu:KeHne KUIKOCTH, CONPOBOKIAOIIEECH HHTEHCHB-
HBIM TepeMelliMBAHEM KHIKOCTH, HAa3HBAGTCA MYpOYACHITIHOIM.

Ecad ckOpOCTH I[TOTOKA YMEHBLIIHTb, TO TYDPOY/JEGHTHHIH pekuM
BHOBhL MEPEXOJAMT B JaMHHAPHBIEH. CKOpPOCTh, NPH KOTOPOH B NAHHBIX
VCAOBHAX NPOHCXONHT H3IMCHEHNWE PEMHMOB JIBHXKCHWSA, HasbiBaercs
kpumu4eckol. ONBITHEIM NYTEM GBI YCTAHOBJEHO, UTO BEIHYHHA Wy,
MpAMO NpPONOPUHOHAABHA KHHEMATHUECKOH BASKOCTH v H ofpaTHo
NponopUHOHAJIbAA AHAMETPY TpyOw d, T.e. Wy, = kv/d. bespas-
MepHEIi aMmnupnueckMil xoshduuuent k2, BxopAamuii B Gopmyay,
OJHHAKOB 1/ BCEX XKHAKOCTEH M ras0oB M HE 3aBHCHT OT IHaMerpa
Tpy6ui. Orciona c/Iefyer, 4TO KH3MEHEHHEe peXHMa ABHXKEHUS Ipo-
HCXOIMT [IpH ONpeIeNeHHOM COYCTAHHH [aPaAMETPOB Wy, d H V.
10T KO3(MpHIIMEHT HA3LIBAGTCH KPUMUHECKUM HucAOM Peldnoasdca

k = wy, div = Rey,.

Uncsno PefiHoabaca sBASETCH BaXMHSHAMCH XapaKTCPHUCTHKOH NBH-
JKeHUs JKHIKOCTH, [0 HEMY CYIAT O pexXHMe TeueHus noToka. llpH
Re < Rey, HMeeT MECTO JJaMHHADHBIA DEXKHM, MpH KOTOPOM Cylle-
CTBEHHOE BAHAHHE HA XapaKTep [OTOKA 0KAasbiBAeT BA3KOCTb MHLKO-
CTH, CrIaKuBalomas MeJkue nyapcauun ckopoctd. Ilpn Re > Rey,
HMEeT MecTo TypOy/TeHTHBIH pexuM, NpH KotopoM GoJbliee BJAHSAHHE
Ha XapaKTep MOTOKA OKAasblBalT CHIS HHepuuu. Beauunna Rey,
34BHCHT OT MHOTHX (AKTOPOB: IIEPOX0OBATOCTH NOBEPXHOCTH CTEHOK,
ycaoBuit Bxona B Tpy6y, BHOGpAauWH H 1p.

Ha npakTHke npu pacuerax Kpyranx TpyD oCbIYHO HCOOAB3YIOT
cpeaHee KpuTHueckoe uuesao Pefinombuca Rey, = 2300. O6aacts
Re = 2300-=-4000 cunraercss nepexoiHol XKpHTHuecKOH o6sacTbio,

286



a npu Re 2> 10* apuxkenne Gyner passuteM TypOyaentHuM. B 1py6o-
npoBoJax CHCTEM BONOCHAGKEHHSA, BEHTHJAALMH, OTONJIEHHS, XOJ0-
JHIBHBIX MalMH M IpYyTHA IBHMKEHHe, KAK NpaBuao, TypOyIeHTioe,
TaK KaK JBUXKYUIHECH Cpelb! HMET MaJYK BA3KOCTh. JIaMHHApPHBIH
PEXHMM XAPAKTEPEH A8 XKUIKOCTEH ¢ 60IBIION BA3KOCTbIO (MALIKHHOTO
MacJja, TAULepHHA, CHpomoB H T. 4.). {Ipn nebofiblIHX CKOpOCTAX
ABHKEHHS H MaJbiX AHAMeTpax TpyO JaMEHADPHBIH peXHM MOKeT
HMEThH MECTO H Y MAaNOBA3KHX MKULKOCTEH.

§ 22.5. BUAbl THAPABJIHUYECKHX COMNMPOTHUBJIEHHA

Ilox TepmuHOM eudpasgaudeckue conpomugreHus NOHUMAIOT
CHJIBl TPEHHUSA, BO3HNKAIOILME B PeaNbHON KHAKOCTH NpH ee IBHKEHHH,
Ha npeocaoseHne rupaBIHYeCKNX CONPOTHBACHMH NOTOK MUIKOCTH
pacXojyeT 4acTb YIeJbHOH 3HeprHH, KOTOPYIO Ha3blBAWT 2udpasit-
HeCKUMU NOmepamu.

Fudpasauseckue nomepu 3aBHCAT OT pEeXHMa JBUIKEHHS KHJ-
KOCTH, (JOpMbI CEUeHHs pycJa M ero H3MEeHeHMs, XapakTepa moBepx-
HOCTH CTEHOK M BASKOCTH MKHIKOCTH.

Funpasnnyeckue motepH oOLIMHO Pa3leAsioT HA MECTHBIC MOTEPH
M NOTepH Ha TpeHHe o Aawune. B ruapamimuke npuuat cnocol BLipa-
JKCHHS THIPABIMSECKHX MNOTEPhL MOJHOrQ HAMOpa B JHHEHRHLIX eqH-
Hunax (M) B B enuHuuax nasaenus ([1a).

Pemenue MHOTHX NpaKTHYUeCKHX 3a]a4 THAPABJIKKH CBOIHTCS
K HaXOMXIEHHIO 3aBUCHMOCTH H3MeHeHHs CKODOCTH H JABJEHHH N0
JAaHHE Mortoka. [las 3TOro Mcnoas3yior ypasHeHwe bepuyanu z +
+ p/lpg) + aw?/(2g) + h., = const ¥ ypaBHeHHe nMoCTOSHCTBA pacs
xona V = Fw = const. Ho Tak xax B 3THX ypaBHEHHSX TpH HeH3-
BeCTHBIX: W, P U Ary, TO AAS UX PelICHHS HEOGXONHMO TPeThE ypaBHe-
HHE, KOTODHIM SIBJAETCA 3aBHCHMOCTh M, = [ (w).

NMotepn nanopa no Aamne. Ity norépu 0OYCTOBAEHH CHAAMH
BHYTPEHHET0 TPCHUR M npeAcTasadior coboil morepu swepruu. Ouu
BO3HHKAIOT B NPSIMHX TPy6aX nocTosiHHOTO ceyeHHf (Kax B IIepoxXo-
BaThIX, TaK W B TJAANKHX) H BO3PACTalOT MPONOPUHOHANLHO AJHHE
TpyOEl. MHOTOMHC/IEHHEE ONBITEL MOKAa3blBAIOT, YTO BHYTpEHHEE Tpe-
HHEe CYUIECTBEHHO 3aBHCHT OT CKODOCTH IIOTOKA, a CJeloBaTeNbHO,
OT PeXHMa TeUeHHS XKMAKOCTH. YCTAHOBJEHO, YTO NPH JIAMHHAPHOM
PEXHME TIOTEPH Hamopa Mo JJIHHe NPAMO NpONOpIHOHANLHLI cpelnel
cKopocTH 't hy = aw, & npH TypOyNEHTHOM — CPENHCH CKOPOCTH
B crenend m = 1,75+2.0: h, = bwm,

B 1840 r. )K. Ilyaseins nonyunsa dopmyny ANns pacyera norephb
Harnopa Ha TPEHHE M0 JJTHHE AnA KPYIJIbIX TpyG Npu JaMHUH a p-
HOM JIBHXEHHH

hy = 32plw/(pgd®), (22.17)

1 B ganbHefiuleM MHJEKC «cpy NMpPH @ GYAET ynoTpeGasiTbCs TOMBKO B CAy4anX,
KOI'Ja MeCTHYIO CKOPOCTL MCIKHO CNYTarb CO CpelHeH.
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rae [, d — aauna W apraverp TpyObl; U -~ AHHAMEYECKAS BA3KOCThb
MUNKOCTH,

Hz mrpawenus (22.17) caeayer, uTo NPH JaMHHADHOM peXHUME
TeyeHHs TOTEPH Hanopa Ha TpeHue no JjaunHe: 1) mpAMO mponoprHo-
HalbHbl CpejHell CKOopOoCcTH B MepBolt cTeneHH; 2} 3aBHCAT OT CBOHCTB
AHIKOCTH (W, p); 3) He 3aBUCHT OT 1EPOXOBATOCTH CTEHOK; 4) MpsAMo
NMponoOpUMOHATBHE AJHHE W OOP&THO TPONOPUHOHANbLHB KBajipary
JHamerpa,

Dopmyay (22.17) MoKHO npeofpazoBaTs, YMHOKAN UYHCJIHTENb
H 3pamMeHaTe]b Ha 2w H yuuTwHBas, uto u/p = v H v/(wd) = 1/Re:

=gz e, _ S owiw 64 o
hix 32{§d~ 3“‘"}5({_ d g2w ~ Re d 2g°
OTKyla
hy = A (I/d) [@*/(2g)], (22.18)

rie A — GespasMepHbil KoadduuHenT, HashBaeMbill K03puyuermon
2ulfpasaudeckoz0 mMpeHus WIH KOIGPuyuenmom nomeps HA mpenue
no daune (koaghpuyuenm [apci).

JLast JamMHiapHOTO peXHMa BeJHYMHA A 3aBHCHT TOABKO OT Re:

(22.19)

A = 64/Re.

Bruipaxkenne (22.18) uaspiBaerca dopmynoit Hdapcu—Beific6axa,
Oua cnpaBeqiBa M HOPH TYPOYMNEeHTHOM pEXHME
Aeuxenusa. Onnako Ko3QhHUMEHT THAPABINYECKOTO TPEHUS A B 3TOM
PEKHME 3ABHCHT HE CTONLKO 0T Re, CKoJbKO OT HEPOBHOCTEH NoBepx-
HoctH TpyO (wepoxocsamocmu). Omnpepenenne 3HayeHHi Koapduim-
edTa A B pexHMe TypOyJEHTHOTO IBHXKEHHS — IOBOJbHO CJIOMXKHAS
3aJaya, B HACTOAILEE BpEMs €ro HaXOLAT 110 SIMIUPHUECKHM (DOpMYy1am
H rpabpuxam. Ilpn TypOyJeHTHOM pexHMe HIYJIbCAUHH CKOpoCTeH
H OPOLECT MEPEMEIIMBAHH A YACTHI] XKHAKOCTH BBI3BIBAIOT TOMOJHHTENb-
HBIE PACXOAb SHEPIHH, YTO APHBOJAMT K YBEJHYEHHIO MOTEPb HA Tpe-
HUE [10 CPABHEHHIO C JaMHHADHEIM pexnumom. B6ausu creHok TypOy-
JEHTHOTO MOTOKA pacrosaraercs JaMHHADHBIH MOACTON, ToJamIiHa &
KOTOPOTO HENGCTOSIHHA H YMEHBILACTCA C YBeJIMYEHHEM CKOPOCTH ABH-
JKEHHS JKMAKOCTH, T. €., C yBeJuueHueMm unciaa Peitnoapaca: 8 a
~ 30d/(Re y'1).

[Hepox0BATOCTE NMOBEPXHOCTH CTEHOK XapPaKTEpH3YeTCs BeJHYH-
HOH H thopMOil BLICTYROB ¥ HEPOBHOCTEH W 3aBHCHT OT MaTeépuasa u
cnocofa H3TOTOBIEHHA H coexuHeHus Tpy6. OHa HameHsercs ¢ Teye-
HHEM BpEeMEHH B De3V/bTATe OTJIOKEHHS OCAZKOB, PMABUHHEL H T, A,
OcHOBHO# XapaKTepHCTUKOH HIEPOXOBATOCTH sBAAETCH abcomomnas
wepoxosamocms A, npencrasasiiomas coboil cpelHO0 BbicoTy Oyrop-
KOB K BRICTYNOB, [IpaKTHURCKH OUEHB CI0XHO OLEHHTH (QAKTHUECKYIO
BHICOTY BBICTYTOB, MO3TOMY MOJBL3YIOTCA NOHATHEM SKBUBAACHITIHOLL
iuepoxosamocmu A,uy, nod Komopol nodpasymesaom maxylo 00HO-
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Puc. 22.14. K paccMorpensio THIPABJIKHYECKH TJIQJKHX H LIepOXOBATHIX TPY6

podHyio tepoxesamocms, Komopas 0aem nOMeEpu HA Mpexle, pasHbLe
nomepam npu delcmeumeasrold wepoxosamocmy. Tax Kak ToJLIHHA
BA3KOTO nofcaos 0 3aBUCHT or uucaa Pefinonsnca Re, To oHa MoXer
6hiTh GoJblie MIH MEHBIE BHICOTH BHICTYNOB mmepoxoearoctu, Cie-
JOBATEIBHO, OJHA W Ta ke Tpy0a B 3aBHCHMOCTH OT Re Moxer GHTb
2uopasaudeckt 2aq0Kol UAH wepoxoeamoil.

DJKBHBAJEHTHAS IEPOXOBATOCThL B 3aBHCHMOCTH OT JIHAMeTpa Tp yOhl
MO-pasHOMY CKAa3bIBACTCA HA BEJHYHHE THIPABIHUECKHUX COMNPOTH-
aernfl. [TosTOMY B THAPABJAHKE 1A OLEHKH THAPABAHUECKHX MOTEPh
MCMOMB3YIOT TMOHSITHE Omuocumensrol wepoxosamocmy Ay, jd HiH
omuocumeasHoll 2aadkocmu dj A,

T'uapaeanyeckue COMPOTHBACHHA N[O NJIHHE MpH TYpOy/IeHTHOM
peXUMe TEeYeHHS CYILECTBEHHO 3aBUCAT OT COOTHOLIEHHA MEKAY
XapAKTEPHCTHKOH IIEPOXOBATOCTH M TOJUIHHOR MaMUHAPHOTO IOj-
cnosi. Pasauuator Tpu 061acTH THAPABAMYECKHX COMPOTHBICHUI.

l. O6aacrs rugpasanueckn raagkux Tpy6 — Re < 10d/A s,
KOTJa TOJUWMHA BS3KOTO MOACAOA OOJbIie BHICOTH HEPOBHOCTEH:
& > A,y (puc. 22.14, g). Typ6yneHTHAn UACTBH NMOTOKA He Kacaercs
ELICTYITIOB U CKOJB3UT MO JAMHHAPHOMY MOACAOK, Kak Mo [Iagko
Tpybe, a BA3KUH moAcaoH ofTekaeT BRICTYMb 663 pasphiBOB H BHXpe-
o0pasoBanuii. B 3ToM cayyae [mepoxoBaTocTb TpyObl HE BJHAET
Ha TUJAPABIHYECKOE COMPOTHBICHHE M THAPABAHYECKHMH KoshpuuHeHT
Tpenua A. Ilotepn Hamopa Ha TpeHHe MO AJHHE h,; B 9TOH 006JacTH
MpONOpPIHOHANBHEL CpejHell ckopocTH B crenewn m = 1,75.

2. Tlepexonnan o6nactb — 10d/A,x, < Re << 500d/A,,, B -Ko-
TOPOH BHICOTA BBLICTYNOB HMEET OJWH MOPSJOK ¢ TOJUHHON BS3KOTO
nogenos: 8 < Ay (puc. 22.14, 6). B stoMm ciyuae BeqHUHHB Hy
i A 3aBUCAT Kak OT uncaa Peilinoabaca, TaK ¥ OT BRICOTH HEPOBHOCTEH.
Jta obNacTE HOCUT HasBaHHE obaacmu Joxkeadpamuaroze conpomuae-
nug. IloTepn Hanopa npAMO NPONOPUHOHAIBHBLI CpejHEH CKOPOCTH
NOoTOKa B crenedy m = 1,70+2,0.

3. O6nacTb  TMApaBAMYECKH  IEpOXoBareiXx  Tpy6 — Re >
> 500d/A,xs, KOTHA TOJUIMHA BA3KOTO MOACAGS 3HAUHTENBLHO MEHbIIE
BBICOTHl HepoBHocTell: & < Ay, (puc. 22.14, 8). B arom cayuae Bbl-
CTYIBL BLIXOAAT 34 Mpelensl JaMHHAPHOTO MOACAOS B TypGyJeHTHOE
AIpP0 MOTOKa, ABAASCH AONOJHUTETbHBIMH HCTOUHHMKAMH BHXpeos-
pa3oBaHHsA, CHOCOOCTBYIOUIMMH YCHJIEHUIO Npouecca IlepeMeliuBa-
HHA, O6TeKaHHe BBICTYIIOB HOCHT PE3KO BBIDAMKEHHBIH OTpLIBHOH Xa-
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Puc. 22.15. 3aBucuMOCTs Ko3(pdmlueHTa THAPABJIHYECKOrO CONPOTHBJAEHHA A OT
yucna PefiHoabaca

pakrep. 3Hauenye A B 3T0H 061aCTH 32BHCHT TOJMBKO OT OTHOCHTENbHOH
IIEPOXOBATOCTH H HE 3aBHCHT OT yHcJaa Pelinonspaca. Ilorepn Hanmopa
Ha TPEHHE NPAMQ TIPOMOPUHOHATBLHLL KBAagpaTy CKOpocTH: m = 2
(0o6aacme Kéadpamuunozo CONPOIMUBACHUS).

Cnelyer NoMHHTb, YTO Bce TPH 06J4CTH OTHOCATCH K TypOyJeHT-
HOMY DCXHMY JBHMCHHA M MIA KaXI0H M3 HHX CYLICCTBYET pPsl M-
NHpHYecKHX (opMys pacuera kosdduuUHMEHTAa T'HIPaBAHYECKOTO Tpe-
Hust A. 3HaueHus A Moryr Outh ompeneteHs mo rpaduky A = f (Re,
d/A,a), cocTaBnennomy B 1948 r. I'. A. MyxuHBEIM AJ5 NpOMBIIJIEH-
EHIX CTANbHBIX TpY6 C ecTecrBeHHoH mepoxoearocThio (pHc. 22.15),
HA KOTODOM XOpPOIIO BHAHEI TPH BBILICYIOMSIHYTHIE 3JOHH.

M ruipasanuecky raagkHx 1py6 3Hadeuue A Moker ObITH OMNpe-
JNeneno no dopmyne Konakosa npu Jobeix Re > 4000

A = 1/(1,8 g Re — 1,5)? (22.20)
290



wid no ¢opmyne baasunyca npu 4000 <7 Re < 10°
A = 0,3164/Re" %, {22.21)

B nepexoanofi ofnactH KosGOHUHEHT A PEKOMERIYeTcs BbIUHC-
JATh N0 yHHBepcansHOH dopmyse ANbTinyas

A = 0,11 (A,yn/d +- 68/Re)?. (22.22)

ITpn maneix 3uavennsix udcea Peiinoabaca (Re < 10d/A,qg) 3Ta
dopMyna mpakTHueckH coBmagaet ¢ ¢opmynaolt baasuyca aas raan-
kux tpy6 (22.21), a npu Goasumx (Re > 5004/A,,) nepexoaut
B thopmyny Iludpuncona ans Bronne lepoxoBaTelX TPyO

A= 0,11 (Agpen/d)". (22.23)

Jns cranbHEIX BOROMPOBOAHBIX TPY6 B 06JacTH KBaJpaTHYHOIO
CONPOTHBIEHHA MOTYT ObiTh PEKOMEHIOBAHLI SMIHPHUECKHe (OPMYAH
Ulesesiena:

JU15 HOBBIX TpyO

A = 0,0121/d°%%%; (22.29)
ans tpy6, OHBIIHX B yrnoTpebJeHuH,
A = 0,021/d"3, (22.25)

B cnpaBounoli JurepaTtype 1O THApaBJHKe IPHBOIHTCA MHOTO
CTAPHX H HOBBIX QOpMYJ A8 HAXOMKACHHUSA A, YUMTBHIBAKIHX OCOGEH-
HOCTH [ABHKEHHS MNOTOKA, BUI MaTepHala H KoHQHTYDPALMIO CeYeHHS
Tpy6u. Hekorophie snauenus A,y Aano B Tabn. 22.1.

Ta6anua 22.1

Pexomennyemsle 3Hauennn Ay,

Tpyba CocTositHHE TOBEPXIOCTH Bygpr MM
Bez mokpuites
HOBAsI K 4YHCTas 0,02--0,1
noCNe MeCKOALKMX JeT 3Kcnaya- 1,2—15
Cranpuaf  Geclios- Taluy
Has OupnkosauHast:
HOBAaA 0,1-0,2
nocAe HECKOALKHX AeT 3Kcnaya- 0,4—0,7
TallHK
Cranbhas capnas Hosan u uncras 0,04—0,10
[Nocie skenyaranuu 0,1—0,15
Hs crekna, nartysu,
MegH, CBHHIA 0,0015—0,01
HoBasi, TexuHuecKkH riafxas
H3 amoMusus 0,015—0,06
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MecTHble CONpOTHBAeHUSI. MectHble noTepu Hanopa (3HEPTHH),
OGyCJIOBJIeHHhIG HaJuyueM MeCTHbIX I‘ll}lpaBJlquCKHX COHPOTHBJICI’[Hﬁ,
AIBASIIOTCA CJEACTBHEM H3MEHeHHSi pasMepoB H KoH(HTypauuu pycia
NOTOKa, YTO NPHBOAHT K H3MEHEHHIO HanpaBJIeHHA H BEJAHYHHBI CKO-
pOCTH JBHXXEHHA IKHAKOCTH, OTPRIBY NOTOKa OF CTEHOK TpPyGH H
BO3HHKHOBEHHIO BuXpeoOpasoBanuii. ConpoTHB/eHHRs Ha3LIBAIOTCA
MECTHBIMH, TaK KK OHM PacllofaraloTcs Ha MaJeHbKOM Y4acTKe no-
ToKa (Iy =~ (), B onpejenentom ero Mecte. OHH, KaK M NOTePH HaTIopa
fo aaune, o0yc/JOBJeHH paboToi CHJI TPeHMs.

