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Pa3pnea I. Texuuueckass TepMOAMHAMUKA

Tema 1. BBenenue. OcHOBHbIE IOHATHS U ONPeAeSIeHUS.
1.1 BBeaenue

TemnoTexHUKa — HAyKa, KOTOpasi ©3y4aeT METO/IbI MOJTYUYCHHsI, TPEOOpa30BaHUs, TIEPEIauH U
UCTIOJIB30BaHUS TEIUIOTHI, 4 TAK)KE IPUHITUIIBI ICHCTBHS U KOHCTPYKTHBHBIE OCOOCHHOCTH
TEIUIOBBIX MAIIIVH, alllapaToB M YCTPOUCTB. TerioTa UCOIb3yeTCs BO BCEX 00JIACTIX
NeSITebHOCTH YelloBeKa. J[J1s ycTaHOBIIEHUST Hanbosiee palmOHaIbHBIX CIIOCOO0B €T0
WCIIOJIb30BaHUsI, aHAIIN3a YKOHOMUYHOCTH Pa0OUYUX MPOIIECCOB TEILIOBBIX YCTAHOBOK U
CO3JIaHUs HOBBIX, HAaNOOJIee COBEPIICHHBIX TUITOB TEIUIOBBIX arperatoB He00X0MMa pa3padboTKa
TEOPETUYECCKUX OCHOB TEIUIOTECXHUKH. Pa3TM9aroT 1Ba MPUHIUAIIAATBHO PA3IMIHBIX
HAIpPaBJICHUS MCIIOJIb30BAHHS TEIUIOTHI — dHepeemuyeckoe u mexnonozuyeckoe. [pu
YHEPreTHYECKOM HCIIOIh30BAHUH, TEIUIOTA MPeoOpa3yeTcs B MEXaHHUECKYIO padoTy, ¢
MIOMOIIIBIO0 KOTOPO#l B TeHEpaToOpax CO3/1aeTCsl AICKTPUIECKask SJHEPrusl, yA00Has IS Iepeiavun
Ha paccTosiHue. TerIoTy mpu 3TOM MOJYYaloT CKUTaHUEM TOILIMBA B KOTEIBHBIX YCTAaHOBKAX
WX HETIOCPEJICTBEHHO B JIBUTATENISIX BHYTPEHHETO cropanus. [Ipu TEXHOIOTHYECKOM - TEILIOTa
UCTIOJNIBL3YETCS ISl HAPABICHHOTO U3MEHEHHUS CBOMCTB Pa3IUMYHBIX TEN (PACILIABICHHUS,
3aTBEPJICBaHMS, U3MEHECHUSI CTPYKTYPbI, MEXaHUYECKUX, (PU3NUCCKUX, XUMHUUYCCKIX CBOWCTB).
KosinyecTBO MPOM3BOAUMBIX M MOTPEOIISIEMBIX S3HEPrOpecypcoB orpoMHoO. [1o naHHBIM
MunTomuepro P® u ¢pupmst "Shell" [3] nuHamMuka mpou3BOICTBA IEPBUYHBIX SHEPTOPECYPCOB
nadasl B Tadmune 1.1.

Tabmuna 1.1.
Bup snepropecypcon Tonsr

1980 1985 1990 1994 1995
Hedts, MT, B MUpe 2922 2652 3022 3264 -
Poccus o547 542 518 317,8 306,7
I'as, I'm®, B Mupe 1620 1981 2413 2250 -
Poccus 252 462 641 607,3 595,4
VYroas, M, B Mupe 3249 3808 3935 4163 -
Poccust 391 395 395 270,9 262,2
O/sneprus, Tk, B 10712 11900 16498 18221 -
MUpe
Poccus 596,7 886,5 942,7 890,7 862

Urtoro, MTyT", B MUpe 9451 10231 11692 12277 -

Poccus 1430 1690 1430 1391 -

* TYT — TOHHA YCJIOBHOI'O TOILJIMBA.
Taxkumu TCOPCTUUCCKHUMHU pa3aciiaMU ABJISIOTCA TCXHUYCCKaAasA TCPMOAUMHAMUKA U OCHOBBI TCOPUU



TErI000MeHa, B KOTOPBIX MCCIEAYIOTCS 3aKOHBI IPEBPAIIICHHS H CBOMCTBA TEILIOBOW YHEPTUU U
IIPOLIECCHI PACTIPOCTPAHEHUS TEIIOTHI.

JlaHHBIN Kypc SBISETCS O0MIETEXHNYECKON JUCIUTUITMHON PU MOATOTOBKE CIECIIHATNCTOB
TEXHUYECKOHN CIEUATbHOCTH.

1.2. TepmoanHamuyeckasi cucremMa.

TexHuueckas TepMOAMHAMUKA (T/11) pacCMaTPUBAET 3aKOHOMEPHOCTH B3aUMHOTO IIPEBPALLICHHS
TEIUI0THI B paboTy. OHa yCcTaHAaBIMBAET B3aMMOCBSA3b MEK/Y TEIUIOBBIMU, MEXaHUYECKUMU U
XUMHUYECKHMHU IIPOLIECCaMH, KOTOPbIE COBEPIIAIOTCS B TEIJIOBBIX M XOJOJWIbHBIX MAIIUHAX,
M3y4aeT IPOLECCHI, MPOUCXOASIINE B Ta3ax U Mapax, a TAKXKe CBOMCTBA 3TUX TEJ IpU
pasInYHbIX GU3NYECKUX YCIOBHSIX.

TepmoanHaMuka 6a3upyeTcs Ha ABYX OCHOBHBIX 3aKOHaX (Haydanax) TepMOJUHAMUKH:

1 3axon mepmoOuHamuKy - 3aKOH MPEBPALLIECHUS U COXPAHEHHs SHEPTUH;

11 3axon mepmoounamuky — yCTaHaBIMBAET YCIOBUS IPOTEKAHUS U HAIIPABICHHOCTh
MaKpOCKOIMYECKHUX MPOLIECCOB B CUCTEMAaX, COCTOSAIIMX U3 OOJIBIIOr0 KOJIMYECTBA YACTHII.
TexHuueckas /11, IPUMEHsISI OCHOBHBIE 3aKOHBI K MTPOIECCaM MPEBPAICHHUS TETUIOTHI B
MEXaHUYECKyI0 paboTy U 00paTHO, JaeT BO3MOXHOCTb pa3padaTbiBaTh TECOPHH TEILIOBBIX
JBUTATENeH, UccIe10BaTh MPOLECCH], IPOTEKAIOIINE B HUX U T.II.

OOBeKTOM UCCIIeI0OBaHUSI ABISCTCA MEPMOOUHAMUYECKAs CUCTeMA, KOTOPOIl MOTyT ObITh
rpynna Tej, TeJI0 WIK 4acTh Teda. To YTO HaXOAUTCSI BHE CUCTEMBI HA3bIBACTCS OKpYoHcarowel
cpeooti. T/n cuctema 3T0 COBOKYMHOCTh MAaKPOCKOIIMUYECKUX TeJl, 0OMEHUBAIOIINECS SHEPrue
JPYT ¢ APYTOM | OKpYKaroliei cpenoi. Hammpumep: 1/ cucrema — ras, HaxoAsIencs B
IWIMHPE C TOPILHEM, & OKpYXKaroIlas cpefa — LWWIMHJP, MOPLIEHb, BO3AYX, CTEHbI TOMEIIECHUS.
H3zonuposannas cucmema - T/1 CUCTeMa HE B3aUMOJICHCTBYIOIIAs C OKPYKAIOIIEH CPeIOi.
Aouabamnas (mennouzonuposannas) cucmema — CUCTeMa UMeET auadaTHyI0 000JI0UKY,
KOTOpasi HCKITI0YaeT OOMEH TeIJIOTON (TEIUI00OMEH) ¢ OKPYIKAIOIIEH cpeoi.

OoHopoonas cucmema — CUCTEMA, UMEIOIIAs BO BCEX CBOMX YaCTAX OJMHAKOBBIN COCTaB U
¢duznyeckue cBONCTRA.

T'omozcennas cucmema — OTHOPOJIHASI CUCTEMA TI0 COCTaBY M (PU3HMUECKOMY CTPOCHHIO, BHYTPH
KOTOPOM HET MOBEPXHOCTEH pasjena (e, Boaa, rasbl).

I'emepocennas cucmema — CUCTEMA, COCTOALIASL U3 HECKOJIBKUX TOMOTEHHBIX YacTei (¢a3) ¢
Pa3IUYHBIMU (PU3NYECKUMH CBOWCTBAMH, OTAEJIEHHBIX OJIHA OT APYTroi BUJIUMBIMU
MOBEPXHOCTSAMU pazjena (Je1 ¥ BoAa, BoJa U nap).

B remoBbIx MammHax (ABUraTessix) MeXaHudeckas paboTa COBEpIIAEeTCs ¢ MOMOIIbIO pabounx
TeN — ras, nap.

1.3. IlapameTpbl COCTOSIHUA.

BennunHbl, KOTOpBIE XapaKTepH3yIOT PU3NIECKOE COCTOSIHHE Tella Ha3bIBAIOTCS
TEPMOJIMHAMHUYECKUMH MTapaMeTpaMH COCTOSIHUA. TakuMM mapameTpamu sSIBJISIOTCS YAETbHBbIH
00BbeM, a0CONIOTHOE JIaBJICHHE, a0COIIOTHAS TEMIIepaTypa, BHYTPEHHS SHEPTUsl, SHTAIbIINS,
SHTPOIUS, KOHIEHTPAIUs, TEIIIOEMKOCTh U T.A. [Ipy OTCYTCTBHM BHEIIHUX CUIIOBBIX MOJIEH
(TpaBUTAIIMOHHOTO, 3JIEKTPOMAarHUTHOTO U JIP.) TEPMOAMHAMUYECKOE COCTOSIHHE 0THO(a3HOTO
TeJIa MOXHO OJJHO3HAYHO ONPEACTUTh 3-Ms apaMeTpamu — ya. 00beMoM (), TeMIepaTypoi
(T), naBnenuem (P).

Yoenvnulii 06vem — BeIUUIMHA, ONIpeelsieMasl OTHOIIEHHEM 00beMa BELECTBA K €T0 Macce.

v=V/m, [mM¥xr], (1.1)

IInomnocmy sewjecmea — BETMYMHA, OTIpeielisieMasi OTHOIIEHHEM MacChl K 00beMY BEIIECTBA.
p=m/V, [kr/m’], (1.2)
v=1/p;p=1/v;vep=1.(1.3)




/lagnenue — ¢ TOYKU 3PEHUS MOJICKYJIIPHO-KMHETUYECKOW TEOPUHU €CTh CPEIHUIA Pe3yabTaT
yIIapoOB MOJIEKYJI ra3a, HaXOISIINXCSl B HETPEPHIBHOM XaOTHUECKOM JBMKEHUH, O CTCHKY
cocyJia, B KOTOPOM 3aKJIFOUEH Tas3.
P=F/S;[Ila] = [H/M?] (1.4)
BHecucTeMHbIe eIMHUIIBI JIABICHUS:
1 xre/m? = 9,81 ITa = | MM.BOJIH.CT.
1 ar. (Texn.atmocdepa) = 1 xkrc/cm? = 98,1 kITa.
1 at™. (pusuueckas armocdepa) = 101,325 kIla = 760 Mmm.pT.CT.
1 at. = 0,968 aTm™m.
1 mm.pr.cT. = 133,32 I1a.
1 6ap = 0,1 MITa = 100 xITa = 10° I1a.
Paznuuator uzbeimoynoe n abconromuoe naBieHUE.
H3661mounoe napnenune (Py)— pa3HOCTh MEKIY JaBICHUEM JKUIKOCTH HJIH T'a3a M JaBJICHUEM
OKPYKaIOILEH Cpeabl.
Ab6contomnoe napnenue (P)— naBjieHne OTCUUTHIBAEMOE OT a0COIOTHOTO HYJISI TABJICHUS HITU OT
abCOIIOTHOTO BaKyyMa. DTO JIaBJICHHUE SIBIISIETCS T/ ITAPAMETPOM COCTOSTHHSL.
AOCOIIOTHOE J]aBJICHHUE OTPEICISICTCS:
1). [Ipu naBnenun cocyna 0osbiie aTMOCHEpPHOTO:
P=P,+P,; (1.5)
2). Ilpu naBieHuu cocyaa MeHbIle aTMOC(HepHOTro:
P =P, +P;s; (1.6)
rae P, — atmocdepHoe naBieHue;
P; — naBienue Bakyyma.

Temnepamypa — XapakTepu3yeT CTEIIEHb HarPETOCTH TeJI, IPEACTABIAET cO00H Mepy cpenHei
KUHETHUYECKOW IHEPTUH MOCTYNATENbHOTO IBUKEHUS ero MoJieKyll. UeM OoJble cpenHsis
CKOpOCTB JIBIDKEHHSI, TEM BBIIIETEMIIEpaTypa Teja.

3a T/1 mapaMeTp COCTOSHUSI CUCTEMbI IPUHUMAIOT mepmoounamuyeckyro memnepamypy (T), T.e.
abconomuyro TeMieparypy. OHa Bcer/ia moyioxxurenabHa, [Ipu remneparype abCoIOTHOTO HYIIS
(T=0) TennoBble JBMKEHUS MPEKPALAIOTCS U 3Ta TEMIIEpaTypa ABJSETCS HayaloM oTcueTa
a0COIOTHON TeMIEPATYPHI.

1.4. YpaBHeHHe COCTOSIHMS ¥ TEPMOJAMHAMMYECKHUI1 Npouecc.
OcHoBHble T/ apameTpsl coctosiHus P, v, T ogHOpoAHOTO TENa 3aBUCST APYT OT Apyra u

B3aUMHO CBs3aHA MCKIAY coboit ONpCACIICHHBIM MAaTCMATUYCCKUM YPABHCHUCM, KOTOpBIfI
Ha3bIBACTCSA YPABHEHUEM COCIMOAHUA.

f(P,v, T)=0.(1.7)
Pasnosecnubiv cocmoanuem Ha3pIBae€TCsl COCTOSHUE TeJIa, P KOTOPOM BO BCEX €r0 TOUKax
oowvema P, v u T u Bce npyrue pusnyeckue cBONCTBA OJJUHAKOBBI.
COBOKYITHOCTh U3MEHEHUH COCTOSIHUS T/ CUCTEMBI ITPU MEPEXOE U3 OJTHOTO COCTOSHUS B
JIpyroe Ha3bIBaeTCs m/0 npoyeccom. T/n mporiecchl OBIBAIOT paBHOBECHBIE M HEPABHOBECHBIC.
Ecnu nporiec npoxo Ut yepe3 paBHOBECHBIE COCTOSIHUS, TO OH Ha3bIBA€TCs pasHogecHvim. B
pEaTbHBIX CITyYasx BCE MPOIIECCHI SBISIFOTCS HEPABHOBECHBIMU.
Ecnu npu mo60M 1/11 poliecce W3MEeHEHHUe MapaMeTpa COCTOSHUS HE 3aBUCUT OT BUJA
nporiecca, a ONpeeNIeTCs] HA9allbHBIM i KOHEYHBIM COCTOSTHUEM, TO TTApaMETPhI COCTOSTHUS
Ha3bIBAIOTCS PyHKyuel cocmoanus. TakuMu napaMeTpamMu SBIISIOTCS BHYTPEHHSISI SHEPTHs,
SHTAJIBINSA, SHTPONHUS U T.J.
Humencusnuvle napamempul — 3T0 TapaMeTpPhbl HE 3aBUCSIINE OT MACChl CUCTEMBI (J1aBICHHUE,
TeMIIepaTypa).




Aodoumuenvle (3KcmencusHvle) napamempsl — NApaMeTpPbl, 3HAYSHUST KOTOPBIX
MIPOMOPIIMOHAIBHBI Macce cucTeMbl (O0beM, SHEPTHSI, SHTPOTIHS | T.1I.).

Tema 2. IlepBblii 3aK0H TEPMOAMHAMHUKH.
2.1. TenJsiora u padora.

Tena, yyacTByloImuye Ipu MPOTEKaHUHU T//1 ITpoliecca OOMEHHUBarOTCs 3Hepruei. [lepenaya
SHEPTUH OT OJJHOTO TeJa K IPYroMYy MPOUCXOIUT ABYMS CIIOCOOAMH.

1-# croco0 peanu3yercs MpU HEIMOCPEICTBEHHOM KOHTAKTE TEJI, UMCIOIIMX Pa3InIHYIO
TEMIIEPATYPY, IyTeM 0OMEHA KHHETHYECKOHN SHEepPTUEH MKy MOJICKYJIaMHU COITPUKACATOIITIX CSI
TEJ JTMOO JTYYUCTHIM TIEPEHOCOM BHYTPEHHEH SHEPTHH U3YJaroIUX T MyTeM 3/M BOJH. [Ipu
9TOM DHEPrHs MepeaaeTcs OT 0oJiee HArPeToro K MEHEe HarpeTomy.

KosmdecTBo sHEpruum, niepeianHon 1-M crmocoOoM OT OHOTO Tejla K JPyromy, Ha3bIBaeTCs
konuwecmeom meniomol — Q [JIk], a cnocod — nepeada SHEPTUH B popme meniomoi.

2-11 crioco0 CBsI3aH ¢ HAJIMYKMEM CHJIOBBIX TOJICH MM BHEIIHETro JAaBieHus. [ nepenaun
SHEPTUH 3TUM CIIOCOOOM TEJIO JTOJKHO JTHOO0 MePEABUTATHCS B CUIIOBOM IT10JIC, THO0 H3MEHSThH
CBOI1 00BbEM 1101 JICHCTBHEM BHEIIHETO JaBlieHusA, TO eCTh Mmepeauyn SHEPTUU IPOUCXOIUT IIPH
YCIIOBUY TICPEMEIICHHSI BCETO TeJIa WM €r0 YacTH B MpocTpaHcTBe. [Ipu 3TOM KOJIMYIECTBO
nepeIaHHOM SHEPrUuH Ha3bIBaeTcs pabomou — L [JIk], a criocob nepeaada S3HEPrHH B popme
pabombi.

KosmdecTBo sHEPTHH, TIOITYYCHHOE TEJIOM B (hopMe pabOThI HA3bIBACTCS paOOMOU COBEPUICHHOU
HAO mejiom, a OTIAAHHYIO SHEPTHIO — 3amMpa4eHHol meiom pabomotl.

KonnuecTBo TemnoThl, molydeHHOe (0TJaHHOE) TeNIoM U paboTa, CoBeplIeHHAas (3aTpaueHHas )
HaJI TEJIOM, 3aBHCAT OT YCIIOBUH Tepexo/ia Tejia U3 Ha4adbHOTO COCTOSIHUS B KOHEYHOE, T.€.
3aBUCST OT XapakTepa T/J mpoiiecca.

2.2. BHyTpeHHsIsl JHEepPIHUs.

B o61miem ciyuae BHyTpeHHeH sHeprueil Ha3bIBaeTCs COBOKYITHOCTh BCEX BUIOB SHEPTUH,
3aKJIFOYEHHOM B T€JIE UM CHCTEME Tell. DTy SHEPTUI0 MOXKHO MPEJCTABUTh KaK CyMMY
OTJICNIbHBIX BUJIOB SHEPIHA: KUHETUUECKON SHEPTUU MOJIEKYII (TIOCTYNaTeIbHOIO U
BpalllaTeIbHOTO ABMKEHUS MOJIEKYI ); KOJIeOaTeIbHOrO JBUKEHHSI aTOMOB B CAMOM MOJIEKYJIE;
SHEPrUH JIEKTPOHOB; BHYTPHUSAAECPHON SHEPTUU; SJHEPTUH B3aUMOJICHCTBUSA MEXKIY AIPOM
MOJIEKYJIbI ¥ 3JIEKTPOHAMU; TOTEHUUATbHON SHEPTHUH MOJIEKYI.

B texHuueckoil TepMOIMHAMUKE PaCCMAaTPUBAIOTCS TOJIBKO TAKUE MPOLIECCHI, B KOTOPBIX
M3MEHSIOTCS] KHHETUYEeCKasi U IOTEHIIMaIbHAsl COCTABIIAONINE BHYTpeHHEeH anepruu. [lpu sTom
3HaHHE a0CONIOTHBIX 3HAUEHUI BHYTpeHHEH sHepruu He Tpedyercs. [loaToMy BHYTpeHHEeH
SHEPIrUeN IS UJIeabHBIX Fa30B Ha3bIBAlOT KHHETHUUECKYIO YHEPTHIO IBHIKEHUS MOJIEKYII U
SHEPruo KoseOaTeNbHbIX IBMKEHUI aTOMOB B MOJIEKYJIE, a JIJIsl peabHbIX Ta30B
JIOTIOJTHUTEIIBHO BKJIIOYAIOT TOTEHLIUATIBHYIO SHEPTUIO MOJIEKYIL.

Buytpennss sneprus (U) sBasieTcst pyHKIHMEH TByX OCHOBHBIX TapaMeTPOB COCTOSIHUSA Ia3a, T.€.
U=f(P,T),U=f(,T) U={(P,v). Kaxxgomy cocTosiHro paboyero tena (CUCTEMBI)
COOTBETCTBYET BIIOJIHE ONPEEIEHHOE 3HAUEHUE TapaMETPOB COCTOSIHUS, TO JUISl KAXKI0TO
COCTOSIHUS Ta3a Oy/IeT XapaKTepHa CBOsI OIHO3HAUHAs, BIIOJIHE OIpe/Ie/IeHHast BeTMYUHA
BHyTpeHHel 3Heprun U. To ects U sBrsercst pyHKIHUEH cocTostHUSA Ta3a. M pasHOCTH
BHYTPEHHUX SHEPTHH AJIS IBYX KaKUX-THOO COCTOSIHHI paboyero Tena Win CUCTEMBI TeJl He
OyzeT 3aBUCET OT IIyTHU Mepexo/ia OT IEPBOrO COCTOSIHUS BO BTOPOE.



2.3. IlepBblii 3aKOH TEPMOJIMHAMMKH.

IIepBblil 3aKOH TEPMOJAMHAMUKH SABJISIETCSI OCHOBOM TEPMOJINHAMUYECKON TEOPUU U UMEET
OTPOMHOE MPUKJIIAJAHOE 3HAUCHHE IIPU UCCIIEIOBAaHUH TEPMOJUHAMUYECKHUX IIPOIECCOB. DTOT
3aKOH SIBJISIETCS 3aKOHOM COXPAHEHUS U MIPEBPAILCHHS SHEPTHU:

\"OHepaeus ne ucueszaem u He 8O3HUKAEM HOBb, OHA JIUULb NEPexoOum

U3 00HO20 8UOa 8 OpY20ll 8 Pa3IUUHBIX husuyecKux npoyeccax”.

Jl1s TepMOIMHAMHYECKUX TPOIIECCOB 3aKOH YCTaHABIMBAET B3aUMOCBSI3b MEXK/1Y TEILIOTOM,
paboToil 1 U3MEHEHNEM BHYTPEHHEH SHEPTUU T/]I CHCTEMBI:

\"Tennoma, noogeoennas Kk cucmeme, pacxo0ymcsi Ha U3MEHeHUe dDHepUuL \CUCTeMbl U
coeepuierue pabomoi".

VYpaBHEHHE MIEPBOrO 3aKOHA TEPMOJAMHAMUKHN UMEET CIICAYIOINN BUI;

Q=(U2—-Uy+L,(21)

rae Q - Koau4ecTBa TEIUIOTHI Mo/IBeIeHHAs (OTBEACHHAs) K CUCTEME;

L - pabota, coBepiieHHasi CUCTEMOH (HaJ CUCTEMOH);

(U2 — U1) - u3meHeHre BHYTPEHHEH SHEPTUHU B JAHHOM TIPOIIECCe.

Ecnu:

Q > 0 — TerioTa MOJBOAUTCS K CUCTEME;

Q <0 — Tem0Ta OTBOAMTCS OT CUCTEMBI;

L > 0 —pabora coBepiiacTcsi CHCTEMOM;

L <0 — pabora coBepmraercsi HaJj CHCTEMOM.

JLi1s e TMHUIIBI MacChl BEIIECTBAa YpaBHEHUE MEPBOI0 3aKOHA TEPMOAMHAMUKHN UMEET BUJI:
g=Q/m=(u2—u) +1.(2.2)

B oanvueiiumem ece gpopmynvt u ypasnenusn 6yoym 0anvt 8 0CHOGHOM 01 OUHUUBL MACCHL

6ewjecmea.

1-i1 3aKoH T/11 yKa3bIBaeT, 4To JUIsl OJy4yeHHs MoJie3HoU paboThl (L) B HENpephIBHO
JIEHCTBYIOIIEM TETIJIOBOM JIBUTATEJE HAJ0 MOABOANTH (3aTpadunuBaTh) TeIwioTy (Q).
\"Ileucamens, noCMmosHHO NPO3680OAWUL pAOOMY U He NOMPeDAIOWUL HUKAKOU IHEep2UU
Hazvieaemcs eeuHviM 0gueamenem I pooa."

13 3TOro MO>XHO BBICKAa3aTh CIenyIollee onpeeneHue 1-ro 3akoHa TepMOAMHAMUKY:

\"" Beunulil 0sueameinb nepeo2o pooa He8o3MoHceH ",

2.4. Temii0eMKOCTh ra3a.

VcTuHHAas TEMI0eMKOCTh pabouero Tela onpeaesseTcsi OTHOIIEHWEM KOJIMYEeCTBa MOABEICHHOM
(oTBeneHHOI) K paboyemMy TeNy TeIUIOTHI B IAHHOM T/J] TIPOIIeCCe K BBI3BAHHOMY STUM
M3MEHEHUSIM TEMIIepaTyphl Tela.

C=dQ/dT, [dx /K]; (2.3)
TemnoeMKOCTh 3aBUCUT OT BHEIIIHUX YCIOBUH WM XapaKTepa mpoiiecca, Ipu KOTOPOM
MPOUCXOOUT IMOABOT UJIW OTBO TCIIJIOTHI.
Paznuuarot crenyronue yaenbHbIe TeMI0eMKOCTH:

MaccoByto —c = C /m, [[Ix/kr] ; (2.4)

MoJisipHyto - ¢y = C /v, [[Ix/Monb] , (2.5)

T7€ V - KOJTUYeCTBa BEIIECTBA [MOJIb] ;
obseMHyt0 - ¢/ =C/V=cp, [Ix/M’], (2.6)
rae - p=m/ V - IIIOTHOCTh BEIIECTBA.
CBa3b MCIKAY 3TUMH TCIIIIOCMKOCTAMMU:

c=c -v=ci/p,



rae - v = V/m - yaenbHbIli 00beM BEIIECTBA, [M3/Kr];
W =m /v — MoJisipHas (MOJEKYJIsipHasi) Macca, [KIr/Mob|.
TernnoeMKoCTh Ta30B B OOJIBIION CTEIICHH 3aBHCUT OT TE€X YCIOBHM, IIPU KOTOPBIX MPOUCXOIUT
MPOIIECC MX HATPEBAHUS WA OXJIKICHUS. Pa3muuaroT TemIoeMKOCTH TIPH MMOCTOSTHHOM
JaBlieHuH (M300apHBIN) M TIPU MTOCTOSTHHOM 00BbeMe (M30XOPHBIH ).
Taxum 00pa3oM pa3nuyaroT CIEAYIOMINE yAeIbHbIE TETJI0EMKOCTH:
Cp , Cv — MaccoBbIe N300apHBIC U H30XOPHBIC TEIUIOEMKOCTH;
Cpu » Cvy — MOJISIPHBIE H300apHBIE ¥ H30XOPHBIC TETUIOEMKOCTH;
cp, ¢/v — 06BeMHBIE H300apHBIE H H30XOPHBIE TEIIOEMKOCTH.
Mexny n300apHBIMU ¥ H30XOPHBIMH TEIIOEMKOCTSIMH CYIIECTBYET CIEAYIONIAsi 3aBUCUMOCTD:
¢p - cv= R - ypaBHenue Maiiepa; (2.7)
Cpu - Cvu = Ry . (2.8)

TennoeMKoCTh 3aBUCUT OT TEMIIEPATYPBI, KOTOPBIE JAIOTCA B CIIPABOYHBIX JIUTEPATYPAX B BUJIE
TaOJIMIIBI KaK CPEJHUE TEIUIOEMKOCTH B MHTEpBase Temneparyp ot 0 1o tx. s onpeneneHus
CpeIHEN TEINIOEMKOCTU B UHTEPBAJIE TEMIIEPATYP OT t1 10 t2 MO’KHO MCIIONIb30BaTh CIEAYIOLIYIO

(opmymy:
cfPu=(c[Pt2-c[fots) / (t2- t1) . (2.9)

2.5. YHuBepcaJIbHOe YpaBHEHHE COCTOSTHUS UIeaTbHOI0 ras3a.

HoeanvHvim 2a30m Ha3bIBA€TCS TAKOHU Ta3, y KOTOPOI'O OTCYTCTBYIOT CHUJIbI B3aUMHOI'O
HNPUTSDKEHUS U OTTAIIKMBAHUS MEKy MOJIEKYJIaMH U ITpeHeOperarT pasmepaMu MoJiekyi. Bee
peasIbHBIE ra3bl IPU BBICOKHUX TEMIIEpATypax U MaJIbIX JABJICHUAX MOYKHO MTPAKTUYECKH CUUTATh
KaK HJieabHbIE Ta3bl.

YpaBHEHME COCTOSHUSA KaK JUIs MICAIbHBIX, KaK U JUIsSl pEAJIbHBIX Fa30B OMUCBIBAIOTCS TPEMS
napameTpamu 1o ypasHenuto (1.7).

VYpaBHEHME COCTOSHUSA UACATBHOTO ra3a MOKHO BBIBECTU U3 MOJIEKYJISIPHO-KNHETUYECKON
TEOPHUH WIN U3 COBMECTHOTO pacCMOTPEHMS 3aKOHOB boiirs-Mapunotra u I'eii-JIroccaka.

OT0 ypaBHeHHE ObUIO BbIBeIeHO B 1834 r. ppaniy3kum ¢puszukom Knaneiiponom u st 1 kr
Macchl ra3a UIMeeT BU/I:

Pv=RT,(2.10)

rzae: R - ra3oBast mocTosiHHas U npeacTasisieT paboTy | Kr rasa B mporiecce pu MOCTOSHHOM
JIaBJICHUH U IIPU U3MEHEHUHU TeMIlepaTypsl Ha | rpanyc.
VYpaBHeHnue (2.7) Ha3bIBAIOT TEPMUYECKUM YPAGHEHUEM COCIMOAHUS NI XAPAKMEPUCTIUYECKUM

VDAGHEHUEM.
JU1 IpOU3BOJILHOTO KOJIMYECTBA I'a3a MacCoi m ypaBHEHHE COCTOSIHUSA OyieT:

PV=mRT.(Q2.11)

B 1874 r. JI.1.MenneneeB ocHOBBIBasiCch Ha 3akoHe JlanbToHa ("B pasHvix ob6vemax pasuvix
UOeaNbHbIX 24308, HAXOOAWUXCA NPU OOUHAKOBLIX MEMNEPAMYPAX U OA8NEeHUAX, COOEPHCUNCSL
00UHaKogoe Koaudecmeo monexyn'") NpeyioKuil yHUBEpCaIbHOE YpaBHEHHE COCTOSTHUS st | KT
rasza, KOTOPYIO Ha3bIBAIOT ypagnenuem Kianeiipona-Menoeneesa:

P-v=RyT/u, (2.12)
re: | - MoJsipHas (MOJIEKyJIsipHasi) Macca rasa, (KI/KMOJb);



R, = 8314,20 Jx/xmomnb (8,3142 kJ[>k/KMOJIb) - YHUBEpcanbHas 2a308as nOCMoAHHAsA N
npecTanisieT paboTy | KMOJb UA€aIbHOrO ra3a B Mpolecce MPH MOCTOSHHOM JIaBJICHUH U MTPU
U3MEHEHHUHU TeMIlepaTypsl Ha 1 rpamyc.

3nast Ry MOXHO HaliTH ra30ByI0 MOCTOAHHYIO R = R,/

Jiist mpon3BONIBLHOM Macchl ra3a ypaBHeHue Knanelipona-MenaeneeBa OyaeT UMETh BUJI:

P-V=mRyT/n.(2.13)
2.6. CMmech naeajlbHbIX I'a30B.

T'azo0601i cmecho TOHUMAETCS CMECh OT/ICIBHBIX Ta30B, BCTYIMAIOMIUX MKy COO0I HH B KaKue
xuMuueckue peakuuu. Kaxapiii ra3 (KOMIOHEHT) B CMECH HE3aBHCUMO OT JPYTHUX Ta30B
MOJIHOCTBIO COXPAaHSET BCE CBOM CBOMCTBA M BEJCT ce0s TaK, Kak €CJIM Obl OH OJIMH 3aHUMaJl BECh
00BEM CMECH.

Ilapyuanvroe 0asnenue — 3TO JaBJICHUE, KOTOPOE UMEIT Obl KaXK/bIH I'a3, BXOASIINN B COCTAB
CMECH, €CJTH ObI ATOT r'a3 HAXOAMJICS OJIMH B TOM K€ KOJMYECTBE, B TOM K€ OIObEME U IPHU TOH
e TeMIepaType, 4To U B CMECH.

["a3oBasi cMech OMUUHSIETCS 3aKOHY [anbmona.

” 061/1/;66 0616JZ€HM€ cmecu 2a306 pd6HO CymMme napyudjlbHblx daeﬂeﬁuﬁ " Omaeﬂbelx 2a3086,
COCMABISIOUWUX CMECH.

P=P1+P2+P3+...Ph=> Pi, (2.14)
rae P1, P2, P3. .. Pn— nmapuuanbHbie 1aBieHus.
CocraB cMmecH 3a7aeTcsi 00bEMHBIMH, MACCOBBIMHU M MOJIBHBIMU JIOJISIMH, KOTOPBIS
OTIPEICIIIOTCS COOTBETCTBEHHO IO CIISAYIOMUM (hOpMYJIaM:
ri=Vi/Ven;rn=V2/Veu;...tn=Vn/ Ve, (2.15)
g1 = M1/ Mew ;02 = m2/mcM; . En = Mn / Mew , (216)

' =vi/Vew; 2 =V2/Ves; ... Tn" =Vn/Vem, (2.17)
rae Vi; V2, ... Vi, Veu —00BEMBI KOMIIOHEHTOB U CMECH;
M1 ; M2 ; ... Mp ; My — MAaCChl KOMIIOHEHTOB U CMECH;
V1;V2; ... Vn; Ven — KOJIMYECTBO BEIIECTBA (KUIIOMOJICH)

KOMITOHEHTOB M CMECH.

J5is meanbHOTO rasa 1o 3akony JlampToHa:
rn=r;r2=r;..m=r.(2.18)

Tak kak V1 +Vo+ ...+ Vpi=Veuumi+ma+ ... +mp = My,
Tori+r+..+mn=1,(2.19)
gr+0g2+...+gn=1(2.20)

CBsI3b MEX/Ty 00bEMHBIMH M MACCOBBIMU JIOJIIMHU CIIEAYIOIIIEE:

01 = repa/pen ; 92 = r22p2 /pens -+ €n = It /pen , (2.21)

TJe: U1, U2, ... Un , Hew — MOJICKYJISIPHBIC MACChl KOMITOHEHTOB U CMECH.

MonekyasipHas Macca CMECH.

Pew = o F1+ 2 pot+ ... + 1 pn . (2.22)
l"a3oBast mOCTOSHHAS CMECH.

Rv=0gitRi+ 2R+ ... +gnRn=

= Ry (91/pa + Golpot ... + golpn ) =

=1/ (r/Ry +r2/Ro+ ... + 1/Rp) . (2.23)

VY aenbHbIC MACCOBBIC TEIIOEMKOCTH CMECH:

Cpem. =Q1Cp1+Q2Cp2+ ... +OnCpn. (224)
Cvew. =Q1Cp1t+Qocv2t ...t gncvn. (2.25)

VY aenbHbIe MOISIpHBIE (MOJIEKYIISIPHBIC) TSINIOEMKOCTH CMECH:

Cpuem. =M Cpu1 ¥ r2Cpu2+ ... +InCpun. (226)

Cvpem. =l Cypt T r2Cyp2+ ... +InCuun. (227)




Tema 3. Bropoii 3aK0H TepMOAMHAMHUKH.
3.1. OcHOBHbIE N0JI0’KEHUSI BTOPOI0 3AKOHA TEPMOAUHAMHUKH.

[lepBblii 3aKOH TEPMOAMHAMUKH YTBEPKIACT, YTO TEIUIOTa MOXKET MIPEeBpaIaThCs B padoTy, a
paboTa B TEIJIOTY U HE YCTAHABJIMBAET YCJIOBUM, IPU KOTOPBIX BO3MOKHBI 3TH IPEBpAILCHUS.
[TpeBparenue paboThl B TEIUIOTY IPOUCXOIUT BCETAA MOJHOCTHIO U O6e3ycinoBHO. OOpaTHbIi
MPOIIECC MPEBPAICHHUS TETUIOTH B PA0OTY MPU HEMPEPBIBHOM €€ Mepex0ie BO3MOKEH TOJIBKO
IIPU ONPEIEIICHHBIX YCIOBHIX U HE MOTHOCTHIO. Termnora cam co6oi MOKET IEPEeX0IUuT OT bosee
HarpeThIX TCJI K XOJOAHBIM. Hepexo;[ TCIJIOTHI OT XOJIOAHBIX TCJI K HAIPECTBIM CaM C06OI71 HE
MPOUCXOIUT. JIJis 3TOr0 HYKHO 3aTPaTUTh AOMOJHUTEIBHYIO SHEPTHIO.

TakxuMm 00pa3oM ISl TOJTHOTO aHAIKM3a SBIICHUS U IMPOIIECCOB HEOOXOAMMO UMETH KPOME
MEPBOr0 3aKOHA TEPMOAMHAMUKHY €I1I€ JTOMOJHUTEIbHYIO 3aKOHOMEPHOCTh. DTUM 3aKOHOM
SBIISICTCS 8MOPOU 3aKkon mepmoournamuxu. OH yCTaHABIUBACT, BO3MOXKCH WJIM HEBO3MOXKEH TOT
WM WHOM mpoliecc, B KaKOM HampaBlIeHUH MPOTEKAET MPOIECC, KOT/a JOCTUTAeTCS
TEPMOANHAMHUYCCKOC PABHOBCCUC U IIPU KAKUX YCIIOBUAX MOKHO IMOJTYYUTh MAKCUMAJIbHYIO
paborty.

DopMyJIIMPOBKHA BTOPOro 3aKOHA TEPMOJUHAMUKH.

Jln1s cy1iecTBOBaHUS TEIIOBOTO JBUTATENSI HEOOXOAUMBI 2 UCTOUYHUKA — 20pAYUL UCHOYHUK U
Xo100mbil ucmoynuk (OKpyxaromas cpena). Eciu teroBoit apurarenb paboTaeT TOJIBKO OT
OJIHOTO MCTOYHHKA TO OH HA3bIBACTCS eUHbLM dsucamenem 2-20 pood.

1 hbopmynuposka (OcTBasba):

| " BeuHblii 1BUTaTE/ b 2-T0 PO/Ia HEBO3MOKEH"'.

Beunslii gBurarens 1-ro poaa 3To TEIIOBOM ABHUraTelnb, y KoToporo L>Qu, rue Q1 -
noABeACHHAas TeruioTa. [1epBrIif 3aKOH TEPMOIMHAMUKH "TIO3BOJISIET" BOBMOXKHOCTh CO3/aTh
TEIUIOBOM JIBUTaTes b MOJHOCTHIO MPEBpALIAloIUi MoABeIeHHYIO0 TeroTy Q1B padoty L, T.e. L
= Q1. Bropoii 3akoH HakmabIBacT OoJiee )KECTKHE OTPAaHNYCHHUS U YTBEPIKIAeT, 4To paboTa
JIOJDKHA OBITh MEHbIIIE 1Mo/IBeIeHHOH TernoTsl (L<Q1) Ha BeIMUMHY OTBEIEHHOM TeoThl — Q2,
T.. L=Q1- Q2.

Beunslii 1uratesns 2-ro pojia MOXHO OCYIIECTBUTH, €CIH TEIUIOTY Q2 mepeiaTh OT XOJIOIHOTO
UCTOYHUKA K ropsuemy. Ho ass aToro Temiora caMonpou3BOIbHO AOKHA IEPEUTH OT
XOJIOJJHOTO TeJa K ropsiueMy, 4To HeBo3MOxkHO. OTcroaa cienyet 2-s1 popMyIupoBKa
(Knaysuyca):

|| "TenyioTa He MOAKET CAMOINIPOU3BOJILHO NEPEXOJHT OT OoJiee

|| xos10mHOTO Tes1a Kk 0oJiee HarpeTomy''.

J1s paGoThI TEMIOBOTO JIBUTATENSI HEOOXOAUMBI 2 HCTOYHHUKA — TOPSYUNA M XOJIOHBIHN. 3-5
dbopmynupoBka (KapHo):

|| "Tam rae ecTb pasHHLA TEMIIEPATYP, BO3MOKHO COBepLICHHE

|| padoTnI".

Bce 5tu hopmMyarpoBKH B3aMMOCBSI3aHbl, U3 OJHON (OPMYJINPOBKH MOKHO HOJTYUYHUTh APYTYIO.

3.2. DHTpONHMA.

OpnHuM U3 QYHKIMHA COCTOSHUS TEPMOAMHAMUYECKON CUCTEMBI SIBIISIETCS dHmMponus. DJHTPOIHEH
Ha3bIBACTCSI BEJIMYMHA ONPEENIsIeMas BIPAKEHUEM:

dS=dQ/T. [Ax/K] (3.1)
WM JUTS1 YA€TbHOM SHTPOIHNH:

ds=dq/ T. [[ox/(xr-K)] (3.2)

DHTpONUS €CTh OJTHO3HAYHAS (PYHKITHS COCTOSIHUS TeJia, MPUHUMAIOIIAS JIJIsT KaXKI0TO
COCTOSIHMSI BIIOJIHE OIpe/iesieHHOE 3HaueHne. OHa SIBJISEeTCS SKCTEHCUBHBIM (3aBUCHUT OT MAacCChI



BGH.[GCTBa) HapaMeTpOM COCTOAHUA U B J'IIOGOM TepMOIII/IHaMI/I‘IGCKOM Hpouecce ITIOJIHOCTBIO

onpez[enﬂeTc;I HaYaJIbHBIM U KOHCYHBIM COCTOSHHUEM TCJIa U HC 3aBUCUT OT IIyTH HpOTeKaHI/IH

nporiecca.

:‘)HTPOHI/IIO MOKHO OHpeI[eJ'II/ITB KaK (bYHKHI/II-O OCHOBHBIX napaMeTpOB COCTOsIHUA.
S=fi(P,V);S=F(P,T):S=F(V,T); (3.3)

NN 4Jid YZ[GHBHOﬁ I-)HTpOHI/II/IZ

s=f1(P,v) ;s =1(P,T); S =f3(v,T); (3.4)

Tak kak HTPOIUS HE 3aBUCUT OT BUJA ITPOLIECCA U ONPENENIeTCS HaYaIbHBIMA U KOHEYHBIMU
COCTOSIHUSIMU paboyero Teja, TO HaXOAAT TOJIbKO €ro U3MEHEHHUE B JAHHOM IIpoLiecce, KOTOphIe
MO>KHO HAWTH I10 CJIEAYIOIIUM YPAaBHEHUSAM:

As = ¢y In(T2/T1) + R-In(v 2/v 1) ; (3.5)
As = Cp In(T2/T1) - R-In(P2/Py) ; (3.6)
As = ¢y In(P2/P1) + Cp'In(v 2/v 1) . (3.7)
Ecnu sHTponus cuctemMbl Bo3pacTaeT (As > (), TO cucTeMe MOaBOAUTCS TEILIO.
Ecnu sHTponus cucremsl ymensinaercs (As < 0), To cucreMe 0OTBOAUTCS TEIUIO.
Ecnu sutponust cuctemsl He u3mensercs (As = 0, s = Const), To cucTeMe HE MOJIBOJUTCS U HE
OTBOJMTCSI TETUIO (a1nabaTHBIN MPOIIECC).

3.3. lluka u Teopembl Kapno.

[Muknom KapHo Ha3bIBaeTcs KpyroBou LUK, COCTOALIMHN U3 2-X U30TEPMHUUECKUX U U3 2-X
annabatHeIx npoueccoB. OOpartumslii 1uki KapHo B p,v- u T,s- Auarpammax nokasaH Ha
puc.3.1.

,
AT,

| &, ﬁ

T'const
B
a

H* HH

b S

0 za) "0

Puc.3.1. O6patumbiii uuka Kapuo B p,v- (a)
u T,s- (6) amarpammax

1-2 — oOpatumoe aanadatHoe pacmmpenue mpu s1=Const. Temmneparypa ymenbinaercs ot T1 10
To.

2-3 — N30TepMUIECKOEe CKATHE, OTBOJ TEIIOTHI (2 K XOJIOAHOMY HCTOYHUKY OT pabodero Tea.
3-4 — obpatumoe aauabaTHoe cxarue npu s;=Const. TemnepaTtypa nossimaercst oT T3z 10 Ta.
4-1 — U30TepMHUUECKOE PACIIMPEHHE, TTOABO/ TEIIOTHI (1 K TOPSYETO UCTOYHHKA K pabodemy
TeIy.

OCHOBHOM XapaKTEPUCTUKOMN JTFOO0T0 IIUKJIA SIBISETCS mepmMuieckull Koagguyuenm nonesHo2o
Oeticmaus (T.K.IL11.).

Nt = Lu/ Qu, (3.8)



NI

ne=(Q1-Q2)/ Q1.
Jns obpatumoro nukia KapHo T.K.1.1. onpenensiercs no Gopmyie:
Nw=(T1—T2)/ T1.(3.9)
Orcrona cnenyer 1-1 meopema KapHo:
|| "Tepmuyecknii K.m.A. o0paTuMoro nnkjiaa KapHo He 3aBucur ot
|| cBoiicTB padouero Tesia U onpenesIsieTcs TOJbLKO TeMIlepaTypaMu
|| ucTouHHKOB'.
Bu3s cpaBHeHuUs: IpoU3BOIBHOIO 00paTUMOro KA U nukia KapHo BeITekaet 2-1 meopema
Kapno:
[| "O6paTumblii unka KapHo siBjisieTcss HAaMBOTOHENIIIUM IIUKJIOM B || 3aITaHHOM
HHTepBaJje TeMneparyp"
T.e. T.x.1.1. ukia Kapuo Bcerga Oosibliie T.K.I1. 1. POU3BOJIBHOTO IUKJIA:

N > Nt . (3.10)

Tema 4. TepmoagunaMuyeckne NpoLeccol.
4.1. MeToa uccieI0OBaHUS T/I POLECCOB.

Kak cka3aHo BblllIe IEpBbIN 3aKOH T/J] YCTaHABIMBAET B3aUMOCBA3b MEXy KOJINYECTBOM
TEIUIOThl, BHYTpEHHEHN 3Heprueil u padoroil. [Ipu 3TOoM, KOIMYECTBO TEIIOTHI TOJBOIUMOE K
Ty WIA OTBOJUMOE OT Teja 3aBUCUT OT XapaKTepa Ipouecca.

K 0CHOBHBIM T/11 ITpoLI€CCaM OTHOCSITCS: U3OXOPHbLI, U30MEPMULECKULl, U300APHbII U
aouabammbwiii.

Jl1s Bcex 3THUX MPOLIECCOB YCTaHABIMBACTCS OOIINUN METOJT UCCIIEOBAHUS, KOTOPBI
3aKJIIOYAETCS B CICAYIOIIEM:

e BBIBOAMTCS ypaBHEHHUeE mporecca kpuoid Pv u TS — nuarpammax;

e  YCTaHABJIMBAETCS 3aBUCUMOCTb MEKY OCHOBHBIMH IapaMeTpaMu paboyero Teia B
HayYaje U KOHIE IIPOIECCa;

e OIpenenseTcs U3MEHEHNe BHYTPEHHEH SHepTruu 1o GpopmyIie, CipaBeiIMBOM s BCeX
IIPOLECCOB HJEAIBHOIO Ia3a:

Au = ootz - cofo™ 2. (4.1)

WX TIPU TIOCTOsSIHHOM TerioeMkoctd AU = m-cyv'(t2 - 11); (4.2)
BeIuucseTcs pabora: L =P+ (V2 —V1); (4.3)
OTIPEJICTISICTCS] KOJIMYECTBO TEIUIOTHI, yYaCTBYIOIIEE B IPOIIECCe:
g = cx'(t2- t1); (4.4)
OTIpEeIeTIIeTCS. U3MEHEHUE SHTANIBITUH 110 (OpPMYJIe, CIIPaBEUIMBOM JIJIsl BCEX MPOLIECCOB
UJICalIbHOTO ra3a:
Ai = (i2 — i1) = cpulo®?-t2 — cpuo™ 11, (4.5)
WK TP TIOCTOSHHOM TEII0eMKOCTH: Al = Cp*(t2 — 11); (4.6)
OIIpeIeTSIeTCS. U3MEHEHUE SHTPOITHH:
As = ¢y In(T2/T1) + R-In(v 2/v1) ; (4.7)
AS = Cp'In(T2/T1) - R-In(P2/P1) ; (4.8)
AS = Cv'In(T2/T1) + cp'In(v 2/v 1) . (4.9)
Bce mporrecchl paccMaTprBarOTCS Kak 00paTUMBIE.

4.2. U3onpouecchl UaeaabLHOro rasa.



1). H30xopusiii npoyecc (Puc.4.1).
v=Const,v2=v1 (4.10)

YpaBHEHHE COCTOSIHUS TIpoIiecca:
Po/P1=T2/T1. (4.11)

Tak kak V2 =V 1, To | = 0 1 ypaBHeHue 1-ro 3aKoHa T/ UMEET BHL:
g=Au==cy(t2-t); (4.12)

2

H3oxoproe
Hagpebanue
v=const
H3oxopHoe
ornaxadenue

~

/) w

Puc. 4.1. HUzoxop-
HBIH npouecc

2). Uz006apnvuii npoyecc (Puc.4.2).

P =Const, P, =P
YpaBHEHHE COCTOSHUS MTPOIECCa:
valvi=T2l Ty, (4.13)
Pabora atoro mporecca:
1=P(v2-vi). (4.14)
YpaBHenue 1-ro 3aKoHa T/11 ©UMEET BU/I:
g=Au+1=cp(t2-ty); (4.15)
PR Hsobaproe

—————
Hazpebarue
p=const o 5

///3 obaproe
7/ OXIAXOEHUE
T

0 v

Puc. 4.2. Hsobapuuiit
npouecc  HAeaNbHOro
rasa

3). Hzomepmuueckuti npoyecc (Puc.4.3).
T=Const, T2=T1

YpaBHEHHE COCTOSHUSA:
Pi1/P2=v2/v1, (4.16)

Tak kak T2 = T1, To Au = 0 u ypaBHeHue 1-T0 3aK0oHa T/ Oy/IeT UMETh BHI:
q=1=R-T-In(v2lvy), (4.17)

wi q =1=R-T-In(P1/P>), (4.18)

rae R = Ry/ 1 — rasosas nmocrostanas [Jx/(kr-K)].




Puc.4.3. Hsotepmudes
CKHil Mpolecc HILealby
HOro rasa

4). Aouabamnwvui npoyecc (Puc.4.4).
B manHOM mporiiecce He MOABOIUTCS M HE OTBOJUTCS TEILIO, T.€. q =0.
YpaBHEHHE COCTOSHUSA:
P- v*=Const, (4.19)
rae A = Cp / Cy — mokasaresnb agnadaThl.
YpasHenue 1-ro 3akoHa T/ OyIeT UMETh BUI:

| = -AU = = ¢ (t2 — t1) = cv-(tz — t2), (4.20)

NI
1=R-(T1—T2) / (A -1); (4.21)
1=R-Ti[1-(vi/v2)* /- 1); (4.22)
1=R-To[1 — (P2/P1) * V] /(A —1). (4.23)
P i
H
?
0 173

Puc. 4.4. Bszaumuoe
pacmojioXxXeHHe
aguabaTel H H30-
TepMbBl  HAeasbHO-
ro rasa B P
v-AHarpaMme

4.3. [ToamTpoONHBIHA npoiuecc.

[TomuTpONHBIM MPOLIECCOM Ha3bIBAETCS MPOIIECC, BCE COCTOSTHUS KOTOPOTO yIOBIETBOPSIFOTCS
YCIIOBUIO:
P- v"= Const, (4.24)
/1€ N — I0Ka3aTelb MOJIMTPOIBI, TOCTOSTHHAS JIJISl IaHHOTO Tpoliecca.
N300apHbIii, ”30XOPHBIN, H30TEPMUUECKUN U aa0aTHBIN MPOLECCHI ABISIOTCS YaCTHBIMU
CiIy4asiMu TouTpornHoro nponecca (Puc.4.5):
npu n ==+ o v = Const, (M130XOpHBINA),
n =0 P = Const, (1300apHbIii),
n=1T = Const, (M130TepMUYECKHiI),
n =i P- v= Const, (aquabatHsIii).
PaboTta monuTpomHoro mporuecca onpenesieTcsl aHaJorH4YHO Kak MpH aauabaTHOM IMpoliecce:



1=R-(T1—T2)/ (n-1); (4.25)
1=R-T1-[1—(vi/ v2)"]/(n-1); (4.26)
1=R-T2:[1 — (P2/P1) "Y' /(n - 1). (4.27)
Tertora mponecca:
g=cn(T2—-Ty), (4.28)
rje cn = Cv (n - A)/(n — 1) — maccoBas TemI0eMKOCTh (4.29)
HOJIMTPOITHOTO TPOIIECCa.

y/a
n=k n=tceo
n=|
n=0 A 1
<A
3
L 4
0 v
Puc. 4.5, Tloautponusie
npoueccn HaeaJIibHOro
rasa.
]} ~ wuso6Gapa, 2 ~— H30Tep-
Ma, 3 — anuabGata, 4 — u30-
Xopa

Tema 5. TepmoauHaMuKa nNoToka.
5.1. IlepBblii 3aKOH TEPMOAUHAMMKH Il IOTOKA.

Ha npakTuke nmpy pacCMOTpEHUH paboUYrX MPOIIECCOB MAIIIWH, allllapaTOB U YCTPOUCTB,
BCTPEUAIOTCS 33J]a41 U3YYCHUH 3aKOHOMEPHOCTEH IBIKEHUS pabouyux Ten (Ta3oB, mapa u
KUJIKOCTEN).

VYpaBHenue 1-ro 3aKkoHa TEPMOJUHAMUKY JJIsl TOTOKA T'a3a MPU CIEAYIOMUX TOMYIICHUSX:

e JIBIDKEHHE rasa o KaHally yCTAaHOBUBILIEECS U HEPA3PBIBHOE;

e CKOpOCTH IO CEYECHMIO, IEPIIEHAUKYIISIPHOMY OCH KaHaJla, IOCTOSIHHBI;

e TIpeHeOperaercs TPeHUE YaCTUYEK Ta3a IpYr IpYyry U O CTEHKU KaHaja;

e HU3MEHEHHE MapaMeTPOB MO CEYEHHUIO KaHalla Majlo MO CPaBHEHHIO X a0COIIOTHBIMU
3HAYEHUSIMU,

NMECT BU.
g= AU + Ae + IHpOT. + lrexn. y (51)

rae Ae = (sz - W21)/2 + g°(z2 —Z1) — UBMEHEHUE PHEPTUU CHCTEMBI,
COCTOSIIIMIA U3 U3MEHEHHS] KHHETUYECKOW M MOTEHIIMAbHOW SHEPTHUid;
W1 ,W2 — CKOPOCTH IIOTOKA B HayaJe U B KOHLE KaHaJa;

71, Z2 — BBICOTA TTOJOKEHM Hadajla ¥ KOHIIa KaHaia.