[lpocTeiirnmMi BHAAMM MECTHBIX CONpOTHBJAENHH ABAAIOTCA CyXe-
HUe, pacluHpeHue, MoBOpot pycha. bonee CHOKHBIMH MECTHBIMH CO-
NPOTHRJCHHAMHE HABAAIOTCS KOMOMHALHH NEpeyHC/eHHBIX npocTeil-
umx. Hampumep, B 3anopHoi M peryaupyiotleil apMarype noOTOK
HHUAKOCTH MEHAIET HallpaBJJeHHe, CyxKaeTcs H, HAKOIIeI, pPacliHpaeTcs.
Ha puc. 22.16 npeacraBieHBl HEKOTOpble YCTpOHCTBA, ABJAKIHECS
MECTHEIMHM COTIDOTHBJICHHAMH noToky: [ — 3anBuxkka; [/ — nuad-
parma; [/l — pentnar; IV — BHe3antoe cyxeHue; V — Kogeno.

INorepn manopa (3ueprium) Ha NpPCONOJCHHE MECTHBIX CONPOTHBIE:
HUi onpelensior no gopmyae Belicbaxa (M)

by = C0?/(2g), (22.26)

HJH B eJIHHHUAX JaBJeHusd

Apy = pghy = Cow?/2,

rae [ (n3era) — xoadpuuneHT MECTHOTO COMPOTHBJ/EHMSA, 3aBHCSLHH
B OCHOBHOM OT (OPMBI MECTHOTG COUPOTHBJSHHS M HHOTJA OT Yucaa
Peitnonbaca. .

KoadeputueHT MectHoro conpotiBiaeHnsi { ofbliHO onpejefsiior
ONBITHBIM TYTeM, HMEITCS 3MOHpHueckne GopMyJbl, Tabauun H
rpagukd. 3HaueHHs 3THX Ko3PHUKHEHTOB MJIA pasiMyliLIX BHAOB
MECTHBIX COMPOTHBJEHHE NPHBOASATCS B CMNpaBOYHMKAX MO THApPAB-
auke. PacemoTpuM HeKoTophlie H3 HUX.

Buesanunoe pacmupesue Hanpakiuke vacTer cly-
yay, Korpa TpyGoIpOBOA BHE3aNMHO pacluupsercs oT JinaMetpa d

£

i
L l I o

v
4
&=

Pue, 22,16, Cxembl MecTHHX THAPABIHSECKHX COTPOTHBIEHHH
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Puc, 22.17. Buesanuoe paclunperne Tpy6

fo nuamerpa dy (puc. 22.17, a). CkopocTb NnOTOKa pe3ko Najaer oT wy
IO W, Ha CPaBHHTEJbHO KODOTKOM yuacTKe nyTH. YacTHuku xua-
KOCTH, ABuKyIHecs ¢ OGonpueil ckopocThio, HATANKMBAKOTCA Ha yac-
THYKH, ABHXKYILHECS € MeHbIuell cKopocThblo. Bosuukaer kak 0wl yaap,
COMPOBOXKAAIOWMAACA pacllMpEHHEM CTPYH M MOBHILEHHEM JIaBJEHHA.
Ha HavyasabHOM ydYacTKe CTPYA OTPLIBACTCH OT CTEHKH, H B KOJbLEBOM
npocTpascTBe MEXAY CTpyeH M cTeHxoit o6pasyerca sacroiinas (Bojo-
BOpOTHAst) 30HA. BoZoBOpoTHOE ABUKEHHE OPraHH3yerca 8a CUeT CHIL
TPeHUS Ha NOBEPXHOCTH pasjesa MeXJLY OCHOBHBIM MOTOKOM W 3TOH
30HOH. 3arpaTa SHEpTHH Ha TNPeoAOCJEHHE CHA TPEHHA M CO3JaHHe
BHXpPEBOTO [ABHXKEHHA NPHBOAHT K NOTCPAM HANopa. ITH NOTepH 0 p H
TYp6yneHTHOM JABHXKEHHH onpeleisiorcs no popMmyne
Bopna, BeBenenno#i B 1766 r.,

by, p = (@1 — @5)*/(28), (22.27)

rle pastHocTb W), — W, HA3bIBAETCH NOMEPAHHOL CKOPOCHIBIO.

Takum 06pa3oM, nNOMEpPU NPU GHE3ANHOM PACWIUPEHUL NOMOKA
pasHbl KuHemudeckol JHepauy om Homepannol cxkopocmu.

Hns pacueros yjpofuee npueectH BhipameHue (22.27) k BHRY
tdopmyan BeiicGaxa (22.26). BeiHocst 33 CKOOKH BeJIHUHHY Wj, 1OAY-
gaeM

hy p = (@i/we — 1) [w3/(20)] = Ls. » [w}/(20)), | (22.28)

roe (w/w, — 1)* = L, , — KoaDDHUHEHT MECTHOTO CONpPOTHBJECHHSA
IPH BHE3allHOM pPACLIUPEHHH.
B coorBeTcTBMH € ypaBHEHHEM HEPaspbiBHOCTH MOTOKa W F), =
= w,F,
2 2 27 42 2
Lo, p = (Wifws — 1)* = (Fo/Fy — 1)’ = (dao/d{ — 1)°.  (22.29)
B uactHoM csyuae, Korja moToK BHIXOAHT H3 TpyOH B pesepByap

GosplMX pa3sMepoB nNOL ypoBeHb kUAKoctd (pue. 22.17, 6), ceue-
nue F, necouamepumo Goaviue Fy (F; > Fi) H cKopocTh noroka ra-
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Puc. 22.18. Buesannmoe cyxenlie Tpy6

CHTCst B pesepByape (w, = 0), Torra Ko3dduunueHT MECTHBIX NOTEpb
La p = | M notepu Hamopa Ha BHE3ANHOE DACIIHpEHHE

ho. p = W (29)- (22.30)

CaenoBatesbHO, B 3TOM clyyae BCA KHHETHUECKasi 3HEPTHS MOTOKA
PACXOJYeTCs Ha BUXPeoOpa3oBaHHE W NOMJEp)KaHHe BPaulaTeJbLHOTO
JBHIKEHHS MaCChl XHJIKOCTH B 3aCTOHHBIX 30HAX C DOCTOSHHBIM €€
OGHOBJAEHHEM.

Brnesanunoe cyxenune. [Ipy BHE3anHOM CYKEHHH NO-
TOKa, 00pa3cBaHHOTO, HanpHMep, coeluHeHneM Tpyl pasiHUHBIX
ZuameTpoB d; u d, (puc. 22.18, a), o6pasywres JBe 3acToHHBE 30HbI
IlepBas pacnoJaraercs B yrJax TpyOnl fodbllero Axamerpa. Bropas
sona obpasyerca B pe3yJbTaTe OTPHIBA YACTHL CTPYH OT yria BXOAA
B TpyGy Menbliero JHaMerpa. OGpasyercs 30HA OT:KHMA B BHIE KOJb-
[IEBOTO NMpOCTPAHCTBA BOKPYT CyXEHHOH HacTH TOToKa, B Kotopoi
NPORCXOAHT BOAOBOPOTHOE JBMXKEHHE HacTHUeK KuiaxoctH. Ha He-
6OJIBIIOM YYacTKe BXOZA (10 CeueHHst X—X) CTPYys XKHAKOCTH cHayasa
Cy2KaeTcs o d,, npH 9TOM ee CKOPOCTh yBeJIMUHBAETCH 0 W,, a 3aTeM
paciumpsiercs 10 do ¢ YMEHbIICHHEM CKOPOCTH N0 w,. TakuM oGpasom,
HaGAlolaeTcs KapTHHA, aHAJOTHYHAA BHE3aNHOMY pACIIHPEHHIO No-
TOKa, CONpOBOXK/IAWWANACH NOTEPEH CKOPOCTH oT w, 10 wy. B nenom
NPH BHE3ANHOM CYXEHMH CKOpOCTb YBeJHUHBAeTCd OT W@, [0 Wy,
a JaBJiedHe yMeHbIUAeTcss OT Py A0 Pa.

IloTepy sueprHH o8ycAOBREHB TPEHHEM KHAKOCTH Ha BXoAe
B TpyOy H moTepAMu SHEPTHH HA 06Pa30BAHHE BOJOBODOTHRIX 30H,
OnbiTel NOKa3wIBAIOT, YTO OCHOBHAA JI041S MECTHHX MOTEpPL NPH BHe-
3aNHOM CyXeHHH COCPeloTOUEHAa Ha pacIIHpAleMcs YYacTKe CTpyH
{or F, no F,), nostomy KosppuuneHt Ly . onpefeasercs no gopMmyne

(22.29):
Coc = (Fo/Fx — 1 = (/e — 1), (22.31)

roe & = F /F, — KoaQduunenr cxarua  crpyd, &= 0,57 +
-+ 0,043/(1,1 — di/d)). ‘
Jas npakTHYECKHX pacueToB YacTo HCNOJb3YIOT MOJYySMIHpHue-
ckyio popmyny Hpenbunka
Eo.c = 0,5 (1 — d2/d}) = 0,5(1 — l/n), (22.32)
rae n = F/F, — cmenens cymenus.
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®opmyna (22.31) aydme COOTBETCTBYET ONBITHBIM HAaHALIM IpH
dy/d; > 0,5, a ¢opmyaa (22.32) — npu dy/d; <} 0,5.

B cnyuae onpenenenns noreps nanopa Ha Bxoae B TpyOy (MHIeko
¢BX») N3 pe3epByapa AOCTATOUHO Gosibluoro pasmepa (puc. 22.18, 6),
T. . korga Fy 3 Fy u MoxkHo cuntath di/d? = 0, ua dopmysmt (22.32)
caenyer {zx = 0,5. Torma

hax = 0,5 [0}/ (2g)]. (22.33)

U3 cpasuenus gopmyn (22.29) u (22.32) Buano, 410 npu OAHHA-
KOBOM COOTHOLIEHHMHM NJOWANled nomepu Hanopa Npu 6HE3QNHOM
pacutuperuy 8cezda Goavwie nomepo npu 6He3anHoMm cyxeruu. Ilorepu
Hanopa Ha BXole B Tpy6y MOTYT GHTb 3HAUHTE/NbHO YMEHbIUEHH! 32
cueT BaKpyrJeHHS KPOMOK MJM OpTaHH3alMH KOHHUECKOTO BXOAa.

[TocTeneHBoe pacmupenue (A u ¢ dysop).
B nugdysope (puc. 22.19) npoMcXOIHT nocTeneHHOe yMeHbINEHHE
CKOpOCTH M yBeJHYeHHe AaBJeHHS noToka. Bosje CcTeHOK ClIOH XHA-
KOCTH, 00JafaloiHe Malol KHHETHYeCKOH SHepTHeiH, He B COCTOAHHH
NpeoioJieTh HApacTalomero JNaBJAeHHS. ITH CHOH OCTAHABJAWBAIOTCH
H HAYHHAOT Teub B ofparuyio cropony. Ofpa3zymiorTcs 3aBHXpeHHH,
YTO MPHBOEHT K MOTepSM 3SHEPTHH, KOTOPbIE BO3PACTAIOT C YBeJHUYe-
HHEM yeaa konycHocmu o. Kpome toro, B nudipyscpe uMeoTcs noTepu
Ha TpeHHe no AnauHe. Takum 06pasom, noJHbIE noTepu B iHdxby3ope fyyg
PaBHEI CymMMe MOTeph Ha pacluHpeHHe A, W TpeHHe no AJHHE fi:

hany = hp -+ ha = (L - L) [/ 2g)], (22.34)

rae Ly = A (did) — 1)/18 sim (@/2) ] — xoaipuument conporusne-
HUA no aauue; {, = Ry (di/d} — 1)* — xoadpuuuent conporupie
HHS OPH pacllipeHHH; Ry — KoaQdUUHEHT CMATYEHHH, yUMTHIBA-
IOUHA YMeHnblueHNe noteps B AHQPy30pe N0 CPABHEHHIO C nOTEPSIMH
NpH BHE3anmHOM pAaCIIMPEHHH H 3aBUCAMMH OT yIrJa KOHYCHOCTH Q!

@° .. 2 4 6 8 10 12 15 2 25 30 40 45
kom. . . 002 0,05 010 0,14 0,16 0,22 030 042 0,62 0,72 0,85 1

ITpn yMeHblieHHH yrja o Bo3pacTaer AJHHA Iudxpy3opa W yBesH-
9UBAIOTCH NMOTEPH Ha TpeHHE no JJHHE, a BHXpeoGpa3oBaHHE yMEHb-
maeTcs. DKcnepHMEHTaNbLHO YCTAHOBJEHO, d9To npH 0 < a << 8—10°

OTpBIBA HUIKOCTH OT CTEHKH HE mpo- W< w,y
HCXOAHT. MUHHMYM OOGWHX NOTEPb ny
B nuddysope nabaonaeres npu o =6°, =
[TocTeneHHOe CYXKeHHEe T |w, e R
(koundyaop). Tak kak cxopoctb :""""‘ & ——ry
A

JBHKEHHS HMAKOCTH B KOHGY30pe
(pnc. 22.20) yBenuuuBaercs, a4 Ja- [

BJCHHE yMEHLIAETCH, TO OTPHIBA  pye 9909, [locrenenwoe pace
[IOTOK& OT CTEHOK He [OPOHCXOJMT. wHpenHe notoxa (auddysop)
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BuxpeoGpasosanne  Habmijaercs
TONKO HA BXoJe B IHJHHApHYE-
ckyio TpyBy u3 xoudysopa. [lo-
STOMY nomepu HANOpa 6 KoHgy3ope
acezda  meHsuwie, dem 6  Ouchghy-
30pe W  paBHBl CyMMe NOTepb
Ha Ccy:KeHHe h, U TpeHHE no IaH-

Puc. 22.20. [TocTeneunoe cymenne no- o b
TOKa (KOH(y3op) by
2
e () -+ ha = Luon [WQ/(QQ)L (22-35)

rie Cxon = L¢ T Ly — KO3(ipuLMEHT CONPOTHBJEHHS KOHGYy30pa.
KoadpduunuenT conpoTHBICHHA ABMIKEHHIO N0 AJMHHE

£ == 1. (1 — difel)/18in 2]

KoahdpuuuenT conpoTHB/IeHNS MOCTENEHHOTO CYXKEHHS TPHHIMAIOT
Kak 4acTh KO3(XpHUHeHTa CONMpOTHBJIEHHA LPH BHE3ANHOM CY)KEHHH
[em. opmyny (22.31)]:

§e = kn. sxbn. ¢ = ku. nx(lr’re = 1)2‘

rne Ky gy — KO3(OHUHEHT KOHHYECKOTO BXOAd, 3aBHCAMMUHA oOT
YIiia CXOAHMOCTH ¢ (BhGHpaeTca MO CripaBOUHHKAM).

MamMmeneHuenanpaBaeHH A NoToKa. Hapuc 22.2]
H306pakeH BHe3ANHBIH NOBOPOT TPYOH, W/IH KOAeHO 0e3 3aKpY2AeHUA.
Takasi KOHCTPYKUMS BbI3biBaeT 3HaUMTENbHblE NOTEPH 3IHEPrHHM Ha
OTpHIB MOTOKA OT CTEHOK H BHXpeo(pasoBaHue, KOTOPHIE YBeAWYH-
BaloTcA € yBeJHYEHHEM YTJa nmoBoporta o. Ilon pelicrenem neHTpobex-
HBIX CHJ BO3HHKAaIOT IBe 30HBI BHXpecOpasoBaHHA: y BHYyTpexHei
CTOpPOHBI — 30HA OTHKHUMA C MOHWIKCHHBLIM AaBieHHeM, a y BHEIINeH —
BOJ10BOpoTHaa o0Jactb A ¢ moBbllleHHHM JaBjenHeM. JTO NPHBOAHT
K YBEeJHYEHHIO CKOPOCTHOTO Hanopa (KHHeTHuecKo#l 3HeplHH) y BHY-
TpeHHeH CTOPOHBI M YMEHBIIEHWIO Y HapyXHoH.

Tak ke, Kax W B npelbilyuX CAyyasx, ocHOBHAA JOJAR MOTEPDL
COCPENOTOUEHa Ha y4aCTKe paciliipeHHs TOTOKA 33 CeyeHHeM X—X,
H3-3a paznmx JaBnjenuii B 3aCTOMHHIX 30HAX nOABJAETCH BHHTOBOE
IBHJKEHHE MKHAKOCTH, HanpapBJe€HHOe H3 30HBI BBLICOKOL® B 30HY
HU3KOTC JaBJeHds, 3TO J[BHXKEHHE HaKJaIwBaeTcd Ha OCHOBHOH
IOTOK BROJb OCH, 4T0 CIOcoGCTBYeT yBeJHueHHIe MoTepbh Hafopa,
KOTOpHE ONpPENeJaAIores No qopMyfe

= EH [wzif(2g)]! (22'36)

rie [, — Koa(puumeHT conmporHBAeHUs KoleHa 0e3 3akpyT/CHHS,
NPHHUMAEMEH B 3aBHCHMOCTH OT Yria noBopora o

3 .. 30 45 60 75 9¢ 110 130 150 180

@,
Le. v o« « - .. 0,155 0,318 0,565 0806 1,19 1,87 26 3,2 3,6
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AHewnRR
Brewnss cmopona £mopoHa

B HY mpesnd
TmapoNa

Puc. 22.21. Pesxuii nosopor {octpoe  Puc. 22,22, TaaBumii mosopor (3axpyr-
KOJEHO) JIEHHOE KOJEeHo)

B sakpyeaennom xorene (puc. 22.22) naaBHOCTb MOBOPOTA MOTOKA
3HAUHTEJNLHO CHHIKAET CONMPOTHBJEHHE NBHXKEHHIO 32 CYeT yMeHblue-
HHS MHTEHCHBHOCTH BHXpeoGpasoBanus. CHIKEHHE THAPABIHUECKHX
noTeph NPOHCXOJHT ¢ YBEJAHYCHHEM OTHOCHTEJBHOTO pajnyca Kpu-
BH3HH Kojena R/d. KoadduuueHT ConpOTHBJEHHA  IIJJABHOTO
noBopoTa IS Kpyrawmx Tpyd

i o = Cooctty

e Lo = 0,02 (100A)25 + 0,106 (d/R)*5 — xospduuuent conpo-
tuBaeHuss npu o = 90°; a — xKosbduuueHT, 3aBHcAlMH oT yraa
noBOpoTA:

@,° .. 20 30 40 5 60 70 8 90 120 140 160 180
a....040 05 0,65 075 083 08 09 1 1,13 1,20 1,27 1,33

OHuadparma B TpybBonpoBsoae [Juappazmor Hasb:-
BaeTcsi MJACTHHA C KPYIJbiM OTBEpCTHEM B lEHTpe, Kpas KOTOPOTo
Yalle BCEro MMEIOT OCTphie BXOJHBIE KPOMKH mof yriom 45°. Huad-
parmMpl OOBIYHO yCTaHABAWBAWT B TpybonpoBole MM H3MEPeHHA
pacxola xuakoctd (puc. 22.23). Tun-
paBJaWvYecKHe [OTepH B 3TOM  cJy-
yae aHAJOTHYHBI TOTEpPAM I1IpH BHe3afn-
HOM CY’KEHHHM M 3dBHCAT OT COOTHOILE-
HHS QuaMerpa TpyGbl d, H OTBEPCTHA
B J1uadparme d,. Kosdduuuent co- I
npoTHRJIeHus L, onpereastor no dgop- 3
MyJe —_— o

w
N IS
Puc. 22,23, Jnadparma
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3uavennq KoyphuiHentoB {; 1 & B 3aBUCHMOCTH OT dy/dy:

By o 5 g s .. 03 04 05 06 07 08 09 1
B . 0,613 0,616 0,621 0,628 0,640 0,667 0,718 1
S 292 83,3 295 116 4,8 1,79 0,52 0

Apwmarypa. B apmarype mponcxoast MHorokparHas Aedop-
MaLls H WckpuBaeHne noroka. Kosdduuuesr mecTHoro conporubie-
Hilsl 3aBHCHT HE TOJLKO OT THNA H KU}]CprK[lHH apmaTtypbl, HO H OT
CTefleHy ee OTKPHLITHA (pasMep h Ha puc. 22.24). BBuay cloxHOCTH
THIpOAHHAMMYECKMX SIBJEHHH, NPOUCXOASINHX B apMmartype, Teope-
THYCKH onpefenuTb K03 Ui neHTH MECTHBIX NoTeph BechMa 3aTpyAHH-
TelbHO. FX Haxo4s'T ONBITHEIM NYTEM — CM. CpaBOUHYO JUTEDATY DY,
nanpumep [5). [Morepu Hamopa onpefensiioTcs, Kax H IpexJe, no

¢opmynie Beficbaxa (22.26).

B tabn. 22.2 gaHW npu-
MEPHBIE  3HAauerus  Ko3(xpu-
IMEHTOB MECTHOTO COIPOTHBIIE-
Hus TpyGOnpoBOAHOH apMary-
pol  npu mypoyaeHmHoM  pe-

#use ABMMEHHS {pp, Re>
> 3500.
L i
27—
= &7 A

Puc. 22,24. 3aasinkka

Ta6aununa 222

Koatptbuuuen o
MECTHOr0 CONPOTHB/ICHHS APMATYPHI

ApmaTtypa ;TYD
BenTuap ¢ npsaMmueM sa- 25
TBOPOM
E€HTHIb C -KOChIM 3a- 23
TBOPOM
Beutuar 06HKXHOBEH- 7—16
HBIIT
Knanau obpatusii 5,5—6,5
» Hacoca NIpHeM- 5—6
HDt i
3a1BHXKKA WHOepHAs 0,5—1,5
Kpan npoxoauoi 2—4

Ta6auna 22.3

Kostduunent A

ConpoTHRAEHHE A ConpoTunJeine A
Bentnin o6bxHOBEHHDBIH 3000 3a1BHKKA [pH 3HAYEHHAX
» YrI10Boi 400 | n = h'd, paBubix:
Knaman maposoit 5000 1 75
Kpan npo6roBwii 150 0,75 350
Tpoitnuk 150 0,5 1300
Koneno 3akpyriienoe, o == 130 0,25 3000
= 9 Juadbparma Ipu 3HaUCHHAX
Konero Gea Bsakpyriiedus; n = dy/d, paBuHX:
o = 90° 400 0,64 70
o = 135° 600 0,40 120
016 500




fIpu ramuraprom pedcuse oUW 33aBUCAT HE TOJLKO OT Xapakrepa
MECTHOTO COMpPOTHBJIEHHS, HO H OT CHJA BA3KOTO TPEHHS, KOTOpHe
NpOMOPUHOHAILHH CKOPOCTH MNOTOKAd B MEPBOH CTENeHH, T, €. oT
uicaa Pelinoanaca. [Tpuuem npu Re <G 10 B MecrHbIX conpoTHBJe-
HHSIX MHIKOCTh TeyeT G€3 oTphBAa OT CTEHOK H THAPABIHYECKHE [10-
Tepu 00YCJIOBIHBAIOTCA TOJMbKO BA3KOCTHHM TpenueM. Koadduuuent
MECTHOro CconpoTHsieHus onpefleasaioT no popmyne § = A/Re, rme
A — goadbduuMeHT, 33aBHCAIMI OT BMIA MECTHOrO CONPOTHBJEHHS
(ra6a. 22.3). Ilpu suavennax 10 << Re <4 3500 norepn saBHCAT Kar
or upcia PefiHombAca, Tak B or cooTHOWelnd naomagei. Koaddu-
LHEHT MECTHHIX noTeph HaXOAAT no Qopmyne § = A/Re + {yyp.