1. lupor. = P2:v2 — P1'v 1— paboTta nmpoTtankuBaHus, 3aTpadrBacMasl Ha JBIKCHUS TIOTOKA;

2. lrexn. — TEXHHUECKAs (TOJIE3HAS) paboTa (TypOHMHBI, KOMIIPECCOPa, HACOCa, BEHTHIATOPA U
T.J.).

3.



q = (U2 —U1) + (W22 — W2)/2 + g(z2 —21) + P2:v2 —P1'v 1 + hexu (5.2)
BBeieM MOHSTHS 2HmaibnuL, KOTOPBI 0003HAYMM Yepe3 BETHUNHY:
h=u+Px, (5.3)
ha=uz+P2va;hi=ur+P1-vi.(5.4)
Torna ypaBHenue 1-ro 3aKoHa TEPMOJMHAMMKH IS TOTOKA ra3a OyeT HMETh BHUI:
q=hz—h1 + (W% —W?1)/2 + g-(z2 —Z1) + lrexu. (5.5)

5.2. Kputnueckoe naBjenue u ckopoctsb. Comiio JlaBajs.

Ecnm nepemerienue raza no KaHaixy MPOUCXOINUT €0 PACIIMPEHNUE C YMEHBIICHUEM JaBICHUS 1
YBEIMYEHUEM CKOPOCTH, TO TAKOW KaHaJl Ha3bIBACTCS CONIOM.

Ecnu B xaHaje npoucXoauT cKaTHe pabodero Tesa ¢ yBeIMYCHUEM ero JaBJICHUS U
YMEHBIIEHHEM CKOPOCTH, TO TaKOW KaHaJl Ha3bIBAIOT Qugh@y30pom.

B xananax npu HeOOIBIION Pa3HOCTHU JTaBICHHUI Ta3a U BHEITHEH CpPelbl CKOPOCTh TEUCHUS
pabouero Tena qoctaTouHO OoJbInas. B O0NbIIMHCTBE cyvaeB JyIMHA KaHajda HeOobIas u
IPOLIECC TEIII000MEHa MEX/y CTEHKOW M ra30M HE3HAYMTENIEH, TOITOMY IPOIECC HCTCUSHHUS
ra3a MOKHO CUMTATh aJia0aTHBIM.

CkopocTb ncTeueHus (Ha BBIXOJIE€ KaHalla) ONpeAesseTcs U3 ypaBHEHU:

w=wz =V 2(hyt—hy) . (5.6)
WIn
w =V 2V/(y - 1)-Pr-x1 [1 — (Po/P1)tV1]. (5.7)
MaccoBblii CeKyHIHBIN pacxoj rasa, [Kr/cl:
m=fw/x2,(5.8)
rae: f— miomanp ceueHus KaHaaa Ha BBIXOJIE.
Tak kak mporiecc HCTeUeHUsl ainadaTHBIH, TO:
m = £\ 2y/(y - 1)-Py/x 1-[(P2/P1)?" — (P2/P1)*V"1]. (5.9)

MaccoBblil CEKYHIHBIN pacXo] UAEATBHOIO ra3a 3aBUCUT OT IUIOMIAAN BBIXOIHOTO KaHAJIa,
Ha4aJbHOTO COCTOSIHUSA ra3a U CTENEHH €r0 PaCIIupEeHus.

Kpumuueckum dagnenuem Ha3pIBa€TCS TAKOE JaBJICHHUE HA BBIXOJHOM CEUEHUH KaHala, Mpu
KOTOPOM JOCTUTAETCA MAKCUMAaJIbHBIA PACXO0/1 ra3a U ONpPEAeIISIETCS CAEAYIOMNM BhIPaKEHUEM

Pk = P2 = Bx-P1, (5.10)

rae: Pk = (2/(y + 1))V

JUTSL OJTHOATOMHBIX Ta30B: Y =1,66 0 Bk = 0,49 ;

JUTSL TBYXaTOMHBIX Ta30B: ¥ =1,4 0 Bx = 0,528 ;

JUIS TpeXaTOMHBIX Ta30B: ¥ =1,3 0 Bk = 0,546 .

Kpumuueckoii ckopocmwvio Ha3bIBae€TCS CKOPOCTH ra3a B BEIXOJAHOM CEUEHUH KaHaa, pH
JTABJICHUH PAaBHOM WJIM MEHBIIIEM KPUTHUYECKOTO - Pk.

wi =V 2(y/(y + 1))-P1-x 1. (5.11)

Kputnueckast ckopocTh 3aBUCUT ITPU UCTEYEHUU HUAECATBHOTO ra3a TOJbKO OT HaYaJbHBIX
apaMeTpoB, €ro MPUPOJIbl U paBHA CKOPOCTH 3BYKa rasza (a) npu KpUTHUECKUX MapaMeTpax.

Wk =a= \/’Y'PK'XK .(6.12)

KomOunupoBanHoe corio JlaBanst nmpegHazHaueHo JJIsl HCTIOJIb30BaHMsI OOJIBIINX MEPEnaioB
JIABJICHUS U JUIsl IOPIYYEHUSI CKOPOCTEM UCTEUEHNUS, TPEBBIIAOIINX KPUTHYECKYIO WITN



CKOpocTh 3ByKa. Cormo JlaBaist COCTOUT U3 KOPOTKOI'O CYKHUBAIOLIETOCS y4acTKa U
pacmmpsironieicsis Konndeckor Hacaaku (Puc.5.1). OnbITE MOKAa3bIBAIOT, YTO YTOJI KOHYCHOCTH
pacIupsIonIeiicst 4acTH TOJKEH ObITh paBeH o = 8-12°. [Ipu Gonbmux yriax HaOIto1aeTcs
OTPBIB CTPYHU OT CTEHOK KaHaJIa.

p
w
v
P

Puc.5.1. Tpaduku H3MeHeHus p, W, U
NPH HMCTEEHHH 4epe3 KOMOHHHPOBAH-
HOE COonJao

CKOpOCTh UCTEUYCHHUS U CEKYHTHBIA PAcX0/1 UICATLHOTO Ta3a ONPEIeIIIOTCs 1Mo popmyiam (5.7)
u (5.9).
JnuHy pactMpsrOnIeiicss 4acTu CoIia MOYKHO OINPEICIIUTh M0 YPaBHEHUIO:

|=(D-d)/2tg(e/2), (5.13)
r€: @ - yroJl KOHYCHOCTH COILIA;
D - amameTp BBIXOJHOTO OTBEPCTHS;
d - quamertp corsia B MUHUMAJIbHOM CCUCHHUH.

5.3.JIpoccenupoBanue.

JpoccennpoBaHreM Ha3bIBAETCs SIBJICHHUE, IPU KOTOPOM Iap WU I'a3 MEPEXOAUT C BHICOTO
JTaBJICHUS Ha HU3KOe 0e3 COBeplIeHUs BHEIIHEH paboThl 1 6e3 MOoABO/a UM OTBOAA TEIIOTHI.
Takoe siBIIeHHE IPOUCXOANUT B TPYOOIIPOBOJIE, I/1€ UMEETCSI MECTO CYXEHHS MPOXOAHOI0 KaHaia
(Puc.5.2). Ilpu TakoM cy>XeHUH, BCIEICTBHE CONPOTUBIIEHUI, TaBIEHUE 32 MECTOM CY>KEHUS -
P2, Bcerna MeHblle 1aBneHus nepes HUM — Pi.
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Puc. 5.2. K sonpocy o apocceawposa-
HHK ras3oB

JIro60i1 KpaH, BEHTHIIb, 3a/IBUXKKA, KJIATIaH U IIPOYHE MECTHbIE CONPOTUBIICHNUS, YMEHbIIAIOIINE



IPOXOJIHOE CeUeHHE TPYOOIPOBO/Ia, BBI3BIBAIOT APOCCEIMPOBAHMS ra3a UiIH 1apa,
CJIEZIOBATENILHO MA/ICHUS IaBJICHUS. B OONBIIMHCTBE CITy9YaeB TO SBICHUE MPUHOCUT
6e3ycioBHBIN Bpea. Ho nHOrAa OHO sIBIIsIeTCSI HEOOXOAUM M CO3/Ia€TCSl HCKYCCTBEHHO
(perymupoBaHHe APOBBIX IBUTATEINICH, B XOJIOAMIBHBIX YCTAHOBKAX, B IPHOOpax s
M3MEpPEHUS pacxoja raza u T.1.).

[Tpu npoX0’KIeHNUH Ta3a Yepe3 OTBEPCTHE, KWHETHYECKasi SHEPTHs Ta3a U €ro CKOPOCTh B Y3KOM
CEUCHHH BO3PACTAIOT, YTO COIPOBOXKAACTCS MAJACHUEM TEMIIEPATyphl U JaBJICHUSI.

['a3, nmpoTekast yepe3 OTBEPCTUE, TPUXOTUT B BUXPEBOE JABIKEHHE. YacTh €ro KWHETUYECKON
SHEPTUU 3aTPAurBaCTCs Ha 00pa3oBaHKe YTHX BUXPEW U MpeBparaeTcs B Temioty. Kpome Toro,
B TEIIOTY NIPEBpaIlaeTcs U padoTa, 3aTpayeHHas Ha MPEOI0JICHUE CONPOTUBIICHUN (TPEHHUE).
Best aTa Temora BOCIpUHUMAETCS Ta30M, B PE3YJIbTATE YETr0 TeMIepaTypa ero u3MeHsIeTCs
(YMEHbIIIaeTCs UK YBEITMYUBACTCS ).

B otBepcTre cKOpOCTh raza yBeIMUUBACTCA. 32 OTBEPCTUEM ra3 OIAThH TEUYET MO MOJTHOMY
CCUCHHIO M CKOPOCTh €r0 BHOBb TIOHMKACTCS. A JIaBJICHUE YBEIMYMBACTCS, HO JI0 HAYaJIbHOTO
3HAYCHUS OHO HE TIOJHUMAETCS; HEKOTOPOE N3MEHEHHE CKOPOCTHU MPOU30MIET B CBSI3H C
YBEIMYCHUEM YICIBHOTO 00beMa raza OT yMEHbBIIICHHS JTaBICHUSI.

JlpoccenupoBanue SBISETCS HEOOPATUMBIM IPOILIECCOM, IPH KOTOPM IPOUCXOANUT YBEITHUCHHE
SHTPOIUU ¥ YMEHBIICHUE pabOTOCIIOCOOHOCTH paboyero Tena.

YpaBHEHHUEM ITpoIecca APOCCEINPOBAHUS SIBIISICTCS CIEAYIOIIEe YpaBHEHHE:

ip = 2. (5.14)

3TO PaBEHCTBO MOKA3bIBAET, YTO SHTANBIINS B PE3YJIbTATE APOCCEIUPOBAHNUS HE U3MEHSETCS U
CIIPaBEUIMBO TOJIBKO JUIS CEYCHUH, JOCTATOYHO YIAICHHBIX OT CY)KCHHSI.

Jis MieanbHbIX Ta30B SHTANBITNS Ta3a SBISIETCS OAHO3HAYHON (DYHKIMEH TeMIIepaTyphl.
OrTcrozia cneayer, 4To MpH JpOCCETMPOBAHNY HJI€ANIBHOTO T'a3a ero TeMIepaTypa He U3MEeHsIeTCs
(T1=To).

[Tpu npoccennpoBaHUM peabHBIX [a30B SHTAJIBINSA I'a3a OCTAETCS MOCTOSIHHOM, SHTPOIUS U
00BbEeM yBEITMUMBAIOTCS, TABICHUE MAJAET, a TEMIIEpaTypa H3MEeHseTCs (YBEINIHBACTCS,
YMEHBIIIAETCS UM OCTETCS] HEU3MEHHOM ).

H3MeHeHne TeMIiepaTypsl JKHIKOCTEH M pealTbHBIX Ta30B MPH APOCCEINPOBAHUH HA3hIBACTCS
appexmom [wcoyna-Tomcona. Jlng uneanbHoro raza adpdexr xoyns-ToMcoHa paBeH HYIIO.
Paznuuarot Juggepenyuanvrviii memnepamypnulil 2¢pgpexm, Korna JaBjIeHue U TeMIeparypa
U3MEHSIOTCS Ha OECKOHEYHO Malyto BEJIMUUHY, U UHMe2palbHblll memnepamypHuli d¢gexm,
IpY KOTOPOM JIaBJICHUE U TEMIIepaTypa M3MEHSIOTCS Ha KOHEUHYIO BEJTHUUHY.
JuddepenumanbHbiil TemnepaTypHblid 3¢ ekt o6o3Hagdaercs - 6:

o = (0T/oP); . (5.15)
WuTerpanbHblil TeMnepaTypHbli 23 GeKT onpeaenseTcs U3 CleAyIIEero ypaBHeHus:
AT =To—T1=[[T(&vIoT)p—v]/ cp dP . (5.16)

Jnist peanbHbIX Ta30B AT#0 1 MOXKET UMEThH MOJIOKUTEIbHBIN MM OTPUIATEIbHBIIN 3HAK.
CocrosHue rasza, npu KOTOpOM TemrepaTypHbIid 3((HEeKT MEHsSeT CBOM 3HaK, Ha3bIBAECTCS MOUKOU
uHeepcuu, a TEMIEpaTypa, COOTBETCTBYIOILAs TOM TOUKE, Ha3bIBAETCA memMnepamypou

unsepcuu - Tyys.




Tema 6. PeanbHble ra3ol. BoasiHoit nap. Biaskubiid Bo3ayXx.
6.1. CBoiicTBa peajbHbIX I'a30B.

PeanbHbIe Ta3bl OTIIMYAOTCS OT UICAIBHBIX [A30B TEM, YTO MOJIEKYJIBI 3TUX I'a30B UMEIOT
00BEMBI U CBSI3aHbI MEXy COOOH CHIIaMH B3aUMOAEHUCTBUS, KOTOPbIE YMEHBILAKOTCS €
YBEJIMYECHUEM PACCTOSHUS MEKy MOoJieKyaamMu. 1Ipu npakTudyeckux pacyerax pasIMuHbIX
CBOMCTB pEaJIbHBIX ra30B HAPSALY C YPABHEHUEM COCTOSIHUS IPUMEHSAETCS] OTHOLLIEHUE
P-v/(R-T)=C, xoTOpas Ha3bIBACTCS KOIPPUUUCHMOM CHCUMAEMOCHIU.

Tak kak Ju1s ueanbHbIX ra3oB Ipu J100bIX yenoBusax P-v = R-T, To ans stux razos ¢ = 1. Torna
BEJIMYMHA KO3(PPULINEHTA COKUMAEMOCTH BbIPaXKaeT OTKJIOHEHUE CBOMCTB PeanbHOro rasa ot
CBOMCTB HJI€aJIbHOTO. BenuunHa ¢ 151 peajIbHbIX Ia30B B 3aBUCUMOCTH OT JABJICHUS U
TeMIIepaTypbl MOKET IPUHUMATh 3HAUEHUs OOJIbILIE UM MEHBIIIE €AUHULIBI  TOJIBKO IPH
MaJiblX JABJICHUAX U BBICOKMX TEMIIEpaTypax OHA IPAKTUYECKHU paBHA eluHHUIE. Torna
peallbHbIE ra3bl MOXKHO PACCMaTpHUBaTh KaK UACAIbHBIE.

B cBs131 ¢ 0TIIMYKMEM CBOMCTB PeajbHOIO r'a3a OT CBOMCTB MIEAIBHOIO Ira3a HY’KHO UMETh HOBBIE
YPaBHEHMsI COCTOSIHUSA, KOTOpbIE CBA3bIBaIM Obl 3HaueHus P, X, T u naBanu 6b1 BO3MOXXHOCTb
pacCYUTHIBaTh HEKOTOPHIE CBOMCTBA I'a30B ISl Pa3HBIX YCIOBUN. bbUIM MPEI0KEHbI
MHOT'OYHCJIEHHOE YHCIIO PA3IMUHBIX YPaBHEHUI COCTOSHUS PEAIBHBIX I'a30B, HO HU OJHO U3 HUX
He pemraeT nmpobiaeMy ais oomiero ciuydas. Pa3sutue KMHETHYECKOM TEOpUH ra30B, IO3BOIUIO
YCTaHOBUT TOYHOE YPABHEHUE COCTOSIHUSI PEAJIbHBIX a30B B BUJE:

P-v=R[l-Zv/(v+1)Bv/Vv]. (6.1)

Bv — supuansnvie koaghguyuenmei, BeIpakaroTcsi Yepe3 NOTEHIIUATbHbIC YHEPTHIO
B3aMMOJICHCTBYS MOJICKYJI JAHHOTO Ta3a u Temmeparypy T.

OpHako 3TO ypaBHEHHE B O0IIIEM BHJI€ HE MOXKET ObITh UCIIOJIB30BAHO /TSl HEMOCPEICTBEHHBIX
pacyeToB peaibHBIX Ta30B. J[JIs OTACIBHBIX YaCTHBIX CITyYasX MOJIYYEHbI PACUCTHBIC YPABHCHHUS
TOTO WJIM MHOTO pealbHOro rasa. M3-3a cl10KHOCTH BBIUYMCICHUS BUPUATBHBIX KOA((UIINEHTOB
0OBIYHO OIPaHUYMBAIOTCS PACYETOM MEPBLIX ABYX Kod(¢uimeHTo. Toraa pacueTHoe
ypaBHEHHE UMEET BUI:

P-v=R-(1-A/v-B/v?,(6.2)

rae A u B - nepBslii 1 BTOpoil BUpHaibHble KOOPPUIUEHTHI, sBIsIoInecs QyHKIHUEH TOIbKO
TEMIIEPaTypPBI.

[Tpu pacueTre CBOMCTB MHOTHUX peajbHBIX Ia30B yPaBHEHUS TAKOTO TUIIA MOTYYMIH OOJIBIIOE
pacIpocTpaHeHue.

6.2. YpaBHeHHsI COCTOSIHMS peajibHOI0 rasa.

HanOosnee npocTsIM M KaUECTBEHHO BEPHO OTOOPAXkAIOIIUM ITOBEIEHUE PEAIbHOTO Ia3a,
ABIIsIeTCS ypaBHEHUE BaH-nep-Baanbca:

(P +a/v) (v-b)=R-T. (6.3)

a, b — MOCTOSIHHBIE BETUYHHEI, IEPBasi yYUTHIBAET CUIIBI B3aUMO/ICUCTBHUS, BTOpask yUUTHIBAET
pasMep MOJIEKYIL.

a/v? — xapakTepusyeT 106aBOYHOE JaBIEHHE, O] KOTOPHIM HAXOAUTCS PealbHbI Ta3
BCJICJICTBUE CHJI CIETUICHUS MEXIy MOJIEKYJIaMU U HAa3bIBACTCS 8HYMpeHHuM dasnenuem. JIis
JKMJIKUX TeJ 9TO JaBJeHHe UMeeT OoJIbIIie 3HaYeHns (Hanpumep, 11s Boasl mpu 20°C




cocraBiseT 1050 Mna), a 151 ra30B M3-3a MaJbIX CUJI CLETNIEHUS MOJIEKYJI OHO OUEHb MaJlo.
[ToaTOMY BHELIHEE AaBIEHUE, O KOTOPBIM HAXOJINUTCA KUJAKOCTh, OKa3bIBAET HUUTOKHOE
BIUSHUE HA €€ 00BhEeM, U JKHUJIKOCTh CUMTAIOT HEC)KMMaeMOi. B razax B BUAy MaJIOCTH 3HAYCHUS
a/v? BHellIHee JaBJEHHUE JIETKO H3MEHSET UX 00BEM.

VYpaBuenue Ban-nep-Baanbsca kauecTBEHHO BEPHO OTOOpakaeT MOBEACHUE KUIKUX U
ra3o00pa3HbIX BEIECTB, AJs ABYX(a3HbIX COCTOSHUN OHO HEIPUMEHHUMO.

Ha PV — nuarpamme (puc.6.1) moka3zansl ©30TE€pPMbI TIOCTPOEHHBIE IO YpaBHEHUIO Bau-nep-
Baanbca. V3 KpUBBIX BUIHO, YTO IIPU CPABHUTEJIBHO HU3KUX TEMIIEPATYPAX UMEIOTCS
BOJIHOOOpa3HbIe y4acTKU. YeM BhIlIe TeMIepaTypa, TeM KOpode 3TH YacTH KPUBBIX. DTH
BOJIHOOOpa3HbIE KPUBBIE YKA3bIBAIOT HA HEMPEPBIBHBIN MEPEX0J] OT KUKOTO COCTOSIHUS B
napooOpa3Hoe Npu JaHHOM Temneparype. Touka A COOTBETCTBYET COCTOSIHUU KUAKOCTH, TOUKA
B oTtHOCHTCS MapooOpa3sHOMY COCTOSIHMH BEILIECTBA.

N

Puc. 6.1.

B nelicTBUTENLHOCTH MEPEXO0/ U3 KUAKOTO COCTOSHUS B MapooOpa3HOe BCeria MPOUCXOUT
yepes IByX(]a3Hoe cocTosiHuE BemecTBa. [Ipy 3ToM npu 1aHHON TeMnepaTtype Ipoliecc
IIEPExX0/1a IPOUCXOANT TAKKE U NPU IOCTOSIHHOM JABJIEHUHU. DTOT AEUCTBUTEIbHBIN NEPEXO U3
KUJKOTO COCTOSIHUA B TapooOpa3Hoe nu3o0paxkaeTcs npsMoil inHueit AB.

[TpakTudecku i 0c000 YMCTHIX BEIIECTB BOZMOXKHO OCYIIECTBIEHUE YIaCTKOB BOJTHOOOPA3HOM
kpuBoit AQ u DB. B nepBom ciiyqae UMEIOT MECTO HEYCTONYMBBIE COCTOSTHUS TEPErpeToi
KUAKOCTH, @ BO BTOPOM — [IEPEOXJIAXKIECHHOTO T1apa.

[Tpu onpeneneHHol Temieparype nsorepma ypasHenusi Ban-nep-Baanbsca He Oyner umersb
BOJIHOOOpa3Horo y4yactka (Touka K). 9Ty remMneparypy Ha3bIBatoT kpumuueckou. Eciu
COCTMHUTH TOUKH A1, A2, Az ... u B1, Bz, B3 ... monmy4unm xpuByto moxoxyro Ha mapadory.
Kpusast AK Ha3bIBaeTCs HudICHEl NOZPAHUYHOU KPUGOU I COOTBETCTBYET B COCTOSTHUU KUIIEHUS
skunkoctu. Kpusas KB Ha3biBaeTcs sepxneu noepanuynou Kpugou 1 COOTBETCTBYET COCTOSHUS
CYX020 HACbIWEHHO20 napa.

Takum o6pa3om, 1Jst peasibHOTO BemecTBa PV — nuarpammy MOKHO pa3ouTh Ha 3 obacTu:

1 - 00nacTh KUAKOTO COCTOSHUS, PACIIOI0KEHA JIeBee HUKHEW MOrpaHUYHONW KPUBOM;

2 - 00nacTh AByX(a3HBIX COCTOSIHUH (BJIQXKHBIN Tap), PacloioKeHa MeX Ty HUKHEH 1 BepXHEH
MOTPaHUYHON KpUBOK);

3 — 007acTh meperpeToro mnapa, pacnojoXeHa paBee BepXHeW NOrpaHNYHONW KPHUBOM | BBIIIIE
KPUTUYECKON TOUKH. Y CIIOBHO 00JIACTh KUIKOCTH OTPAHUYMBAIOT CBEpXY JuHuEeH KM —
Kpumuyeckas uzobapa.

Kputnueckyto Temneparypy J.M.MeHaeneeB Ha3bIBal a0COM0OMHOU memnepamypou Kunenus,
IIPU KOTOPOM MOBEPXHOCTHOE HATSKEHUE B )KUJIKOCTH CTAHOBUTCS PABHBIM HYJIIO, T.€. HCYE3AET
pa3Iuuue MEXIY KUIKOCTHIO i TApOOOPa3HBIM COCTOSIHUEM BEIIECTBA (HACHIUEHHbIM NAPOM).
CBs13b MeXy KPUTHYECKUMU ITapaMeTPAMHU U IOCTOSIHHBIMU ypaBHeHUs BaH-nep-Baanbca:




T« = 8-a/(27-R-b) ; Px = a/(27-b?) ; (6.4)
a=(27- RZ -T%)/(64 -Py) ; b=(27- R -T)/(8 -Px). (6.5)

VYpasHenue Ban-nep-Baansca npu 607IbIIMX MIIOTHOCTSIX Ta3a IaeT 3HAYUTEIbHBIC OIINOKH.
Kpome 3Toro skcrepuMeHTaIbHBIM ITyTeM JJOKa3aHa, 9To K03 PHUIHMeHTs a, b 3aBUCST OT
TEMIIEpaTyphl U JABICHHS, IPUYEM ITa 3aBUCUMOCTh OYCHB CIIOKHASL.

M.I1.Bykanosuu u 1.1.HoBukoB B 1939 r. npeyio’kuiin HOBOE YHUBEPCAIbHOE YPAaBHEHHE
COCTOSIHUS PEATBHBIX Ta30B C YUYETOM aCCOIMAIIUU U JUCCOIUAIIIH UX MOJIEKYJI, KOTOPBIA UMEET
CIEAYIOLIMNA BU:

(P +a/v?) (v—b)=R-T (1 - C/(v -T®?M72) (6.6)
rze a, b — nocrosiHHbIE ypaBHeHUs Ban-nep-Baansca;
C, m — IoCTOsIHHBIE, OIIPEENsIEMble HA OCHOBAHUH OIBITHBIX JAHHBIX.

6.3. [lonsiTHsI 0 BOASIHOM mape.

OnHUM U3 pacrpoCTpaHEHHBIM PabOYMM TEJIOM B MAPOBBIX TYpOMHAX, MTAPOBBIX MAIIIMHAX, B
ATOMHBIX YCTaHOBKaX, TEIUIOHOCUTEINIEM B PA3JIMYHBIX TEILIOOOMEHHHUKAX SBJISICTCS 80OAHOU
nap.

Ilap - ra3000pa3HOE TEIIO B COCTOSIHUM, OJIM3KOE K KUTISIICH JKUIKOCTH.

Ilapoobpaszosanue — porecc MpeBpamieHus BEIIeCTBa U3 )KUIKOTO COCTOSIHUS B TTapooOpa3Hoe.
HUcnapenue — napoobpa3zoBaHue, MPOUCXOSIIEE BCET A MPH JIFOO0W TeMIIepaType ¢
MMOBEPXHOCTH KUIAKOCTH.

[Tpu HEKOTOPOIi ONIPENIEIICHHOM TEMITEpaType, 3aBUCSIICH OT IPUPOIBI )KUIKOCTH U JABIICHHUS,
0JT KOTOPBIM OHA HAXOJIUTCS, HAYMHACTCS MapooOpa3oBaHUE BO BCEH MACCe KUIKOCTH. DTOT
MIPOLIECC HA3BIBACTCS KUNEHUEM.

OOGpatHslii iporiecc mapooOpazoBaHus Ha3bIBaeTCs kondeHcayueti. OHA TaK)Ke MTPOTEKAET MPH
MOCTOSTHHOM TeMIeparype.

[Tporecc mepexoia TBEPAOTrO BEMIECTBA HEMOCPEICTBEHHO B Map HA3BIBACTCS CYOnUMAyuel.
OOpaTHBIii TTpoliecc mepexo/a mapa B TBEP0€ COCTOSHUE Ha3bIBaeTCs decyOrumayuel.

[Tpu ncnapeHnH KUAKOCTU B OTPAHUYEHHOM ITPOCTPAHCTBE (B MAPOBBIX KOTIIAX) OJTHOBPEMEHHO
MIPOUCXOJUT 00paTHOE sIBIICHUE — KOHACH calUs apa. Ecu ckopocTh KOHJEHCAIIMH CTAaHET
paBHO# CKOPOCTH MCIIAPEHUS , TO HACTYIaeT TUHaMU4YecKoe paBHoBecue. [1ap B aToM ciydae
UMeeT MaKCUMAaJIbHYIO TUIOTHOCTh M Ha3bIBACTCS HACHIUYEHHBIM NAPOM.

Ecnu temneparypa napa BbIIIE TEMIIEPATYPBI HACBIIEHHOTO apa TOTO K€ JIABJICHUs, TO TAKOH
nap HasbIBaeTCs nepecpemuvim. PaA3HOCTh MEXKIY TEMIEPATypOH MeperpeToro napa u
TEMIIepaTypOil HACBHIIIIEHHOTO Tapa TOTO )K€ JaBJICHHS HA3bIBACTCS cmenenblo nepezpesa. Tax
KaK yAeIbHBII 00beM MeperpeToro napa 00blie yaeaIsHoro 00beMa HachIIIEHHOTO apa, TO
TUIOTHOCTB TIEPETPETOTO TMapa MEHbBIIIE TUIOTHOCTH HACBIIIICHHOTO Tlapa. [loaToMy nieperpeTsiii
nap SIBJISIETCS] HEHACbIUEHHbIM NAPOM.

B MOMeHT ncmapeHus mociueIHe Karuiy )KUIKOCTA B OTPaHUYE€HHOM ITPOCTPaHCTBE 0e3
U3MEHEHUS TeMIIEpaTyphl U 1aBJIeHUs o0pa3yeTcs cyxou nacviugenHuvlid nap. COCTOSIHUE TaKOTO
napa OIpe/essieTCsl OTHAM ITapaMeTpOM - JaBIICHHEM.

MexaHnueckasi CMECh CyXOT0 U METbUANTIINX KaleNneK KUIKOCTH Ha3bIBACTCS BIAHCHLIM NAPOM.
MaccoBast 107151 CyXOT0 Tapa BO BIQKHOM Tape Ha3bIBACTCS CIMenenblo CYXOCmu — X.

X = Men / My, (6.7)

Men - Macca CyXoro napa BO BIIaXKHOM;

Mg - Macca BJIAYKHOTO Mapa.

MaccoBast 107151 5KHJIKOCTH BO BJIQXKHOM Mape HbI3BACTCS CHIENEHbIO 8NANCHOCHIU — ).
y=1-v.(6.8)

JIns1 Kumisime )KuaKOCTH TP TeMIiepatype HachimeHus: v= 0, s cyxoro mapa — v= 1.




6.4. XapakTepuCTHKH BJIAKHOTO0 BO31yXa.

ATMoc(hepHBIii BO3yX, B OCHOBHOM COCTOSIIIMI M3 KHUCIOPOa, a30Ta, YIIIEKUCIIOTO rasa,
COJIEPKUT BCEI/1a HEKOTOPOE KOJIMYECTBO BOASIHOTO Mapa.

CMmech cyxoro Bo3/yxa 1 BOJASIHOIO IIapa Ha3bIBACTCS 8IANCHLIM 8030VXOM.

BiaxxHblil BO3yX IPU JTaHHOM JIaBJICHUU U TEMIIEPATYPE MOKET COAEPKATh Pa3HOE KOJIMYECTBO
BOJSHOTO n1apa. Eciau cMech COCTOUT M3 CyXOro BO3/yXa U HaChIIEHHOIO BOJSHOIO 1apa, TO €ro
HA3bIBAIOT HACLIUWEHHBIM BILANCHBIM 8030YXOM. B 3TOM cilydae BO BJIaKHOM BO3AyX€ HaXOJIUTCS
MaKCHMAJIbHO BO3MOKHOE JIJIsL JAHHOM TeMIIepaTypbl KOJIMYECTBO BOASHOIO mnapa. [Ipu
OXJIQXKJIEHUH 3TOTO BO3/AyXa, OyJeT MPOUCXOIUTh KOHIEH AU BOAIHOTO mapa. [lapiuansHoe
JIaBJICHUE BOJSHOIO Mapa B 3TOM CMECH PaBHO JABJICHUIO HACBILIEHUS IPU TAHHOMN
TeMIlepaType.

Ecnu BiakHbIl BO3yX COAEPKUT IIPU JTaHHOW TEMIIEpaType BOASHOM Nap B EPETPETOM
COCTOSTHUU, TO OH OY/I€T Ha3bIBAThCS HeHacblueHHbiM. Tak KaKk B HEM HaXOJUTCS He
MAaKCHMaJIbHO BO3MOKHOE JIJIsl JAHHOW TeMIepaTypbl KOJIMYECTBO BOASHOIO Mapa, TO OH
Croco0eH K JanbHelemMy yBiakHeHu 0. [loaToMy Takoi BO3IyX UCIONB3YIOT B KAUYECTBE
CYIIWJIBHOI'O areHTa B Pa3JIMYHbIX CYIIWJIbHBIX YCTAHOBKAX.

1o 3axony [anemona ob1iiee naBieHUE BIAXKHOTO BO3/1yXa PaBHO CyMMeE MapIHalbHbIX
JIABJICHUI CyXOI'0 BO3/lyXa M BOJISHOIO 11apa, BXOIAIIUX B €r0 COCTAB:

P=Pg+ P, (6.9)

riae: Pp — maprmanbHOE TaBICHUE CYXOT0o BO3AyXa;

Pr - mapumansHOE NaBICHUE BOASHOTO Tapa.

MaxkcumanbHoe 3HadeHue P mpu JaHHO# Temieparype BIaXHOTO BO3/yXa t MpeAcTaBIseT
c0001l 0aseHue HacbleHHo20 80081020 napa - Pu.

JIist HaxOXKAeHUS TapIHATIFHOTO JIABJICHHS MMapa MOJIb3YIOTCS CleUaIbHBIM TPUOOPOM —
rurpoMeTpoM. C MOMOIIIBIO 3TOTO TPUOOpa ONPEACIISIOT MOUKY pocsl, T.€. TeMneparypy (tp), 10
KOTOPOU HY>KHO OXJIAJIUTh MPHU MOCTOSITHHOM JaBIIEHUU BO3AYX, YTOOBI OH CTAJI HACKHIIIIEHHBIM.
3Hast TOYKY POCHI, MOKHO TI0 TaOJIUIIAM OTIPEICTUTh MapIHaIbHOE JIABJICHHE ITapa B BO3IyXe KaK
naBieHue HachineHus (Ph), COOTBETCTBYIOIIEE TOUYKH POCHI tp.

Abconommuoil 81a3cHOCHbI0 8030VXA HA3BIBACTCS KOJTHMYECTBO BOJSHBIX MAPOB, HAXOISAIIUXCS B

1 M® BIakHOTO BO3/IyXa. AGCOMIOTHAS BIAKHOCT PaBHA IIIOTHOCTH 1Apa MPH €ro MapiHaIbHOM
JIaBJICHUU U TeMIepaTrype Bo3ayxa — ty.

OTtHo1eHne a0COMOTHOM BIIaXKHOCTH HEHACHIIIIEHHOTO BO3yXa MPHU IaHHOW TeMIeparype K
a0COTFOTHOW BJIQXKHOCTH HACKHIIIEHHOTO BO3/TyXa IIPH TOH K€ TeMIIepaType Ha3bIBAeTCs
OMHOCUMENbHOU 8ANCHOCHbIO BO3IYyXA

@=Cn/Cy WU @ =cCn/ cx -100% , (6.10)
Jns cyxoro Bozayxa ¢ = 0, st HeHachkieHHoro ¢ < 1, s HaceimerHoro ¢ = 1(100%).

Ecnu BoasHOM map cuuTaTh KaK MACaIbHbBIN ra3, TO 10 3aKOHY bolns-Mapuorra OTHOLLIEHHE
IUIOTHOCTEN MOKHO 3aMEHUTH OTHOIIEHUEM JaBjieHn. Toraa:

¢ =pn/Puwmm p=Pn/Pu-100% . (6.11)

IInomnocmuv 61a21cH020 6030)/)661 cJ1aracTcda u3 Macc, COACpIKalnxcsda B 1 M3 CyXOro Bo3ayxa v
BOISAHBIX MAPOB:

p=pstpn= PB/(RBT) + (P/V . (612)
Monexyasapnas macca BIaxHOTO BO3LyXa OIPENEISIOT 10 GopMyJIe:
1 = 28,95 — 10,934¢ Pu/P (6.13)




3navenus Py u v mpu Temmeparype Bo3ayxa t 6epyTcs U3 TabIHIbl BOASHOTO Hapa, @ — MO
JaHHBIM IICUXpoMeTpa, P - mo 6apomerpy.
Bracocodeporcanue — ipencraBisieT co00i OTHOIIEHNE MACCHI ITapa K Macce CyXOro BO3IyXa:

d=Mn/Ms, (6.14)
rae: Mn, M — COOTBETCTBEHHO MAacChl Ilapa U CyXOro BO3/IyXa BO BIIAYXHOM BO3/IyXe.
CBsi3b MEX]Ty BIIAroCOAEPKaHUEM C OTHOCUTEIIbHOW BIaYKHOCTBIO:
d=0,622 ¢-Pu/(P - ¢-Pn). (6.15)
lazosas nocmosnnas:
R =8314/m = 8314/(28,95 — 10,934 u-Pu/P). (6.16)
Obvem 81a%cH020 8030yXa, TPUXOISIIETOCS HA 1 KT CyXOoro BO3ayxa:
Ve =R-T/P. (6.17)
Yoenvnuiii 06vem nasicHozo eozodyxa:
v = Vans/(1 +d). (6.17)

Yoenvnas maccosas mennoemxocmo HapOBO?»,I[YHIHOﬁ CMCECH:

cew=cBt+d-cr. (6.18)

Tema 7. TepmoauHaMHu4eCKHe UKJIbI.
7.1. Hukasl naporypOuHHBIX yecTaHoBOK (IITY).

[TapoTypOuHHAs yCTaHOBKa SIBJIIETCS OCHOBOI COBPEMEHHBIX TETIJIOBBIX U ATOMHBIX
3NIEKTpOCTaHLUH. PabounM TeoM B TaKMX YCTAaHOBKAX SIBJISIETCS Map KaKOH-JINOO0 KUKOCTH
(BoasHOM map). OCHOBHBIM IIUKJIOM B MapOTypOMHHON yCTaHOBKE SIBISICTCS yuka Penkuna.
[MpunnunuansHas cxema [ITY nokaszana Ha puc.7.1 u npouecc nonydeHust paboTsl IPOUCXOUT
B cienyromumM oopaszom. B mapoBom kotiie (1) u B meperpesarene (2) TerioTa ropeHus TOMINBA
nepenaercs Boze. [lomydeHHsli map nocrymnaet B Typouny (3), riae npoucxouT
npeoOpa3oBaHue TEMIOTH B MEXaHUYECKYIO paboTy, a 3aTEM B DJIEKTPUUECKYIO SHEPTHUIO B
anekTporeneparope (4). OrpaboTanHbIN Nap MocTynaer B KOHAeHcaTop (5), T OTIAeT TEIUIOTY
oxnaxatouieit Boae. [lonmydyeHHbI KOHIeHCaT HacocoM (6) oTIpaBiisieTcsl B MUTATENbHBIN Oak
(7), oTKya nuTaTeNbHBIM HacocoM (8) cKMMaeTcs 10 IaBJIEeHUs, paBHOTO B KOTJIE, U MOAAETCS
yepe3 noporpesatelns (10) B maposoit koten (1).

Puc. 7.1.

Paccmotpum yukn Penkuna na nacvluennom nape. Cxema yCTaHOBKH OTIMYAETCS OT
npeabIAYIIeH CXeMBI TEM, YTO B JAHHOM CiIy4ae Oy/leT OTCYTCTBOBATh meperpenarenb. [loaTomy
Ha TypOuHy OyAeT mocTynaTh HackleHHbIN ap. Ha puc.7.2,a n3o6paxen nuki Peakuna B TS-
JuarpamMme.

[Ipoueccol:




3-1 — IO/IBOJI TETIOTHI OT HCTOYHMKA B BOJIE (1, COCTOUT U3 JBYX HpoleccoB: 3-3' - kumenue
BOJIBI B KOTJIE;

3'-1 — ucnapenue BOBI B AP HPH MIOCTOSHHOM JABJICHHI;

1-2 — B TypOuMHe nap pacmupseTcs aauadaTHIecKu;

2-2/ - map KoHzEHCHpYeTCs U OTJAaeT TEMIIo (2 OXJIakaaomeii Boje;

2/-3 — xoHeHCcaT aTMadaTHIECKH COKUMAETCS.

Tepmuueckuit K.11.14. uKkia PeHkuHa onpenensiercs o ypaBHEHHUIO:

ne= (1 —02)/qs . (7.1)
Tak kax: q1 =h1—hs; gz2=ha—h?,

TO

Nt =[(h1 —h2) - (hs—h)] /(h1—h3) =1/ qu. (7.2)
[Tone3nas paboTa nukiIa paBHa pa3HOCTH PabOT TypOUHBI U Hacoca:
=l -1,

rae: lk=hi—ho, l,=hz—hy.

B ocHOBHOM l; >> |, Tora cumras hs = hy/ , MoxHO 3ammcats:

Nt = (h1 — h2)/(h1 — h3) . (7.3)
Teoperudeckysi MOIIHOCTh TYpOMHBI PACCUUTHIBAIOT 1O (hopMyIIe:

N: = (h1 — h2)-D/3600 , [BT] (7.4)
rae: D = 3600-m — gacoBoii pacxo, [Kr/4]
M — CeKyHAHBIN pacxo/, [Kr/c]
Luxn Penkuna na nepecpemom nape NPUMEHSETCS I YBEIUYEHUS TEPMUYECKOTrO K.II.J1. IIUKJIA
IITY. {ns sToro nepea TypouHoii ctaBst neperpesatens 2 (Puc.7.1), KoTpblil yBenuuuBaet
TEeMIIepaTypy M JaBiieHue napa. [Ipu 3ToM Bo3pacraer cpenHss Temneparypa noaBo1a TEMIOTh
B 1iMKIIe. JlnarpaMma 1ukiia nokasasa Ha puc.7.2,6 @opmynsl pacyera 1, nt, N ocratorcs 6e3
U3MEHEHUM.
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Puc. 7.2. Llukn Peuxkuna na HacviiieHHoM (@) H
neperpetom (6) mape

7.2. Hukabl nBUraTesieii BHyTpenHero cropanus (JIBC).
[{MKJIBI TOPIITHEBBIX JIBUTATEIEH BHYTPEHHETO CTOpPaHus MOAPA3AEIAIOT Ha TPU TPYIIIbL:

e  CIOABOJIOM TEIJIOTHI IPU MOCTOSSHHOM o0beMe (kapOropaTopusie /IBC);

e  C TIOABOJIOM TEIJIOTHI IPU TIOCTOSIHHOM JaBIICHHH (KOMITPECCOPHBIE TU3EIIH );

e  CO CMEILIAHHBIM MTO/IBOJIOM TEIUIOTHI TP MOCTOSHHOM 00beMe (6e3KOMIIPECCOPHBIE
JIU3eIIN);



OCHOBHBIMHU XapaKTEPUCTUKAMH WUJIM ITapaMeTpaMu JIFOOOTO IMKJIa TeIUIOBOTO JIBUTATEIS
ABIIAIOTCA Clenyrolue 6e3pamepHble BETUYHHBDIL:
cmenens cocamusi (OTHOILICHHUE YIIEIBbHBIX 00bEMOB pabouero Teja B Havaje U KOHIIE CHKaTHs)
e=vi/vz,(7.5)
cmenenb nogvlulenus dagnenus (OTHOIICHUE JaBICHUN B KOHIE U B Hayalle H30XOPHOTO
mpoiiecca MnoJBoAa TeIIOThI)
A=P3/P2,(7.6)
cmenenb npedsapumenbHo20 pacuupens Wil cmenelb u300apHo2o pacuiuperus (OTHOILICHHE
yIeIbHBIX 00BEMOB B KOHIIE U B Hauajie U30XOPHOTO Mpoliecca MO B0/ TEIIOTHI)
p=v3lva.(7.7)

1). Pacemotpum yurn JIBC ¢ no0godom meniomuvl npu nOCmMosiHHOM 00bemMe Ha IPUMEpe
YETHIPEXTAKTHOTO JIBUTATEIIS.
Jlnarpamma peaibHOTO JABUraTels MpeicTaBieHa Ha puc.7.3.
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Puc.7.3. Iluka nBurateas

BHYTDEHHETO CropanHs ¢

NOABOAOM  TENJOTHI NP
NOCTOSIHHOM 06beMe

a-1 (1 TaxkT) — B WIMHIp Yepe3 BCAChIBAIOUIMI KilallaH MOCTYMAeT CMECh BO3AyXa U apoB
roproyero (HeTepMoJuHaMUYeMKH mporiecc);

1-2 (2 TaxT) — aguabaTHOE c)KaThe (TIOBBINIAETCS TEMIIEPATYpa);

2-3 — cropaHue roproydei cMecH, J1aBieHue ObICTPO BO3PACTAET MPH MOCTOSSHHOM 00beMe
(TTOTBOJT TETUIOTHI q1);

3-4 (3 TakT) — aguabaTHOe pacupenue (pabounii mporecc, coBeplIaeTcs nojie3Has pabora);
4-a — OTKPBIBAETCS BBIXJIOMTHOW KJIaraH u OTpaboTaHHBIC Ta3bl MOKUAAIOT IMIIMH/P JTaBICHUE
LUJIMH/IPA MafaeT (OTBOIUTCS TEILIO (2).

1-a (4 TakT) — BRITAIKMBAHUE OCTABIIINXCS B ITWJIMH/IPE Ta30B.

3areMm nporecc MoBTOPsETCs.

OnucaHHBIN TPOIIECC SIBJISIETCSI HEOOPATUMBIM (HATMUUE TPCHUS, XHMHUECKOW PEaKIIny B
paboueMm Tene, KOHEYHbIE CKOPOCTH MOPIIHS, TEIJI000MEH MTPH KOHEUHOW Pa3HOCTH TEMIIEpaTyp
U T.IL).

Jlnis aHanmM3a TEOPUH TEIUIOBBIX MAIIMH TEPMOJUHAMHUKA PACCMATPUBAET UACATbHbBIC LIUKIIBI
oOpatumble IUKIIBL. J[marpaMma uieaibHOTo IMpoIiecca JBUTATENsI BHYTPEHHETO CTOPaHHS
nokaszaHa Ha puc.7.4.



Puc. 7.4.
W3 sToit quarpaMMbl BEIBOAUTCS opMyIia Il TEPMUYECKOTO K.I1.J. IIMKJIa C MTOBOAOM
TEIUIOTHI IIPH MIOCTOSTHHOM 00beMe, KOTOPBIA UMEET CIEAYIOUTUI BUI:

nt=1-1/¢", (7.8)

I/Ie: € —CTeNeHb CKaTus (OCHOBHOM MOKa3zaTeab padOThl JBUTATENS, YEM BBIILIE €, TEM BBIIIE
skoHOMHYHOCTH [IBC);

¥ — OoKa3aTesb aguadatsl.

2). Uneanwvubiii yuxa JIBC co cmewannblm n008000M meniomvl npu nOCMOIHHOM 00beme
(6e3komIipeccopHblie au3ein). JuarpamMma mukia nokasasa Ha puc.7.5.
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Puc.7.5. Uuka aBurare-

Jsi BHYTpPEHHero  cropa-

1S CO CMCINaHHBIM NOoA-
BOJOM TemJoThLl

1-2 - gucTeIlii BO3ayX ¢ Temiieparypoit T1 cxxumaetcs 1o Temmeparypsl T2, koTopas Oosnbliie
TEMIIEPATYPhI BOCITIAMEHEHHSI TOTUTHBA. B 3TOT MOMEHT B IIMIIHHJIP Yepe3 POPCYHKH ITO]T
JABJICHUEM BIIPBICKHBAETCSI TOTUIHBO.

2-3 — roprouas cMech CaMOBOCIUIAMEHSIETCS U K paboueMy Tely IOABOIUTCS TerIo q1,
JaBJICHHE TOBBIIIaeTcs 10 Ps.

3-4 — nopI1eHb MepeMenIaeTcs 00paTHO, MOCTYIUICHHE U CTOPAHUEe TOILTUBA IPOJI0JDKASTCS TIPH
TIOCTOSSHHOM JIaBJIEHNH U TIOBOIUTCS Teruto qi’.

4-5 — opIIIeHb MPOJIOJDKACT MEPEMEIIATHCS B HIKHIOIO MEPTBYIO TOUYKY, IaBJICHHUE ITaJIacT
(ammabaTHOE pacHIMpeHue);

5-1 — mporiecc 0TBOJIA TETUIOTHI (2 TIPH MOCTOSHHOM 00BeMe (depe3 BBITYCKHOM KITaraH
MOKUJAIOT OTPaOOTAHHBIE Ta3bl).

TepMmudeckuit K.I1.11. IUKJIA ONpeaesieTcs o Gpopmyiie:

- -1
nm=A-@Ap'-1)/e[(A-1)+yr(p-1)].(7.9)

[{ukn qBUTaTENEH ¢ MOIBOIOM TETUIOTHI IIPH MOCTOSTHHOM JIABJICHUH IIHPOKOE IIPUMEHEHUE HE
HAIIUTH, TaK KaK y 9TUX HUKIOB OYeHb OO0JIBIION KO (UIIMEHT CIKATHSI.



7.3. Hukabl ra3oTtypOouHHbIX ycTaHoBOK (I'TY).

OCHOBHBIMHU HEIOCTaTKaMH MOPILHEBBIX JBUTATEIEH BHYTPEHHETO CrOPAHUS SIBSIISIFOTCS
OrPaHUYEHHOCTh X MOIIHOCTU U HEBO3MOKHOCTh a11abaTHOIrO pacIIMpeHus pabodero Tena 10
aTMOC(epHOTo AaBICHHS, KOTPhIE OTCYTCTBYIOT B Ta30TypOMHHHBIX ycTaHOBKax. [ 'TY pabounm
TEJIOM SBJISIOTCS IPOJYKThI CTOPAHUS KUKOTO WK Ia3000pa3HOro TOILUIMBA.

Ha puc.7.6 nana cxema nmpocTeiiiieii ra30TypOUHHON YCTAaHOBKH CO CTOPAHUEM TOILIMBA MIPH
IIOCTOSIHHOM [JaBJICHHUH. TOIIMBHBIM HACOCOM 5 U KOMIIPECCOPOM 4 TOIJIMBO U BO3JYX 4epe3
dopcynku 6 u 7 mocTynaroT B kamepy cropanus 1. M3 kamepbl IPOAYKTHI CTOpaHUs
HaMpaBJIIOTCAd B KOMOMHUPOBAHHBIE COIIA 2, I/I€ OHU PACILUPSIOTCA, M IOCTYNAOT Ha JONATKU
ra3oBOil TypOHHBI 3.

Pue. 7.6.
Ha puc.7.7 n puc7.8 npencraBnensl uneanbubiii uki ['TY na PV u TS nuarpammax.
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Puc. 7.8.

1-2 - agnabaTHOE coKaTHE IO NaBiIeHUs Po;

2-3 — OJIBOJI TEIUIOTHI (1 TIPU MOCTOSIHHOM JaBJieHuH P2 (cropanue Tormsa),

3-4 — aguabaTHOE pacUIUpPEeHHE 0 IEPBOHAYAILHOTO J1aBiicHUs P1;

4-1 — oxJnaxJeHUEe paboYero Tela MPH MOCTOSHHOM JIaBjeHUU P1 (OTBO TEIUIOTHI 2);
XapakTeprCTHKAMH [UKJIa SBIISIOTCS:

cmenenb nosviuienus oasienusi - A = Pa/ P ;

cmenensb u306aprno2o pacwupenus - p = va vz .

PaGota TypOuHBI:

I.=hz—hs. (7.10)



Pabota kommpeccopa:
li=h2—hy.(7.11)
ITonesnas pabora ['TY paBHa pa3zHOCTH pabOT TypOUHBI M KOMIIpEccopa:
Lrry =l —lk. (7.12)
Tepmuueckuit k.11 1. nukia I'TY nmeer Bun:
ne=1-1/ A (7.13)
TeopeTrueckass MOIIHOCTh Ta30BOH TypOUHBI, KoMmpeccopa u yctaHoBku (I'TVY):
N: = 1:-D/3600 = (hs — h4)-D/3600 , (7.14)
Nk = lx-D/3600 = (h2 — h1)-D/3600 , (7.15)
Nrry = Irty-D/3600 = [(h3 — hs) (h2 — h1) ]-D/3600 . (7.16)

HevictButenbHbld UK ['TY oTiiM4aeTcss OT TEOPETUYECKOT0 HAJIMYUEM MTOTEPh HA TPEHUE U
BUXpeooOpa3oBaHue B TypOUHE U KoMIipeccope. DPHEeKTUBHBIMUA METOAMHM TTOBBIIICHUS
SKOHOMUYHOCTH ra30TYpPOMHHBIX YCTAHOBOK SIBJIIIOTCS: PET€HEpalus TeIUIOTHI, CTYIIEHYATOe
CXKaTHE M paclIupeHue pabodero Teia u mp.



Paznen II. OcHOBBI TEOpHHU TENI000MeEHA.

Tema 8. OcCHOBHBIE NIOHATHS W ONIPeIeIeHUS.

TeOpI/Iﬂ TennooOMeHa HU3Yy4acT MpOoUECChl paCpOCTpaHCHUA TCIIOTHI B TBEPABIX, XXUIKUX U
I‘213006pa3HBIX TCI1ax. HepeHOC TCILIOTHI MOXKCT IICPEAABATLCA TPEMA criocobamu:

e  TEIUIONPOBOJAHOCTHIO;
e KOHBEKIIMEH;
e U3IydyeHUEM (paauaiueil).

I[Tporecc nepenayn TEIUIOTHI MEnI0NPO8OOHOCHIbIO TTPOUCXOTUT MIPH HENOCPEICTBEHHOM
KOHTAKTE TeJl WJIK YacTULIaMU Tell C Pa3InYHbIMU TeMIIepaTypamMH U MPeACTaBIseT coOoin
MOJICKYJISIPHBIN TIpoIiece Tepeaadyn TeruoThl. [Ipu HarpeBanny Tena, KUHETHYECKasi JHEPTHUs €ro
MOJIEKYJI BO3pACTaeT U YacTUIIbI 00Jiee HAarpeToi 4acTu Tela, CTaJKUBAsCh C COCETHUMU
MOJIEKyJIaMH, COOOIIAI0T UM YacTh CBOCH KHHETHYECKOW YHEPTUH.

Konsexyus — 3170 nepeHOC TEIUIOTHI IPH MEPEMEILEHUU U NTePEMEIIMBAHUN BCEH MacChl
HEPaBHOMEPHO HArPETHIX KUAKOCTH WiIH ra3a. [Ipu 3Tom, mepeHoc TeroThl 3aBUCUT OT
CKOPOCTH JIBUKEHUS )KUIKOCTH WITU Ta3a MPsIMO MPOIMOPLHUOHAIBHO. DTOT BUJ MEepeladyn
TETUIOTHI COMPOBOXKIAETCS BCETIa TEIUIONPOBOAHOCTHIO. OJHOBPEMEHHBIN MEPEHOC TEILIOTHI
KOHBEKIIMEH U TEeIUIONMPOBOHOCTHIO Ha3bIBACTCS KOHBEKIMUBHBIM MENi1000MEHOM.

B nHXeHepHBIX pacyeTax 4acTo OMPeIesIIOT KOHBEKTUBHBIN TEIIIO0OMEH MEXy MOTOKaMH
KHUJIKOCTH WJIM Ta3a U TIOBEPXHOCTHIO TBEPJIOTO TeJa. DTOT MPOLECC KOHBEKTUBHOTO
TEIJI000MEHA Ha3bIBAIOT KOHGEKMUBHOU Menioomaoayeli UM MPOCTO menioomoauel.