§ 22.6. CYMMAPHBIE THIPABAHYECKHE INOTEPH

Kak ykasbiBasoch BhIUe, NOJHbE NOTEPH Hamnopa B TPY-
fonpoBofe Ha yuacTke [—2 paBHBI apu(pMETHUECKOM CyMMe MeCTHBIX
noTepe H NOTEPh MO JLJIHHE:

g = b () [?/(28)1 + X L [w?(2g)),

HJIH

hys= [?- (ld) + g} Ef} [@?/(2g)) (22.38)

[Jle BHIpaxKeHHe, CTOsMlee B NMEPBbIX KBAaIPATHRIX CKOGKAaX, HA3bIBAIOT
Koaghpuyuenmom conpomusrenus cucmemst L. Torpa

hy_y = L, [@*/(20)]. (22.39)

3nece I, d — mnuua u puamerp TpyGonpoBona.

3roT cnocob HaswiBaeTcs Memodom Haaowcernwx nomeps. Ero
MOXHO HCMOJAbL30BaTh B CAyYasX, KOTAAa MECTHHIE CONPOTHBJAEHHA
PacroioKeHsl JpYr OT Apyra Ha pacCTOfHMSX, NPEBHINAIOIMHX Y4Ya-
CTOK cTabuJAH3aUMK CKOPOCTH NOTOKA MOCHE €ro BO3MYINEHHS B MecT-
HOM COTIPOTHBNEHHH. B 3aBHcHMOCTH OT pexuMa AAMHA TaKOro yua-
cTKa cocrasngeT ot 20d no 50d. Ecam MecTHrle conpoTHBAeHHSs CoenH-
HeBH MeXAY cobolt 6e3 yYacTKOB cTabHAN3ANM, TO HX PACCMATPHBAIOT
KaK ocobble MeCTHbie CONPOTHUBJIECHHS, HMeIOIHe CBOH KO3(HIHeHT
CONMpPOTHBJEHHSA.

ITpu pacuete TpyGonmpoBOLOB HHOTAA HCNOAB3YIOT NMOHATHE K8U-
8aAeHMHOL OAURbL MECHIHO20 CONPOMUBAERUA L, TION KOTOPOH NMOHH-
MalT TaKYW AIUHY TPpybOnpoBola, HAa KOTOpOHA notepH Hanopa no
LNUHE paBHB NOTepsM HAamopa Ha MectHoM conpornBaennn. Ciepo-
BaTebHO,

{u= [w2‘/(2g)] =M (L,/d) {w‘l/(Qg)], HIH Ly =4 (la/'d):
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OTKypa

I, = (/M) d. i (22.40)

Torna nonuvle noTepy HANOpPa MOryT GHTb BAYHCAEHB TOJbKO
no ojHomy ypasHennto [Hapcu—Beficaxa (22.18), eciw B Hero
BMECTO JleHCTBUTeNbHOR AMMHLI | NOACTABHTH NPHBELEHHYIO AJAHHY

[u=l+2[d:‘

by = A (ly/d) [w?/(2g)), (22.41)

Jlns npakTHYeCKHX pacueToB TPyGONpOBOLOB XOAOAMJALHBIX Ma-
IHH KOIPOHLUHEHT THAPABAHUECKOrO TpeHus A NPHHHMAIOT PABHBIM!
A = 0,025 nas cyXoro HacCHIEHHOTO H meperperoro napa; A = 0,035
AJA BJa)»KHOTCO Iapa M KHAKOTO XJajarenta; A == 0,040 nnis Boasl
H pACTBOPOB Codlei.

Ilns yno6crBa onpefieNicHusi 3KBUBAJEHTHHIX JJIHH BbIpaXKeHHe
(22.40) npuonst k Buny I, = Bd, rie Gespasmepusiit kosduuuent B
B4BHCHT TOJBKO OT BHAA MECTHOrO conporusaerua (raOn. 22.4).
Hns cayvas BHE3anHOTO pACIIMPEHHS WJIH CyXKEHHS BeAHunHy I,
HAXoxAT no MeHblemy anamerpy. Chenyer o6patHTh BHHMAaHHe Ha
CYLIECTBEHHOE YBeJAHYEHHE CONPOTHBACHHS NPH HE NOJHOCTHIO OTKphi-
TO apmaType, a Tak)Ke Ha GOJbIIHE CONPOTHBJIEHHS BEHTHJEH,

Ta6nnua 22.4

Koapduuuent B aig cyXoro HaCHUeHHOTO
H neperperoro napa

MecTHoe conpotupiaenne B MecTHOe CONpOTHBNEHHE B
Bentuns npoxoauoit 340 Koneno, 135°, npu R/d:

» YTJI0BOI 170 0, 26

3aapukka, OTKpblTas Dol- 7 1,0 12

HOCTBIO ) 6
3a;BuXkKa, OTKpHTas Hano- | 200 Koneno, 180°, mpu R/d:

JAOBHHY . 54
Kaanas ofpartnblil 340 1,0 25
Tpoiieux va npoxoze 20 2,5 12,5

» » PA3BETBICHHH 67 Bresanuoe pacuiupenue 0ph
» » npoxonec ymenb- [ 32 | dyfdy:

LIeHHeM cCedyeHHA HaNONOBHHY 1/4 32
Bxoa » tpy6y Ha cocyna 17,5 1/2 20
Koneno, 90°, npu R/d: 3/4 18,5

0,5 40 Buesannoe cyxkerne opm

1,0 18,5 dy/d,:

2,5 9,2 1/4 15
1/2 12
3/4 7
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Ecnn TpyOOnIpOBOA COCTOHT H3 HECKONBKHX y4aCTKOB AamHoil I,
Ly, ..., 1, pasnnyHBIX AuaMeTpoB dy, dy, ..., d,, u OOWHM uHCHOM
MECTHBIX CONpOTHBJACHHH 1, TO TOJHBIE NOTEpH Hamopa

m I

hl—-z == 2 h.m' -|- 2 hnh (22'42)
i={

e
g} hni = M (L/d)) [0}/ (2g)) - he (Lo/de) [wg/(Qg)] A=
T —}”‘ Am (lmfdm) [wrgﬂ/ (QQ)]; (22-43)
Y s = T L0200 + Lo [0d/(2@)] - - - -+ La [03/2)]. (22.44)

i=]

Ilns ynobcrBa pacueToB Bce CKOPOCTH HA y4acCTKax BhIpaKalop
uepes Kakylo-n1mbo oiHy ckopocTb. B KauecTse 3TOH CKOPOCTH uacTo
MPHHHMAIOT CKOPOCTh HA OCHOBHOM YyuacTke TpyGonposoja. Ecan
NPEeANONOXKHTb, UTO TAKHM y4aACTKOM siBAsieTcA mepBLlil, TO M3 ypab-
HeHH$ TNOCTOSHCTBA pacxojda w F, = wyF, = ... = w,F,, nmeeMm!

Wy = W (FI/Fz}; vory Wy =Wy (Fy/F5).

Tlocne noACTaHOBKH TOJIyYeHHBIX 3HAYEHHI CKOpOCTeHl B ypaBHe-
Hua (22.43) n (22.44) Bulpamkenne (22.42) npumer Buj

hl-s = [?vt (llfdl) + :’vz (lzfdz) (Fli'Fz)2 1'* .' s + 7\m (lm/dm) (FI/Fm}2 ‘l"
+ Lo Lo (Fy/Fo)’ - o T (FyF)] [wi/ 2],

RJIH

h—s =t [wi/(2)]s (22.45)

rae I, — xosdduunent conporusnenus Bceil cHCTEMEI.

§ 22.7. THAPABJTHHECKHMA YJAP B TPYBAX

[ox eudpasaudeckum ydapon NORUMAOT PE3KOE NOBLILICHHE
AABNeHHs XKHIKOCTH B HanopHoM TpyGonpoBofe npu ObICTPOM H3Me-
HEHHH CKODOCTH ¢¢ [BHXeHufl. ['mApaminyeckuid yaap BO3HHKaeT
Halle BCero BCJEACTBHE ObICTPOTO 3aKPHITHA WJIH OTKPBLITHS 3AMOPHBIX
yerpoiicts. [lasnenne B TpyBonpoBofe BospacTaeT 0 3HaueHHH,
B HECKOJNbKO pa3 TpPeBHILAIOWHX HOMHHaabHoe, Teoperuyeckoe
000CHOBaHME M METOAHKY pacdera 3Toro siBjieHus B 1898 r. npeano-
xu1 npodeccop H. E. )Kykosekuit. Bruo BhsicHeHo, UTO rupaBanye-
CKHil ylap npeacraeiseT CoGoi KonefaTenbHbl mMpouece ¢ uepeposa
HHEM De3KHX TOBBLIIEHHA W TOHHMKEHHH [aBJeHHs.
Pacemorpum Tpy6y nocrostHHOro amamerpa d jauuoil [, no Koro-
pOH IBmKeTcs KHIAKOCTH C napaMeTpaMH p,, w, (puc. 22.25). Ilpu
MIHOBEHHOM 3aKphITHH 33JBHKKH, DAacIlOJOKeHHOH B KOHIe TpyOH,
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CKOPOCTb JABHKEHHA  4acTHYEK
- — WKHIKOCTH  BO3Jie Hee OLICTpO
najaer A0 HYNA, KHHeTHUYecKad
. SHeprus MACChl KHJKOCTH npe-
Eig ] R ofpasyercss B IOTEHIHAJbHYO

T — sHepruio  jasneHus. B ocTtano-
BUBUIEMCSl  [lepe]l  3aJBHKKOH
Braby, ™ croe TPOUCXOAHT pesKoe (yAap-

HO€) TOBLIIEHHE #ABJEHHS Ha
BeJIHUHMHY Apy, U oflliee AapJe-
Hue JIOCTHTaeT MaKCHMalbHOro
3HaueHHA Py + Apyn NPOHCXONHT npamotl eudpasauteckutl yoap.
B nocneayiowpe MOMEHTH BpeMEHH HA 3aTOPMOXKEHHLIE YaCTHYKH
JKHAKOCTH HaBeraiorT cocefHHe, KOTOpBIE TOMe TepsiloT CBOK CKO-
pOCTh, H 30Ha NOBLILIEHHOrO AaBJIeHNs (CEueHHe n—Nn) CO CKOPOCTEIO ¢
pepemeriaerca K Hawany TpybompoBoja B BHAe YAapHOH BOJHBI
(n'—n').

3a BpemMa T = [/c ynapHas BoaHa AOCTHraeT pesepByapa, W Bed
KHIKOCTh B TpyOe OKA3bIBaeTcsA OCTAHOBJNEHHOH H CXKATOH 0 JaBJe-
nust py + Apyy OnHoBpemeHHO B creHKaX TPYObI BO3HHKAIOT 3Ha-
ynTe/bHble PACTATHBAIOIIHE HANpSIKEHusl, BbI3LBAIOWIHE COOTBET-
creylomue nedopmannn. JKHAKOCTh, Haxopswascs B TpyGe nox
60abUIMM JaBJeHHeM, YeM B pe3epByape, HAuUMHAeT BHITeKaTbh K3
TpyGel. JlaBnenne B TpyGe najaer A0 NepBOHAYaNLHOTO CHAYana
B NEpBLIX COSIX, 4 3aTeM MO Mepe BLITEKaHHs KHAKOCTH 30Ha (BOJIHA)
NOHHXXEHHOr0 JaBJEHHS C TOH K€ CKOpPOCThIO Mepemeniaercs kK 3a-
ABHKKe {ompancennsil eudpasauteckuti yoap). Korga sta BosHa no-
CTHTHET 3afIBHIKKH, BCSl Macca JKHAKOCTH B TPyOe Oy/ieT uMeTh JaBie-
HHe po M CKOPOCTb W,, HANPABJEHHYIO B CTOPOHY pesepByapa. Bpemsa
ABOAHOTO mnpobera ynapHOH BOJMHEI (OT 3ajBHMIKKH K pesepByapy H
06paTHO) HasbIBAETCs OAUMEABHOCITIbIO (hadbi 2u0PAsAU4ecKo20 Yyoapa Ty,
T. e. Ty = 2fc.

B cBA3H ¢ YnpyrocTeio CTeHOK TpyObl M MKHAKOCTH TPH CHATHH
Harpyskn Apy, ZAegopMaury pPacTsAKeHHs H CXKATHA B HUX HCUE3AlOT,
CTeHKH BO3BpallaloTcsi B NepBOHaYasibHOe COCTOHHE. JHeprHA Nab-
JieHHsl NepexOfHT B SHEPrulo JABHXKEHHS YaCTHIl HAKOCTH, HO Ha-
npapJieHa OHAa yXe B NPOTHBOMOJIOKHYIO CTOPOHY.

Kak TonbKO yjapHasi BOJIHA TIOHMIXKEHHOTO JaBNeHHS JOCTHTJIA
3aJIBHXKKH, TPHMBIKAKIUE K 3aJBHIKKE CJIOH KUAKOCTH OyayT crpe-
MHTLCS OTOpBaTbest OT Hee. JlaBNeHHe Y 3aJBHXKKH, CTaBillee Haualb-
HbIM, OYIeT npojosuKaTh MOHWUKATbCA A0 TEX NOp, MOKa MKHAKQCTD,
«pa3MaBIIHCL», He OCTAHOBHTCS. ¥ 3aJBHXKH 00pasyercst 30HA 1O-
HUXKEHHOTO JaBJeHust p, — Apyy KOTOpas pacmpoCTpaHfercd B CTO-
pORY pesepByapa. Bo3HHKaeT ompuyamesbHas Yoapraa 60AHa, OCTaB-
nsouas 3a cobofi JaBieHMe p, — Apyx B ckopoerb w = 0. Tlog
AeHCTBHEM OTPHLATEJLHOrO JIABMEHHS1 CTeHKH TPyOu OyayT cxi-
MaTheA, d XKHAKOCTL PACIHHPATLCS. BHOBb HMEET MECTO NepeXOX KH-
HETHYECKOH SHEpPrHH B SHEPruio JapJeHusi, HO ¢ OOpaTHBIM 3HAKOM.
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CosepiieHHO OYEBHIHO, YTO ﬂpyﬂ
Ha CJELYIOLeM 3Tame XHAKOCTh
H3 pe3epByapa BHOBb yCTPeMHTCHA E i o
B TpyOy B Becb MK THApa- |
BJUYECKOr0 YAapa mnoBTOPHTCA. ® |
Ha gmarpamMme (puc. 22.26)
IITPHXOBOK JIMHHeH mnokasaHo -
TEOpeTHYeCKOe u3MeHeHHe yoap- % 3 ’!L/l
HO20 Qagfenuf B CEUEHHH n—it, | B 1
T, € B CayYae MIHOBEHHOTO 3a- et ]
KPHITHA SalBHXKKH H NPH OT-  pye 2296, Hamesenwe pasiennsi mo
CYTCTBHNH CHJ TDEHHA. B nei- BpeMeHH T IOPH THAPAaBJHYeCKOM Yynape
CTBHTE/ILHOCTH 33[BHMKA 3aKphl-
BaeTCA HEe MTHOBEHHO H HMEIOT MeCTO [oTepH SHeprHH Ha TpeHHe
1 Je¢opMaunio creHok TpyOwl. [Tostomy noBhllienne Aasienns Apy,
TaKXe MPOHCXONHT He MrHOBeHHO H KoneGaHHA yAapHLIX JABJCHHH
3aTyXaloT (I0KA3aHO CHJOLIHOH JIHHHEH).

Popmyna JKyKoBCcKOro Ajsi pacueTa y1apHOTO AaBJeHHS1 HMEET
BRI,

Apyn == pwqc.
31ech ¢ — cKopocmb PACNPOCMPAHERUS YOapHOU B0AHbL

¢ = 1/v p/Eq + pd/(ED),

TIe @ — NJAOTHOCTb KHAKOCTH, Eg — MOAY/Ab 0GBEMHOTO CXKATHA
KUAKOCTH; £ — MoZynb ynpyrocTH Matepuana Tpyoel; d — BHYTDeH-
Hul juaMeTp TpyObl;, & — TOMUMHA CTEHKH.

Dopmyna JKyKoBckoro cnpabeaHBa TOALKO 1pR odeHb GBICTPOM
3aKDBLITUH SaJABHIKKH, KOTHA Tgay <C Ty, T. €. Ko20a umeem Mecmo
npamoli zudpasauxeckuti ydap. EclH Tyg > Ty, BO3HHKACT HENpR-
Mol eudpasauteckull yoap, T. €. OTpAXKeHHAd OT pe3epByapa yaapHas
BOJIHA BO3BpAMIAETCA K 3aZBHXKKE DaHplue, 4eM OHA 3aKphiBaeTcs.
B stoM cayuyae nosbimieHuHe AaBJjieHHS OT yAapa GYAeT MeHbILe.

IJIABA 23. HACOCHI

§ 23.1. OCHOBHBIE THNB HACOCOBE H HX HNAPAMETPBI

Hacocom naswisaemca mauuna, npedHaana4ernas 0as cos-
Oanusn nomoka wcudkod cpedor. Ilpn paGoTe Hacoca MexaHmuyecKas
3Heprus 3MeKTPOABHraTeNl NPEBPAamlAeTc] B MNOTEHUHANBHYIO H
KHHETHUECKYIO 2HEPTHIO [OTOKa KHAKOCTH H YaCTHYHO B TEMJOTY.
Hacocsl oTHOCATCA K 4HCAY CAMBIX PAacnpOCTPAHEHHBIX MalLHH, NpH-
MEHSIeMbIX B HApoJHOM xo3ffictBe. B x0n0in/ibHOH TeXHHKe OHH
MIPHMEHSAIOTCH Ans MOJAuH KHIKOrO xjajareHra (B mpubopbl OXjax-
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JeHHd) HIH XJaN0HOcHTeNeH B PACCOABLHBIX CHCTEMAaX OXJANKACHHH,
B cuCTeMaX CMA3KH 1 ]Z)E'FYJIHPOBE{HHH KDMHpECCOpOB, noJdqdy BOJbI
B KOHACHCATOPEL, rpajyupHH # T. A,

23.1.1. Kaaccupurayus Hacocos

B cootserctBun ¢ FOCT 17398—72 Bce nacocnl nogpasiensiores
HA JIBA OCHOBHBIX KJacca: OUHAMUMECKUE H O06DEMHBIE.

JduuamMuueck I MH Ha3bBAOT HACOCH, B KOTOPBIX MKRA-
KOCTb NEPeMellAeTcs Moj AeficTBHeM Ha Hee THAPOoAHHAMUUeCKHX CHJ
B paioucil Kamepe, KOTOpas NOCTOAHHO coobulaerTcs ¢ BXOAOM H Bl-
X0JoM Hacoca. B 3aBucHMOCTH OT XapakTepa AeHCTBYIOUIMX Ha KHUJ-
KOCTb CHJI JIMHAMHYECKHE HACOCHI, B CBOI0 OYepelh, MOAPas3feantoTces
HA JoTacTHLE, JMEKTPOMarHUTHbIe, TPEHHA U HHEPLHH.

Jlonacmuotmu HARLIBAIOT HAcOCHl, B KOTOPHIX 3Heprud oT padouero
KoJjieca K JKHAKOCTH nepejaeTcs 3a CyeT AWHAMHYeCKOro B3aHMOJEi-
cTBusl Jonacrefl KoJeca ¢ oOTexawulell ux KHAKOCThIO. Padnuuaior
2Ba BM/Ia NOTACTHHIX HACOCOB: LeHTpoGeHule W oceshle. B yenmpo-
Oexerpix Hacocax padoyas JKHAKOCTL MOJ, JeHCTBUEM LEHTPOOEIKHBIX
cHJI, ODYCAOBJIEHHBIX MacCAMH MHAKOCTH, TiepeMeIacrc BHYTpH
pabouero KoJsieca OT ero neHTpa K nepudepui. B ocessx Hacocax
MHUJIKOCTL TMOA AeHCTBueM Bparamomuxcs Jjonacreii pabouero koaeca
nepemMeliaercss BAOAL OCH HAacoca.

B SACKIMPOMAH UITTHBX Hacocax nepeMeleHe )KHII,KOCTH ocyle-
CTBJIAETCA 3a CYET 3JeKTPOMArHHTHHIX CHJ.

B wacocax mpenus w unepyuu 3Heprus K pabGouel XUIKOCTH
nepeflaeTca 3a CHeT cuJ TpeHns H HHepuuu. K HHM oTHocsiTCH, HAanpH-
Mep, 6uxpedole W CMpyliHeie HACOCHL.