[Ipornecc mepenayn TEIIOTH BHYTPEHHEW YHEPTUM TeJla B BUJIE AIEKTPOMArHUTHBIX BOJIH
HA3BIBACTCS UzIyuenuem (paouayuet). ITOT MPOLECC MPOUCXOANUT B TPU CTAJAUU: MIPEBPAILLICHUE
YacTH BHYTPEHHEH SHEPTHH OJTHOTO U3 TEJl B SHEPTHIO SJICKTPOMArHUTHBIX BOJH,
pacrpocTpaHeHHe 3/M BOJIH B IPOCTPAHCTBE, MOTJIOMIEHUE SHEPTUH U3ITyYeHUS APYTHUM TEJIOM.
CoBMeCTHBIN TETIIO0OMEH H3IIydeHHEM U TEeTUIONPOBOJHOCTHIO HA3BIBAIOT PAOUAYUOHHO-
KOHOYKMUBHbIM TETITIO0OMEHOM.

COBOKYITHOCTB BCEX TPEX BUJIOB TEIUIOOOMEHA HA3bIBACTCS CIONHCHBIM MEen1000MEeHOM.
[Tponeccrl TemooOMeHa MOTYT IPOUCXOAMT B Pa3IMUHBIX CpellaX: YUCTHIX BEIIECTBAX U
Pa3HBIX CMECsX, IPU U3MEHEHUH 1 0€3 N3MEHEHHsI arperaTHOr0 COCTOSIHUS pab0vHX Cpea U T.1.
B 3aBucuMocCTH OT 3TOr0 TEMI000MEH MPOTEKAET [0 PA3HOMY U OMUCHIBACTCS Pa3INYHBIMU
YpaBHECHUSIMHU.

I[Tporecc nepeHoca TEIIOTHI MOXKET COITPOBOKIATHCS EPEHOCOM BEIIECTBA (MACCOOOMEH).
Hampumep ricriapeHne Bobl B BO3YX, IBMKEHUE KUAKOCTEH MM Ta30B B TPYyOOIIPOBOIAX H.T.II.
u.1.7. Tornaa npouecc Terioo0MeHa yCI0KHIETCs, TaK KaK TEIUI0Ta JONOIHUTEIBHO
MIEPEHOCUTCSI C MacCOM JIBMKYILIETOCS BEIIECTBA.

Tema 9.Ten10n1poOBOAHOCTD.
9.1. TemnepaTypHoe moJie. YpaBHeHHe TEIJIONPOBOAHOCTH.

bynem paccmaTpuBaTh TOJIBKO OJHOPOAHBIE U U30MPONHbIE TENA, T.€. TAKUE Tella, KOTOPHIE
00J1a/1a10T OIMHAKOBBIMU (PU3NYECKUMU CBOMCTBAMU IO BceM HampasiieHusM. [1pu nepenaun
TEIUIOTHI B TBEPJIOM Telle, TeMIepaTypa Tesia OyAeT U3MEHITHCS IO BceMy 00beMy Tella U BO
BpeMeHH. COBOKYITHOCTh 3HAaYCHHUM TEMIIEPATYPHI B JaHHBIM MOMEHT BPEMEHU JJIS1 BCEX TOUEK
U3y4aeMOro IIPOCTPAHCTBA HA3bIBACTCS MeMNepamypHbimM NoIeM.




t=1(x,y,z,7), (9.1)
rze:t —TeMmneparypa Tena;
X,Y,Z -KOOpJMHATHI TOYKH;
T - BpeMs.
Taxoe TemIiepaTypHoe MoJje Ha3bIBACTCs HecmayuoHapHuim Ot/OL # 0, T.e. COOTBETCTBYET
HEYCTAaHOBUBIIEMYCS TETNIOBOMY PEXUMY TEILJIOMPOBOIHOCTH
Ecnu Temniepatypa Tena GyHKIHS TOIBKO KOOPAWHAT ¥ HE U3MEHSETCS C TEYCHUEM BPEMEHH, TO
TEMIIepaTypHOE MOJIe HA3bIBACTCS CMAYUOHADHLIM.
t=1(x,y,z) , ot/or =0 (9.2)
VYpaBHEHHUE IBYXMEPHOTO TEMIIEPATypPHOTO OIS
JUTS HECTAIMOHAPHOTO PeKUMa:
t=1(x,y,1) ; 0t/0z =0 (9.3)
JUISL CTAlIHOHAPHOTO PEXHUMa:
t=1(x,y), ot/oz=0; ot/or =0 (9.4)
VYpaBHEHHE OTHOMEPHOTO TEMIIEPATYPHOTO MOJISL:
JUTS. HECTAITMOHAPHOTO PEKUMa:
t =1f(x,1) ; 0t/Oy = 0t/0z = 0; ot/ov = 0 (9.5)
JUTSL CTAlIMOHAPHOTO PeXKUMa!
t=1f(x) ; ot/0y = ot/0z = 0; ot/o1 = 0 (9.6)
Hzomepmuyeckol nosepxHocmbvio HA3bIBACTCS TIOBEPXHOCTH TeJa C OJMHAKOBBIMU
TEMIIepaTypoH.
Paccmotpum aBe usorepmuueckue nosepxHoctu (Puc.9.1) c remneparypamu t ut +
At.I paduenmom memnepamypuvl Ha3bIBAIOT TPEJIENl OTHOIICHHUS U3MEHEHHS TeMIIepaTyphIAtK
PaCCTOSIHUIO MEX]Ty U30T€pMaMHy 10 HOpMaliid An, KOTJIa CTPEMUTCS K HYJIIO:
gradt = |gradt| = lim[At/An]an—o = 0t/0n (9.7)

n 4 5

Puc. 9.1.
TeMnepaTyprIﬁ TpaAuCHT-3TO BEKTOP, HaHpaBHeHHOﬁ IO HOpMAJIA K H3OTCpMI/I‘{eCKOI>’I
ITOBEPXHOCTU B CTOPOHY BO3pacTaHUs TEMIIEPATypbl M YUCIEHHO PaBHBIN IPOU3BOJHON
TEMIEPATYPHI t 10 HOpMaJIUN:
gradt = ot/on no , (9.77)

r1e:No — €MIMHUYHBIA BEKTOP.

KonudaecTBOo TEIIoThI, MPOXOIAIIee Yepe3 N30TEPMHUECKYIO TIOBEPXHOCTh F B eTMHHUITY
BpPEMEHH Ha3bIBACTCS men106bim oTokoM — Q, [BT=]Ix/c].

TennoBoii MOTOK, MPOXOAIINKN Yepe3 eAMHHUILY TUTOIIAAN HA3BIBAIOT NJI0MHOCHbIO MENL108020
nomoxa — q = Q / F, [Br/M?]

J{ns TBEpIOrO TENa ypaBHEHHE TEIUIONPOBOJHOCTH MOJUUHAETCS 3aKoHY Pypue:

|| Tennoeoit nomok, nepedasaeman mennonpoeooHoCcmuio,||nponopyuonatbha 2paouenmy
memnepamypul U na10wiA0U ce4eHus,||nepnenouKyIapHo20 HanpPagIeHuI0 meni0602o
nomoka.

Q =-AF- 0t/on, (9.8)
niim
g =-A - Ot/On -no = -A-gradt, (9.9)



r7ie: ( — BEKTOp IUIOTHOCTH TETUIOBOTO IMOTOKA;

A — koadurment Ternonporoanocty, [ Bt/(Mm-K)].

UucneHHOe 3HaYeHHEe BEKTOpa IJIOTHOCTH TEIUIOBOTO NIOTOKA paBHA:
g = -\ Ot/on = -)-|gradt|, (9.10)

rae:|gradt|- Moaynb BeKTOpa IpalieHTa TeMITepaTyphl.

KoadduumeHT TeronpoBoAHOCTH SBISETCS (GU3UIESCKUM ITapaMeTPOM BEILECTBA,
XapaKTEPU3YIOIIUM CIIOCOOHOCTh TeJIa MPOBOIUT TeroTy, OHa 3aBHCHUT OT pOJia BEIIECTBA,
JIaBJICHUS U TemIiepatypsl. Taxke Ha e€ BeNMUUMHY BIHSIET BIXXHOCTH BemecTBa. J{is
OOJIBITMHCTBA BEIIECTB KOA(P(GUIIUEHT TETIONPOBOIHOCTH OMPEICIISIOTCS ONBITHBIM ITYTEM U
JUTSL TEXHUYECKUX PacyeToB OEpyT U3 CIIPABOYHOM JTUTEPATYPHI.

Hugdepenyuanvroe ypasuenue menionpogoonocmu st TPEXMEPHOTO HECTAIMOHAPHOTO
TEMIIEPATYPHOTO TOJISl KMEET CIICIYIOIIUN BHI:

, (9.11)

rie: a = A/(pp) —kospuyuenm memnepamyponposodnocmu [M?/c], XapakTepu3yeT CKOPOCTh
WU3MEHCHUS TEMIICPATyPHI.

st cranmonapHoi 3anaun, 1uddepeHnnaibHOe ypaBHEHUE UMEET BHI:

xl

(9.12)

9.2. CTaIII/IOHapHaH TECIJIONMPOBOAHOCTD Y€pP€3 MVIOCKYIO CTCHKY.

1).0O0nopoonas niockas cmenxa (Puc.9.2.).
t A

v
~

Puc.9.2. OaxopoaHas niaocKas CTeHKa.

TeMneparypbl TOBEpPXHOCTEN CTEHKH —ter1 U ter2.

II;T0THOCTE TEIIOBOIO IIOTOKA:
g= -\ ot/on=-\ Ot/Ox = -\ (tCTZ - tCTl)/(XCT2 - XCTI)'
U

q = )\.' (tc‘rZ - tc‘r])/(Xc‘rZ - XCT])' At/AX (9.13)



- TEMIIEpaTypHbIN HaIop;
x| - TOJILUHA CTEHKH.
Torna
q =M (ter1 — ter2) = MO-At, (9.14)
Eciu R =8/A -TepMIdecKoe cOpOTHBRICHHE TeIIONpoBoaHoCTH cTeHkH [(M2K)/Bt], T0
IUIOTHOCTh TEIUIOBOTO TIOTOKA!
q= (tCTl - tCTZ)/R . (915)
O6111ee KOJIMYECTBO TEIUIOTHI, KOTOPOE MepeaeTcs uepe3 NoBepXHOCTh F 3a BpeMs ©
OTIpeIeIIAeTCS:
Q=qF1=(ter1 —ter2)/R-F-1.(9.16)
Temmnepatypa Tena B TOYKE ¢ KOOPAMHATOMN X HaX0uTcs 1o GhopMmyIe:
tx = ter1 — (tCTl - tCTZ)'X/ . (917)
2).Mrococrotinas niockas cmeHnka.

Paccmotpum 3-x croiinyto ctenky (Puc.9.3). TemnepaTypa Hapy>KHBIX TOBEPXHOCTEH CTEHOKLcr|

" ter2, KOOPPUIMCHTHI TEITIOMPOBOTHOCTH CIIOEBA1, A2, A3, TOJNIMHA CI0€BO1, 02, 03.
t

1&

q

Puc.9.3. MHoOroC/0MHHasA NJIocKas CTEHKA.

[11OTHOCTH TETIOBBIX TOTOKOK Yepe3 KaxIblid CIIOH CTCHKU:
q = A/81-(ter1 — tem) , (9.18)
q= A2/d2- (ten1 — tcn2) ) (919)
q= A3/83-(tem2 — tCT2) ) (920)
Perrast 3T1 ypaBHEHHUs, OTHOCUTEIHHO Pa3HOCTH TEMITEPATYP ¥ CKJIAIbIBAs, OIydaeM:
g = (t1 — ta)/(61/A1 + S2/A2 + 83/A3) = (ter1 — ters)/Ro, (9.21)
rae: Ro = (81/A1 + 62/h2 + 83/A3) — o011Iee TEPMHUUECKOE COPOTUBIICHUE TEIIONPOBOTHOCTH
MHOTOCJIOMHOMN CTEHKH.
Temrieparypa cl10eB ONpeaessieTcs Mo CIeAYIUM GopMyIam:
tea1 = ter1 — q°(81/A1). (9.22)
ten2 = ten1 — q-02/A2). (9.23)

9.3. CranuoHapHas TEeMI0NPOBOAHOCTh Yepe3 HUIHHAPUYECKYIO CTEHKY.
1). O0HopooHas yununopuyecKas cmeHKa.

PaccMoTpuM 0JTHOPOTHBIN OJTHOCTIOWHBIN IWIMHAP JJIMHOHN |, BHYTpeHHHM auaMeTpoM diu
BHeEITHUM JuameTpoM dz (Puc.9.4).
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Puc.9.4, OanocnoliHas unamuiapuieckas
CTEHKa.

TemnepaTypsl MOBEPXHOCTEN CTEHKU —ler1 U ter2.
YpaBHEHME TEIIONPOBOAHOCTH MO 3aKOHY Pypbe B HMIMHIPUUECKUX KOOPIUHATAX:
Q=-A2mr -l ot/ or(9.24)
WIH
Q =2'wA1-At/In(d2/dy), (9.25)
rae: At = ter1 — terz — TEMIIEpaTypHBII HaNop;
A — K0P PUIIMEHT TEMIONPOBOHOCTH CTEHKH.
JIis UMAMHAPUYECKIX TTOBEPXHOCTEH BBOJAT MOHSTHS TETIOBOM MOTOK €IMHUIIBI JITTHHBI
LHWIMHIPUYECKON OBEPXHOCTH (UHelHAsA NIOMHOCIb MEeNni108020 NOMOKA), ISl KOTOPOI
pacueTHble (OpMYIIbI OYIYT:
g = Q/1 =2-7-\- At /In(d2/d1), [Br/™m]. (9.26)
TemmnepaTypa Tena BHyTpU CTEHKH ¢ KOOpAUHATOUd !
tx = ter1 — (ter1 — ter2) “In(dx/d1) / In(d2/dy). (9.27)
2). Muoeocnolinas yunuHopuieckas CmeHKa.
JomycTuM NMIMHIPUYECKasi CTEHKA COCTOUT M3 TPEX IJIOTHO mpruieraromux cioes (Puc.9.5).

ta

ter2
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~

<
«

»
»

Puc.9.5. MHorocnoiiHas UWTHHAPHYECKas
CTEHKa.



TemnepaTrypa BHYTPEHHEN IIOBEPXHOCTH CTEHKHU —tcr1, TEMIIEpATypaHapyKHOUIIOBEPXHOCTH
CTEHKH —tcr2, KOO DHUIIMEHTHI TEMJIOMPOBOIHOCTH CIOEB -A1, A2, A3, AMaMeTpsI citoes di, d2, ds,
da.

TennoBbie MOTOKU JJIS CJIOEB OYAYT:

1-i1 cioit
Q=21 Ar-1-(ter1 — tenr)/ In(d2/d1), (9.28)
2-11 cioi
Q=2 A2 I"(te1 — tew2)/ In(d3/dy), (9.29)
3-i1 cnoi

Q=2 A3'1"(ten2 — ter2)/ In(da/d3), (9.30)
Pemasg IMOJIYYCHHBIC YPAaBHCHU A, ITIOJIy4acM IJI TCIIJIOBOI'O IIOTOKA 4YE€PE3 MHOFOCHOI\/’IHyIO
CTEHKY:

Q=211 (ter1 — ter2) / [IN(d2/d1)/A1 + In(da/d2)/A2 + In(da/d3)/A3]. (9.31)
HHH JIMHEWHOW IIOTHOCTH TEILIOBOT'O IIOTOKA HMEEM:

Qi =Q/1=2-m (tr —t2) / [In(d2/d1)/A1 + In(da/d2)/A2 + In(da/d3)/Az]. (9.32)
Temrieparypy MEXy CIOSMH HaXOAUM U3 CICAYIOIINX YPaBHCHHIA:

tent = tert — QirIn(d2/d1) / 2-m-Aa . (9.33)

ten2 = tent — Qrrin(ds/d2) / 2-m-A2 . (9.34)

9.4. CTannoHapHas TEIUIONPOBOJIHOCTH Yepe3 MIAPOBYI0 CTEHKY.

[Tycth umeetcs nobii map (Puc.9.6) — BHyTpennuit nuametp di, BHeIHUI quameTpda,
TEMIIepaTypa BHYTPEHHEH TOBEPXHOCTU CTEHKH —tcr1, TEMIIEPATYPAHAPYKHOUIIOBEPXHOCTH
CTEeHKH —tcr2, KOOPPUIIUESHT TEIJIONMPOBOAHOCTH CTEHKH -A .
YpaBHEHUE TEIUIONMPOBOAHOCTH 10 3aKOHY Dypbe B ChepruiecKux KOOpHHATAX:
Q=-A4mr* ot/ or(9.35)
170011
Q=41 A At/(1/r2- Ury) =2-w- A At/(1/d1 - 1/d2) =
=2-m-h-di-d2-At /(d2- d1) =m-A-di-d2- At/ & (9.36)

rae: At = ter1 — terz — TEMIIEpATYpHBIN HAMIOP;
0 —TOJIIIIMHA CTEHKH.

9.6. d>

Puc.9.6. OaHopoaHas waposas CTeHKa.



Tema 10. KoHBeKTHUBHBIN TEIJI000MEH.
10.1. ®axkTopbl, BAUSIONINE HA KOHBEKTUBHBIN TENJI1000MeH.

Kounsexmugenvim mennoobmernom Ha3bIBa€TCSl OJJHOBPEMEHHBIN MEPEHOC TETIOTH KOHBEKIUEH U
TETUIOPOBOAHOCTBIO,

B uHxeHepHBIX pacyeTax 4acTo OMPEesIIOT KOHBEKTUBHBIN TEIIIOOOMEH MEXy MOTOKaMH
KHUJIKOCTH WJIM T'a3a U TIOBEPXHOCTHIO TBEPOTO TeNa. DTOT MPOLECC KOHBEKTUBHOTO
Ter1000MeHa Ha3bIBAIOT KOHBEKMUBHOU mMen100omoayel Uiy MpoCTo menioomoayel.
OcHOBHBIMHU (haKTOpPaMH, BIUSIOLUIMMH Ha MPOLECC TETIOOTAAYH SBIISIOTCS CIETYIOLIHE:

1). Ilpupo/ia BOSHUKHOBEHUS JIBHYKEHUS )KUJIKOCTH BAOJIb IIOBEPXHOCTH CTEHKH.
CaMomnpoun3BOIbHOE JBM)KEHUE KUAKOCTH (Ta3a) B MOJIE TSHKECTH, 00YCIOBICHHOE Pa3HOCTHIO
IUIOTHOCTEHN €€ ropsYrX U XOJOIAHBIX CJIOEB, HA3bIBAIOT C80000HbIM 0BUNCEHUEM (ecmecmeenHas
KOHBEKYUsL).

JIBukeHue, co3aaBaeMoe BCIEICTBUE PA3HOCTH JIaBICHUI, KOTOPHIE CO3/IAl0TCS HACOCOM,
BEHTHJISITOPOM H JPYTUMH YCTPOHUCTBAMH, HA3bIBACTCS 8bIHYHCOCHHBIM (BbIHYHCOCHHAS
KOHBeKYUsl).

2). PesxxuM IBUIKEHUS JKUIKOCTH.

YnopsigoueHHOe, CIIOUCTOE, CIIOKOITHOe, O6€3 MyNbcaluii ABUKEHUE HA3bIBACTCS JIAMUHADHBIM.
becnopsitounoe, Xxa0TH4eCcKoe, BUXPEBOE IBMKCHUE HA3BIBACTCS MYPOVIeHIMHbIM.

3). ®usnyeckre CBONCTBA KUIKOCTEH U Ta30B.

Bonbiioe BiusiHNEe Ha KOHBEKTUBHBIN TETNIOOOMEH OKa3bIBAIOT Cieayonue prusmieckue
napaMmeTpbl: KOdhGULIHMEHT TeIIONPOBOIHOCTH (A), yeIbHAas TEIMI0EMKOCTS (C), IUIOTHOCTS (p),
KKOA(PDUIIUEHT TEMIIEPATypPOIPOBOAHOCTH (@ = A/Cp p), KOADDUIIMEHT TMHAMUYECKOU BSIZKOCTH
(1) M KHHEMAaTHYECKOM BA3KOCTH (V = W/p), TEMIIEpATypHBIH KOAPPUIIEHT 00BEMHOTO
pacumpenus (B = 1/T).

4). ®opma (TuTocKasi, IWIMHAPHYECKAst), Pa3MEpPhI U HOJI0KEHHUE TTOBEPXHOCTH (TOPU3OHTAIbHAS,
BEPTHUKAJIbHAS).

10.2.3axon HuoroTtona-Puxmana.

[Tpornecc TernmooOMeHa MeX 1y TOBEPXHOCTBIO TeJIa M CPeIoi onuchIBaeTcs 3aKkoHOoM HproToHa-
Puxmana, KoTopasi r1acuT, 9YTO KOJMYECTBO TEIJIOTHI, IepeiaBaeMasi KOHBEKTHUBHBIM
TEIIO0OMEHOM TPSIMO POMOPLUOHATBHO PA3HOCTH TEMIEPATyp MOBEPXHOCTH Tena (ter) U
OKpYKaromIen cpebl (tx):

Q =a- (t'CT - t'xc)F , (101)
170011

q=a - (ter - tw) , (10.2)
rie: kodpdunuent Tenmnooraaun [B1/(M?K)], xapakTepu3yeT HHTEHCHBHOCTb TEMI000OMEHa
MEXK]1y TOBEPXHOCTBIO T€Ja U OKPYKAIOLIEH CPEIOH.
@DaKTOpbI, KOTOPBIE BIUAIOT HAa MPOIIECC KOHBEKTUBHOTO TEINIOOOMEHA, BKIIIOYAIOT B 3TOT
Koa(dumeHT TernooTaadu. Toraa kodGPUIMEHT TEMI00TAauU ABIsSETCS QYHKIMEeH STUX
apaMeTpoB U MOXHO 3aIKCATh 3Ty 3aBUCUMOCTh B BHJIE CIIEIYIOIIEr0 YpaBHEHUS:

a = f1(X; D; lo; Xc; Ye; Ze; Wo; 0; A; a; ¢p; p; v; B) , (10.3)
rae: X — xapakTep ABMXKEHUs cpelibl (CBOOO HAS, BEIHYXKICHHAS);
@ — popma NOBEPXHOCTH;
lo — xapakTepHbIit pa3mMep NOBEPXHOCTH (JJTUHA, BHICOTA, THAMETP H T.1I.);
Xc; Ye; Zc — KOOpAUHATEL,
Wo — CKOPOCTB Cpelibl (KHIKOCTb, Ta3);
0 = (ter - tw) — TEMIIEpaTypHBIN HAIOD;
A — K03 hDHUIMEHT TETUTONPOBOHOCTH CPE/IbI;
a — K03 UIIEHT TEMIIEPaTypPOIIPOBOIHOCTH CPEJIbI;



Cp —M300apHas yJaenbHas TeIII0EMKOCTh CPEIbL;

p —TIJIOTHOCTh CPEJIbI;

vV — KO3 PUIHEHT KHHEMAaTUIECKOU BSI3KOCTH CPEJIbI;

B — TemnepaTypHBbIi KO3(PGHUIMEHT 00BEMHOTO PACIIUPEHUS CPEJIBI.

VYpaBuenue (10.3) nmoka3siBaeT, 4T0 K03((HULIUEHT TEMJIOOTIa4X BEJIUYMHA CIIOKHAs U 11 e€
OIIpeJIeTICHNs] HEBO3MOXKHO JaTh 0011yto popmyiy. [Tostomy amst onpenenenus ko3 puireHTa
TEIUI00TAa4YM IPUMEHSIOT 3KCIIEPUMEHTAIBHBIN METO/ HCCIIEI0BaHUS.

JIOCTOMHCTBOM 3KCIEPUMEHTAIIBHOIO METO/A SIBIISAETCS: JOCTOBEPHOCTD I10JIy4aeMbIX
pE3yJIbTaTOB; OCHOBHOE BHUMAHUE MOYKHO COCPEIOTOUYNTh HAa U3yYCHUH BEJINYMH,
NPECTABIISAIOMNX HAUOOIBIINIA TPAKTUIECKUI HHTEPEC.

OCHOBHBIM HEIOCTATKOM 3TOI0 METOJA SIBIISAETCS, YTO PE3YJIbTAaThl JAHHOIO HKCIIEPUMEHTA HE
MOTYT OBITh UCTIOJIB30BAHBI, IPUMEHHUTEIBHO K IPYTOMY SIBJICHUIO, KOTOPOE B AETANIAX
OTIIMYAETCs OT N3y4eHHOro. [103TOMy BBIBO/BI, CACIaHHBIE HA OCHOBAaHUH AHAJIN3a PE3YJIbTATOB
JTAHHOTO HKCIIEPUMEHTAIILHOTO UCCIIEA0BAHMS, HE IONYCKAIOT PACIIPOCTPAHEHHUsS UX Ha APYTHE
apiieHus. Ci1e10BaTENbHO, IPU KCIEPUMEHTAIIBHOM METOE UCCIIEI0BAHUS KaXAbIi
KOHKPETHBIN Cllydail JOKEH CIIYXKUTh CaMOCTOSATEIbHBIM OOBEKTOM U3yUYEHHUS.

10.3. KpaTtkue cBeieHUs] M3 TEOPUM MOJ00H.

JInsl aHATUTHYECKOTO METO/1a MCCIIEIOBAHUS KOHBEKTUBHOTO TEIUIOOOMEHA HY)KHO PELINTh
cucreMy audQepeHInaIbHbIX YPaBHEHUH, COCTOSIINHN H3:
1). YpaBHeHus 3Hepruu (3aK0H COXPaHEHUs] SHEPTUM):

xl

(10.4)
TAC: qu- BHy'TpeHHI/Iﬁ HNCTOYHHUK TCILJIA.
NJIn

, (10.5)
rue: ; (10.6)
=] (10.7)
2). YpaBHEHHUs IBIXKCHUS (MMIYJIbCA):
]
, (10.8)
WIH
(10.9)
3). YpaBHEeHUs HEPa3PLIBHOCTH (3aKOH COXPAHEHHUS MACChl):
.(10.10)

4). YpaBHenue TernaooOMeHa (yciIoBue TeooOMeHa Ha TpaHuIe TBEPIOTO Tea U Cpelibl):
o =-MAt- Ot/ Orn=0 . (10.11)
JlanHbIe ypaBHEHHUsI 3alIMCaHbI IJ1s1 HeCKuMaeMou xKuakocTH (? = Const).



Pemrenue stux muddepeHnnanbHbIX ypaBHEHUH CI0XKHAS U TPYIOEMKas 3a7a4da, U OHa
BO3MOYKHA MTPH OTPAHUYCHHBIX MPOCTHIX CiIy4aeB. [l0aTOMy IpH UcCCIieIOBaHIHH KOHBEKTHBHOTO
TEIIO00MEHA PUMEHSIIOT Memoo0 meopuu HOO00OUs..

Teopus nodobus — 3TO HayKa O MOJOOHBIX SIBICHUSIX. [10000HbIMU A6TIEHUAMU HAZBIBAIOTCS
Takue (PU3NIECKHe SBICHUS, KOTOPhIE OJJUHAKOBBI KAYECTBEHHO O (pOpME U MO COACPKAHHMIO,
T.€. UMCIOT OJIHY (DU3HUYECKYIO IPUPOY, PA3BUBAIOTCS MO/ JICHCTBUEM OJMHAKOBBIX CHII U
OTIHMCHIBAIOTCS OJIMHAKOBLIMH 110 opMe nuddepeHIInanbHpIMU YPABHEHUSIMHI W KPaeBBIMU
YCIIOBHSIMH.

O0s13aTeNBHBIM YCIOBHEM MOA00WS PU3NICCKUX SBICHUH TIOJDKHO OBITh TEOMETPUUYECKOE
0JJ00ME CUCTEM, TJIC ATH SBICHHS TPOTEKatOT. [IBa hr3HuecKuxX sBIeHUs Oy1yT OJOOHBI JIUIIIb
B TOM CJIy4ae, eCiii OyIyT MOJ00HBI BCE BETHMUMHBI, KOTOPBIC XapaKTePU3YIOT HX.

J1st BceX OJJOOHBIX CUCTEM CYIIECTBYIOT Oe3pa3MepHbIE KOMIUICKCHI BEJTUYNH, KOTOPBIE
HA3BIBAIOTCS KpUmMepusmu noooous.