OO6beMUB MU Ha3LBawT HACOCH, B KOTOpLIX JKHAKOCTB
nepeMeniaeTcs 3a cdeT TNePHOAHYECKOrO H3MeHeHHsl o0beMa. pabouei
KaMepbl, KOTOpaa nofiepeMeHHO coolulaeTcs € BXOJAOM H BBIXOAOM
Hacoca, [To xapakrepy aBHXKeHH: pabouero opraHa o0beMHBe Ha-
COCBl MOAPA3AeNsOTc Ha [OpLIHeBbie (NJYHMKepHLE) ¥ POTOpPHBIE,

B nopunessix Hacocax KHAKOCTL BHIIAB/AMBACTCA H3 HEmOJBHKHOM
paboueii KaMepsl (UuJMHEPA) 33 CYET BO3BPATHO-MOCTYNATENBLHOTO
IBHXEHHA BHITECHHTe 51 (mOPILHS).

B pomopreix nacocax pabouasi cpefa BhiTecHsieTca H3 pabouefi
KaMephl B DPEe3YAbTATEe BPAUlATENLHOTO MM BPallaTeLHO-TOCTYa-
TENbHOTO [ABHIKEHHHA BHTeCHHTeJEH {(NNacTHH, LIECTepeH, BHHTOB).
[To KOHCTPYKTHBHOMY NpH3HAKY PAsNHuAIOT WeCmepennoie, NAQCMUH-
wamote, paduaAbHO-NOPUIHESbE, GKCUAALHO-NOPUIHesble U BUHMOBHIE
HACOCHL.

YHacTo HacOCH NMOCTABJAIOTCA B BHAe HACOCHOTO arpe-
rarta, T.e. CMOHTHPOBaHHBIX Ha eIHHOH paMe Hacoca H 3JIeKTpo-
JBHTaTe s .

Kpowme Toro, cyulecTByer noHATHE HacoOCcHa g YCTAHOBKA
(puc. 23.1), xortopas npeactasnfer coboii HacOCHHIH arperaT ¢ KOM-
IJeKTyowHuM obopylosatneM, cOOPAHHBLIM TIO ONpelieNICHHOH cxeme.
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Puc. 23.1. Cxema -Hacocuoli ycTaHoBKH

Hacocublit arperatr cocront us macoca 2 n saexrpoxsurarens I. Ha
HarHeTare/ibHoM TpyGonpoBose /2 yCTaHOBJAEHH BeHTHJL 9 H 06par-
HHi K/aanak /0. B ripnemnoil gacth BcachiBaiomero TpyGonposona 6
HMeloTea ¢uabTP 4 H BeacwBawomuil kaanaH 5. HacocHas ycraHoska
CHA0KEHA W3MEPHTENbHbLIMH TpHGOpaMn: MamoMeTpoM /3 Ha HarHe-
TaTeqLHOM TpyGONpPOBOAE U BAKYYMMETpOM 8 /sl H3MEpEeHHA CO3ja-
BAaEMOro paspeikeHHs Ha BcachbiBaHHH. B npouecce paGorni Hacoe Bea-
ChIBAET KRIKOCTb H3 MPHEMHOTO pesepsyapa 8 W HarHeTaer ee B Ha-
nopHbiit pesepsyap /1. Ecan pesepsyap 3 pacnosomen Bhime nacoea
HJM €CAN JlapJieHHe B HeM OTVIHYAeTCs oT atMochepHoro, 7O nepex
HACOCOM CTaBAT 323[ABHKKY 7, KOTOPYIO 3aKpHIBAIOT NPH DEMOHTE
HWJIH OCTAHOBKE Hacoca.

Kamnpifi Hacoc mMeeT MapKupoBKY 1O OCHOBHBIM TeXHHUECKHM
noxasaTtesaM: nojade H Hanopy. [locne GyXBeHHOrO 0GO3HAYEHHSH
MapkH Hacoca CTaBAT 4epe3 AedHC WJH KOCYIO YepTy 1Ba YHCAA —
HOMHHAVIPHYIO nofayy B M°/4 M HOMHHAJbHH{I Hamop B M croJ6a
xuakocrd. Hanpumep, mapxuposka K 125-30 uan K 125/30 osHa-
YaeT: HacoC KOHCOJBHBIA, pojaua 125 %y, Hamop 30 m.

11 Nawyruwa H. T. H‘,t(]:. 305



23.1.2. OcHosHbie napamemposl HACOCO8

Pafora HacocoB xapakTepH3yeTcsl mojauelf, pa3sHBaeMEIM Haro-
pOM (naBleHHeM), BHICOTOH BCACBIBAHHYT, TNOTPEOJIAEMOH MOIHOCTHIO
n KIT/L

Mopaua. [ToOaweid wWasbiBaeTcsi KOJMHUECTBO KHJKOCTH, Mo0jaBae-
MOH HacocOoM B eAWHHIY BpeMeHH B HanopHed Tpybomposoi. Pas-
anvator o6vemnyro V (M*/c) u maccosyrw M (kr/c) nogauy. OueBniHo,
uro M = pV. Teopernyeckas o6beMHasn noflava Hacoca Vi, = Fuw.,,
rie F — nnowaak xHBOro ceyeHus noroka. [lonesHast nopaua Ha-
coca V = V,m, Bcerga MeHblle TeopeTHYecKoH HA BeNHYHHY 0OBEM-
HEIX noTepb (yTeuek H TepeTeqek uepe3 HEMJMOTHOCTH H T. [.), KOTO-
peie yuuthiBalotcsi ofbemueM KI1JL macoca 1, (cM. HuKe).

Japnenue u nanop. [lasnexHne w Hanop, pasBHBaeMule HacocoM,
BaBHCAT OT THMA M [apamerpos paboTet Hacoca. [Ipn pabore nHa cB-
CTeMy Hacoc coobulaeT nepemeliaeMol »KHAKOCTH sHepruo. Ilpnparue-
HHE YJAeJbHON 3SHEPrHM XHIKOH cpendl, T.e. HEepPTHH, OTHECEHHOH
K e[HHHIe MacCchl KHAKOCTH, MOXeT ObLITb ONPEeAeNeHO Kak pasHuua
MOJIHLIX yJeJbHEIX 3HePrufi nocne Hacoca (ceuenme [I—II Ha
pHC. 23 2) u, = 2,8 + pu/p + wi/2 u nepel Hum {cedeHne [—1I)
Uy = 28 + pulp + wi/2:

At =ty — s = pIp = (2 — 2) g + (Pu — Po)lp + (Wi — w3)/2,
(23.1)

otkya2a (B coorBerctBun ¢ [OCT 17398—72) moxuo wafit daaserue,
Pa36UBAEMOE  HACOCOM,

P = pn— po+ (Wi — @}) p/2 -+ pg (20 — 2), (23.2)

TJe Py, Pu» Wy H W, — COOTBETCTBEHHO aGCOMIOTHEIE AaBneHns, [la,
H CpEjHHE CKODOCTH TMOTOKAa, M/C, Ha BXoJe M BLHIXOJE M3 Hacoca;
2y 2y — BLHICOTA DAacniOJOKEHHA LEHTPOB TSXKECTH CeveHHH, M.
Hunekc «e» — crOpoHa BcachiBaHHA, «H» — CTOPOHA HaCHETaHHA.

JIns ruApaBIUECKHX PACUETOB HCNOMbL3YIOT NOHATHEe H a1t o p a M,
KOTOpLIH onpejelsercs 3asucHmocTeio H = p/(pg). Pasfenus ypas-
Hende (23.2) Ha pg, NOJAYUHM BHIpaxKeHHe AJIA TMOJHOTO Hamopa, pas-
BHBaEMOro HacocoM:

H = (zu — 22) + (pu — Pu)i(pg) + (wh — wi)/(2g). | (23.3)

ChiefioBatesibHO, HANOP HACOCA COOMEENICMEYEm NPUPAUIEHIIO SHED ~
2uu eOuRUYbL MACCH. HCUOKOCMU, C00OweHHOd el paboiuM opeatom
Hacoca, PH3HYECKH HANOp paBeH BLICOTE CTOI6A TOH MKHIKOCTH, K MO-
TOKY KOTOPOH OH OTHOCHTCA, H naMepserca B M. [Ipu pabore HacocHo#
ycraHoBKH (cM. puc. 23.1) xuakocrb BcaceiBaercd Ha Beicoty f1,
(eeomempuueckan seicoma ecaceiBanyf) W HarHetaerca Ha Beicoty f, 4
(eeomempuseckan sowoma rHazremarus). PasHOCTL BHICOT HAMOPHOrO
U TNpHEMHOrO YpPOBHEH Has3kBaeTcs zeomempuyveckum wanopom H,
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[Mon cmamuueckum Ranopom ycra-
HOBKH [1OHHMAalOT pasHOCTbL THA-
pOCTATHUeCKHX HAlOPOB JKHJKO-
CTH B HAanoOpHOM H NPHEMHOM
pesepByapax:

H o =[2+ po/(pg)—[21-+ pr/(PE)N-

Ilas yeraHoBKH (cM. pHc. 23.1) w,/(29)]
B KOTOpOH JAaBJeHHE HA nOBepX- B 109
HOCTAIX JKHIKOCTH B pesepBya-
pax py = P2 = Pan CTaTH‘-IeCKHIEI E
Hanmop paBeH pPa3HOCTH YpOBHeN
AHIKOCTH B pe3epsyapax, T. e. &
BHICOTE TOABEMA IKHAKOCTH B ! Y g
yeranoBke. C yyeToM TOTO, UTO “77ererr7777 777 T
2, = 0, umeem

Hy,=Hi=2—2 =2

Puc 23 2. Cxema u3MepeHHfi Hanapa

Hmesn moxkasaHH MaHOMETPA Pyay H BAKYYMMETPA Pyax, MONKHO
onpelleuTh aBCONIOTHbIE RABAEHHA P, H Py (cM. puc. 23.1): p, =
*= Par T Puass Pa = Par — Ppax- I[IOACT@BIAS HX B BHpaxe
Hue (23 3), nomyuum

H= (ZH — ZB) “P (puan + puan)fi(pg) ‘{’ (w?x = Wi)/(gg). (23.4)
CYMMB TepBBIX ABYX cJaraeMblX Ha3LIBAeTCsl MAHOMEMPUHECKUM
Hanopom
Hmaﬂ = (Z“ = Zu) ““{““ (pMall + Pna}{)/‘(Pg)'
Ecin ydects, uTO pyan/{pg) = Hui Peaw/(0g) = Hy, TO mpH
Ha/IHYMH BakyyMa BO BcachiBalouleM TPyOOIpoOBoAe 2y — 2z, = My

(cm. puc. 23.1) ¥ Hyay = Hy + Hy 4 h,. Bbipaxenue (23.4) npu-
MeT BHI

H=Hy,--H,+ h + (wh — wi)/2g). (23.5)

CrnepoBaTensHO, HANOpP, [A3BUBAEMBIE HACGCOM, Onpedessemcs CYM-
moll nokasanuti mamomempa Hy u sakyymmempa H,, ewvipascerrod
8bicOmMOL cmoaba nepekasusacmol MUOKOCmU, Pa3HOCMBbIO CKOPOCHIHbIX
HAnopos 3a U neped HACOCOM U paccmosnHuem hy mendy yangoii maro-
mempa u modxol npucoedunenus sakyymmempa. Benununna hy sapucur
OT B3aHMHOTO pPACnONIOKeHHS MAHOMETPa H BaKyyMMerpa H MOXeT
ObITL OTpPHLATENbHA, €C/AM MAHOMETP pacnosiokeH HHKE BaKyyM-
merpa.

Ilpn manuuun nokasanuit mamomerpa M mn BakyymMmerpa B Ma-
HOMETpHUYeCKHH Hanop B AeHCTBYIOMIHX HACOCHBIX YCTaHOBKaX

Hyan = Mky -+ Bhy - 1y, (23.6)

The Ky, Ry — KoadpumueHTHl Mepecyera noKasaHHH MaHoOMerpa K
BaKYYMMeTpa B MeTpBl cT010a MHAKOCTH.
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Ecan wxanb MaHOMeTpa M BakyyMMerpa rpaiyHpoBaHel B Krc/m?2,
10 ky = kp, = 10; ecn BakyyMMeTp rpaiyHpoBaH B MM pPT. CT., TO
ky = 0,0136; ecanm manomerp rpanyuposan B MIla, a Bakyymmerp
B kIla, 10 &y = 98,1 (=100), 2 &, = 0,0981 (~0,1}.

[Tpy Hanuuum Ha BXOJe B HAcOC H3OLITOUHOTO JdBJEHHS MaHOMe-
TpHYECKHH Hapmop omnpelensdloT no dopmyne

Hman = (MH - MB) by —+ hzu (23-7}

rae My, M, — nokasaHns MaHOMETPOB Ha BCaCHBaMleill H HarHe-
TATEJILHOH CTOpPOHAX Hacoca; Ay, — pasiocTh YPOBHEH YCTAHOBKH
MaHOMETpOB.

Jans nopbopa Bacoca AMMA IAHHOH YCTAHOBKH HeoOXOAHMO 3HATH
noTpeGHBI HAnop Hacoca, KOTOPHIH MOMXKET OBITh onpeiesieH nmo pas-
HOCTH YJeJbHHX 3HeprH#i Ha CBOOOJAHBIX MNOBEPXHOCTAX MKUIAKOCTH
B HanopHoM (ceueHue a—¢ Ha puc. 23.1) 1 npreMHom (ceyenne 0—0)
pesepsyapax. [lonnas ylenbHasi SHeprafA RHUIKOCTH B 3THX CEYeHHAX
(ecaim npeHeGpeub MaNHIMH 3HAYEHHAMH YIeJbHOA KHHeTHYecKOH
JHEePrHH B pe3epByapax) COCTaBHTI

Uy = g2 -+ Polp -+ ghu wi Uy = 821 -+ P1/P — hn. w

The ghn gy ghy e — DOTEDH YZAEAbHOW SHEPruH MKHAKOCTH HA TIpe-
OLOJIEHHE CONMPOTHBJEHHH B HAaNOPHOM M BCachiBAIOUIEM TPyGoONpo-
BOJAX. .

Torna sHeprus, 3arpaumBaeMas HAcOCOM IJA MEPeMEleHHA ejH-
HHIB MacCHl XKHAKOCTH MO TPYGONPOBONAM YCTAHOBKH K3 MPHEMHOIO
pesepByapa B HamopHblH, GyleT paBHa

Usth—my=g@—2)+P—p)ie+g X ha

Pasnenus ypaBpeHHe HAa g W YUHTHIBAfA, YTO g — 2y = Hp, moay-
YHM BLIpAXKeHHe AJg MNOJHOr0 noTpefHOr0 Hamopa YCTAaHOBKH

Huorp = He -+ (02 — /(08 + 1 b, (23.8)

rae Y Ay = hy g + hp y — CYMMapHEIE [OTEPH Hamopa Ha Tpe-
HHE B HANOPHOM Y BCacHBAKIIEM TPYGOMPOBOAAX.

TaxkuM 00pasoM, nompebubdll Hanop wacoc pacxodyemcs Ha Hpe-
00oaenue npomugodasrenun (p, — pi) HO CMOPOHE HasHemawus, Ha
nodvem wudkocmu Ha evicomy H, u npeodoreHue eudpasauuecKux
conpormusienuli Y hy mpybonpoeodos.

Bricota narneranun. eomerpuyeckas BHICOTa HAFHeTaHHA My g
Hacoca Moxer GhITh ompeneneHa M3 ypasiennsa Bepryanu, sanucans
Horo pasi ceuedHit I/—I] u a—a (puc. 23.3, @) OTHOCHTENBHO MO~
CKOCTH CpaBHEHHs, mpoXoisaumell MO ocH Hacoca,

Pul(pg) + Wil (29) + Dz = Ho. » + pal(pg) + Wil (28) + Fu. ws
Hr. w= (pu— p)l(pg) -+ (wh — wi)/(2g) +- Dz — by, ue  (23.9)
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Puc. 23.3. Cxemul ycTaHOBKH LEHTPOGEKHBIX HACOCOB

3neck Az — paccrosuie or ceuenns J[—/I] 1o ocu cpaBuenns (n3-sa
MANOCTH 3TOH BeJIHYHHOH npeHeGperaior).

H3 ypasuenns cienyer, UTo reoMerpuyeckasi BHICOTA HaTHETAHHA
TeM Oonblue, 4eM OoJblle JaBJieHHe p,, Pa3BHBAEMOE HacocoM, U
MEHbUIE MOPOTHBOJABJEHHE p,, YeM OoJbIUe CKOpPOCTh KUJAKOCT# HA
BBIXOJle H3 Hacoca Wy H YeM MeHbLI€ FHApABNHYECKOE CONPOTHBJAEHHE
HamopHoro TpyGonpoBoga fAp 4.

Buicora pcacuiBanns, [Ipu paGore macoca BO BcachBalouieM Tpy-
GonpoBofe co3jaercs paspexeHHe W KHAKOCTb H3 MPHEMHOrQ pesep-
Bvapa nocTynaeT B HAcOC o) AeHCTBHEM PASHOCTH AaBNeHHH pa,—pg,
FIe Par = Py — JaBJeHue Ha NOBEPXHOCTH MHAKOCTH {puc. 23.3, a),
a pp — laBJieHHe nepeg HacocOM B cedeHHH [—/. Dra pasHocTh
IABNEHHH U eCThb BAKYYMMETPHUECKARA BLICOTA BCACHIBAHHA, CO3MaBae-

Mas HacoCOoM:
H yax = (Par — pu)/(PE). (23'10)

leomerpuueckan BHCOTa BCACHBaHHA H ,, T. €. BHCOTa, Ha
KOTCPYIO MOXKET NOAHATLCA XKHAKOCTh MO BCackiBawuled Tpybe, Bceraa
MeHbLIEe BAKYYMMETPHYECKOH BBICOTEL BCACHIBAHHS, UTO CBHA3aHO C ya-
CTHYHBIM PACXOAOM 3TOTO nepenajia HA NPeONOJCHHE THIAPAaBJAHUECKUX
COMPOTHUBJEHHHE NPH IBHMEHHH MNOTOKA 0O BcachiBaiuleld tpybe H
coobiieHHe BcachiBaeMol JKHAKOCTH OnpefeneHHOA ckopocTH. COOTHO-
WeHHe MEeXKIy T[eOMETPHYECKOH H BAKYYMMETPHUYECKOH BHICOTAMH
HaxXousT H3 ypaBHewH# Bepuy/iH, cocraB/ieHHbX I/1a cedenubi [—/
¥ 0—(0 OTHOCHTEJbHO NJIOCKOCTH cpaBHeHHs (—O:

20 - Par/(pg) + wi/(28) = 21+ pul(pg) + Wil (28) -+ hin.

oTKyAa, yunthiBas (23.10) u umesn B BuAY, yTO @, = 0, 2, = 0,2, =
= H. g nOAy4YaEM .
Hy oy = Hyay — by s — wi/(29).
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Hrak, reomMeTpHyeckasd BHICOTA BCacHIBAHHS PaBHA BAKYYMMETpH-
YeCKOH 3a BLIYETOM NOTEPh Hamopa BO BcachIBalolleM TpyOonpoBoxe
H CKOPOCTHOr® Hamopa OpPH BXOie B HAacoc.

Ecan nacoc pacnosioxeH HHMXKEe YPOBHA KHAKOCTH B MPHEMHOM
pesepmyape (puc. 23.3, 0), T0 OH paboTaeT ¢ NOAMOPOM Ha BCACLIBAHHH,
H TOrnaa

—Hr, o = — Hoax + b, o + w2/ (29). (23.11)

Orpruarencioe 3nayeHHe My, (H. ) ykaswBaer na paGory
Hacoca ¢ NOANOPOM.

Ecnn Hacoc nepekayHBaeT »KHAKOCTh H3 cocyda, B KOTOPOM OHA
HaxoZuTcs moj RaBJaeHHeM p. (puc. 23.3, 8), 1O

He o= (e — Pu)f(Pg) T Waf(Qg) (23.12)

Hopmansnasa paGora Hacoca BO3MOXHA TONBKO B CJAydanX, KOTZa
abcosoTHOE JaBJEHHE BO BCeX TOYKAX BCACHBAIOIULeH MarucTpanu
60JIb1LIe JaBJCHHA HACHIUEHHBIX NapoB Py, NepeKauuBaeMOl KHAKOCTH
Hpy JAAaHHOH TeMmmneparype, T.e. pg = Pye. .B OpoTuBHOM cayuae
B MOTOKE HauHHaeTCH NapooOpa3oBaHHE H BO3HHKAET A BJNEH U e
KABHTAILHH, YTO NPHBOAUT K Pe3KOMY CHIXKEHHIO MOJAuH, Hanopa
1 KI1II nacoca n, xaxk pe3ynbTar, K «cpPbIBY» Hacoca, T. €. K npeKpa-
IEeHHIO MONAYH XHIKOCTH H3-3a pa3spbiBa MOTOKA.