OcHOBHBIE TIOJIOKEHUSI TEOPUH OO0 GOPMYITUPYIOT B BUIE 3-X meopem nodoous.

1 Teopema: ITo100HBIC SIBIICHUS UMEIOT OJIMHAKOBBIC KPUTEPHH TTOT00MSI.

2 Teopema: JIro0ast 3aBUCMOCTh MEXKTy IEPEMEHHBIMH, XapaKTePU3YIO-11asi KaKue-I1u00
SIBIICHUSI, MOXET OBITH MPEJICTAaBICHA, B (DOPME 3aBUCIMOCTH MEXKTy KPUTESPHUSIMH TTOJ00uS,
COCTaBJICHHBIMU M3 3TUX NIEPEMEHHBIX, KOTOpasi OyJIeT Ha3bIBATbCS KPUMEPUATbHbIM
YDAGHEeHUeM.

3 meopema: JIBa sBIICHUS MMOJOOHBI, €CIIM OHU UMEIOT IMOJA00OHBIC YCIOBHS OJTHO3HAYHOCTH U
YHUCIICHHO OJMHAKOBBIC ONPEACIISIONTUE KPUTSPHH ITOA00USI.

VY CIIOBUSIMU OJTHO3HAYHOCTH SIBJISTFOTCSL:

e HAJIUYUC I'COMECTPUYCCKOI'O HOI[O6I/IH CHCTEM,

e HaJIWYME OJIMHAKOBBIX AU (epeHInanbHbIX ypaBHEHUH;

e CYIIECTBOBAHME €IMHCTBEHHOTO PEUICHUs YPaBHEHUS TP 3aJaHHBIX TPAHUYHBIX
YCIIOBHUSIX;

e  U3BECTHBI YUCJICHHBIC 3HAUCHUS KOOP(HUIIMEHTOB U (PU3NUECKUX TTapaMETPOB.

10.4. KputepuaabHble ypaBHEHHUsSI KOHBEKTHBHOI'O TEIJI000MeEHA.

Hcnone3ys Teoputo noaodus u3 cuctemsl Audepenunanbabix ypasaenuid 10.4, 10.9, 10.10 u
10.11 moxHO moy4uTh ypaBHeHue TerooTaauu (10.3) 115t KOHBEKTUBHOTO TEMJI000MEHa B
Clly4ae OTCYTCTBUSI BHYTPEHHUX UCTOYHUKOB TEIJIa B CIEAYIOIIEM KpUmepuaibHol gpopme:

Nu = f2(X; @; Xo; Yo; Zo; Re; Gr; Pr) , (10.12)
rae: Xo; Yo; Zo — 6e3pa3mepHble KOOPIUHATEI;
Nu = a ‘lo/A - kpumepuni Hyccenvma (6e3pa3zmepHbiii KOAOPHUITUEHT TETUIO0TAauH),
XapaKkTepu3yeT TeII000MEH MEX 1Y MOBEPXHOCTHIO CTEHKHU U JKUAKOCTHIO (Tra3oM);
Re = w+lo/v - kpumepuii Petinonvoca, XapakTepu3yeT COOTHOIIEHNE CHUJT HHEPIIMH U BI3KOCTH U
OMpeIeNsieT XapaKTep TeUEHUs KUJIKOCTH (Tasa);




Gr = (B-g-1o* AY)AV? - kpumepuii [paceogha, XapakTepu3yeT MOAbEMHYIO CHITY, BO3HHKAIONIYIO B
KHUIKOCTH (Ta3e) BCIEICTBUE PA3HOCTHU TIJIOTHOCTEH;

Pr =v/a = (n-cp)/A - kpumepuii [lpanomis, XapakTepus3yeT PU3NIECKUE CBOWCTBA )KHUIKOCTH
(raza);

lo — onpenensromnuii pa3mep (UIMHA, BRICOTA, THAMETD).

10.5. PacueTHbie ¢popmMy./ibl KOHBEKTHBHOIO TeNJIO00OMeHa.
[TpuBeneM HEKOTOPbIE OCHOBHBIE pacueTHBIE (POPMYIIbI KOHBEKTUBHOTO TEINIOOOMEHA
(akapemuka M.A.MuxeeBa), KOTOpbIE JaHbl ISl CPETHUX 3HAYEHUH KO3 (PUIIMEHTOB

TCIINIOOTAAYH 110 MOBCPXHOCTHU CTCHKHU.

1. Ceob00nas Koneexkyus 6 HeoZpanuUYeHLOM RPOCHPAHCMEE.

a). F'opusonmanvuas mpyba ouamempom d npu 10°<(Gr+-Pr)yeq <108,

NUsdep. = 0,5-(Grixd -Prx)2?® (Pr/Prer)? . (10.13)
0). Bepmuxanvnas mpyoa u niacmuna.
1). aamunapnoe meyenue - 10°<(Gr -Pr),. <10°:

NUsdep. = 0,75 (Gld -Pr )% (Prx/Prer)??° . (10.14)
2). mypbynenmunoe meuenue - (Gr -Pr),. > 10°:
NUsdep. = 0,15 (Gled “Pr)% -(Pr x/Prer)®% . (10.15)
3neck 3HaueHUs Grxd ¥ Prx 6epyTcs npu TemnepaType )KUIKocTH (ras3a), a Prer mpu
TeMIepaType HOBEPXHOCTU CTEHKH.
s Bo3ayxa Prx/Prer = 1 1 popmysst (10.13-10.15) ynpomaroTcst.
2. Buinysrcoennaa kongekuus.
Pexxum Tedenus onpezensieTcs mo BennduHe Re.
a). Teuenue sicuokocmu 6 2n1adKux mpyoax Kpy2no2o cedenus.
1). namunaproe meuenue — Re < 2100
NUsdep. = 0,15 Rexa®3 - Pry®: (Gra- Pri) ' (Pra/Prer) *% &1, (10.16)
rze € - KoOQULINEHT, YIUTHIBAIOLINI U3MEHEHHE CpeIHEro KoapduLMeHTa TeI00TAaYH 110
JUITMHE TPYOBI M 3aBUCUT OT OTHOLIEHUS JAJIUHBI TPYOH! K ero auametpy (1/d). 3nauenus storo
koa¢¢umenTa npeacrasiaeHa B Tabmnuue 10.1.
Ta6muua 10.1.
3HavYeHne €| IPU JIAMUHAPHOM PEXHIME.

I/d 1 2 5 10 15 20 30 40 50

€l 1,9 1,7 1,44 1,28 1,18 1,13 1,05 1,02 1,0

2). nepexoonoii pexcum — 2100 < Re < 10*

NUsdep. = Ko Prx®*- (Prx/Prer)?%-¢1 . (10.17)
Koadunment Ko 3aBucut ot xpurepus PeitHonbaca Re u npencrasnena B Tadbnue 10.2.
Tabmuua 10.2.
3nauenue Ko .

Re?10* (2,1 122 123 |24 |25 |3 4 S} 6 8 10



Ko 19 122 33 38 44 |60 103 155 195 27,0 333

3). myp6yrenmuoe meuenue — Re = 10*

NUsdep. = 0,021+ Rexa®® Pry®*3: (Praf/Prer)®?-¢1. (10.18)
Taobmuma 10.3.
3HavyeHue € npu TypOyJIECHTHOM pEXUME.

I/d
Re=2-103 Re=2-10* Re=2-10°

1 1,9 1,51 1,28
2 1,70 1,40 1,22
5 1,44 1,27 1,15
10 1,28 1,18 1,10
15 1,18 1,13 1,08
20 1,13 1,11 1,06
30 1,05 1,05 1,03
40 1,02 1,02 1,02
50 1,00 1,00 1,00

0).Obmexanue 2o0pu30HMAILHOU NOBEPXHOCIU.
1). namunapnoe mevenue — Re < 4-10*

NUsdep. = 0,66 Rexd®® Pr % - (Pr/Prer) . (10.19)
2). mypbyaenmuoe meyenue — Re > 4-10*
NUscdep. = 0,037 Red®® Prs 3 - (Pry/Prer)®2° . (10.20)

8). Ilonepeunoe obmexanue oounounoii mpyéu (yeon amaxu ¢ = 90°).
1). npu Reyea =5 - 10°

NUsdep. = 0,57 Rex® Py - (Pra/Prer) %% . (10.21)
2). npu Reyeq = 10° -2-10°

NUsdep. = 0,25 ‘Ren8 P28 - (Pr/Prer) % . (10.22)



Tema 11. TensioBoe u3jay4eHue.
11.1. O0mue cBeieHNs O TEIVIOBOM M3JIYYEHHH.

Jlyuucrasi sHeprust BO3HUKAET 3a CUET SHEPTUH JAPYTUX BUJIOB B PE3YyJIbTaTe CIOKHBIX
MOJICKYJISIPHBIX M BHYTPHATOMHBIX IIporieccoB. [Ipupona Beex mydeii onuHakoBa. OHH
IPEICTaBIAIOT cO00M pacpoCTpaHSIOIIMECS B IPOCTPAHCTBE 3IEKTPOMArHUTHBIE BOJIHBI.
VICTOYHMKOM TEIUIOBOTO U3TYUYEHUS SBISETCS BHYTPEHHSS SHEPTUsl HArPETOro Teja.
KosngecTBo ay4ucTON SHEPIUN B OCHOBHOM 3aBHCUT OT (PU3UYECKUX CBOMCTB U TeMIIEPaTypbl
U3JTYYaIOIIETo TeNa. DIEeKTPOMArHUTHBIE BOJTHBI Pa3IMYaOTCs MEX Ty OO0 JUIMHOW BOJTHBI

B 3aBucHMMOCTH OT JUIMHBI BOJIHBI A JIydd 00J1a1at0T Pa3In4YHbIMU cBoMicTBamMu. HanMenbiiei
JUIHHOM BOJIHBI 00magaroT kocmuueckue aydn A = (0,1 — 10)°A (rae °A — aHrcrpeM, eIUHHIIA
amuanbl, 1°A = 107%). Famma-nyun, ucrnyckaemble paJiOaKTHBHBIME BEIIECTBAMH, UMEIOT
JuHy BosiHbI 10 10°A ; myun Pentrena — A = (10-200) °A; ynbTpadroneToBbie Tydu — J =
(200°A - 0,4 mx (mx — mukpoH, 1 mx — 0,001 am), cBeroBbie ayun — A = (0,4-0,8)ux,
uHppakpacubie Wi terosbie iyun — A = (0,8 — 400) mx, paauo uiam EKTPOMArHUTHBIC JTy4H -
A > 400 mx. U3 Beex mydeld HanOOMBIIMK HHTEPEC IS TeIUIONEePEeaadn MPEICTABISIOT TEIJIOBbIC
ayau ¢ A = (0,8 — 40) mx.

JlyyencnyckaHue CBOMCTBEHHO BCEM TeJlaM, U KaXJ10€ U3 HUX M3JIy4aeT U MOIVIOIAET SHEPIHI0
HETPEPHIBHO, eciu Temreparypa ero He paBHa 0°K. [Tpu o1nHaKOBBIX WK pa3IHYHBIX
TeMIIepaTypax MeX/y TelaMH, pacloyIO)KEHHbIMU KaK YIOJHO B IPOCTPAHCTBE, CYLIECTBYET
HEPEPBIBHBIHN JIyUUCTBIA TEIII000OMEH.

[Tpu TemnepaTypHOM paBHOBECHHU TeJl KOJIMYECTBO OTJAaBAEMOM JTy4HCTON SHEprun OyieT paBHO
KOJIMYECTBY MOTJIOAEMON JTy4yrCcTON 3Heprun. CreKTp U3aydeHus OOJIbIIMHCTBA TBEPABIX U
AKHUJIKMX T€J HENPEepbIBEH. DT Tejla UCIYCKAIOT JIyYd BCEX JJIMH BOJIH OT MaJIbIX 1O OOJIbIIHUX.
CriekTp U3ImydeHHs Ta30B UMEET JIMHEHYaThIi XapakTep. ['a3pl HCITyCKArOT JTy4YH HE BCEX JUTHH
BOJIH. Takoe n3imydeHue Ha3blBaeTcs cenekmusHuim (M30MpaTenbHbIM). M3nydeHne ra3oB HOCUT
00BEMHBIN XapakKTep.

CyMMapHOe H3J1yuyeHHe ¢ TTOBEPXHOCTH Teja MO BCEM HAIPaBICHUAM MOIyC(HEepUIecKoro
MIPOCTPAHCTBA ¥ 110 BCEM JJTHHAM BOJIH CIIEKTPA HA3BIBACTCS UHMESPATbHbIM VI HOJIHbIM
ayuucmoim nomokom (Q).

WHTerpanbHbIi JTy4UCTBIN OTOK, U3JIy4aeMbli €JUHULIEH TOBEPXHOCTH 110 BCEM HAIIPABICHUAM,
HA3b18AEMCs U3YUamMeNbHOl CnocoOHOCMbIO Tella U 0003HavaeTcs

E=dQ/dF, [Br/M?] (11.1)
rae dQ - aneMeHTapHbIN Ty4UCThINA MOTOK, UCITYCKAeMbIH JIEMEHTOM
nosepxHoctu dF.
Kaxxgoe Teno cnmocoOHO He TONBKO U3Ty4aTh, HO U OTPaxarh, MOTJIOMIAThH U MPOMYCKaTh Yepe3
ce0s maJaroIue JIy9r OT Apyroro tena. Ecim 0603Ha4uTh 00I1ee KOJIMYECTBO JTYIUCTOM
SHEPruu, Majarolie Ha Teno, yepe3 Q, To 4acTh SHEPTUH, paBHAsL A, MOTIIOTUTCS TEJIOM, YacCTh,
paBHas R, orpasutcs, a yacteb, paBHasi D, npoiiaer ckBo3b Teno. OTcrona

Q=Qa+Qr+Qp, (11.2)
WIH

A+R+D=1 (11.3)

Bennunny A Ha3bIBaloT koagguyuenmom noenoujernus. OH IpesCTaBiIsieT cOO0N OTHOIIEHHE
MOTJIOIIEHHOW JTy4YMCTOM S3HEPTUU KO BCEH JTyYMCTON SHEPTUy, Najaronieil Ha teno. Bennunny R
Ha3bIBAIOT KO huyuenmom ompasicenus. R ecTb OTHOIIEHHE OTPaKEHHOM JIyYUCTOMN SHEPTUH
KO Bcel manaromeid. Benmnunny D HazbiBatoT xosgguyuenmom nponuyaemocmu. D ectb
OTHOLLIEHHE MPOLIEIIIEH CKBO3b TEJIO JIYYUCTONW SHEPTUU KO BCEH JIyYHCTOU DHEPIUH,
najarouiei Ha teno. /g 60nbIMHCTBA TBEPABIX TEJl, IPAKTHYECKU HE MPOIMYCKAIOIINX CKBO3b



ceOst myducTyro sHepruto, A + R =1.

Ecnu moBepXHOCTB MOTJIOMIAET BCE Majaoniue Ha Hee ayuu, 1. €. A =1, R=0wu D =0, To Takyto
MOBEPXHOCTh HA3BIBAIOT aOCOIIOMHO YepHou. ECIi TOBEPXHOCTh OTPaXkaeT MOJHOCTHIO BCE
NaIaroIIKe Ha Hee JIy4YH, TO TaKyl0 MOBEPXHOCTh HA3bIBAIOT abcomomuo Genou. Ilpu stoM R =1,
A =0, D=0. Eciiu Teno abcorromno nponuyaemo st TeioBbix gydeid, o D=1, R=0u A =
0. B mpupoie abCOIIOTHO YEPHBIX, OCIIBIX U MPO3PAYHBIX TEJ HE CYIIECTBYET, TEM HE MEHEE
MOHSITHE O HUX SBJISICTCS OYC€Hb BaXXHBIM JJII CPABHEHHUSI C PEAIbHBIMH ITOBEPXHOCTSIMH.

KBap11 a1 TEIUIOBBIX JIy4el HEeIPO3paveH, a JIjIs CBETOBBIX U YIbTPA(PHOICTOBBIX JTyUeH
npo3padeH. KameHHast coiib Ipo3pavHa /Ui TeIUIOBBIX JIYYei U HEMpOo3pavHa Jist
yIbTPaprOIETOBBIX Jydel. OKOHHOE CTEKJIO MPO3PavHO ISl CBETOBBIX JIYUCH, a s
yIBTPapUOIETOBBIX U TEIUIOBBIX IOYTH HEMPO3payHO. berasi moBepXHOCTH (TKaHb, KpacKa)
XOPOIIIO OTPAXKACT JIUIIIh BUIUMBIC JIy4YH, a TEIUIOBBIC JIyUH HOMIIOIIAET TAK)KE XOPOIIO, KaK U
TeMHasi. Takum 00pa3oM, CBOMCTBO TeJl MOTJIOMIATh UM OTPAXKaTh TEILIOBBIC JIYIH 3aBHUCST B
OCHOBHOM OT COCTOSIHMSI [IOBEPXHOCTH, a HE OT €€ I[BeTa.

Eciii moBepXHOCTh OTpaXkaeT JIy4H IOJI TEM K€ YTIIOM, IOl KOTOPBIM OHHM MAJar0T Ha HEEe, TO
TaKy MOBEPXHOCTh HA3BIBAIOT 3epKaibHOU. ECIH Magaromuii 1yd npu OTpaskeHUH
pacuIerIsieTCsl Ha MHOXKECTBO JIydei, HAYIIHUX 110 BCEBO3MOXKHBIM HAIPABJICHHSIM, TO TAKOE
OTpakKeHHE HA3BIBAIOT Ough@hy3nvim (HapuMep MOBEPXHOCTh MENA).

[Tpu rccenoBaHUY JIYYHUCTBIX TIOTOKOB OOJIBIIIOE 3HAYCHNE UMEET paclpeesiCHUe JIyIuCTO
SHEPIrHH, UCITYCKAEMOM a0COIFOTHO YEPHBIM TEJIOM MO OTJEIIbHBIM JJTHHAM BOJIH CIIEKTpA.
Kaxxnoii nyinHe BOJIHBI JTydei, IPU ONPEIECIICHHON TEMIIEpAaType, COOTBETCTBYET OINPEACICHHAS
WHTCHCUBHOCTD U3Ny4YeHHUS - lsrn. Mumencusnocms uznyuenus Ui cneknpaibHas
(MOHOXpOMATHYECKAs ) UHMEHCUBHOCHb, TIPSICTABIISIET COOO0M MIIOTHOCTH JTyYUCTOTO MTOTOKA
TeJa JUIs JUTMH BOJH OT A 710 A+dA, OTHeCeHHast K pacCMaTpUBAEMOMY HHTEPBAIY JUTHH BOJH dA;

Isn =dEsy / dA , (11.4)
rje sy - criexkTpanbHas HHTEHCMBHOCTD M3ITy4eHHUs aOCOIFOTHO YEPHOTO TeJa.

11.2. OcHOBHBIC 32KOHBI TEIJIOBOI0 H3JIy4CHHSA

3akon [lnanka. IHTEeHCUBHOCTH U3Ty4eHUs aOCOIOTHO YepHOTo Tena Isi 1 1r000ro peasbHOro
Tesa ) 3aBUCAT OT TeMIepaTypbl U JUIMHBI BOJHBI.

AOGCOIOTHO YEpHOE TEJIO MPH JIaHHOM TeMIlepaType UCIyCKaeT Jy4d BceX JUIMH BOJH OTA = 0 10
A = oo, Ecin kakuM-n160 00pa3oM OTAENUTH JIy4d ¢ pa3sHbIMU JJIMHAMU BOJIH JAPYT OT Apyra u
WU3MEPUTh SHEPTUIO KaKJOT0 JIy4da, TO OKAKETCs, UTO PacCHpeesIEHNE SHEPTUH BJIOJIb CIIEKTPa
pa3IuyYHoO.

ITo Mepe yBenu4eHHUs JUIMHBI BOJIHBI SHEPTHS JIydel BO3pacTaeT, IPU HEKOTOPOU JUTMHE BOJIHBI
JIOCTUTAaeT MaKCUMyMa, 3aTeM yobiBaeT. Kpome Toro, ijist Tyda OJTHOM M TOU K€ JUTMHBI BOTHBI
DHEPIHs €r0 YBEIMUMBAETCS C BO3PACTAHUEM TEMIIEPATYPHI TEJA, UCITYCKAOIIETO JIyYH
(puc.11.1).
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IInank YCTaHOBHUJI CJICIIYIOHII/Iﬁ 3aKOH U3MCHCHUS MHTCHCUBHOCTH U3JIYYCHHUA a0COJIFOTHO
YCPHOT'O TCJIa B 3aBUCUMOCTHU OT TEMIICPATYPhI U JJIMHBI BOJIHBI:

I, = c1 A2/ (7D - 1), (11.5)
IJie e - OCHOBAaHUE HATypaIbHBIX orapudmos; c1 = 3,74*10718 Br/m?; ¢z = 1,44*102 m*rpanm; A -
JutiHA BOJIHBI, M; T - TeMnepaTtypa usnydaromiero tena, K.

U3 puc.11.1 BuanO, uTO 1151 MF000# TeMIepaTypbl MHTEHCUBHOCTD U3JlyueHus ls, Bo3pacraer ot

Hyns (mpu A=0) 10 cBoero HanOOoNbIIEro 3HaYeHHs, a 3aTeM yObIBaeT A0 HyJs (mpu A=co). [Ipu

MOBBIIIEHUH TEMIIEpaTypbl HHTEHCUBHOCTD U3JTYYEHUS ISl K&KIOH JUTMHBI BOJIHBI BO3PACTaET.

3akon cmemenns Buna. Kpome toro, us puc.11.1 cnenyer, 4o MakCuMyMbl KPUBBIX C

MIOBBIIIIEHUEM TEMITEPATYPhl CMEIAIOTCS B CTOPOHY 00Jiee KOPOTKUX BOJIH. [|JTMHA BOIHBI Ams,

OTBevarolasi MaKCUMaJIbHOMY 3HaueHuIo Isy, onpenensercs 3akonom cmewenus Buna:
Ams=2,9/T.(11.6)

C yBennueHneM TeMIepaTypbl Ams YMEHBILAETCS, UTO U CIIEAYET U3 3aKOHA.

[Tonb3ysick 3akOHOM cMellleHus] BruHa, MOXHO N3MEpSATh BBICOKHE TEMIIEpaTyphl TEI Ha
pacCTOsHUU, HallpUMED, PACIUIaBICHHBIX METAJJIOB, KOCMUYECKHUX TeJ U Jp.

3akon Credana-boabumana. [Inank ycTaHOBHII, YTO KaKI0H JJIMHE BOJIHBI COOTBETCTBYET
ofpeieNieHHasi MHTEHCUBHOCTb M3JIY4€HUsl, KOTOpasi yBEJIMUMBAETCS C BO3pACTaHUEM
TeMIiepaTypsl. TermoBoi NOTOK, H3JIy4aeMblil €IMHULIEW IOBEPXHOCTH YEPHOTO TEJIA B
WHTEpBaJIe JJIMH BOJH OT A 10 A + dA, MOXET OBITh ONPE/ENICH U3 YPaBHEHHS

dEs = Ig*dA . (11.7)

DnemeHTapHas 1uiomaaka Ha puc.11.1, orpannuennas kpuBoii T = const, ocHoBaHHeM dA A
opaunatamu A U A + dA (Isn) onpeaenseT KoauuecTBO TyuucToi sueprun dEs u Ha3pIBaeTCs
JIYYEUCHYCKAMENbHOU CHOCOOHOCMbIO aDCOIOMHO YepHo20 meaa Ut Al BoH dit. Bes xe
TUIOMIAIb MEX Y Jt000i kpuBoi T = const 1 0CkI0 abclKce paBHA UHTETPATHbHOMY M3ITYYCHUIO
YEPHOTo TeJa B mpeaenax oT A =0 0 A = oo mpu JaHHOW Temreparype.

[Toncrasmnss B ypaBHeHue (11.7) 3axon [1nanka u uaTerpupys ot oT A =0 10 A = oo, HalizeMm,
4TO UHMESPANbHOE U3TYYeHUe (Menio8oll NOMoK) abCONOMHO YepHO20 mea TIPSIMO
MIPOTOPITMOHAIIBHO YETBEPTON CTETIEHH €T0 a0COIOTHON TeMnepartypsl (3akon Cmeghana-
bonvymana).

Es = Cs (T/100), (11.8)



rae Cs = 5,67 Br/(M**K*) - koo puiment usnydenus abcoa0THO YepHOTO Tena

Otmeuast Ha puc.11.1 koaruecTBO 3HEPruy, oTBevaromeil ceeroBoit yactu crekrpa (0,4—0,8
MK), HETPYJHO 3aMETHUTh, YTO OHO JUIsl HEBBICOKUX TEMIIEPATYP OYEHb MAJIO 110 CPABHEHHUIO C
SHEpPrueil HTerpanbHOro u3nydeHus. Tonbko npu temmneparype conanua ~ 6000K sneprus
CBETOBBIX JIyuel cocTaBisieT okoso 50% OT Bcel SHEPTUH YEPHOTO U3TyYEHUS.

Bce peanbHble Tena, HCMOIB3YeMbIe B TEXHUKE, HE SBISIFOTCS a0COIIOTHO YEPHBIMU U ITPU OJTHOU
U TOH ke TeMiepaType U3Iy4yaroT MEHbIle S3HEPTUuH, 4eM abCOJIIOTHO YepHoe Teno. M3nyuenue
peabHBIX TEJ TAKXKE 3aBUCUT OT TEMIEpaTyphl U JJTUHBI BOJHBL. UTOOBI 3aKOHBI U3Ty4YESHUS
YEpHOI'0 TeJla MOXKHO OBLJIO IPUMEHUTH JJIsl PEAJIbHBIX T€J, BBOAUTCS IMOHATHE O CEPOM TeJle U
cepoM uznydeHuu. [loa cepbiM U3IydeHHEM MMOHUMAIOT TaKOe, KOTOPOE aHAIIOTUYHO U3ITyYSHHIO
YEpHOI'0 TeJla UMEET CIUIOIIHOM CIIEKTP, HO MHTEHCUBHOCTB JIyYeH JUIsd Kax /101 JUIMHBI BOJIHBI 1
npu J1r000i TemMIepaType COCTaBIsSeT HEU3MEHHYIO 00 OT MHTEHCUBHOCTH M3ITyYCHHS
yepHoro tena Isy, T.e. CyliecTByeT OTHOILICHHE:

I/ lsn = € = const. (11.9)
BCJII/I‘{I/IHy € HA3bIBAIOT CMENenvio 4epHontol. OHa 3aBUCHUT OT (1)I/ISI/I‘ICCKI/IX CBOICTB TeJIa.
Crenens YCPHOTHI CCPBIX TCJI BCCrJa MCHBIIC CAMHUIIBI.
BonpmuHcTBO pC€ajIbHbIX TBCPABIX TCJ C onpeneneHHoﬁ CTCIICHBIO TOYHOCTHU MOXXHO CUHNTATH
CCPbIMU TCJIaMHU, a UX U3JTYUCHUC — CCPbIM HU3TYUYCHUCM. 3Hepms{ HWHTCIPAJIbHOI'O U3JTYy4YCHUSA
CCpoOro Tejia paBHa:

E = ¢*Es = C* (T/100)* . (11.10)

JlydeucmyckaTtenbHast CIIOCOOHOCTB CEPOTro Tella COCTABIISIET AOJI0, PAaBHYIO € OT
JTy4EUCITyCKaTeIbHON CIIOCOOHOCTH YEPHOTO Tea.

Bemunny C = ¢*Es Ha3bIBatOT K02¢hhuyuenmom usnyyenus cepozo mena. Bennuuna C
peasbHBIX TEJ B OOIIEM Cllydae 3aBUCUT HE TOJBKO OT (PM3NYECKUX CBOMCTB TeJa, HO U OT
COCTOSIHUSI TIOBEPXHOCTH HMJIH OT €€ IMEPOXOBATOCTH, & TAKXKE OT TEMIIEPATypbl U JJTUHBI BOJHBI.
3HavyeHus K03(pPULIMEHTOB U3ITyueHHs U CTEeTIEHEH YepHOTHI Tesl 6epyT U3 TaOJInLI.