Kasumayued HASHBAIOT HAPYINEHHE CIIOUIHOCTH [OTOKA KHAKO-
CTH 13-332 00pasoBaHust GONBINOrO KOJMHYECTBA MEJbYaHLIHX MapoBbiX
WIH rascBEHIX My3bIPppKoB. B 06MacTsiX ¢ NOBBIIEHHHIM JaBJleHHEM
Cpeibl My3BIPbKH Pa3pPyILAOTCH, KOHAEHCHPYACH ¢ GOJLIIOH CcKo-
pocTbio. YaCTHUKH MKHAKOCTH YCTPEMASIOTCA K UEHTPY HY3HpbKa,
Iie B MOMEHT MOJMHOH KOHAGHCAIHH NPOHCXOAHT HX CTONKHOBEHHE
¢ npeBpallesUeM KHHETHUECKOH SHePrum B SHEPTHIO JaBJjeHus, Bos-
HHKaer TOUeYHbIH TFHAPABJAHYECKHH YAaP ¢ MTHOBEHHEIM MOBLIIIEHHEM
AaBJIEHHA, YTO BhI3BIBAET PaspPylieHue (3pO3Hi0 H KOPPO3HIO) moBepX-
HOCTH CTEHOK KaHaja M JQmaToK paGouero KoJeca,

[IpnynHO! BOSHUKHOBEHHS XKaBHTAUMH SBASETCH MNajleHue jaBJje-
HHA BO BCacCbiBAalOmel MOJOCTH HACOCAa H3-32 HAJHYHS GoJbLiRX
TH/PABJHYECKHX CONPOTHBJCHHA H TOBLILEHHA TEMNEPATYPR ¥HAKO-
CTH, C POCTOM KOTOPOH YBe/JHUHBaeTcst AaBJjeHHue HACHIIEHHBIX mapos.
Jis npenynpexueHnHs KaBHTauMH HECKOJBKO yMEHBLIAIOT IeOMeTpH-
HeCKyl0 BbICOTY BCACHIBAHHA, T, €, NMPHHAMAIOT 3GAAC HA KABUMOQYLIO
Ahy. Torma MakcHMa/LHO JIOMyCTHMasl FeOMETPHUECKAd BLHICOTA Bea-
celBaHus (puc. 23.3, 6)

He, nmox = (Pue — Puc)/ (08) = P, » — wi/(28) — Ay (23.13)

B HaCOCHO-IHMPKYAAIHOHHEX CHCTEMAX XOJNOJHJABHHIX YCTAHOBOK
nem‘po6emame HacOChl MNEePEeKAYHBAIOT HACHIMEHHLI® HIAH OJH3KHe
K HACHIOIEHHIO XJajareHTH. BoOSHHKHOBEHHIO KABHTAILMH npu 3TOM
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CHOCOGCTBYIOT:  IOBHIIEHHOE | BX
coAepiaHue Macjia B XJjaja-
reHTe; Pe3KOe majeHue JabJe-
HHS B HamOpHOH eMKocTH (mup-
KYJIAI[HOHHOM pECHBEpe) npH
IIOIKJIIOUEHHH  KOMIpeccopa
B npouecce CTYNEHYATOro pe-
TYJHPOBaHHUst XOJQLONPOH3IBO-
IMTENbHOCTH; HapyIUeHHe H30-
JAUKH BcachiBalomed TpyOk
H pesKoe MOHHXKEHHe paBjie-

KM1 KMz

H¥sl B MecTaX OOJbIUHX [HJ- <
PaBJIMYECKMX COMPOTHBJAEHHM
(puavTpe, BeuTHNE B T. A.).

Tpu pafore ¢ Hachiuen- B ~Pp*h 2T o

HBIMM XJlagareHTamyu ina obe-
creyeHHd GecKaBHTAIHMONUHBIX 4 —p—
yCIAOBHA paGoThl Hacoca HA. Py, 234, Yeranoska macoca ¢ TNORMO-
BCaChLIBAHHH B HEra CO3paeTcs POM XKHIKOCTH HA BCACKIBAHHH
JonoJinuTenbHoe AaBJenHe

{noanop) cBepX JaBJeHWs HACHILEHHBIX [MapoB MNepeKaunBaeMOf
KHIKOCTH, DTO JOCTHTAeTcs 3a cyYel OTPHIATEeNLHOH BEICOTH BCAChl-
BaHuss, T. e. Hacoc [{H pacpoJgaraloT HHXEe YDOBHSI KMAKOCTH
B LHPKyJalLHOHHOM pecuBepe [P (puc. 23.4), [laBnenue Ha BXoje
B Hacoc

Po= Puc + Hpog — pg [wﬁf(Qg}] - Apn- BY

Iie Pue = P, — JaBJEHHe HAcHIIeHHLIX NAPOB XJajarenrta; Apy 5=
= oghy, , — MajeHHe JaBJeHWRs BO BcachiBawlleM TPyHOnpoBOAe,
06yc/OBJEHHO® THAPABAHYECKHMH CONPOTHBICHHAMH.

Munumanbibii  Hanop Hymn, OOECOCYHBAWOIIHHA YCTOHYHBYIO
paboTy Hacoca, 3aBHCHT OT (hH3UUECKHX CBOHCTB MUAKOCTH H pPexHMa
paborbi ycraHoBxkH. [To onuitHeM RaHHBM, npu Ty = 0=-(—40) °C
Hy mn = 15-3,5 M, npuuem GOabluMe 3HaueHHs Hy qp COOTBET:
CTBYIOT Oosiee HH3KHM TemIepatypaM KHIeHHS.

Craruueckoe JaBnende H,pg CcToA6a XHIKOCTH 3HAUHTEJALHO
yMeHpluaer 06pa3oBaHHe Ny3LPbKOB Mapa, HO MOJHOCTBIO He HCKJIO-
yaer ero. IlosToMy OcHOBHOH 3ajauel fABJseTcs OTBOJ 06pa3oBas-
WIHXCS NapoB H3 BeacwBaolero tpytonposofa. C aroft nesablo Ha
Bcachipaioulem (JaHUe Hacoca MOHTHPYIOT ceTyarbli (QuanTp @D,
[Napsl cenapupyloTcs B HeM H YAaAfKTCA B UHPKYJNAHOHHHA pecH-
Bep. Kpome TOro, ycrofiuueas pafioTa Hacoca BO MHOTOM Qiipele-
JIIETCS1 PAallHOHAJLHBIM MMPOEKTHPOBAHHEM, MOHTAXKOM H 3KCMJyaTa-
uvell ys3na HanopHas eMKOcTb — BeachiBalouiue# Tpy6Gonposon —
nacoc. [loj 3THM nojpasyMeBaercs: YMeEHbIUEHHE CKOPOCTH MHOTOKA
(ne Goaee 0,5 m/c) Bo BeachiBawuedl TpySe H NOHHKEHHE ee CONPOTHB-
JIEHHR 3a CYeT YBeJMueHHs AuamMerpa TPYOH, yMeHbUleHWR ee RJHHBL
H KOJAHYecTBa MOBOPOTOB H BeHTHJAeH; Da3MmelleHHe YCTpoHCTB, mpe-

sl




IOTBpallAOWHX 34KPYUHBAHHE MNOTOKa H o6pasoBaHHE BOPOHKH]
MOHT2X BCACHIBAIOUIETO TPYGONPOBOLA ¢ YKJAOHOM B CTOPOHY Hacoca
H TiaTesbHas €ro H30MALMS; ylaneHHe Mac/ia H3 BcachiBarouleil TpyGhi
nepel 3anycKOM Hacoca H T. A.

Momnocte H KIIJL nacoca. Paboune opranni macoca (nomact,
NOPUIHK) [OCTOSIHHO COBEPILAMT PaGoTy Haj HOTOKOM KHAKOCTH 33
CYeT IHeprHH, MOABOAMMOH OT Apurarens. MowHocTs, norpednsemas
Hacocom, Npeiacrasnser cofoii paGory, cOBEPIIAEMYI0 HAcOCOM B €lH-
HHLY BpeMeHH. PasnuualoT nosessyw MOUIHOCTL Hacoca Ny H Moul-
Hocte N, nompeGasemiyo HacocoM.

TMlop, none3sHON MOUHOCTDH 10 HAacoca NOHMMAIOT MOL[-
HOCTb, 3aTpayHBaeMylo DabOYHMH opraHaMH Hacoca Ha coofilieHHe
SHEPTHH NOTOKY JMHJAKOCTH. EclH Kajas eAHHHIA Macchl XHAKOCTH
B enuHnuy Bpemedn M = Vp npuoGperaer B Hacoce 3HepTHIO gH,
TO 9Heprua, rnpuobperTeHHas KHAKOCTHK HA BRHIXOJAEe H3 Hacoca, HIH
HoJie3Has MOUHOCTb, BT

N,= VpgH.
B 3aBHCHMOCTH OT TOrQ, B KaKHX €JHHMIAX H3MEPSAIOTCH Nojaua

¥ Hamop, nojesHas MoulHocTb N, Moxer ObITb ompejeneHa no Qop-
MyJiaMm:

Hogava V . . . . . .. me mi/e M3
Hamop A . . . . . . . MCT. XHAKOCTH M BOJ, CT, M Boi. CT.
Ny, kBr . ... ... VpgHIO™® 9,81vH 2,7VH1073

Tark kak B J1o60H MallHHe NOTEPH MeXaHHdeCKOH SHePTHH HeH3-
GeXHE, TO MOUHOCTL, 3aTpayHBaeMas JABHrarejieM lia [PHBOJ
Hacoca (moTpebGasieMan MOUWHOCTERE N), Beerfia Gosbrie
nosiesHoi MoulHocTH Ny, 3TH nOTepH oUeHHBalorca obwum K17
Hacoca

n=NyN. (23.14)

IMorepn 3Heprum (MOUIHOCTH) B Hacoce MOAPa3feNAlOTCA Ha 2u-
dpasauneckue, obvemnble K mexanuueckue (puc. 23.5).

Tudpasauteckumy nomepamu HasbIBalOT ITOTEPH SHEPrHH Ha Apes
OJIONIEHHE THADABJIHUECKHX CONPOTHBJAEHHHA, BOIHMKAWUIKEX B [po-

% TOYHOH YacTH Hacoca B pe-
=

S § = syJbTate BHXpeoOpa3oBa-

T 1 T HKA W TpeHua Kak B ca-

TufpaBiu- MOH MHJAKOCTH, Tax H Me-

M"""ﬂ‘lf,fefm} ”ﬁﬁ%‘é’ﬁi"’ vecrie HKAY OKMLKOCTBIO M CTeH-
2l 7%/, ﬁfﬂ%; KaMH Hacoca. Ecnu ruapa-
. =T BJIHYECKME MOTEpH Hanopa

= I 3 J |, B Hacoce COCTaBJAAIOT AH,,
! x Eﬁ = TO AJiIf CO3LaHUA B CHCTEME

] = nanopa {1 pabouee KoJieco

Prc, 23.5. Bananc sneprun B JomacTHoM Hacoce  JQJDKHQ pa3BHBaTk Teope-
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Taveckuit Hanop Hy = H -+ AH.. Tuapasnuueckue norepu AH(AN,)
OleHHBaOTCR zudpasaruseckum KIT[T

Ny = HI(H -4 AH), wnu np = Ny/Ny = NNy -+ ANp).

Ha Beauuuny m, Gonpllioe BAHSHHE OKA3BIBAIOT KOHGUIYpalud
H IIEPOXOBATOCTS MPOTOYHOM YacTH Hacoca, a TAKKe BA3KOCTh HKHIKO-
cri. JIndg cOBpPeMEHHBIX KPYOHBIX UEHTPOOeMHBIX HAacOcOoB 1), =
= (,8+0,96.

Ob6vesinbie nomepu o6ycJIOBJGHB HaJIHUHEM 3230pOB Mexay pabo-
YHMH OPranamMH H KOPMYycOM Hacoca, Yepe3 KOTOPble YacTb JKHJAKO-
cti AV neperexaer u3 06/1aCTH BBICOKOro B 0GJacTb HH3KOro jaBJie-
Husa, O6bvemHas nofada |/ Hacoca yMeubIHaercs, B TO BpeMst Kak
pacxon uepe3 paGouee koneco Gyzer V -+ AV. Ob6nemHble norepu
uwacoca AV (AN} yuurnBaiorcs obvemuorm KITA Hacoca

Mo = VIV 4 AV), uau ny = No/N; = N,/(N, + ANy).

3nauenus o6bvemioro KITI cyuiecTBenHO 3aBHCAT OT PafHalbLHBIX
M TOPUEBLIX 3a30pOB MexAY palboyuM OPTaHOM M KOpNycoM Hacoca.
Y KpynHeix uLeRTpoGeXHBIX KOMOpeccopoB m, = 0,96--0,98.

Mexanuseckue nomepu AN, BO3HHKawT BeJeICTBHE MeXaHHye-
CKOro TPEHHS APH OTHOCHTE/JbHOM JABHXKEHHH COMNpPSXKEeHHBIX JJ.ETHJI&ﬁ
nacoca. Onu ouenusarorca mexaruseckum K1/, paBHbBIM OTHOLIEHHIO
ocTaBiyeiica ocsie NpeofiofleHuss MeXaHHYecKHX CONpPOTHBIAEHUH MoIl-
HoctH N, = N — AN, x norpeGasemofi HacocoMm MoOLIHOCTH N:

Nu = Ny/N = (N — AN,)/N.

Ha penuwuuny 1, Goabluoe BIHAHHE OKA3BIBAIOT KOHCTPYKILHSA
H SKCHJIyaTauHOHHOE COCTOfHHE MORIIKIHKKOB M CallbHUKOBBIX Y3J0B
Hacoca, a TaKXKe ILIepoXOBaTOCTb paboynx noBepxHocrell Koaec.
Jlist cOBpeMeHHbIX 1EeHTPOoGEeXHBIX HacocoB 1), = 0,92--0,95.

Ecnn Boipaxkenne (23.14) ymHoxuTL H pasjpeauth Ha NN, 1O

NyN.N
N &= ﬁ*ﬁl_ = NrNoMue (23.19)

Takum ofpazom, noanstli KIIJ wnacoca pasen npoussedenuio eu-
Opasauieckozo, 00BEMHO20 W MEXQHUMECKO20 KOAPPHULUEHmos8 noaes-
Hoeo Qeficmsus W XapaKTePH3YET 3HePreTHYeCcKoe COBepLICHCTBO
MallHHBl B nenom. Jlas COBpeMEHHBIX LEHTPOGEMHBIX MAIIHH 1) =
= 0,756=-0,92.

O6LuHO MOUIHOCTD Ha BBIXOILHOM Bally Hacoca (norpebasemyio
MOIHOCTE) Haxomat no cdopmynam, kBr:

N = MgH103/n; N = VpgH10%/n. (23.16)

MoutHocTs ABHMratens, NpPHBOASUIErC B JBH:KEHHe Hacoc, Bcerga
6oabiue norpebasemoit HacocoM MoutHocTH. C yyeroM HalHYHA MeXa-
HHYECKOH TepelayH OT ABMrareas X Hacocy TpelyeMam MOUIHOCTh
Jpurarens

Ny = ENMgp, (23.17)
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rae Mg, — KILL nepenatounoro mexanusma (pelykTopa, pemeHHOR
nepejayu M T. A.; & — Ko3hdHIHENT 3anaca MOLIHOCTH ABHTaTeNs:

N <2 2—5 5—50 50—100 =100
Bouwas s cnwan 1B 1,6—1,26 1,26—I,156 1,15—1,05 1,08

§ 23.2. UEHTPOBE)XHBIE HACOCHI

LlenTpoGerxubie HACOCH HALIMH INHPOKOE NPHMEHEHHE B Ha-
POAHOM XO3AHCTBE, B TOM 4uc/e B XOJOAHAbHOH TeXHUKe — JJs HO-
La4d BOABI, paccona H KHAKHX XJaJareHTOB.

YerpoicTBO U NPHHUKMD paGoThl. Y CTPOHCTBO UEHTPOBEKHOTO Ha-
coca nokazano Ha puc. 23.6. Ero ocHOBHBIMHM DaBouHMH opraHamu
aBjgiores pafouee Koneco §, HacaxeHHoe Ha Baj 2, cOHpanbHaf
Kamepa 3, BcacnBAomHil natpybox 4 u Aupdysop 6.

Pabouee xoaeco npeiHasHAueHO ANA [epelayH 3HEPTHH OT JABH-
raresis K KHAKOCTH. Paboyee Ko0JeCO 3aKpBLITOrO THOA COCTOHT H3
cTymHUE [, 3aJHero 7 4 mepeiHero 5 AHCKOB, MEXAY KOTOPHIMH Ha-
XOJATCH JonacTH (NonaTkH) 9, H3OTHYTble, KaK NPaBHIO, B CTOPOHY,
NPOTHEONONOXKHYIO HanpaBJeHHo BpalleHHs Koneca, H3sornyroie
JAonacTH 06pas3yiorT pal pasfeAnHuIX KaHaJNoB, MO KOTOPBIM JABHKETCA
KHAKOCTb NMPH BpallleHHH Kojieca. UHca0 JonacTel Ha Kojece 00LIYHO
KoJieGJeTcst OT 1ecTH A0 BOCbMH; B HAacOCaX, MEPEKauydBAIOLUHX 3a-
FPsi3HEHHBle HAM BA3KHE MHAKOCTH, — OT JBYX JO uyeThipex.

Pafoune Koseca OTKPLITOTO THIA HEe HMEIOT NepefHerc NHCKa.

Cnupaasnan camepa (OTBOA) CAYXHT Ana cfopa u OTBOZA KHIKO-
CTH ¢ Jionacteit pabouero xKojeca, a TaKike A8 YAaCTHYHOTO mpeoGpa-
30BaHMsl KHHETHYeCKOH SHepPTHH cpelbl B NOTeHUHalAbHYI. s sToro
nonepeyHOe CeYeHHe COHPAJbHOH KaMmephl JenaloT MOCTENneHHO YBe-
JIHYHB AKOLIHMCS .

OxonuaTenbHOe CHHMKEHHE CKOPOCTH [0 3HauyeHHsi B HauyaJbHOM
ceueHuHu TPyOONpPOBOJA 3aKaHUHBaercsa B dudhpyzope 6 ¢ yraom pac-
KphTH OKoao 10°, .

Bceacwisatowyuii nampybox (nopgon) 4 B GONBIIHHCTBE CJydYaes
KOHCTPYHPYIOT B BHAE KOHHUECKOrO CXOARIIEro Hacalika s obecre-
yeHHA PaBHOMEPHOH CKOPOCTH MOTOKa Ha BXOJe B pafouee Kojeco.
IMepen nyckoM Hacoca B pa-
60Ty 3amoNHAIOT BCXO BCa-
CBIBAIOULYI0 JIHHHIC H KOp-
nyc wacoca [epeKauHBa-
eMoR  KuAKOCTBIO. Ecan
YPOBEHb HUAKOCTH B [IP HeM-
HOM  pesepByape  HHXKe
Hacoca, TO MAPeLyCMATPH-
BAlIOT YyCTPOHCTBO MMt 3a-
JIKBA Hacoca, a B HHXHeH

Puc. 23.6. Cxema newtpoGexHoro macoca kow- J4CTH  Ha  BCachIBaloUleH
COXBHOTO THITA Tpy0e ycTaHaBauBalwT 06~
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patHblii KjanaH JUis TIPEAOTBPAllEeHHs BHTEKaHHA KUJIKOCTH M3
Hacoca.

ITpuuenuEn paboTh HEHTPOORKHOrQ Hacoca 3aKkayaeTCs
B TOM, YTO NPH BPaUEHHH Pabouyero KOJeca >XKHAKOCTb, HaXOAAaAcs
MEXJy JONacTAMH, YBJAEKAETCH KOJEcOM BO Bpamenue. Paspubaemas
npu 3TOM UEHTPoOexHas chila BHIODACHIBART €€ U3 KOjeca yepes
cnupanubiyio Kamepy B Tpyb6ompoBoa. Tak Kak XHAKOCTL ABMIKeTcs
OT lIEHTpa KoJeca K nepudepHH, TO Ha BXOAE B pafoyee Koseco cos-
jaercs paspekeHHe, a Ha nepupepuH — usbLITOYHOE JaBJEHHE.
Ilox neficrBUeM pPasHOCTH AaBAEHHH B OPHEMHOM pesepByape u Ha
BXOJAE B HACOC KHAKOCTb H3 BCachiBalolWled TpyOhl YeTpemasiercs
B MeXJonarounse Kanaasl. Takum o6pazoM, Jonactu padouero xogeca
coOBIIAIOT JKHJAKOCTH 3SHEPrHI0, NPEeHMYUIECTBEHHO KHHETHYECKYIO,
KoTopas npeobpasyercft B SHePTHIO faBaenusa (B Aubbdysope) u cko-
POCTHOH Hanop.

Kaaccupukapua. leHTpobexxHble Hacochl KMacCHOWIUPYIOT Mo
CAEIYIOUHM OCHOBHBIM MPU3HAKAM:

1) no uucay pabouHX KoJec — OOHOCMYNEeHYAmble ¥ MHOROCIY e
yameie; B MHOTOCTYNEHYATHIX HacocaxX KHMIKOCTb [OCJAENOBATENLHO
POXOINHUT uepe3 Bce CTYNEeHH, YB&JNHYNBAR Halop AC 3afalHOTO 3Ha-
ueHHA, YHCAO KOJec B HHX JoxoAuT o 10—16;

2) no cospaBaemoMY Hanopy — wudkonanopusie (no 10—20 m),
cpednenanoprote (ot 20 no 60 M), evcokonanoprsie (cBuime 60 m);

3) no cmocoby nonBoia MUAKOCcTH K paloyeMy Konecy — ¢ o0Ho-
CIMOPOHHUM W OBYCMOPOHHUM BCOCHIBAHUEM;

'4) mo pacnosOKEHHIO Basla — 20PUBOHMAALHbIE W 8ePMUKAAbHIE;

5) 1o crenenu ObICTPOXORHOCTH — MUXOXOOHbIE, HODMAAbHDIE H
GuicmpoxoHbLe;

6) mo cTeneHH repMeTHYHOCTH — 2epMEMUYHBIE H OIMK PbUTIO20 MUna;

7) N0 Ha3HayeHWIO — 048 hepexayku 600w, paccorq, xiadazenma
H T A

B XonoauabHOH TeXHHKe AAa AO0JAYH BOABI H paccoia Yaile BCero
NPUMEHMIOT NEeHTPOGEeXKHbIe Hacockl kKoHcoasHoro THna (K); a pan
10jaY¥ XJajareHTa — LEHTPOOeKHEIE TepMeTHUHbIE HACOChl THIA
XTI (ILHID).

PaGouasn xapaktepHcTHKAa Hacoca. Pabouel xaparmepucmuroil
Hacoca Ha3HBaeTcsl rpagHueckas 3aBHCHMOCTb €ro OCHOBHLIX napa-
merpoB (Hanopa fH, norpeGasemoit mounocrd N, KI1 n, ponyerumoi
reOMETPHYECKOH BHICOTHI BeachiBanua H, ) or nojaun V nmpu no-
CTORHHLIX 3HAYEHHAX YACTOTH BpameHHs paboyero koJieca n. Jra
XapaKTepHCTHKZ 3aBHCHT OT KOHCTPYKIHH H THNa Hacoca, COOTHO-
IeHHs1 pa3MEepOoB PpabouHX OpPraHoB.

B nacnopre Hacoca 06HYHO NPHBOAAT €0 MapPaMeTPRl NPH MAKCH-
masibHoM 3HaueHuu KIIJI. Peanpinie yciaoBusi paGoTel 4acTo OTJiH-
H3TCA OT PeKOMeHNoBaHHHX. HCTHHHBIE 32aBHCHMOCTH MeXAYy OCHOB-
HbLIMH NapamMeTrpaMH Hacoca B pasjHUHBIX YCJAOBHAX ero pabothi
ONpenesidloTCs B pe3yJbTaTe 3aBOACKHX CTEHAOBHIX HCOLITAaHHH,
[Tonyuennvie 3apucumocts H = f(V), N=f(V), n=f(V) npu
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Pue. 23.7. PaGouas xapakrepucThka nentpoGemHoro Ha-
coca

n = const cTpoAT Ha oAuOM TpaduKe B pasHbX MacmrTabax Ho OCH
opaunat (puc. 23 7). Hanuyue pabouux xapakrepucTHK of/eryaer
BLIOOp Hacoca M ONpeleNenve ero peXHMHBIX napaMerpoB. Hampu-
Mep, npu TpeGyemoM nanope /{ = 35 m nopaua cocrasut V = 42 g/e,
norpebrisemas MolHocTs N = 26 kBr, KIIJ macoca n = 75 %
H JOMycTHMAas BbicOTAa BeacwiBanus [, 5 = 6 M (ompepenenue napa-
METPOB YKa3aHO CTpeJKaMHu).

XapaKkTepHMCTHKH HacOca, npeicTaBjieHHnle Ha puc. 23.7, mo-
CTPOEHBI NPH YacToTe Bpamenus pafodero Koneca n = 24 c¢™2. Iapa-
METPHl HacOea JJsis APYCHX YacToT BpaueHus (dupexc 1) MoryT 6buITh
onpejesieHsl no GopMynam:

Vi=V (mfn); H,=H (m/n)?*; N,= N (n/n).

Hacoc, nogbupaemuii s rHjApaBJAHUYECKOH C H-
CTeMbl, JokeH ofecleunwBaTb TpeGyemMyio nojady M CO3JaBaThb
saanexaukit nanop. CriefoparefibHo, PeXHM, B KOTOpPOM ByZer pa-
60TaTb HAacoC, MOJHOCTBIO Onpejejsercs OCOJEHHOCTAMH CHCTEMbI,
Heo6xoaumeli Hanop B cooteeTerBud ¢ (23.8)

H=H,+p'/0g)+ X hy= H.+p'log) + SV2  (23.18)

rpe H, — reomeTpuuecKas BpicOTa NOABEMA KHAKOCTH; p'/(pg) —-
Hanop, pacXoAyemulfi Ha NpeofosieHNe JaBJeHHs B HAMOPHOM pesep-
Byape (pue. 23.8); X fig = hy, 5 + Ay g — CYMMapHBIE NOTEPH Ha-
A0P2a Ha mpeclo/IeHHE COMPOTHBMAEHMHA (MECTHBIX H N0 JJIHHE) BO Bca-
CHIBAIOLIEM M HarHeraTeqbHoM TPyGonpoBojax; S — MOJMHOE COMpo-
THBNeHHe cucremu! (Tpyfonposoaa).
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Ipu typbyneHTHOM [BHXKEHHWH TOTepH Hanopa X Ay nponop-
LHOHAJbHEl KBAJPaTy CKOPOCTH HJHM KBajpaTy pacxoja:

¥ hy = SV2 = [A(Ud) + X Tul [w/(2)V*.

¥Ypaplienne (23.18) HaAsHBAT YpasHeHUeM XaPAKMEPUCTMUKU CUs
cmemsl (cemu), a rpadHk, MOCTPOSHHBIH IO 3TOMY YDPaBHEHHIO, —
xapaxmepucmurol mpybonpogoda (cucmemsr). Pafiouas XapakTepH-
CTHKa Hacoca, MOKas3blBalollas 3aBHCHMOCTB CO3JaBaeMOro Hamopa
OT NojayH, He MO3BOJIseT HAHTH, B KAKOM pexHme Hacoc Oyger pabo-
TaTh Ha 3alaHHYK cHcTemy. [lns pelleHHss 3TOro Bonpoca HeobGXo-
IMMO DACCMOTPETb COBMECTHO XapaKTEPHCTHKY Hacoca ¥ XapakTte-
pucTiKY cucrembl (pHe. 23.8). Touxa A nepeceuenus XapaxkTepHCTHK
HasblBaeTcs pabouell mourodl Hacoca. Paboyas TOuka noKasuiBaer,
B KaKOM pexkime paboTaer JaHHBIH Hacoc Ha 3afiaHH Yo ceThb, B touxe A
pasBuBaeMbli HacocoM Hamop pabeH Tpe€yemomy: H,y = H, +
-+ p'/(pg) -+ SV?, 1. e. sHeprus, cooOLIEHHAs MHAKOCTH B Hacoce,
pacxojlyercss Ha ee nepevelleHHE B CHCTEME.

Peryanpopanne nopauu. [opauy UEeHTPOOGEKHLIX HACOCOB peryniu-
PYIOT IBYMA OCHOBHBIMH CIIOCOBAMI: ¢ MOMOIIBIO 3a/IBHKKH Ha Hanop-
HOH JHHHH (APOCCEJNHPORAHHEM) H H3MEHEHHeM YacTOTH BpalleHHd
pafouero Koneca.

PeryanpoBanie N0Jauu ¢ NOMOXcbi0 3adeuscku Gliarofaps npocTore
HOJIYNHJO0 [IHPOKOE pacHpocTpaHeHue, oOcofeHHO Ans HeGOJbIIHX
HacocHBIX yctaHOBOK. Criocof OCHOBAaH HAa YBeNHUeHHH CONpOTHBJe-
HHA cHucTembl (IITPHXOBas JHHHA Ha puc. 23.8), upx KoTopoMm moRaya
Hacoca ymenbmaercs or V, po V,, a pabouas toyka A nepemeilaercs
B Touky B. I1pu atom norpebasemas HaCOCOM MOIIHOCTE YMeHbIIaeTcs
or N, no Ny, a obmuit pacxoj 3HEPTHH Ha nepeMelleHHe KUIKOCTH
YBEJAHYHBACTCA H3-32 JOMOJHHTENLHOrO T'HAPABJHYECKOTQ CONPOTHB-
Jenus 3aasuxKku hy, KILJ Hacoca ymenninaercsi. Hanop, passubae-
Mblfl HacocoM, HPH pacxo-

ade V, paeen cymme reo- H; 5N
MeTpuueckoro Hamopa Hy, ¥ [~Lewwp/ &

HAMopa Ha CcO3AaHHE [po- H 5 A‘»"’

THBONaBJeHHA B Gake <L7 |

p’/(pg), noteps B TpYyGO- s .
npoBoje A, W NOTEPL B 3a- M__TE_'_._____,_ Rl 7

b
e
| e
e

ABHXKe h,: Hy = H, +
+ 0’ /pg) + By -+ by
PeryaupoBanue nojauu
3aJBHXKKOH Ha CTOpOHe Bca-
CHIBAHHA HEJONYCTHMO, TakK
KaK ADHBOJMT K paspuiBy
CMAQIIHOCTH [OTOKA. JTOT
Cnoco6 3KOHOMHYECKH He i Ya ¥ E“E' =
MOXET CYHTaTbCA 3¢xpek-

THEHBIM K3-32 3HAUHTENb- Py, 23.8. CoBMeleREHE XapakTepHCTHKH Has
Haro cuwxenusa KIII, coca H CHCTEMH

A
(=)
"

it
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HanbGosee 5KOHOMWUHO PETyJMpPOBAHHE NOJAUH USMEHEHUEM 4Q-
cmompl 8pauierus eara paboweeo Koaeca. IJTQ DeryJaMpoBaHue OCyiie-
CTBASETCH € [IOMOLIBbIO JIEKTPOMATHHTHBIX MY®T, THAPOMYQT, 3IMIeK-
TPOABHTATENCH ¢ H3MEHAeMOH YacTOTOH BPalleHHs. Ilpu Taxom pery-
aupopanun KIIJL ycranoBKH wn3Mmensercss HesHaunteabHo. Ho 3t
ycTPOMCTBA elle KOHCTPYKTHBHO CJIOKHBI M AOPOTH H NPHMEHAIOTCH
Iasi HacocoB 0OMLINOH MOIIHOCTH.

MapaznensHas pa6oTa NEHTPoGeMHBLIX HACOCOB. B XonoauabHbix
ycTaHOBKaX AJf MoJaud BOASI B KOHJEHCATOPBI, Pacco/]a B OXJiaxna-
OYI0 CHCTEMY, KaK NPaBUJO, HMeeT MECTO COBMecTHasi paGora He-
CKoApKMX HacocoB. [lapanjenbHas paboTa HacocoB MPHMEHAETCH
B TeX cJAyyaaX, KOrja OAHHM HacocoM HeMb3f 00ecmeyuTh 3ajaHHbIA
pacxoA uAkocTH. [Ipuuem Ans ycrofiuuBO# H afxpeKTUBHOH paboThl
pacochl JOJDKHBLI HMETh OTJeNbHBIE BcachbiBajwllHe TpyGonpoBOAbl H
paBHble HIH OJIM3KHE XapaKTePUCTHKM no Hanopy. B mporuBHOM
cayuae BLICOKOHATOPHBI Hacoc Gyaer 3a6uBarh HHU3KOHAMOPHLIA H
yBenuYeHHs MNPOH3BOJAMTENLHOCTH He MOJYUHTCH.

TlapannensHas paboTa HacocOB palMOHalbHa TONBKO B CJaydYae
MAaJIOr0 THADABJHYECKOTO CONPOTHBJEHHS CHCTeMbl, T. € -KOria Xxa-
paKkTepHCTHKa chctemsl mojoras (xpusaf 3, puc. 23.9). Kpusas [
ABAAETCA XAPAKTePHCTHKOI OJHOrO Hacoca, a KpHBas 2 — cyMMapHOR
XapaKTePHCTHKOR NapaineisHo paGortaouuX HacocoB. Ilepeceuenne
XapaKTePHCTHKH CHCTeMbl 8 ¢ XapakTepHCTHKOA HacocoB 2 Jaetr pabo-’
yyio Touky A JAByX napannesbHo paboraiouiux HacocoB. B 3ToM
pexxuMe nojaua ofHOTO Hacoca Vy ompepenserca Touxkodl B. B ciy-
yae pabOTEI TONLKO OAHOTO Hacoca (pabouast Touka C) ero moxaua
Gyner Gosbllle, yeM nojada TOro JKe Hacoca APH COBMECTHOH pafore:
Vo > Vi, a Hanop — Mennwe: H, << H,. CymmapHas nojaya JByX
HacocoB Vi,, (kpuBas Z2) Bcerja meHblle CYMMBbI [OAad 3THX HKe
HACOCOB NPH HX pa3ielNsHOH padore, T. e. Vi << 2V,. Jto cBAsano
¢ yBeJuueHHeM pacxoja depe3 obuwuii TPyGONPOBOX, KOTOpPOE MNpH-
BOIMT K BO3DACTaHHI) THAPABJIHYECKHX CONPOTHBJEHWH H yBeaHue-

— d

Hy
Hy

i W Vier ¥
Puc, 23.9. MMapaanenssasi pa6ota gByX HAcoCOB HA OMAHY CHCTeMY
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Puc. 23.10. TlochegoBatenbHast paGoTa ABYX OAHHAKOBHX Haco-
COB

HHIO HeoOXOJAHMOIO Hanopa, 4YTto BJaedeT 3a coBoll yMEHbIUEHHe
mojaud Hacoca. B cAyyae KPyTOH XAPAKTEDPHCTHKH CHCTEMbI
(kpuBas 4, NOKa3aHO IWITPHXaMH) MOAK/IOUEHHE BTOPOro Hacoca
Hes(xpeKTHBHO, Tax KaK CyMMapHas nofaya BO3pacTaer He3Hauu-
TeJIbHO.

TMocaenosaTenbhaa paboTa neHTpobexHbix Hacocoe. [JocnenoBa-
tensHas paboTa HacocoB NPHMEHAETCH B TeX ciydasX, KOrAa Hamop,
pa3sBuBAEMBbIR. OJHHM HACcOCOM, HEJOCTaTOueH AJIs 1OJauk JKHAKOCTH
Ha JaHHylo BBICOTY, H/JH B caydae GOJILIIOTQ [1POTHBOAABJIEHHSA.
[pH nocaepoBatedibioil paGore oAuH Hacoc | NOJAeT KHAKOCTh Ha
BcachiBanue Apyromy 2 (puc. 23.10). Tlpu 3TOM pacxol XHAKOCTH
B Jo60oM ceyeHHH TPyGONPOBOAA OJHHAKOB, a OOUIHE Hanop paBeH -
CYyMM€ HanopoB 0GOHX HACOCOB, B3ATHIX NPH OQHOH M TO# Xe nojaue.
Ha puc. 23.10 xpuBas I — XapakrtepHcTHKa OAHOTNO Hacoca, KpH-
Bast 2 -—— XapaKTepHCcTHKa COBMecTHOH paGoThl ABYX M[OC/AeA0Ba-
TeJLHO coelHHEeHHBIX HacocoB. [lepecedeHue nocsejanefl ¢ Xapakre-
PHCTHKON cHcTembl aaer pabouylo Touky A, opAuHara KoTopoi noka-
spiBaeT 3HaueHHe Hanopa 1,5, a afcuucca — 3HaueHHe cyMMapHOH
nogaun V., = V.

[to npuHuMNy nocnefoBatefibHOR PaboThl PabOTalOT MHOOCTYNEH-
YaThie HacOCH. B HAacOcHBIX CHCTeMaX XOJNOAHJABHLIX YCTAHOBOK HC-
nosib3yior enTpobexnsie Hacackl THna ITHI (XT) ¢ oanum — Tpema
KOJIeCaMH,

Takum o0pasoM, npu napaiteasHou pabome Hacocog ux nodauy
CKAQOBIBAIOMCA NP HEeUSMEHHOM Hanope, a npu nocaedosameabHold —
CKAQOBIBAIOMCA HANOpLE NPt PasHex nodauax.
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§ 23.3. MNYHXEPHBIE HACOCHI

TlnyHxepHbIe Hacochl NPUMEHHIOT B TeX caydasaX, Koraa
HeoOXOJHMO cO3JaTh QUeHb BbICOKHE jAaBjeHHs. [IpHHUKID HX paboThl
aHaJOTHYEH MOPIIHEBHIM HacocaM. Pasnuuue 3akiiouaercd B KOH-
CTPYKUHM mopwusi. Y MJIYHXKepHbIX HacocOB IJHHA HOPIUHA B He-
cKOILKO pas Goabile ero aunamerpa (puc. 23.11). B paGoueii kamepe [
unyuep 2 nepemeiniaercst cBoGONHO, He Kacasichk CTEHOK, 2 YINIOTHe-
HHe 3 pasmelleHo HenoJBIIKHO B Kopayce Kamepnl. [lnyHmxep cosep-
LuiaeT BO3BpaTHO-MocTynarenbHoe [IBixeHHe. LIpH  ABIKEHHH ero
BNPABO JABJEHHEe B KaMepe MOHWMKAETCH W CTAHOBHTCH HIHXKE, ueM
JlABJIEHHE HHJAKOCTH BO BeachBaioulell 1py6Ge p,. [lop peficteuem pas-
HOCTH JAaBJAeHHH BcachIBAOUHH KianaH 4 OTKPHIBAETCH, M MHJKOCTh
sanonHfer pabGouyio Kamepy. [Ipn JABIDKeHHH nAyHKepa BieBo JAaB-
JMeHne XHAKOCTH B Kamepe GblcTPo BO3pacTaeT H CTAHOBHTCA BBIlle,
yeM JaBJEHHE B HaTHeTaTeNbHOM TPYGONpPoBOjAe p,. OTKpLIBaercs
HarHeTaTeJbHBIH KnamaH 8, H XWIKOCTb H3 KaMephl BhITECHAETCA
B HanopHuii TpybGonposoa. [ajtee MUK/ Hacoca NOBTOpRETCH.

O6LIYHO [IYHIKEPH H3rOTOBJAAIOT H3 UYryHA, HX HapyXHad
HOBEPXHOCTL TilaTenbHO ofpabfarniBaerca. Tak Kak MayHxep He
CONMpHKacaercd ¢ BHYTPEHHHMH cTeHKaMM pabovedi Kamepel, TO mo-
clenHasA He HymJaerca B o0paboTKe, B OT/IMYHE OT 3epKana IHAHHIDA
nopaiHeBoro Hacoca. Kpome TOro, calbHHXOBOe YIJIOTHEHHE MJYH-
Jepa 3HAuYHTeNbHO Mpollle H HalekHee, YeM YMJIOTHEeHHe M[OpIIHA
B LUAHHApe. B 3TOM H 3ak/Ji0daeTcs NPEHMYULECTBO [WIYHXKePHBIX
HAaCOCOB Mepei MOPITHeBbIMHE.

Oas HopmanbHOR paboTHl MOPIIHEBBIX HAcOCOB HEOGXOAHMO,
uTolhl JKHAKOCTh c/AeA0OBasa 3a HOpIIHeM 6e3 oTpuiBa. Pa3speB Mexay
MOPLIHEM H XKUAKOCTbIO BO3MOMEH MPU NPEBHIIEHHH CKOPOCTH NOPIUHA
Haj CKOPOCTHIO JKHAKOCTH WJH NpH OOJBINOA BHICOTE BCachblBaHHA H
GoNbIUKX THAPABJIHYECKHX CONPOTHBJIEHHAX HAa BcacHBaHHW. 310
OllaCHO TeM, YTO B clyuYae, KOTAa MOPIIeHb «JOTOHAET» JKHIKOCTb,
NPORCXONHT 2udpasauteckuld yoap, NPHBONAUIHE K pPa3pyIIeHHIO
Hacoca.

IlnyHxepusle (MOpIIHEBLIE) HACOCH MO CPABHEHHIO ¢ IEeHTpobex-
HLIMH 06Ja2a10T PAROM JIOCTOHHCTB: 1) BO3MOXHOCTHIO CO3JAHHA BLI-

%
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Puc, 23,11, Cxema naynmepHOro Hacoca ¢ KpHBOLUMIHNM [IPHBOZOM
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COKHX JaBJeHuit npu HeGOMbIIHX nojauax; 2) NMPOCTOTOH KOHCTPYK-
IHH; 3) BO3MOXKHOCTBIO 3anycKa 0e3 npeaBapHTe/NLHOrO 3anOMHeHHsA
pabouell KaMephbl »KHAKOCTLIO; 4) BO3MOXHOCTbIO PaBoThl C BA3SKHMH,
arpeccHBHEIMH W 3arps3HEHHBIMH CPEAAMH; D) BO3MOMKHOCTBIO TONAYH
KUAKOCTH ¢ Gonblwnx ray6ur; 6) umetor Beicogud KILI.

[TayuKepuble Hacochl HMEOT H uepocratku: 1) npepriBuctyio mo-
Jauy H, KaK CJAeACTBHE, NONOJHHUTENbHBIE PACXOAR SHEPrHH HA MyJ/b-
CAIHIO CKOPOCTH [0TOKA; 2) HAJHYHe K/I1alaHOoB, 3HAUHTEAbHYIO Maccy
H rabapuThble pas3Mephbl; 3) TPYILHOCTH pETYJAHPOBAHHA MOAAYH H
HEBO3MOMKHOCTb peBepca; 4) c/loKHee PEeMOHT H IKCIITy aTallis ; B) C/10xK-
Hee TIPHBON OT 3JEKTPOJBHratens K Hacocy; 6) orpasuveHsocTts
yacToTH padoudX XOJA0B H3-3a BO3PACTAHHA HHEPILHOHHBIX CHJ H
TPYMHOCTH CO31aHHA ObICTPOAEHCTBYIOWMX K/IanaHoB,

[lnyHxepuble HACOCH YCHEIIHO IPHMEHAIOT B MHIIEBOH NPOMBIII-
JIEHHOCTH 177 TPaHCTOPTHPOBKH BA3KHX MUAKOCTEH (CHPOIOB, OBOMI-
HBIX H (PYKTOBBIX MOpE, Cycaa U T. X.), B TOMOT€HH3aTOPAaX.

B XoMOnuIBHOH TexHHKe I CMa3KH UWJIHHAPOB M CalibHHKA
HITOKA KpeAlKompHBIX KOMIPECCOpOB MPHMEHAWT Aybpuramopet,
npeAcrasafolie co00H MHOTOMJAYHKePHBIE HAacochl € OTASNBHBIMH
HACOCHBIMH JIEMEHTAMH.

" OcuoBUBIMH TTapaMerpaMH 0OBEMHBIX HACOCOB, K KOTODBIM OTHO-
cATC M IJIYHXKepHble, ABJAIOTCHA [0a4a, NaBJeHHe, pa3BUBAEMHI
Hamop, norpeGiasiemass mowHoers, KITI.

ITodaua 0OBEMHBIX HACOCOB ornpelnensercs 00HEMOM, OHCHIBAEMBIM
nopiuieM, YHCJAOM XOJOB TIOPLIHS H YHCJIOM LUAHHIAPOB 2. B nacoce
npocroro IeHcTBHA 3a oauH 06GOpPOT Baia 00BEM MKHIKOCTH, BHITEC-
HeHHOH mopuineM, cocrasaser Vi, = FS, rxe S — xex mnopums;
F — nnolwane ocHoBanus nopuwHs. [Ipu yacTtore BpalieHHs Baaa n
meopemudeckan obwemnan nodada

V. = 60F Snz. (23.19)

Hedicmseumensnan nodaua wacoca V Bceriia Mensblie TEOpPeTHYECKOH
B DPe3y/abTaTe yTedeK MKHIKOCTH 4epe3 3a30pbl MEeXAY MOpLIHEM H
YIJIOTHEHHEM H 4Yepe3 KJanauel B pesyanTare 3ana3ibiBaHHA HX
3aKPLITHA.