Tabmuna 11.1

Crenenn YECPHOTHI MMOJHOI0 HOPMAJILHOI'0 U3JIYYCHUSA

JJI pas3]IMYHbIX MaTCPHUAJIOB

HaumeHnoBanue marepuasna t,°C €
ATIOMUHUHT TIOJTMPOBAHHBIN 50—500 0,04—0,06
Bbpon3za 50 0,1
2Kene3o mucToBOE OIMHKOBAHHOE, OJIECTIIIEE 30 0,23
Kectp 6enas, crapas 20 0,28
30J10TO MOTMPOBAHHOE 200 - 600 0,02—0,03
JlaTynb MaTOBas 20-350 0,22

Menp nonupoBaHHas 50—100 0,02
Huxens nonupoBaHHBIM 200—400 0,07—0,09
OunoBo OnecTsIee 20—50 0,04—0,06
Cepebpo monupoBaHHOE 200—600 0,02—0,03
CranbHOii TMCTOBOM MpoKaT 50 0,56

Cranp OKUCIEHHAs 200—600 0,8



Crajgp CHIBHO OKUCJIEHHAS 500 0,98

UyryHHOE TUTHE 50 0,81
AcOecTOBBIN KapTOH 20 0,96
JlepeBo cTporanoe 20 0,8—0,9
Kuprnu oraeynopHbIit 500—1000 0,8—0,9
Kupnuda mamMoTHBIiH 1000 0,75
Kupnuy kpacHbIi, IepOXOBATHIN 20 0,88—0,93
Jlak yepHbIid, MaTOBBII 40—100 0,96—0,98
Jlak Oenplit 40—100 0:8—0,95
MacsiHpIe KpacKu pa3InIHbIX [IBETOB . . . 100 0,92—0,96
Caxa nammoBast 20—400 0,95
Crekiio 20—100 0,91—0,94
OMaib Oenas 20 0,9

3aKoH Knpxroq)a. Z[J'ISI BCAKOI'O TCJIa U3JIyYUaTCJIbHAA U IMOTJIOIIATCIIbHAA CIHOCOOHOCTH 3aBUCST
oT TeMnepaTypI)I 1 OJIMHBI BOJIHBI. PaSJ'II/I'-IHBIe TCJiIa UMCHKOT pa3JII/I'-IHI)I€ 3HAUYCHUA En A
3aBUCUMOCTH MCKAY HUMHU YCTAHABJIMBACTCA 3AKOHOM Kupxeoqba:

E = Bs*A umn E /A = Bs = BEJ/As = Cs*(T/100)* . (11.11)

Ommuowenue nyueucnyckamenvnoi cnocoonocmu mena (E) k eco noeno-wyamenvroti
cnocobnocmu (A) 00uHaKo8o 0Jisl 6cex cepublx mejl, HaX00AWUXCS NPU OOUHAKOBBIX
memMnepamypax u pasgHo Jy4eucnycKameibHoUu CnOCOOHOCMU AOCONIOMHO YePHO20 mea npu
moti dce memnepamype.

U3 3akona Kupxroda crnemyert, uto eciu Teao 001aaaeT Maloi MorIomaTeabHOMl
CIOCOOHOCTHIO, TO OHO OJTHOBPEMEHHO 00JIaJaeT U MaJIOH JIy4eHCITyCKaTEIbHOM CIIOCOOHOCTHIO
(monupoBaHHBIE METALIBI). AGCOTIOTHO YEpHOE TeNo, 00a1ao1Iee MaKCUMaTbHON
MOTJIONMIATENILHON CITIOCOOHOCTHIO, UMEET U HAauOOJIBIITYIO U3Ty4aTeIbHYIO CIIOCOOHOCTD.

3akon Kupxroda ocraercs cripaBeUIUBBIM U 1711 MOHOXPOMATUUYECKOTO H3ITYYCHHUS.
OTHOIIIEHNE MHTEHCUBHOCTH M3JIYUCHUS TeJla IPH ONPE/ICIICHHOH JITTMHE BOJHBI K €T0
MOTJIONIATENLHOM CIIOCOOHOCTH TIPU TOM Ke ITTMHE BOJHBI JJI BCEX TEJ OJTHO U TO K€, €CITH OHU
HAXOJATCS NMPU OJJMHAKOBBIX TEMIIepaTypax, ¥ YNCICHHO PABHO HHTCHCHUBHOCTHU U3TYICHHSI
a0COTFOTHO YEPHOTO TeJia MPHU TOU *Ke JYIMHE BOJHBI U TEeMIIepaType, T.€. ABIsSeTCS (PyHKIHeH
TOJIBKO JUTMHBI BOJTHBI U TEMITEPATYPHI:

Ern/An=I/Ar=Ea=Ila =1 T). (11.12)

[TosTOMy T€s10, KOTOPOE M3ITydaeT SHEPTHIO MPH KaKOH-HUOY/Ib IJIMHE BOJIHBI, CIIOCOOHO
NOTJIONIaTh €€ IIPH 3TON XKe JUIMHE BOJIHBI. ECIM TE€I0 He MOIIIONIAeT SHEPTHIO B KAKON-TO YacTH
CIIEKTpa, TO OHO B 3TOM YaCTH CIIEKTPA U HE U3ITy4aeT.

W13 3akona Kupxroga Taxke cieayer, 4To cTeeHb YepHOTHI CEPOro Tea € MPpH OJHOM U TOH ke
TEMIEPAType YUCIEHHO PaBHO KO3 (OULIMEHTY NOTIomEeHs A:

e=h/lsn=E/Ea=C/Ca=A.(11.13)

3akon Jlam0Oepra. M3nyyaemas TeJIOM JTy4UCTast SHEPTUs paCpOCTPAHSIETCS B MPOCTPAHCTBE
M0 Pa3JIMYHbBIM HAMIPABJICHUSM C PA3IMYHOW HHTEHCUBHOCTBIO. 3aKOH, YCTaHABIMBAIOIIHIA
3aBUCHUMOCTh MHTCHCUBHOCTH M3JTYYCHUS OT HAIIPABJICHUS, Ha3bIBaeTCs 3akoHoM Jlambepma.
3akoH JlambepTa ycTaHaBIMBAET, YTO KOJIMYECTBO JTYUYHUCTON YPHEPTUH, U3TydaeMOe JJIEMEHTOM



nosepxHoctu dF1 B HanpaBnenuu snementa dF2, mpornoproHanbHO MPOU3BEACHUIO KOJINYECTBA
SHEpPruu, u3nydaeMoil mo Hopmanu dQn, Ha BEIMUYUHY IPOCTPAHCTBEHHOTO yriia dii U cosI,
COCTaBJICHHOT'O HAPABJIICHUEM M3J1y4eHus ¢ HopMalibio (puc.11.2):

d?Qn = dQn* dw*cose. (11.14)
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Puc. 11.2.

CrnenoBatenbHO, HAMOOIbIIEE KOJTUYECTBO JIyYHCTOH SHEPTUH U3IIy4acTCs B
HEepIEHIUKYJIIPHOM HAIPaBJICHUM K TOBEPXHOCTHU U3iIydeHus, T. €. ipu (¢ = 0). C yBenuueHuem
() KOJIMYECTBO JIyYUCTOM 3HEpruM yMeHblIaercs 1 npu ¢ = 90° paBHo Hymo. 3akoH Jlambepra
MOJTHOCTBIO CIIPABEIUB Il aDCOIIOTHO YEPHOTO TeJa U JJIs Tel, o0ianaromux 1uddy3HbIM
usnydenuem mnpu ¢ = 0 - 60°.

Jli1s HoAMpOBaHHBIX MOBEPXHOCTEH 3akoH JlamOepra HenpuMeHuM. [ HUX JTydeucycKkaHue
npu yriie ¢ Oyaer OONbIINM, YeM B HAIIPaBJICHHH, HOPMAJILHOM K TTOBEPXHOCTH.

Tema 12.Tensionepenaya.
12.1. TenJionepeaaya yepe3 MJIOCKYI0 CTEHKY.

Tennonepeoauetl Ha3bIBaETCS TIepeada TETUIOTHI OT TOPSYETO TEIJIOHOCUTENS K XOJI0JHOMY
TETJIOHOCUTEITIO Yepe3 CTEHKY, Pa3ACIISIONIYIO0 3TH TeTNIOHOCUTEIIH.

[Ipumepamu Teruionepeaaydu ABISIIOTCA: Nepeaayda TeII0Thl OT IPEIOLIEH BOIbl HArpeBaTEIbHBIX
DJICMCHTOB (OTOHI/ITCJ’IBHLIX CI/ICTCM) K BO3AYyXYy NMNOMCHICHUS; NE€pcaada TCIIJIOTEI OT JbIMOBBIX
ra3oB K BOJI€ Yepe3 CTEHKU KUMATUIIHLHBIX TPYO B MApOBBIX KOTJIAX; Mepeaaya TemI0Thl OT
pacKaJeHHbIX ra30B K OXJIaKJarollel Bojie (KUAKOCTH) Yepe3 CTEHKY HUWIMHJIpa IBUraTeNs
BHYTPEHHETO CrOpaHus; epeaya TeIIoThl OT BHYTPEHHETO BO3AyXa MOMEIIECHHS K HAPYKHOMY
BO31yXYy U T. 1. [Ipu 3TOM orpaxmarorias CTEHKa SBJISICTCS] IPOBOJHUKOM TEIUJIOTHI, Yepe3
KOTOPYIO TEIJIOTa MEePEJAeTCs TEIIONPOBOAHOCTBIO, @ OT CTEHKH K OKpYKarollel cpee
KOHBEKIIMEH U u3iydeHreM. [1oaTomMy mporiecc Terionepeaadn sBisieTCsl CIIOKHBIM MPOIECCOM
TeriooOMeHa.

[Ipu nepenaye TETIOTHI OT CTEHKH K OKPYXKAIOIIEH Cpejie B OCHOBHOM Tpeo0agaeT
KOHBEKTHUBHBIN TEILIOOOMEH, TO3TOMY OYIyT pacCMaTpUBAThCS TaKUE 3a/1a4u.

1). Tenonepenava yepes MIOCKYIO CTEHKY.

PaccMoTpuM 0JTHOCTIONHYIO TIIOCKYIO CTEHKY TOJNIIMHON O M TETJIONPOBOTHOCTEIO A (prcl2.1).
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Puc. 12.1. Cxema rtennonepesayu HEXNY ABYMH MHIKOCTAMH YEPEI MAOCKYE CTEHKY
{a) w rpadmuecknit cnocof onpegeneHHA TEMACPATYPHOTO NonA B cremke {6)

Temnepatypa ropsiaeii sKuIKOCTH (CPejibl) o, XOTOXHOM KUAKOCTU (Cpeibl) t x.
KonuyecTBO TEIIOTHI, IEPETaHHON OT TOPSIUYEH KUIKOCTHU (Cpeibl) K CTEHKE 10 3aKOHY
Hprorona-Puxmana nmeer Bun:

Q=ou - (tx—t) - F, (12.1)
rzie o1 — Kod(OHUIMEHT TeMIO0TAAYH OT TOpPUeii CPE/bl C TEMIIEPATYPO tx K TOBEPXHOCTH
CTEHKH® C TEMIIepaTypoH ti;
F — pacueTHast MIOBEpXHOCTb MJIOCKOW CTEHKHU.
Tem1oBoii OTOK, NEPEaHHBIN YEPE3 CTEHKY ONPEAEIAETCS 110 YPaBHEHUIO:
Q=A - (t1—1) - F.(12.2)
TerroBoy MOTOK OT BTOPOM ITOBEPXHOCTU CTEHKH K XOJIOJHOM CPEAE ONPENEIIAETCS 110
dbopmyre:
Q=062 (t2-tx) - F, (12.3)
r7ie 02 — KOOQQUIMEHT TEIUIOOTAAYN OT BTOPOil MOBEPXHOCTH CTEHKH K XOJIOHOM cpefe ¢
TeMIepaTypoi t x.
Pemras atv Tpu ypaBHEHHUSI OJTydaeM:
Q=(tx—tw*F+K, (12.4)
rne K=1/(1/ou + /A + 1low) — kosgppuyuenm mennonepedauu, (12.5)
W
Ro=1/K = (1/ou + 8/A + 1l a2) — nonnoe mepmuueckoe conpomuenenue
menjionepedayu 9epe3 0THOCIOMHYIO IITOCKYIO CTEHKY. (12.6)
1/0u, /o2 — TepMHUYEeCKHE COPOTHBIICHUS TEIUIOOTIA4M TIOBEPXHOCTEH CTEHKH;
O/A - TepMHYECKOE COMTPOTHBIICHUE CTCHKH.
J171s1 MHOTOCIJIOMHOM MJIOCKOM CTEHKH MOJTHOE TEPMUYECKOE CONPOTUBIIEHUE OyIeT
OTIpeNeNAThCS 10 clleAytomiel popmyse:
Ro = (/o + 81/ha + S22 + ... + Snlhn +1l02), (12.7)
a K03 (HUIMEHT TerIonepeaayu:
K=1/1/o1 + 81/A1 + S2/d2 + ... + Sn/hn +1/a12), (12.8)



12.2. TenJionepenaya 4yepe3 HWINHIAPUIECKYIO CTEHKY.

[TpuHLIMI pacueTa TEMI0BOIO OTOKA Yepe3 LUINHAPUUECKYIO CTEHKY aHAJIOTUYHA KaK U JUIs
MJIOCKOM CTeHKHU. PaccMOTpuM 01HOpOIHYIO TpyOy (pric.12.2) ¢ TETUIONPOBOIHOCTHIO A,
BHYTPEHHUI 11aMeTp dl, HapyXHbIN auameTtp dz, mmHa 1. Baytpu pr61,1 HaXOJUTCsI ropsyast
cpesa ¢ TEMIepaTypOii tx, a CHAPYKH XOIOIHAS CPEla C TEMIIEPATYPOII t .
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Puc. 12.2. Tennonepenaua MexXny ABy-
MA  MHAKOCTSMH uyepes UMJHHAPHue-
CKYIO CTeHKy

KonnuecTBo TEminoThl, epeJaHHONi OT TopsYei cpeibl K BHYTPEHHEH CTeHKE TPYOBI 10 3aKOHY
Hrrotona-Puxmana numeet BUI;

Q=mdi-oul(tx—1t1), (12.9)
rie o — K03 (HIMEHT TeMIO0TAa4H OT ropsYeil Cpe/ibl C TEMIEPATYPOii tx K TOBEPXHOCTH

CTEHKHU® C TEMIEPATypOH t1;
TenoBoii MOTOK, MEepelaHHbIN Yepe3 CTeHKY TPYOBI OlpenesseTcs 0 ypaBHEHUIO:

Q=2-n-A1-(t1 —t2) / In (d2/dy). (12.10)
TennoBoil MOTOK OT BTOPOI MOBEPXHOCTH CTEHKH TPYOBI K XOJIOJIHON Cpesie ONpeensieTcs Mo
dbopmyre:
Q=rn-dzozl(t1-t%), (12.11)
re o2 — KodpGUIUEHT TEII00TAaYl OT BTOPOM MOBEPXHOCTH CTEHKHU K XOJIOAHON Cpefie C
TeMIepaTypoi t x.
Pemast aTu Tpu ypaBHEHUS MMOIy4YaeM:
Q=rnl(tx—t) K, (12.12)
rae Ki = 1/[1/(oud1) + 1/(21In(d2/d1) + 1/(0i2d2)] — (12.13)
- IUHel bl Kodppuyuenm menionepedaiu,
win Ry =1/ K = [1/(oud1) + 1/(21In(d2/d1) + 1/(0202)] — (12.14)

e NOAHOe TUHeliHoe mepmudecKkoe conpomuesileHue

menionepeoayu 4epe3 0THOCIONHYIO IIMIINHAPHUUECKYIO CTEHKY.
1/(oud1), 1/(02d2) — TepMHUECKHE COMPOTUBIICHUS TEIIOOTIAYM TTOBEPXHOCTEH CTCHKH;
1/(2AIn(d2/d1) - TepMuUecKOE COMPOTUBIICHNE CTEHKH.

JIJist MHOTOCIIOHOI (N CI0€B) IMIMHIPUYECKON CTEHKH MOJIHOE TMHEHHOE TePMUYECKOE
COTIPOTHUBIICHUE OYyJIET OMPENEATHCA 10 Cienytome hopmyre:



Ri= 1/ K = [1/(cad1) + 1/(221In(d2/d1) + 1/(2AsIn(ds/d2) + ...
+ 1/(2AnIn(dn+1/dn) + 1/(02dn)] — (12.15)

12.3. Tunsl Tem1000MEeHHBIX ANNAPATOB.

TennooOMEeHHBIM arnmapaToM Ha3bIBAIOT BCIKOE YCTPOUCTBO, B KOTOPOM O/IHA JKUIKOCTh —
ropsJas cpeja, nepeaaeT TeIIoTy ApYrou JKUJIKOCTH - XOJOIHOH cpene. B kauecTBe
TETUIOHOCHUTEJICH B TEIJIOBBIX amiiapaTrax UCHOJIb3YIOTCs pPa3HOOOpa3HbIEe KalleIbHbIE U YIPYTue
KUJKOCTH B CAaMOM LIMPOKOM JIMaria3oHe AaBiieHui u remmneparyp. [lo npuHimnmy paboTsl
anmnaparsl JeNsIT Ha PEereHEPaTUBHbIE, CMECUTENIbHBIE U PEKYIIEPAaTUBHBIE.

B perenepatuBHbIX amnmapaTax ropssudid TEIMJIOHOCUTENb OTIAET CBOIO TEILIOTY
AKKyMYJIMPYIOIIEMY YCTPOHUCTBY, KOTOPOE B CBOIO 04EpPEb IEPUOJIUYECKH OTHAET TEILUIOTY
BTOPOU KUJKOCTH - XOJIOAHOMY TEIJIOHOCUTEIO, T. €. OJHA U Ta K€ MOBEPXHOCTh HAarpeBa
OMBIBAETCS TO FOPAYEH, TO XOJIOJHOM KUJIKOCTBIO.

B cMmecuTenbHbIX anmnaparax nepeaayda TeIioThl OT ropsAYed K X0JIOAHOW KUJKOCTH TPOUCXOIUT
IIPU HEMIOCPEACTBEHHOM CMEILIEHUU 00euX KUAKOCTEN, HAllpUMEp CMELINBAIOLIIE
KOH/JIEHCATOPBI.

Oco0eHHO UPOKOE pa3BUTHE BO BCEX 00JACTIX TEXHUKH MOIYYUIIN PEKYyIIepaTUBHbIC
anmaparThbl, B KOTOPBIX TEIUIOTA OT ropsAyYel K XOJIOAHOM KUIKOCTU NIEPENAETCS uepes
pa3genUTENbHYIO CTEHKY. TOBKO TaKue anmaparsl OyAyT paCCMOTPEHBI B TaTbHEUIIIEM.
TemooOMeHHBIE anapaThl MOT'YT UMETh CaMble pa3HOOOpa3HbIe HA3HAYCHHS] — ITAPOBBIC
KOTJIbI, KOHJIEHCATOPbI, IapoleperpeBaTeu, IpruOOpbl IEHTPAIILHOTO OTOIIEHUS U T. 1.
TemnooOMeHHbIE anapaThl B OOJIBIITMHCTBE CIy4aeB 3HAYUTEIHLHO OTJIMYAIOTCS JIPYT -OT Apyra
KaK o0 CBOMM (hopMaM U pa3Mepam, TaK U Mo MPUMEHSIEMBIM B HUX pabounm tenam. Hecmotpst
Ha OoJbII0e pa3HooOpas3ye TeMI00OMEHHBIX alMapaToB, OCHOBHBIE MOJOKEHUS TETIOBOTO
pacyeTa JIJisi HUX OCTarOTCs OOIITUMHU.

B TennooOMeHHBIX anmnapaTax ABHKEHHE )KUJKOCTU OCYLIECTBIISIETCS O TPEM OCHOBHBIM
cxemam.

Ecin HanpaBiieHUe IBUKEHUS TOPSUEro U XOJIOAHOIO TEIUIOHOCUTENEH COBIIAIAIOT, TO TAKOE
JIBIDKEHUE Ha3bIBaeTCs npsamomokom (puc.12.3,a).

a) 4) 6) 2
7 1

Puc. 12.3.

Ecnu HanpaBiieHne JBUKEHUS TOPSUETO TEINIOHOCUTEISI IPOTUBOMOI0KHO ABUKEHUIO
XOJIOJHOTO TETUIOHOCHUTEIS, TO TAKOE IBMXKCHHE Ha3bIBaeTCsl npomusomoxom (puc.12.3,0). Eciu
K€ TOPSYUI TETUIOHOCUTEND JIBHXKETCS EPIICHIUKYIISIPHO JIBHX)KEHHUIO XOJI0IHOTO
TETJIOHOCUTEJIS, TO TAaKOE JIBIKEHUE HA3BIBACTCS nepekpecmubvim moxom (puc.12.3,8). Kpome
ATHX OCHOBHBIX CXEM JBUKCHHUS KUAKOCTEH, B TEINIOOOMEHHBIX allllapaTrax MpUMEHSIOT Oojee
CJIO’KHBIE CXEMBI JBHKEHUS, BKITFOYAIOIITNE BCE TPH OCHOBHBIE CXEMBI.

12.4. Pacyer Tenji000MEeHHBIX aNNapaToB.

[lenbro TEIIOBOTO pacyeTa sBJISIETCS ONPEe/ICHUE MTOBEPXHOCTH TEIMJI000MEHa, a eClln
TIOCJIC/IHSISL M3BECTHA, TO LIENBIO pacyueTa SBISIETCS ONpe/elIieHne KOHEUHBIX TeMIeparyp
pabounx xuakocteit. OCHOBHBIMU PacYeTHBIMHU YPAaBHEHUSIMH TEIIOOOMEHA MPU CTAI[MOHAPHOM
peXHMe SIBIISIIOTCS ypaBHEHHE TEIUIONEPeJaul U YpaBHEHHE TEIIOBOTO OajlaHca. Y paBHEHUE
TETUIONePeIauu:

Q=kF(t1—-1),



rae Q — TeruioBoi moTok, BT,
K - cpenanii kodddumment temtonepenadn, Br/(m?rpax), F — moBepXHOCTH TEI000MEHa B
anmapare, M2, {1 ¥ tz - COOTBETCTBEHHO TeMIIEPATypPhI TOPSYETo U XOJIOJHOTO TETIOHOCHTENEH.
YpaBHEHHE TEIUIOBOTO OanaHca MPH YCIOBUU OTCYTCTBHSI TEIIOBBIX MOTEPh U (ha30BbIX
MEPEX0JI0B:
Q==m1 At = m2-Ato,
501050

Q = Vi prcpi-(t's - 1) = Va2 parcp (12 - t), (12.16)
rae Vi p1, V2 p2 - MacCOBBIE pacXobl TETUIOHOCUTENCH, KI/CEK, C
Cpl M Cp2 - CPEIHIE MACCOBHIE TETIOEMKOCTH XMIKOCTEH B HHTEpBalie TeMnepaTyp ot t' jio t”,
thuth TEMIIepaTyphl )KUIKOCTEH IIPU BXOJE B alIapar;
t'’2 u ' - TemmeparypsI sKHAKOCTEI IPK BBIXOJIE U3 aNIapaTa.

BeJ'II/I‘lI/IHy IMPOU3BCIACHUS
V:p-cp =W, Br/rpan
Ha3bIBAKOT GOGﬂHblM, HJIA YCI1OBHbIM, IKEUBAIEHIMOM.
C Y4€TOM IIOCJICAHECTO YPAaBHCHUC TCIIJIOBOT'O OajylaHCca MOYKET OBITH npeacTaBJICHO B
CJICOYIOEM BUAC!
(t'y-th) [ ("2 -t2) = W2/ Wy, (12.17)
Wao, Wy - YCJIIOBHBIC SKBUBAJICHTbI ropsiueit ¥ XOJOAHOM KMAKOCTEH.

[Tpu npoxo’kaeHnu yepe3 TeII000MEHHBIN anmnapar padoymnx >KUIKOCTEH U3MEHSIOTCS
TEMIIEPATYPbI TOPAYUX U XOJOTHBIX KUAKOCTeN. Ha n3MeHenue temneparyp 00JbLIOE BIUSHUE
OKa3bIBAIOT CXeMa JIBUKEHHUS )KUJKOCTEH U BEJIMYMHBI YCIIOBHBIX SKBUBajeHTOB. Ha puc.12.4
IIpEJICTaBJIEHbI TEMIIEpaTypHbIE TpaduKH JUIsl alapaToB ¢ NPSIMOTOKOB, a Ha puc.12.5 s
anmnaparoB C IPOTUBOTOKOM.

Puc. 12.4.

Kak BuaHo u3 puc.12.4 , npu npsIMOTOKE KOHEUHAs! TEMIIepaTypa XO0JIOJAHOTO TETNIOHOCUTEIS
BCETrJla HUKe KOHEUHOU TeMIlepaTyphl ropsuero terioHocutens. [Ipu npotusBoroke (puc.12.5)
KOHEYHas TeMIepaTypa XOJIO0JHON KHUIAKOCTU MOXKET ObITh 3HAUUTEIBHO BbIILIE KOHEUHOM
TEMIIEPATYPBI ropAueil )kuaKocTH. ClIeJ0BaTEIbHO, B allliapaTax ¢ IPOTUBOTOKOM MOKHO
HarpeTh XOJIOAHYIO CPeNy, IPH OJMHAKOBBIX HAYaIbHBIX YCIOBUSX, 10 0oJiee BBICOKOM
TEMIIEPATYPBHI, YEM B alIapaTax ¢ IpaMoTokoM. KpoMe Toro, kak BUAHO U3 PUCYHKOB, HapsiAy C
M3MEHEHUSIMHU TEMIIepaTyp U3MEHSETCS TaKXKe U Pa3HOCTh TEMIEPATyps MEXAy padbouuMu
KUAKOCTAMHU, WINA TEMIEPATypHBIA Hanop At.



Puc. 12.5.

Benuunabl At 1 kK MOXHO IPHHSITH MOCTOSSHHBIME TOJIBKO B TIpeieax dJIeMEHTapHON
noBepxHocTH Teriooomena dF. [loaToMy ypaBHEHHE TeTUTONEpeIauu s JIEMEHTa
noBepxHocTH Temooomena dF cipaBeyuBo nuiib B AuddepeHnnaibsHon hopMme:

dQ==k-dF-At. (12.18)
TenoBoii MOTOK, NepelaHHbIi Yepe3 BCIO MOBEPXHOCTH F Mpu MOCTOSITHHOM CpeHEM
Kod(uImeHTe Teronepenadn k, onpenensiercs HHTErpupoBanueM ypaBuenus (12. ):

Q = [k-dF-At=k-F-At, , (12.19)
rae Ate, - cpenHuii JorapuMUYECKUil TeMIepaTypHbId HAOp MO BCel TOBEPXHOCTH HArpeBa.
s cinydaeB, koraa ko3 GUIMEHT Teronepeaadn Ha OTACIbHBIX y4acTKaX MOBEPXHOCTU
TEI1000MeHa 3HaYUTENbHO U3MEHSIETCSI, €r0 YCPEIHSIOT:
Kep = (Frki+Foko+ ... + Fokn) / (FL + F2+ ... + Fn).
Torna npu kep = const ypasuenue (12.9 ) npumer Buj

Q = [kep At -dF = Kep *Atep -F. (12.20)
Ecnu Temnepatypa TemmoHoCUuTeNel N3MEHAETCS 10 3aKOHY MPpsAMOi nHuu (puc.12.6,
MYHKTUPHBIE TUHUH ), TO CPETHUMN TeMIIepaTypHbI HANOp B anmapaTe paBeH pa3HOCTU
cpeaHeapu(PpMeTHIEeCKUX BEITUUUH:

Atep = (t'1 + t71)/2 - (12 + t2)/2 . (12.21)
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Puc. 12.6.