Oruowendne NeHCTBHTENBHOH MOTAYH HACOCA K TEOpPeTHUIECKOH
HasuiBaercd 0Gvemuoim KITH unacoca, n, = V/V,. Oosemunit KII1]
omnpenensercss IPH HCNbITaHHKM Hacoca, oOw4HO 1, = 0,8=0,97.
B npomecce sKemdiyarauum no Mepe W3HAWHBAHHA HEMJIOTHOCTH
YBEJIHYHBAIOTCA M 3HAUEHHE 1), YMEHbILaercH.

O6GbeMHbIE HACOCH! MPeIHAa3HAYEHE B OCHOBHOM /11 3HAYHTEIbHOTO
YBeJAHUeHUA SHepTHH NaBJaeHus XKHMAKocTH. [IpH 3TOM KHueTHYecKas
3HEpPrus OCTaeTCs MpaKTHYeCKU 0ez H3MEHeHHS, U ee NpupauleHueM
npedefperaor. Torna dassenue Hacoca onpenensercs KaK pasHOCTb
IaBJeHHH KXMJKOCTH Ha BbIXOJle M3 Hacoca py M Ha BXOJe B HAacoC
Pp, T. 8. P = pPp— Ps.

Hanop. pasnuaaeMbIﬁ 00 BEMHDBIM HacocoM, TEOPETHYECKH MOXKeT
ObITh MoOGLIM, a MPAaKTHYECKH JMHMHTHPYETCs NPOYHOCTHIO AeTanef
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Hacoca M MOLIHOCTHIO B3JIEKTPOABHTaTeNd, NMPHBOLAIIEr0 €ro B Aef-

cree. Hamop Hacoca onpenensercs 3aBucumocteio H = p/(pg).
leoMeTpuYeCKy BBICOTY BcachiBauusl H, , u Haraeranus Hp 4

Iy HHEPHBIX HacocoB HaXxofdaT no dgopmynam (23.12) u (23.9).
Tlonesno sampauenras mowynocms uacoca, Bt

N.=Vp=VpgH.
Mowrocms, nompedasemas HACOCOM,
N = My oy,

rae Myp — KPYTSIIMA MOMEHT Ha Baly Hacoca; @y, — YIJIOBas
CKOPOCTh.

Hoanwtit KITJ] wacoca paBeH OTHOIIGHHIO NOJE3HOH MOIIHOCTH

K 3aTpayeHHOH:
nN= NH/N = Vp/(MprHp)-

Kak u ans nonactHeX Hacocos, nonuetil KI1 pasen npoussepe-
nuio tpex vactHeix KILI: ruppaBnuueckoro m,, OGBEMHOrO 1), H
MEXaHU4YeCKOro 1. Hna naymmxepHslX HacocoB 1), = 0,8:-0,94;
Ny = 0,92-0,95; n = nnynu & 0,66+-0,85.

C yuerom moaxoro KIIIl norpeGnseMmas pacocoM MOWIHOCTH M
MOIMHOCTb 3JEKTPOIBHraTe/ls HaxomaTcd M3 BHpaxennin (23.16) wu
(23.17).

§ 23.4. WIECTEPEHHBIE M TJIACTUHYATBHIE HACOCHI

Ilecrepennnie U MJAACTHHYATHIE HACOCH OTHOCATCH K 00B-
eMHBIM POTOPHBIM MawHuaM. Pafoune Oprambl pOTOPHBIX HAcOCOB
CoBepInaKwT BpamarejbHOE IBHXXeHHE BOKPYI OCH H MO3TOMY HMEIOT
GOMBUIYIO CTENEHbL YPABHOBEILEHHOCTH, YTO NO3BOJAET HM paboTaTh
¢ Gosibloi YyacToToH BpameHusa. B ¢BA3M ¢ 3THM oHH 061aJ210T MEHb-
HIHMH MaccoH w raGapuTHBIMH pasMepaMH [0 CPaBHEHHIO C MOoplIue-
BHIMH TpH OIMHAKOBOH rnojade.

PoropHble Hacochl cOCTOAT M3 TPEX OCHOBHBIX wacTeH: Kopnyca
(craTopa), poropa u BuiTecHHTesd. Paboumii mpolecc B HHX MOXHO
pasAeNHTL Ha TpH sTana: 1) 3aponHeHue paGounx Kamep XHIKOCTHIO;
2) usonfAuus (OTceyKka) Kamep OT OKHA BCACHIBAHHS H MX Nepemelie-
HUE K HarHeTaTe/bHOMY OTBEPCTHIO; 3) BLITECHEHHe MXHIKOCTH H3
Kamep B HaruerareabHblli TpyGonposox. OrnnuynTenbHOH ocoGen-
HOCTHIO pafiouero mpoliecca ABAAETCA TO OOCTOATENBCTBO, YTO H3O0JH-
poBaHHBE pabodue KaMepbl NEepeHOCATCS BMECTEé C BpallaioHIHMCA
poTopoM OT BcachlBawllero OKHa K HaI‘HETaTEJIbHOMY, yro Jedaaer
H3JMIDHUME BCACBIBAIOIIME M HarHeTaTeNbHEE KJamaibl.

Jnsa yMeHBIIEHHA MepeTeyeK U3 HarHeraTeAbHOHR ofsacTH Hacoca
BO BCACHIBAIOWIYIO MEXNY NETaJfAMH Hacoca AenaloT MaJbié 3a30pH,
yro ofyciaoBiuBaeT o6palOTKY IIOBEPXHOCTeH cTaTopa, poTOpa H
BLITECHHTENEH 110 BRICLIMM KBaJHTETaM U [TapameTpaM LiepOXOBaTOCTH.
Bot nmoyemy sTH Hacockl paGoTalOT TOMbKO Ha YHCTHIX MKHAKOCTAX H
OYeHb YYBCTBHTENLHH K HX 3arpAsHEHHI0 a0pa3uBHBLIMH H METaJlJH-
YeCKHMH YaCTHUKAMH.
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PaGouue opradml CMa3BBaIOTCA nepe-
KauuBaeMoll xuakocTelo. PaGota potop- 7 2
HBIX HAacOCOB Ha BOJAE H AarpeccHBHAIX

N

- S
HHIKOCTAX HCHK/AKUEHa H3-3a GHCTPOI‘O \\“}\\‘/\\-\\l\&
BHIXOOAa H3 CTpOA pﬂﬁOLIHX OpraHoB u \\s} =
NONIIHIIHHKOB HACOoCa BCAEACTBHE HMHTEH- e\\} 44’

CHBHOH KOPDO3HH.

Ilectepennblie Hacochl. IllecrepeHHnl-
MH Ha3pIBAiOT HACOCHl, B KOTOPBIX POTOP
H BHITECHHTEb HMeT (hopMy 3yBuaThX
KoJaec (wecteped). 3TH HacOcH Gaaroaaps
KOMIIAKTHOCTH, [MPOCTOTe KOHCTPYKUHH,
CPaBHHTEJ/JbHO BLICOKOMY Knﬂ, HapexHO- Pue., 23.12. Itlecrepetnuiii Ha-
CTH H JOJTOBEUHOCTH IIOJNYYHJH HaHGOAb- <coc ¢ BHEWHHM 3alenseHdeM
nee pacnpocTpaHeHue B THAPOTPUBOLE,
cHCTeMaX CMa3KH H peryJHpOBaHHA KOMMPECCOPOB H jBHraTtelei,
a TaKe B MHUIEBOH NMPOMBIILIEHHOCTH AAfA NEPEKAYHBAHHA BA3KHX
H naactHyHelX xkupkoctedl. Illectepennble Hacoch MOLYT  OHTb
¢C BHEWHHM H BHYTPEHHHUM SamenAaeHuUeM
3y0ObeB.

KoucTpyKkTHBHafA cxema Hacoca ¢ BHELIHHUM 3allel/IEHHEM IOKA34Ha
Ha puc. 23.12. Hacoe cocrout uz apyx wecreped — [ u 4. Onua u3
HuX (Bemyulas J) cHaOxKeHa BaJIHKOM, depe3 KOTOPHIH MONydaeT LBH-
KEHHEe OT SJEKTPOJBHIATeNdA. ITa IiecTepHs Ha3LIBAETCH pOMOoOpoM,
a Jpyras, TPHBOAMMAA B JBHXKeHHe nepBoH, — sambikamesem. Obe
LieCTepHH NOMeNleHb ¢ MaibMH 3a3opamu B Kopnye 3. lpu nx Bpa-
[IEHUH B HAMPABJEHHH, VKA3aHHOM CTpPEJIKAMH, BO BCACHIBAOILEH
IOJIOCTH 2 CO3/1aeTCH pa3pexeHHe M [POUCXOAHT BCACHIBAHHE MKHIKO-
CTH B Kopnyc Hacoca. JKHIKOCTE 3anofusieT BNajiMHb MeXAY 3yObAMH
H repeMelliaeTcs LeCTePHAMH 1O BHEUIHeMy KOHTYpPY paboueli kaMepn
Hacoca K HarderareabHoil mosocTH 6. 3pech 3yObst BHOBb BXONAT
B 3allen/IEHHE, H XHAKOCThL BHIABJAHBAETCS H3 BMNAAMH B HaNOPHLIHA
TpybonpoBon. [as obecrnedeHusa HauGoAbLIE#l KOMIAKTHOCTH Ule-
CTEpHH BHIMOJHAIOT C OJHHAKOBLIM YHCJOM 3y6heB — oT 6 o 12.

OcHOBHBIMH [apaMeTpamMH WECTEePeHHHX HacOCOB ABJIAIOTCA TO-
Iava, HOMHHANbHOE M Makcumanabuoe naasnenus, KII, morpetase-
Mad MOIIHOCTb.

ITo0aua niecTepedHOro Hacoca ONPeAeNsercsl [eOMeTPHYeCKHMH
pasMepaMH UIECTEDeH M YacTOToF WX Bpamenud n. O6beMHad nojaya
IECTEPEHHOr0 HAcoCa ¢ BHEIIHHM 3auemleHHEM

V = 2nzm*bny,, {23.20)

rig¢ z — 4HC/IO 3y0ObeB UiecTepHH; T, — oObemMHul KIII Hacoca;
tn, b — COOTBETCTBEHHO MOLYNb M WHPHHA 3y6a IUECTepHH.
O6vemunift KIT[ yunTeBaeT He TOJABKO NMEpeTeuKH 4epes TopleBble
H pajHaNbHble 3a30pHI MEXIY IIECTEPHSAMH H KOPNycoM Hacoca, HO
H NepeHoc XKHAKOCTH, OCTaBILefics BO BnaguHaX 3auenyieHus 3yObes,
ofpaTino Bo BeachBawomylo mnonocts. OcHoBHaa goas (a0 80 %)
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nepeTeueKk MPHXOAHTCH HA TOPLUEBHE
nnockocrd. Q6bemuuift KI1I wecre-
peHHBIX HacocoB jgocTuraer 0,9—0,95,
¢ yBelHYeHHeM Hamopa OH YMeHb-
maercs, a IpH [epeKaunBaHUH Bs3-
KHX mHIKocTefl yBe/qnuuBaercs.

[llecTepeHuble HacoChl peBep-
CHBHBL, T. € OPH H3MEHEHHH Ha-
NpaBlenna BPAIleNHs lecTepen Ha-
npabJiedne IBHXEHHA KUIKOCTy B TPy~
60NpOBOJE H3MEHNSETCA Ha MPOTHBO-
OJTOMKHCE.

Puc. 23.13. Ilnacrunuathii Ha- B 3auenjeHuu LiecTepeH MpOoHC-

COC C BHelHHM gO,D.BD,nOM HKHAKC- XOIUT 3ameMAeHue MaCJ[a, OCTAaB-

r [ierocfl BO BNAaIMHAX MeXLy 3y0bs-

MH. OJTO BLI3BIBAET 3HAUHTE/bHEIE

LONOJHHTENbHEE HATPY3KH Ha OMOpHl BaJIOB H CH/IBLHOE U3HALIHBAHHE

mopmnmHuKoB. A5 ycTpaHeHus 3Toro ABMEHHA 1a TOPIEBHIX CTeHKaX

Kopnyca B npenenax sauenaenus AeJalT NepernycKHbe KauaBKH &
(puc. 23.12).

IInacTHHYaThle HAcochl, JTH HACOCHI MOTYT BLINOJAHATbCHA Kak
€ GHEWHUM, TAK U ¢ 6HYymperHum nodeodor mcudxocmi. Onu GhBalOT
O00HO-, O8yx- U MHO20KpamMoz0 Oelicmeus.

B nnmactuHyaTOM Hacoce opuokpatHoro aedcreus (puc. 23.13)
¢ BHEWHUM TMOJBOLOM XHIKOCTH B Kopryce ] SKCUEHTPHYHO pacrovio-
#eH MaccHBHBIH porop 2. B Tene poropa BH¢ppe3epoBaHb pagHanbHble
npopesd (massl), B KOTOpPHIX pPasMEmeHH [VIacTHHBI (WubGeps) 3.
O06bluHo TOAUIMHA naacTuHbl 2—2,5 MM, a ux uucno ot 4 o 12. Tlpu
BpameHW# poTOopa IVIACTHHB BBLIXOAAT H3 MA30B H MPHKHMAIOTCA
K BHYyTpeHHeH UMJIHHAPHYECKOH IIOBEPXHOCTH Kopuyca Mo Ief-
CTBHEM LEHTPOGEkKHBIX cuJl. B HEKOTOPBHIX KOHCTPYKUMAX OPHKATHE
nnacTHH ofecreunBaercss Npy:KHHAMH HJIH JABJIEHHEM XHIKOCTH.
BrinBrxenne miactud W3 poTopa OrpaHHYeHO KOH(urypaumuei BHy-
TpexHeH NoBepXHocTH Kopnyca. [TosroMy npH BpalleHHH poTopa ero
TVIACTHHB! TO YTAMVIHBAIOTCA B 1asbl, TO BHABHUral0TCA U3 HuX. O6beM,
OrpaHHYyeHHBA JBYMA COCEIHHMH IJIACTHHAMH H NOBEPXHOCTAMH
poropa W Kopmyca, Bce BpeMs H3messercs. B nmepBo#t monoHHe 06o-
pora poropa (y4acToK BcacHBafHa a—b) ofbeM KaMmep BO3pAcCTaer,
UTO BBHI3bIBAET MOHHIKEHHWE AABJEHHs BO BCACHLIBAIOEH MONOCTH §,
M KHIKOCTh 3amOMHsIeT IIPOCTPAHCTBO MEXIY COOTBETCTBYIOIHMH
naactunami. Bo BTopofl monosuHe 060poTa (yyacTOK HarHeTaHHs
c—d) o0beM KaMep yMeHbIIAeTcs, 4TO MPHBOJUT K MOBBILEHHIO NABJE-
HHS M BHITECHEHHIO XHIKOCTH M3 HarHerarteJbHOH mosnoctd 4 B Ha-
nopHeiit TpyGonporox. Ha yuwacTke b—c XUIKOCTh NEPEHOCHTCS H3
BCACLIBAIOIEH TOJMOCTH B HArHeTaTEJAbHYIO.

Hunuuapuueckue noBepxHocTH be u ad sABAAIOTCA YIIOTHAOUUMY
MEXKIY BcaChIBAIOLNEH H HATHeTareJbHOH moJocTAMH Hacoca. JJAHHBI
AyT mepeMmbiueK bc u ad A0NXHBI OHITE HE MEeHbLIE PACCTOSHHA MEXKAY
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KOHIIAMH TIIACTHH B MOMEHT MX CKOJLMEHHS 10 3THM MOBEpXHOCTAM.
B nporuBHoOM cAyuae HapyliaeTcs HopMaidbHas pabora Hacoca H3-3a
nepeTekaHus MHIKOCTH H3 HATHETATENLHOH BO BCACHIBAKILYIO [MO-
JIOCTE.

[TnacTurYarsle nacock! 61aropapsa cBoeil KOMMaKTHOCTH, YAOOCTBY
BCTpauBanua M cpapHHTenbHO BHcokoMmy KIII nmoayuunu ummpoxoe
pacrmpocTpaHeHHe B cuCTeMaX TIHJAPOTMPHBOAA H B NHILEBOA MPOMBIL-
JIEHHOCTH A/ NepexadHuBauHs BA3KHX H Daxe HeKOoTOPLX miaactuy-
HBX MHUIEBBIX NPOAYKTOB.

HepocraTkoM nIaCTHHYATBIX HACOCOB OAHOKPATHOrO AeHCTBHA
SIBJAeTCH 3HAYWTEJNbHAs OJHOCTODOHHAA HArpyska Ha noAlIMNHHKH
BaJd H MJACTHHEL, YTO OrpAHHYHBAeT MAKCHMAJbHOoE NABJeHHE HarHe-
Tauua po b—6 MIla.

TlnacTHHYaTHe HACOCH, KaK M llecTepeHHbe, PEeBEPCHBHBL U 06pa-
TAMbl. OGpaTHMOCTb 3aKJI0YAeTcs B TOM, UTO SKHAKOCTh, MOLAHHAA
NoN JaBIeHHeM K ONHOMY H3 naTpyOKOB Hacocad, 3acTaB/iafer Bpa-
mwatees porop. [loMydaercst mallinHa (THAPOABHIATENb), MOIULHOCTDH
H2 BBIXCIHOM Bally KOTOPOH NpPOTOPUHOHAALHA pPacXoly M [laBIEHHI0
DONABAeMOHl XHIKOCTH.

[Monaua wHacoca OfHOKpaTHOro JedcTBHA, M*/c

V = 2be (nD — §2) nn,, (23.21)

rae b, § — NIHHA H TOMOIHHA MJIACTHHSI; 7 — YHC/IO MJIACTHH; ¢ —
SKCUEHTPHCHTET; fl — 4aCTOTa BpalleHus poropa; [} — BHYTpEHHHH
Anametp UHAHHIpa; T, — o6wemHnifi KIII.

MomuocTs, morpebisieMas pOTOPHLIMH HacocaMH, 3aBHCHT OT 110-
Aaud V W co31aBaeMOTO AaBJEHHA p ¥ Haxoxurca Mo dopmyne, KBt

N = Vpl0o-¥m,

rIe 1 = TNy — obwuit KIIJ poropHoro macoca.

Tax Kak 1oTepu SHePTHH OT TPEHWS JKWUIKOCTH HE3HAYHTENbHH,
TO HMH NpeHeGperamT, H TOrAa 1 = My

Buyrpennue o6beMHBIE MOTEpH POTOPHBLIX HACOCOB CBA3AHHL C TIe-
perTeuKamHu, KOTOpbe OnpelesnsioTcs THIOM Hacocd, 3a30paMH, BA3-
KOCTRIO MUAKOCTH W AABJIEHHEM, CO3[14B3eMbiM HACOCOM.

MexanndecKoe TpeHHe B POTOPHBIX HACOCAX MMEET MECTO B MOX-
HIMITHAKAX, CalbHHKAX, MEXNY pabouHMH 3/1eMEHTAMH H BHYTDEHHEH
NOBEPXHOCTBIO KOpTyca, Mexny 3yObAMH liecTepeH, B nasax poTopoB
H T. 4. Mexaunueckuii KII poropabix HacocoB 7, = 0,85 —+0,98.

C noBullleHHeM TeMrepaTyphl BA3KOCTb YMEHbIUAETCH H BeJHYH-
Ha T, CHauana yseauuuBaetcs. [Ipu wekoropofi Temnepatype Tmax
MHAKOCTb BLIAABAMBACTCA W3 CONPAMEHHA JeTaledl H HACTYIaer
CyXOe WIH I0/JYyCyXo€ TpeHHE, Bh3bIBalollee MHTEHCHBHOE M3HAIUHBA-
HHE, 34]\Hpbl # NakKe 3aKAMHMBaHMe jgeTanel, 4To MPHBOYMT K BHI-
X0y Hacoca u3 ctpod. [losTomMy ans HacocoB PAa3/IHYHBIX THIOB Cy-
LIECTBYET TpeNeNbHas TeMNeparypa MIKOCTH, BHUE KOTOPOH 3KC-
niayarallid Hacoca HeNOmycTHMA,
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HeoGx01HM0 OTMETHTB, YTO HIECTE€peHHble H INIACTHHYAThHE POTOp-~
Hbie HACOCHl HMEIOT MYJAbCHPYIOUIYE Tofady, ONHAKO IYJbCallud
HEe3HAYHTEbHA 10 CPABHEHHIO C MOPLIHEBHIMH HACOCaMH.

ITonasa pPOTOPHEIX HACOCOB PEry/HPYeTca HJIH H3MEHEeHHeM Ya-
CTOTHl BPAUIGHHS POTOpA, HWJH INepenyCcKOM YacTH MHAKOCTH U3 Ha-
noprOTO TpyOOTpOBOAA BO BCACHIBAMOMIME.

K nocroHHCTBaM DOTOPHBIX 0GBEMHLIX HACOCOB [0 CPaBHEHHIO
¢ NOpIIMeBHIMH MOXHO OTHecTH: 1) Go/ee paBHOMEDHVIO mOZauy
KUIKOCTH; 2) OTCYTCTBHE BCACHIBAWOIIMX H HarHETATE/NbHBIX KJjana-
HOB; 3) BO3MOMHOCTb HEMOCPEeJCTBEHHONO COCIMHECHHA C BAJIOM ABH-
rarena; 4) GOMBLUIYIO YPaBHOBELIEHHOCTL H GOBIIYIO mogaqy; 5) MeHb-
m@e maccy M raGapHTHEE pasMmepbl MpH OAHHAKOBOH nmoxage; 6) Bos-
MOXKHOCTE peBepca; 7) Hacockl 06paTHMBI H MOTYT paboTarh B KauecTse
THIPOMOTOPOB,

K uemocraTkaM pOTOPHBIX HACOCOB [0 CPABHEHHIO € MOPLIHEBHIMH
oTHOCATCA: 1) HEeBO3MOMHOCTL PaGOTH ¢ ATPECCHBHBIMH H 3arpA3HEH-
HBIMH KHIKOCTAMH; 2) CJAQXKHOCTH pery/HpoBaHus nonadu; 3) Tpy-
LNOEeMKOCTh H3rOTOBJIEHHA OTHEJNbHBIX 3JEMEHTOB HACOCa BCJAENCTBHE
MOBBIUIEHHBIX TpeGoBaHHH K TOYHOCTH H3TOTOBJICHHA H INEPOXOBa-
TOCTH MOBEPXHOCTEH; 4) TpPHMEHeHHE cnelHadbHBIX H3HOCOCTOHKHX
MaTepHaJoB NS H3FOTOBJNEHHA PaGOYHX OPraHoB Hacocos; 5) 6O/b-
Lras CTOMMOCTB

§ 23.5. CTPYAHBIE HACOCHI

CrpyfiHble Hacochl OTJIHYAIOTCA TPOCTOTOH KOHCTPYKIMH,
MaJikiMH rabGapuTHBIMH pa3MepaMH M OTCYTCTBMEM ABHKYUIMXCH da-
creil, 4TO Je/aeT HX BecbMa HANEKHBIMH B 3Kcemnyartauuu. Crpyiinbie
annapaThl HALNIH WHPOKOE MPHMEHEHHE B TernJorasocHafmeHuH, Ba-
KYYMHOH TeXHHKe, BeHTHJAAIH, KOHIHUHOHHPOBAUHH Bo3gyXa. B xo-
JOANNBHOM TeXHMKe Ha uX 6Galde CO3JaHBL IHEKTIOPHbIE XOAOOUNbHbIE
maiutisl. KpoMe TOro, OHH HaXOAAT NPHMEHEHHE B KAUECTBE MONMHU-
MAKIHX YCTPORCTB B OJHOCTYMEHYATHIX XOJONMIbHLIX MalliHHAX A7
KPATKOBPEMEHHOrO (CE30HHOr0) NOMYYeHHs HH3KHX TeMIeparyp.

B zaBucuMOCTH OT cocTofHHs paGoued KMIKOCTH CTpyHHble anna-
parel Ha3bIBAIOTCA MCEKMOpAMU, €CH B COMMIO HalHETAeTcst BO3LYX
(ras), undcexmopamu, €CH BOAAHON Map, 3 e6amopamu, eciu ropayas
BOJA, U eudpossesamopamii, eCIH XOJOAHAA BOHA.

Crpyiunlf Hacoe (puc. 23.14) cocrouT u3 comvia 2, BcacHBawomen
Kameps! [/, Kamepbl cMellieHHS 3 ¢ BXOJHBIM KOJDbIEBHIM COMIOM §
u angiysopa 4. Hacoc umeer noxponnl padouedl JKHIKOCTH 7 M TpaHc-
nopTHPYeMOil cpelnl 6. Pabouyio XHIKOCTb MUTATENhHBIM Hacocom &
1o/l GONBIINM [IaBJIeHHeM INONAIOT 4epe3 como 2 BO BCACHBAIOILLYIO
kamepy /. BeneacrBhe cyedus consa CKOPOCTE CTPYH B HeM 3HAYH-
TelbHO BO3pACTaeT, a JaBjeHHE B Kamepe [ napjaetr. [Ipoucxoput
nepexol mOTeHUHAABHON 3HePrHH B KHHETHYECKYIO SHEPTHIO CTPYH.
TTop neiicrBuem pasHocTu JaBiexuii (atMocepHoro W B Kamepe )
XKHUIKOCTh H3 pesepByapa 9 1o BcacbiBawiieHd Tpyfe 6 moctynaer Bo
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Puc. 23.14. CTpyliHmfi HacoC: @ — NPHHUHNHANLHAA CcXeMa; 6 — cxeMa BKJloye-
HuA B paboty

BCACHIBAKOIYIO Kamepy. 3a cueT moBepXHOCTHOrQ TpeHHA crpys pabo-
yell XHAKOCTH, HMeIomas GOJbMIVIO SHEPIHIO, yBJAeKaeT ¢ cofof B Ka-
Mepy cMellleHHA 3 BcachblBaeMylo H3 pesepByapa MHIKOCTh. B kamepe
CMEILUEHHR B pe3y/JbTaTe B3anMoJeficTBHs MOAeKyl pabounil moTOK
nepejaer 44CTh CBOeH KHHETHUECKOH SHeprHH MKHIKOCTH, MOCTYIIHB-
nieil U3 MPUEMHOro pesepByapa, a YacTh IHEPIHH PacXOoXyeTcs Ha BHX-
peoGpazoBaHHe U TPEHHE O CTEHKH KaMmephl.

[lpofixs Kamepy cmellienis, XHUAKOCTb nmonaiaer B augpysop 4,
TI€ ee CKOPOCTh YMEHbUIaeTcfl, a CTATHIeCKHH Hamop yBeJHYHBAETCH.
TIponcXonHT nepeXxol yie KHHEeTHYeCK O SHEPTHH B TOTeHIHANBH YIo—
sHeprulo jNaBfieHus. M3 nuddysopa KUAKOCTHAS cMeCh NOCTynaer
B peseppyap I0.

DHeprus CMelIaHHOro NMOTOKA Ha BHIXOAE H3 nuppysopa (c nonauei
Ve =V, -+ V,) Gonbiie sHeprun moToka mnonesnoil monaun Vy,
HO MeHbIle SHePrHH paboyero motoka V, Ha BXone B comvo.

PaBora crpyiiHoro Hacoca xapaxrepusyerca KO3ghghuyuermom
LRI UL

o =vav, | (23.22)

H KO3phuyuermosm HANOpa, DABHBEIM OTHOIIEHHIO WOJHOK BHICOTbI
nogbema KUAKOCTH H, Kk paGouemy Hamopy Hp:

B = HuH,. | (23.23)

C yuerom Bupaxenu#t (23.22) u (23.24) KIII crpyiiHoro Hacoca
= af | = VuH(VoH ). (23.24)

Pacaer crpyfinsiX HacocoB mpu 3amanubix noxauax Vi, V, H
Hanopax Hy, A, cBouuTcs K onpeieneHHO ONTHMAILHOIO orsepcma
conna, JAIHHLL 1 ,upraMeTpa Kamepbl cMEelennd U pasMepoB auddysopa.
Memluma pacuera CTpyHHBIX HAcOCOB MpPHBENEHA B ClHeHHANbHOMH
aureparype. [Ipubauxesuo moxauy paGoyed MKHIKOCTH K COMNIY
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CTPYHHOTO Hacoca 1as ofecnedenns 3afannbiX Vo u Hy moxHo ompe-

ZeMuTh 10 (opMmyie k
Vp = VuHu/[(Hp = Hn) 1l

OCHOBHBIMH HEJNOCTATKAMH CTPYHHBIX HBCOCOB SB/AAOTCH HH3KHH
KI1 (o6wuuo 0,15—0,25) 1 HeoOXOZHMOCTL MOZAYH K CCGINIY OTHO-
CUTENbHO GOMbIIMX PACXONOB JKHAKOCTH MOX GOMBIUMM JaBieHHEM.

§ 23.6. NOJABEOP HACOCOB

B X010IuNIBHOA TeXHHKE A TPAaHCIOPTHPOBKH XOMONHOMH
BOAH M pacconia K o0beKTaMm OXJaMieHus, AJs LHHPKYJALHH BOILI
B CHcTeMaxX OGOpDOTHOrO BOROCHAOMKEHHA, NI [0JAYH KHIKOro
XJnajareita B KamepHble MPUGOPH OXJAMIEHUS DPHMEHAIOT LEHTPO-
GexHple Hacoch. bBoJabliHHCTBO TpyGONpoOBONOB, ofecHeYHBAICIIHX
nonayy AHAKOCTeH Npy NOJyYeHHH HCKYCCTBEHHOTO XOJION4, a TaKxKe
TPAHCTIOPTHPOBKY MOJOYHBIX M IPYIMX MHILEBHIX NMPOLYKTOB, OTHO-
CHTCHl K THIY KOpomKux, T.e€. TaKWX, B KOTOPHIX OCHOBHaf MOTEps
Hanopa OGYC/OBJeHA 3HAYMTENbHBIMH MECTHHIMH CONPOTHBJIEHHSIMH,

TMoxGop HacocoB HauuHaeTcsa ¢ BhIGOpa THMa Hacoca B 3aBHCHMO-
CTH OT YCJI0BHH paBoTbl, poja NepeKadHBaemMoi KHIKOCTH, Tpebyemoli
nofaun V (m*/c) u HeoGxomumoro nanopa f1 (m). Hacocw Buibupator
no Karaioram [10, 161, B koTopeIX 37 ynoGcTBa NpeABapHTENTbHOTO
noafopa MMEwTCs cBOAHbE rpaguki paGounx nosed HacocoB. [lpu
BHIGOpE MapKH Hacoca CTpeMATed K TOMY, 4TOGHl DEMMM €ro paGoThl
6LLT ONTHMANLHLIM, T. €. XapakTepuacBaicad MaxkcuMmaibiem KU1,

Hns okoHuaTeNbHOrO BhIOpa HeHTPOOeKHOro Hacoca HCIOAL3YIOT
pafouylo XapaKTe€pHCTHEKY IperBipHTeIbHO BHOpaH-
HOTO Hacoca B LENAX HaXOXIeHHd Ha Hel paboued Touku, [ns storo
Ha rpadHke 3aBHCHMOCTHM Hanopa Hacoca oT ero mogaun = [ (V)
B TOM e macwiTabe HAaHOCAT XapakKTepHCTHKY tpyOonpomoxa (cu-
cremul) H, = [ (V). Touxa, nexamas Ha nepeceyeHHH XapaKTepu-
CTHK Hacoca H TpyOOnpoBoOAa, H aBJsfeTCH TOYKOH Ganadca Beefi Ha-
cocHolt cHcTeMmbl (ee paGoueil Touko#). [Tonoxenue 3TOH TOUKH onpe-
IensioT feHcTBuTeNbHBE 3HadeHusa Hamopa H,, momaun V,, norpe6-
nsiemoit mownoctu N, u KIJJ Hacoca v, npu paGore Ha JaHHYIO
cuctemy. Ecau 3nauenne KII[ orningaercss OF MaKCHMaALHOTO GoMblie
uyeM Ha 7 %, To nna paboThl noAGHPAOT ApYrofl HACOC WM, eCAH 3TO
BO3MO)KHO, H3MEHSIIOT 4acToTy BpauleHusl Baja Hacoca mnoxGopom,
Harpumep, IApyroro 3JeKTpoiBurarensd.

B cnyyae Heo6XOQHMOCTH napainelbHOH WJH moc/enoBartesbHol
YCTAaHOBKH HECKOJbKHX HAcocoB CTPOAAIT HX cymMapHuie -paGoune
XapakTepucTHKH (cM. § 23.2) u Tak e, Kak B Npenpiiyllem clydae,
Mo MOMOMEHHID paGouedl TOUKH ONPeNe/sioT AeHcTBHTENLHLIE 1apa-
MeTphl paboThl HACOCOB.

[Torpe6ublii Hamop Hacoca, HeOOXOAUMBIA AAS. CO3NAHUSA JBHKEHHA
JKHIKOCTH [0 TpPyGaM H NPEeoRoNeHHA COIDOTHBACHUH JBHMHEHHIO,
PABHHIX CONPOTHBJIEHHIO CHCTeMBI, ompejensior mo tGopmyqae (23.8):

Hygep = He = Hy+ (pa — po)/(P8) + hu. s + o & -+ Pans
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rIe ps — abCONIOTHOE JaBJeHHe B KOHeYHO#l Touke TpyBompoBona
(nanopuoM pesepByape); p, — abcoMIOTHOE AaBJEHHE HA NOBEPXHOCTH
KHIKOCTH B HCXOHHOM pe3sepByape; Ay n, Ao w fan — DOTEDH
HaIopa COOTBETCTBEHHO BO BCACHIBAIONIEM H HarHETaTeNbHOM Tpy6o-
npoBojax H B amnapare.

Ins ynoGerBa nocTpoeHHS XapaKTePHCTHKH CHCTeMbl ypaBHEeHHe
(23.8) npuBozAT K BHIY

Hc = H; + SVE’

rne Hy = H, 4+ (ps — p1)/(pg) — craruuecku#t  Hanop,  paBHBIA
CyMMe reoMeTpUYecKoH BLICOTHI IIONBEMA MHAKOCTH U INpOTHBOLAB-
JieHUA Ha CTOPOHE HATHEeTaHHsA, M cronba xugkocTd; S — koaddy-
IIHEHT, XAPAKTEPHU3YIOMHH MOJHOE CONPOTHB/ICHHE CHCTEMBI HACOCHOH
YCTAHOBKH, c%/M°.

Benuuuua S§ MoXeT OHITE MpelcTaB/ieHa B BHIE CYMMBI IBYX cJa-
raeMbiX, XapaKTepH3YIOUMHX TPYGONpOBOA H TemnooOMEHHBIE anma-
paTHL:

S= S'Ip + San

3neck Syp, Sag — COMPOTHBACHHA TPYGONPOBONA CHCTEMBI H TEIIO-
00MEHHOro amnmapara.
Conporusnenue Tpybonposoxna

'S'rp = BCTp/(RBd'g),

rge  Lpp = Myldy + My/dy + X Ly — xo3bduunent  comporusie-
HudA Tpy6oupoBona cucremsl; Iy, ly, dg, dy — COOTBETCTBEHHO HJAMHB
H JMAMEeTpPhl BCACHIBAIOIHErO H HArHETaTeJLHOTO TpYGONpOBOAOB;
h — Ko3pbULHENT conpOTHBAEHUA TpeHHK (kKoapduuuent Jlapcu);
¥ Ty — cymMMa KO3((hHUHEHTOB MECTHHIX CONPOTHBJAEGHHH Tpy6o-
NIpOBOAA.

ConporuBnenne Tennoo0MEHHOTO anmapara

San = 8€an/(ﬂgd3g),

rae Lan = Ay (Ih/dy) + 2 Ty — koaduuneHT conpoTHBNeHWn anna-
pata; Iy, do, Ay — ANHHA, qHaMeTp U Koaddpuiuuent Jdapcu Tpy6 anna-
para; 2 §, — cyMMa Ko3pQHUHEHTOB MECTHHX CONPOTHBJAEHHI anna-
para,

Kos(pduiuuenTs MECTHLIX CONPOTHBACHHH annapaTtoB 06GBIYHO Onpe-
IeNAT ONBLITHBIM nyTeM. IIpH TruapaBaAHYECKOM pacuere KOXYXo-
TpYOHLIX TEMNOOOMEHHUKOB KODPHIUHEHTH [, MOryT GbITH IPHHATH
CAENYIOMNUMHU!

Bxopuan H BHIXOJHAA Kamepdl (yaap ® mOFOpoT), . . . . . . . . |

[oBopor Ha 180° mexay XoZaMH M CeKUMAMH . . . . , . . ., . 2

IMosopoT Ha 180° Memay xojaMH uepes kodeso . . . . . . . . 2

Bxox B TpyGL H BHIXOJ H3 HHX T L LT,

Bxon B MexTpy6rOe nmpocTpadcTBO nox yraom 90° k paGouemy mo-

TOKY & v v oo v o v e e e

Brixon na MemcrpyGuore NpoctpanctBa mox yraom 90°, . . . . .

IoBopor Ha 90° B MEXTPYOHOM NPOCTPAHCTBE . 4 . + . . + - .

oottktn

_..___
[=F=Y1
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Tlotepu RaBaeHusl HUAKOCTE B KOXYXOTPYOGHBIX anmapatax cK/a-
REIBAIOTCS U3 MOTEPh HA TPEHHE Mo ATHHE Ap, M MECTHHX ToTeps Ap,,:

Ap = Apys + Apy = (olo/dy -+ X3 To) (@p/2).
B cnyqae NBUMKESHHA XHIKOCTH 1O BMEEBHKy nm‘epu JaBJeHud, Ha

Apae = (1 + 3,54d/dune) Apa,

Tie dyy — JHaMerp 3MeeBuka, M; d — JuameTp TpYOH M; Ap, =
= (AM/d) (w*p/2) — norepn naBJeHus HA Tpenue B npamoil TpyGe, Ila.

[IpaBunbHO BeIOpAHHBIA Hacoc JoJxkeH ofecneyHBaTh OmMpejeseH-
HYI0 BBICOTY BCACBHIBAHHA My, KOTOPYIO HaxomAT mo GopMmyne

hac = p'[(pg) — [pe/(pg) + wi/(2) + fin. u], (23.25)

rie p° — NaBjeHHe HA [MOBEDPXHOCTH MXHIAKOCTH B HCXONHOM pe-
3epByape; pg, Wy — JaBJieHHe H CKOPOCTb KHIKOCTH BO BCACHIBAIOIEM
TpyGONpoOBOAE neper HacocoM.

M3 Boipaxenns (23.25) caexyer, 4t0 npu p’ = p,, /J4ABJEHHE,
COOTBETCTBYIOILLEE BLICOTE A,,, Bceria Membllie atMochepdoro. Tak,
Ang Bopl Ay, < 10,3 m.

Deckaputauuonnas pabGora BLIOPAHMHOFO HAcoca ofecneuyHBaeTrcs
COBJIOlGHHEM HEPABEHCTBA Py > Pyc, T. €. JABJAEHHE XUIKOCTH BO
BcachlBaiIeM TpyBomnpoBone AOKHO ObITh 60/blie NaBMeHHS HAChI-
EHHbIX TApOB MepeKauuBaeMoll XKUAKOCTH NIPH TOH Xe TeMmmneparype,
IpHYeM

s = (7' /(pg) — [wh/(2g) + b, w) — hec) pg,

rue Fg, — BLICOT2 BCACHIBAHHA, ONpelensMeas MO CXeMe yCTAHOBKH.
Hano ormeruts, 4Yro Hanfoablias BepOATHOCTb KABHTAUMH H
CpHIBA MOTOKA B Hacoce HAOG/MI0NaeTcs NpPu TPAHCIOPTHPOBKE JErko-
KHNAUHX KHIKOCTEH, HAMDHMED XJAJareHTOB C HH3KHMHM HOPMA/b-
HLIMH TeMmepaTypaMH KHOeHHS.
[MotpeSHyio MOMHOCTD 3JIEKTPONBHTATE/s, HEOGXONUMYIO AJs MpH-
BOZa Hacoca, onpejgenfloT no dopMmyne

Nl:m'rp = kVng-‘lTli

rie V, H — nopasa u nanop nomo6paHHOro nacoca IO KaTasjory;
1 — KIIJ wacoca, npuunmaembiii B npenenax 0,6—0,7; & — Kosgp-
duuxent sanaca momHoeTH (cm. § 23.1).

Tlo xaranory BeOHpaioT OAmxKaHIDHA, GONBLIMA 1O MOHIHOCTH
(ecnu Her paBHOro), ACHHXPOHHBI 3MEKTPONBHIATEID.

[Ipu pacuetre H mop6ope HACOCOB YACTO NMPHXOLHTCA ONpPENE/AThH
foTepu Hanopa (JaBJieHHs) CHCTeMbl TPYGONPOBONOB, BKIIYAIOUIHX
B cefa W rennoofmeqHule ammaparhl. Ec/H H3BecTHH cxema TpyGo-
IIPOBONOB HACOCHOH YCTAHOBKH, PACXO] MXHAKOCTH, JVIHHBl YYacTKOB
H JHAMETpHl TPYO, TO MOTPeOHBIA HAnop, T. €. Hamop, KOTOPHHA 10J-
JKEH pA3BHBATb HACOC, ONpeNeadioT B CJAeNyOllel nocienoBaTeb-
HOCTH.
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1. HaxogaT cKOpOCTh IBHXKEHHS! MKHAKOCTH BO BCAchIBalOUleM
TpybonpoBoie, M/C
wy = V/Fy,

rae F,. = nd*4 — njowalb cedeHus BcachiBaiouwero TpyGonpoBoAa.
2. PaccunteiBaloT KpuTepHil PeiiHosblica, 1O KOTOpOMY CYRAT
0 pexuMe JIBHMKEHHR MUJAKOCTH:

Rep, = wyd/v,

IJie v — KHHEMATHUeCKas BA3KOCTb XKHAKOCTH.

3. U3 rpaduka 4, 8, 10] no Benuunnam Rey, u d/A,,, onpege-
AsoT KosdkpHIMEHT TOTepb HA TpeHue no AJduHe A (koadduuuent
Jlapcu). DxBHBaJEHTHYIO IUepoXoBaTocTb A, NPHHHMAIOT 110
Tabu. 22.1 B 3aBUCHMOCTH OT MaTepuana Tpy6 u cpokKa MX 3KcmJya-
TallHH.

4, B cooterctBun co cXemoff BcachBawmomed MarucTpasH no
cnpasounuky [51] naxonar anavenun ko3pOHUHEHTOR MECTHHIX CONpo-
THRJAEHHA Ha paccMarpuBaemom yuactke. IIpH 3Tom yuuThiBaIOT compo-
THBJEHHS 3a00DHON CeTKH, BeHTH/]eH, TOBOPOTOB H T. I. {cM. § 22.4).

5. OnpegensiioT NOTepH Hanopa BO BcacHBawmomeM TpyGonpoBoje

ho. s = A (Ud) + X Tu ] wd/(2g)]-

6. AHaJOrHYHO PAcCUHTHBAIOT IOTEPH HANOpa HA BCeX y4acTKax
HarHeTaTeAbHOro TPY6ONnpoBOAa, BKJAOYAS TEMJIOOGMEHHbBIE aNmaparkl:

Ba. s = [?\- ({/d) -+ 2 Cu + 2 Can] [wi/(zg)]v

rie Can = [Ag-({/ds) + ¥ &o] — KoapduLMeHT conpoTUBAEHHA amn-
napara.

7. Haxopar mnorpeOHulfi HAnop HAacoca, PaBHLIA CONPOTHBIEHHIO
Bcefl cucrembl. M3 ypaBHenus DepHyJANH, COCTABAEHHOTO OTHOCH-
TeJALHO CBOGOZHOH MOBEPXHOCTH MKH/KOCTH B HCXOJHOM pe3epByape,

HMeeM
Hc = Hno'rp =H, -+ (P — P1)/(Pg) + hn. B . hn. : 0 (23'26)
8. o sanannofl monave V W paccuntannomy Hanopy Hygep
M0 KAaTalory BHIOHPAT HAacoc H jJajee NPHCTYNAKT K ero pacuery
Ha terb, Kak 3To GHIO moKas3aHo B Havaje § 23.6.
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