OpanHako TeMIepaTypbl pabouuX KUAKOCTEH MEHSIOTCS IO KPUBOJIMHEWHOMY 3aKkoHy. [ToaTomy
ypaBHeHue (12.21) 6yaeT ToabpKo MPUOIMKEHHBIM U MOKET IPUMEHSTHCS TIPU HEOOJIBIIINX
M3MEHEHUSX TeMIlepaTypbl 00eux kuakocTen. [Ipu KpuBoIMHEHHOM U3MEHEHUN TEMIIEPATYPHI
BEIMUUHY Atcp Ha3bIBAIOT CPEOHEN02apUPMUUECKUM MEMNEPAMYPHbIM HANOPOM U
ompenenseTcs mo GopMynam:

[UIsl aninaparoB ¢ NPSIMOTOKOM

Atep = [(t'1 - t) - ("1 - )] 1 In[(t - to)/(t"1 - t72)] . (12.22)

JUIA alrnaparTroB C IIPOTHUBOTOKOM




Atep = [(t1 - ) - (t1 - t2)] / In[(th - /("1 - ¥2)] . (12.23)

YucnenHsle 3HaueHus Atcp U1 annapaTroB ¢ IPOTUBOTOKM IIPU OJIMHAKOBBIX YCIOBHUAX BCErza
Oombie Atep 47151 anapaToB € MPSIMOTOKOM, IIOATOMY aIlNaparhl C IPOTUBOTOKM UMEIOT
MEHbILIUE pa3MepBI.

Tema 13. JHepreruveckoe TOIIHUBO.
13.1. Cocras Tonjmsa.

Tonausom HA3bIBAETCS TOPIOYEE BEUIECTBO, UCMOJIB3yeMOE B KaU€CTBE HCTOYHHUKA MMOTyYEHUS
TEIUIOTHI B SHEPTETUYECKHX, TPOMBIIUICHHBIX U OTOMHUTEIbHBIX YCTAHOBKAX.

B 3aBucumocTH OT THIIA peakiui, B pe3yJIbTaTe KOTOPBIX BBIACISAETCS TEIIOTa U3 TOIUINBA,
pa3INyaloT opeanuieckoe N g0epHoe moniuso.

B nacrosee Bpems u 1o nporHo3am 70 2030 r. opraHu4ecKOe TOILTUBO SIBJISETCS OCHOBHBIM
MCTOYHUKOM PHEPTUH (TETIOTHI) JIsl IPOMBIIIIIEHHOTO UCIIOJIb30BAHHUS.

Tabmuna 13.1.

[ToTpebnenue opranuyeckoro tormaa 1993 r.

[Torpebutens Bun Tonnusa

Trepnoe Kunkoe l"azoo00pasnoe
Bo Bcem mupe, MIIpA.T y.T. 3,21 4,29 2,66
Poccust, MiH.T y.T. 226 232 503

Ilpumeuanue: y.T. — yCIOBHOTO TOILIMBA

B oprannveckux TOIIMBAX TEIIOTA BRIIEISICTCS B PE3yJIbTaTe XUMUICCKOW PEAKITUN OKHCIICHUS
€ro TOPIOYMX YacTell Mpu y4acTHH KUCIOPOa, a B SACPHBIX TOIJIMBAX — B pe3yNbTaTe paciaja
JIEJICHUS SITIEP TSAKEIbIX AIEMEHTOB (ypaHa, TUTyTOHUS U T.1T.).

Tabmwuma 13.2.

KnaccmbHKaum{ OpPTraHUYE€CKUX TOINIMB I10 arpE€raTHOMY COCTOSTHHUIO.

ArperatHoe
Tomnuo
COCTOSTHUE
TBepnoe Kunkoe ["a3zoo0paznoe
JpoBa, Topd, Oypble u
KaMEHHBbIE YIIIU .
IIpuponHoe YT, Hedts IIpupoaHslit ra3
aHTPALUT, TOPIOUNE
CJIaHIIBI
JIpeBecHBIil yrob, Ma3syT, KepoCuH, ["a3b1 HETAHOM, KOKCOBBIH,
MIOJIYKOKC, KOKC O€H3MH, COJIIPOBOE  TE€HEPATOPHBIN, TOMEHHBIN
HckyccTBeHHOE YKOKE, ’ » COIAP PATOPHRIY, 1 ’
YTOJIbHBIE U Macilio, ra3oiib, ra3 oJ3eMHOMI
TOpdsiHbIE OPUKETHI  IEYHOE TOIUIUBO razoukanuu

TBepapie 1 KUAKKUE TOTUTMBA COCTOAT U3 roprounx (yriepoxa - C, Bomopona - H, netydeii cepsr -
Si == Sop + Sk) 1 Heroprounx (azora - N u kucnopona - O) 31eMeHTOB 1 OaytacTa (30716l - A,
Biaru - W).

DJIeMEHTapHBIN COCTAaB TBEPJIOTO U KUAKOTO TOIUIMBA JTAETCS B MPOIEHTaX K Macce 1 Kr



toruiBa. IIpu aToM paznuuaror pabouyio, cyxyio, 20pouyi0 U 0p2aHuieckyio Maccy TOILINBA.
Pabouas macca — 310 Macca U cocTaB TOIUIMBO, B KOTOPOM MOCTYMAET K MOTPEOUTENIO U
MOABEPraeTCs CKUTAHUIO.

CocraB paboueii, Toprouei, CyXoi ¥ OPraHM4ecKoi Macchl 0003Ha4YaeTCsi COOTBETCTBEHHO

nmn o n_n o n_n n.n

HHJACKCAaMHU P, C, T W O M BbIpAXKAIKOTCA CICAYIOIIUMHU PABCHCTBAMMU:

CP+ HP+ SP,+ NP+ OP+ AP+ WP =100 % ; (13.1)

C°+H +S%+N°+0°+ A°=100 % . (13.2)

C'+H'+S%, +N"+0"=100% ; (13.3)

C°+H+ S%pr+ N°+ 0°=100 % . (13.4)
Opranndeckasl Macca TOTUIMBA B OTJIMYUH OT TOPIOYEH MACChl COJIEPYKUT TOJIBKO OPTraHUYECKYIO
CEpYy M HE BKIIIOYAET KOIYECIaHHYIO:

Soopr =S8% - S%. (135)
KoadduimenTs! nepecyeTa cocraBa TOIUIMBA U3 OAHON MacChl B APYTYIO MPUBEICHBI B TA0JI.
13.3.
Taonumgal33

3amanHas macca KoaddunmenTs! nepecyera Ha
TOTLJTBA Maccy

pabouyro TOPIOYYIO CYXYIO

100/[100 - (A? +  |100/(100 -
PaGouas 1 W] WP)
(100 -
- (AP p

[oprouas [100 - (AP + WP)]/100 1 A9)/100
Cyxas (100 - wr) / 100 100/ (100 - A°) 1

s cnanmes coctara (CP, HP, SP;,, NP, OP, AP, WP) iepecuet ¢ paboueit
MacChl Ha TOPIOYYIO0 OCYIIECTBIISIETCS C TOMOIILI0 KOY(PHUIIUEHTA:

K=100/[100 - AP, - WP - (CO2)"] , (13.6)
rae APy - ucTuHHasA 30JbHOCTH paboyeit maccsl, %, WP - BnaxkHOCTh pabouei Macchl, %o,
(CO2)P« - comeprkanue yriIeKUCI0Thl KapOoHaTOB, %. VIcTHHHAS 30JIbHOCTH paboueit Macchl
onpenensiercs mo popmyie

AP, = AP - [2,5(SP, - SP. ) +0,375SP,] [(100 - WP) / 100], (13.7)
rae SP, - comeprkaHue cepbl B 1a00paTOPHOIL 3071€ B MPOIIEHTAaX K Macce TOIUMBa; SPe -
coJiepkaHue Cyab(paTHOU Cephl B TOIUIHBE, Y.
Benvuuna [2,5(SP, - SPc) +0,375SP] aJ1s1 JIGHUHTPAJICKUX U 3CTOHCKUX CJIAHIIEB MOXET OBITh
npuHsTa paBHoH 2,0, 1u1s Kammnupekux - 4,1.
[Tepecuet coctaBa (%) pabodeli Macchl TOITMBA IPU U3MEHEHUHN BIQKHOCTH MPOU3BOAUTCS TIO
dbopmynam :

CP2 = CP1(100 - WP2) / (100 - WPy) )

HP, = HP1(100 - WP,) / (100 - WPy) ¢, (13.8)

................................................. )
rae WP1 - HadanmbHas BIIAXKHOCTH TOIUTHBA, %, WP2 - KoHeUHas BIaXKHOCTH TOTUTHBA, Y.
Cpenuuii coctaB (%) cMeCH ABYX TBEPABIX WM JKUJKUX TOTUIHB, 3aJJaHHBIX MaCCOBBIMH JIOJISIMU,
- mepBoro (CPz, HP ....)u Broporo (CP1, HP...) - onpenensiercs Mo ypaBHEHUSIM:

CPeu=b1 CP+ (1 - by) CP )

/I MaccoBast I0Jis b1 OJTHOTO U3 TOILTUB B CMECH HAXOIUTCS 1O (hopMyIie:



b1 =B1/(B1 + B>) . (13.10)

3naecs B1 u B2 - Macchl TONINUB, BXOAAIINX B CMECH, KT

["a3000pa3zHoe TOIIMBO MpECTaBIsieT COO00M cMeCh TOPIOYUX U HETOPIOYMX Ta3oB. ['oprodas
4acTh COCTOUT U3 npeaenbHbix (?CnHan+2) 1 Henpeaenbubix (?CnhH2n) yrieBogopoaos, Boiopoaa
Hp>, oxucu yriepoaa CO, u cepauctoro Bogoposa (H2S). B cocraB Heroprounx 3;1eMeHTOB
BxoauT a30T ( N2), yruekucibiii ra3 (CO2) u kuciaopo (O2). CoctaBbl IPUPOIHOTO H
HCKYCCTBEHHOI'O ra3000pa3HbIX TOIUIMB pa3iuuHbl. [IprpoaHblil ra3 xapakTepu3yercs BHICOKMM
conepxkanuem merana (CHy), a Takke HEOOIBIIOTO KOIMYECTBA APYTHX YIIIEBOIOPOJIOB: STaHA
(C2He), mponana (C3Hg), 6yrana (CsHaio), sTrniena (C2Has), u nponunena (CsHg). B
MCKYCCTBEHHBIX T'a3aX COJEP:KaHHE TOPIOYMX COCTABJISIONMINX (BOJIOPO/Ia U OKHCH YIIepoa)
nocturaetr 25-45%, B 6ayacte mpeo01aiarT a30T U yriiekuciaora — 55-75%.

CocraB ra3000pa3HOTO TOIUIMBA 33/1a€TCSI B 00BEMHBIX JIOJIIX M B 00IIIEM BUJIE MOXKHO 3aIHACATh
ClenyroImuM 00pa3om:

2CnHan+2 + ZCnHan + H2 + CO + Ha2S + O2 + N2 + CO2 = 100% , (13.11)
rie LCnHan+2 — IpeenbHbIC YTIIEBOIOPOIBI;
Y CnH2n — HenIpeenbHbIC YTIIOBOAOPO/IbI;
H2S — cepnaucTsii Bomopo.
CO — okuch yraepoja;
CO2 - yriekucisiii ras.

13.2. XapakTepucTuka TOIJmBa.

Bnaoswcnocmo 6030yxa. CpeiHss BIa)KHOCTh TOIUIMBA B paboueM COCTOSIHUM COCTaBisIeT B Yo: 171
topa 50; cnanues 13-17; kameHnHoro yris 5-14 u antpauura 5-8. Bypble yriu B 3aBUCUMOCTH
OT BJIQXKHOCTH JIesiAT Ha 3 rpymnnsl: rpynna b1 — 6onee 40% Bnaxnoctu; rpynna b2 — 30-40%;
rpynna b3 — menee 30%.

3ona monausa. B cocTaB 307161 BXOAAT NPEUMYIIECTBEHHO COJU IMIEIOYHBIX U IEI0YHO-
3eMeJTbHBIX METAJUIOB, OKUCIIBI XKeJle3a, aTFOMHHMS, a TAaKXkKe cylbhaTHas cepa. MuHepanbHbIe
OCTaTKH, 00pa3yrolecs mocjae Cropalus TOIUIMBA, UMEIOT BUJL JIMOO ChIMTy4yeil Macchl (30:1a),
u00 CIJIaBIEHHBIX KYCKOB (1U1aK). [Ipu BBICOKHX TeMIiepaTypax 30j1a pa3Msrdaercs, a 3aTeM
r1aBuTcs. Pa3MardenHas 3071a U IJ1aK NPUIKMIAOT K CTEHKaM 0OMYpPOBKH TOTKH, YMEHbIIIast
CeUeHHE Ta30X0/I0B OTKJIA/IBIBAIOTCS HA TIOBEPXHOCTSIX HArpeBa, yBEITMYUBAs TEM CAMBIM
TEPMUYECKOE CONPOTUBIIEHNE B MpoOLIecCce TEIUIONepeiaun O ra30B K HarpeBaeMoii cpee,
3a0MBAIOT OTBEPCTHS [T IPOXO0/Ia BO3/IyXa B KOJOCHUKOBOH pelIeTke, 0OBOIAKHBAIOT YaCTHIIBI
TOTIJINBA, 3aTPY/IHSSA UX CKUTAHUE.

PaznuHbie BUIBI TOILTHBA COEpIKAT pa3Hoe KomvecTBa 30561, Hampumep, B %: npeBecuna — 1;
topd — 10; xky3Heukuit yroiab — 10-20; mogmockoBHbIi Oypblit yronb — 30; cnanis! — 60. XKuakoe
TorMBO (Ma3yT) coaepxut 0,2-1% MuHepaIbHBIX IPUMECEH.

Jlemyuue eewgecmaa. Ilpu HarpeBanuu TBepaoro Torumaa 10 §70-1100 K 6e3 moctyna
OKHCITUTEIIS], BRIICISIFOTCS TApOTa3000pa3HbIe BEMIECTBA, KOTOPhIE Ha3bIBAIOTCS temyuumu. OHA
SBIISIIOTCSI TPOJYKTAaMH pacriajia CJI0KHBIX OPraHUYEeCKUX BEIECTB, COJePKALIUXCS B
OpPraHUYecKoil Macce TOIUTBA. B cocTaB JleTyunx BemecTB BXOAAT: a30T N, kuciopoxa Oy,
Boopoa Ho, okuck yrnepona CO, yrneBogopoansie ra3sl CHa, C2Hs 1 1.1, a Takke BoAsSHBIC
napel.

Koxkc. TBepaplif ocTaTOK, KOTOPBIH MOJIydaeTcs Mocje HarpeBaHus TormBa (6e3 Jjoctymna
OKHCITUTENIS ) U BBIXOJIA JIETYYUX BEHIECTB. B cOCTaB KOKca BXOAAT OCTATOYHBIN YIIIEPO] M 30J1a.
[Tpu HU3KUX TeMIepaTypax B TBEPIOM OCTATKE KPOME 30JIbI MOXKET OKa3aTbCsl YaCTh SJIEMEHTOB
(C, H, S5, N). Torma TBep/blii OCTATOK HAa3bIBACTCS noayKoKkcom. [10 CBOMM MEXaHUIECKUM
CBOWCTBaM KOKC MOKET OBITh TOPOIIKOOOPa3HBIM, CITA00CHEKIITMMCS M CTIEKITMCS.

B 3aBucuMOCTH OT BBIX0/1a JIETYUHMX BEILECTB U XaPaKTEPUCTUKH KOKCA KAMEHHBIE YN




paznensores Ha 10 Mapok: JUIMHHOIUIaMEHHBIN - [, ra3oBblii - I, ra3oBelii xupHbI — K,
#upHbIK — JK, KokcoBbIl xkupHBIN = K)K, kokcoBbIl - K, KokcOBBIi BTOpoi — K2, oTONIEHHbBIN
crnekaromuiica — OC, cnabocnekaromuiics — CC, Tomuii — T.

Tennoma ceopanusi. OMHON U3 OCHOBHBIX XapaKTEPUCTHK JTOOOTO BU/IA TOTUIUBA SIBISETCS
TEIUIOTA CTOPAHUSs, T.€. TO KOJIMUYECTBO TEIUIOTHI, KOTOPOE MOKET OBITh MOTYYCHO MIPH MTOJTHOM
CrOpaHWU €UHUIIBI MacChl UM 00beMa ToruBa. [10JTHBIM CropaHreM Ha3bIBACTCs TaKoe, IPH
KOTOPOM roproure KoMrnoHeHThl Toruea C, H ¥ S mOJHOCTBIO OKUCIISIOTCS KUCTOPOAOM.
TemIoTy CropaHus TBEPIOTO H KUJIKOTO TOIUIMBA OTHOCAT K | KT, a ra3oBoro — kx 1 M° pn
HOPMAaJIBHBIX YCJIOBUSIX.

PaznuuaroT Huzuyro u suicuyo TEIIIOTY CropaHus. B BRICIIYIO TEIJIOTY CrOpaHUs BXOIAUT
KOJIMYECTBO TEIUIOTHI, KOTOPOE MOXKET OBITh BBIJICICHO IIPHU KOHACHCAIIUY BOASHBIX I1apOB,
HaxXOJISAIINXCS B MTPOJYKTAX CrOpaHUs TOTUIMBA.

[Ipu U3BECTHOM 3JIEMEHTAPHOM COCTaBE TBEPJOTO M >KHIKOTO TOILIUB TEIJIOTY UX CTOPAHMS
(xJI>x/Kr) onpenensioT no sMOupudeckuM dpopmynam, npemioxennon J.M.MenneneeBbiM:

QPy =340CP + 1035HP — 109(OP - SP;)) — 25WP . (13.12)

QPs =340CP + 1260HP — 109(OP - SP;) ; (13.13)
TemnoTa cropanus cyxoro rasa (kJ[/M°) OIpeaeNnsIoT o 065EMHOMY COCTaBY,%, U H3BECTHOM
TEIUIOTE CrOPaHMsI KOMIIOHECHTOB:

QP =358CH4 + 640C2Hs + 915C3Hg + 1190C4H1o +

+ 1465 CsHyz + 126,5 CO + 107,5H2 + 234H5S; (13.14)

QP =398CH4 + 700C2Hs + 995C3Hg + 1285 CsHio +

+ 1575 CsHyz + 126,5 CO + 127,5H2 + 257H,S; (13.15)

Ecnu B cocTaB ra3a BXOJAT HEU3BECTHBIE YTIIEBOJOPOHbIC KOMIIOHEHTHI (IIPH YCIOBUH, YTO
coJiepKaHNe MEeTaHa U3BECTHO), TO CYMMY YIJIEBOIOPO/IOB YCIOBHO IPUHUMAIOT KaK
conepkanue 3tana C2Hy 1 Tennoty cropanust pacCUMTHIBAIOT 1O (hopMysiaM, aHAJIOTMYHBIM
ypaBHeHusm (13.14) u (13.15).

Jlnst cpaBHEHMS pa3IUYHbBIX BUJIOB TOIUIMBA 110 UX TEIUIOBOMY 3P (GEKTY BBOAST MOHITHE
YCIIOBHOTO TOIIMBA, TEIUIOTA CTOpaHus KOToporo npuHsaTa paBHoi 29300 xJ[x/kr.
Ortnorrerne QPy maHHOTrO TOmMBA K Qy 1. YCIOBHOTO TOTUTMBA HA3BIBACTCSI MONIUGHbIM
akeusanenmom — J. Toraa uis pacuera pacxojia HaTypajabHOro TormBsa By B ycnoBHoe By 1.,
JIOCTaTOYHO BEJIMYMHY By YMHOXUTH Ha SKBUBAJIEHT I, T.€.:

By.r. = Bya*D = By *(QP / Qy.r.) (13.16)

13.3. MoTopHbIe TonIMBa A5 nopmHesbix /ABC.

OCHOBHBIMU MOTOPHBIMH TOTJTUBAMH SIBJISIIOTCSI O€H3UHbL U QU3elbHble TOTIIINBA, IOJTy4aeMble
nyTteM nepepadboTku HedTu. KpoMe 3Toro Takxke UCIONb3YIOT CoHcanmule U CHCUNCEHHbBLE 2A3bl;
cunmemuyeckue moniusa, mojrydaemMble nepepaboTKoN yriis, CllaHIeB, OUTYMOHO3HBIX MIECKOB;
chupmul; 3upbi.

ABTOMOOUIIbHBIC OEH3UHBI MPEACTABIAIOT COOON CMECH YIIIEBOIOPOIOB, BHIKUIAIOIINX B
nuarnaszone tremrepatyp 35...205?C u BeipabarsiBaroTcs cienytomux mMapok: mo 'OCTy 2084-
77 A-76, AU-93 (A-92), AU-95, a Taxoke HeaTmIIMpoBaHHBINH AM-91; skcriopTHBIE O€H3UHBI A-
80, A-92, A-96, ¢ ymydmeHHbIME 3KostoTnueckumu cBoiicteamu — HOPCU AN-80, HOPCHU
AU-92, HOPCU AU-95. Iludps! B Mapke OeH3MHA MOKa3bIBaeT okTaHoBoe uncio (OY), kotopoe
XapaKTepU3yeT 0emoHAYUOHHYIO CmMOtiKocmb OEH31HA.

Jlu3enbHble TOIIKMBA BEIPa0aTHIBAIOTCS B OCHOBHOM U3 TMJIPOOYHILEHHBIX (DPAKIIMNA TIPIMO
neperoHku Hedtu. B Pocunu BbipabaTeIBatoT TpU cOpTa AU3EIBHOIO TOILUIMBA!

"n" (letHee) — U1 3KcIuTyaTauuy npu tremueparype 0?7C u Bbile;

"3" (3uMHee) - A SKCIUTyaTanuu mpu Temmneparype -20?C u BblIe;




"a" (apkTHUECKOE) - A KCILTyaTauuu npu temneparype -507C u Bbliie.

YrieBog0poaHbIE ra3000pa3Hble TOIIIMBA MPU HOPMAJIbHBIX YCIOBHSX MOAPA3ICIIAIOT Ha
corcamule (CIID) u corcuscennvie (CHI'). B kauecTBe ¢:kaToro raza UCHoOJIb3YIOT IPUPOIHBIN ra3
(95% merana CHy). CoxukeHHBIE Ta3bl ABISIOTCS MIPOIYKTaMH IepepadOTKH MOMYTHBIX Ia30B U
ra3oB ra30KOHICHCATHBIX MECTOPOXKICHUI U BOCHOBHOM COJIEpKaT OyTaHIIPOTIAHOBEIE U
OYTUJICHIIPONUIICHOBBIE CMECH, HAXOSIINUECs TPU HOPMaJIbHOU TEMIEpaType B )KUJIKOM
COCTOSIHUH.

OCHOBHBIM IPEUMYILIECTBOM T'aK30BBIX TOIUIMB SIBJISIETCA UX YUCTOTA, OOJIee JIETKUIA 3aIlyCK B
XOJIOJHOE BpEMsI, BHICOKHE SKOJIOTUUECKHE KaueCTBa.

Tema 14. KoTeJibHBIE YCTAHOBKH.
14.1. KoTeabHbIi arperart v ero 3JeMeHTbl.

Kak yxe yka3pIBajgoch, yCTpOWCTBA, B KOTOPBIX HETIOCPEICTBEHHO BhIpadaThIBaeTCs Map U
HarpeBaeTcs BOJIa, Ha3bIBAIOT MAPOBBIMU WJIM BOAOTPEHHBIMU KOTiaaMu. Eciy KOsl B
OTOMUTENIbHBIX KOTEJIbHBIX BHIPa0aTHIBAIOT Map JaBieHueM P

B npou3BoCTBEHHBIX U 3HEPTETUYECKUX KOTEIbHBIX 10 IaBJICHUIO II0Jy4aeMoro napa
KOTEJIbHBIC arperaThl pa3ieistoTces Ha ciaenyromue: Hu3koro nasinenus (0,8-1,6 MIla), cpeanero
(2,4-4 MITa), Beicokoro (10-14MIla) u cBepxBbicoKOro nasnenus (25-31Mmna). [TapoBbie
KoTenbpHbIe arperarsl ctangaptusupobansl (TOCT 3619-76) no napameTpam BeipabaThIBAEMOTO
napa (P u T) u momnocCTH.

KotenbHble arperarsl mpousBoautebHOCThIO 0,01-5,5 Kr/c OTHOCATCS K KOTJIaM Majion
MOIIIHOCTH, TPOU3BOAUTEIBHOCTHIO 10 30 KI/C K KOTJIaM cpeaHeit MomHocTy U 6ojee 30 kr/c
(o 500-1000 xr/c) — kK KOTJIaM OOJBIION MOIITHOCTH.

Bonorpeiinbie KOTIbI yHU(DUIIUPOBAHBI 110 TEIUIONPOU3BOIUTEILHOCTH HA BOCEMb TUIIOB: 4, 6,5,
10, 20, 30, 50, 100 u 180 I'kayr/9. KoTasl Termonpou3BoauTensHOCTRIO HIbke 30 ['kan/a
npeIHa3HavarTCs Ui paboThl TOJIBKO B OJTHOM pexuMe (0OCHOBHOM). KoTiibl
TEIUIONPOU3BOAUTENBbHOCTHIO 30 I'kas/u 1 Bblllle AOMYCKalOT BO3MOKHOCTh paOOThI KaK B
OCHOBHOM, TaK U B IMKOBOM PEXHUMaXx, T.€. B IEPUOJI MAKCUMAJIBHOTO TEIUIONOTPEOIEeHUS TPU
HauboJsee HU3KUX TEMIEpaTypax HapyKHOTO BO3/1yXa.

J1 KOTJIOB TEIIONPOU3BOAUTENBHOCTHIO 710 30 ['kan/u TeMnepaTypa BoAbI Ha BBIX0JI€
npunumaetcs 432 K, a gaBienue Bojabl Ha Bxoje B koten — 1,6 MIla. [{ns koo
TEIUIONPOU3BOAUTENBHOCTHIO 30 ['kan/u 1 BbIllle MaKCHMabHAsi TEMIIEpaTypa BOABI Ha BBIXOJIE
npunumaercs 450-470 K, a naBinenue Bozs! Ha Bxoze — 2,5 MITa.

[To KOHCTPYKIIMK MTAPOBHIE KOTIBI MOXKHO Pa3/Ie]IUTh Ha JIBA TUIIA — 2A30MpyOHble U
600ompybHble. B ra30TpyOHBIX KOTJIaX OCHOBHBIE TOBEPXHOCTH HarpeBa HaXOAsATCs BHYTPU
IIMHAPUYECKOTO cocy ia OOJIBIIOTO AUaMeTpa B BUJIE TaK HA3bIBAEMBIX JKaPOBBIX HITH
JBIMOTAPHBIX TPYO MITM PA3IMYHBIX UX KOMOWHAIIHA, TI0O KOTOPHIM JBIKYTCS TIPOTYKTHI
cropanus TorumBa. Ha puc. 14.1 moka3aHbl CXeMbI KOTIIOB C KapOBBIMH U JTBIMOTapHBIMU
TpyOamu.



Puc. 141, Cxemu xaraos

=& MAPOBEIMH  TpYOaMH; G- ¢ glmn-
rapueasyn TpyGaMH

bonee coBeplieHHBIMU SABISIOTCSA BOJAOTPYOHBIE MapoBbie KOTJIbl. OHU UMEIOT pa3BUTHIE
HOBEPXHOCTH HArpeBa, COCTOSIINE U3 TPYO, 3aI10JIHEHHBIX BHYTPU BO/I0OI U NapOBOSTHOM
CMECBIO, a CHapy»U 000rpeBaeMbIX MPOJAYKTaMHU CropaHus ToruBa. KoTiel oTHOCATCS K
TFOPU30HTAJIBHO-BOIOTPYOHBIM, €CIIHM TPYObI PacioyioKeHbl I0J] YIJIOM K TOPU30HTY He Ooee
25°, ¥ K BepTHKAJIbHO-BOIOTPYOHBIM, €CJIU TPYOBI HAYT OoJiee KPyTO WM BEPTHKAIBHO. B 3THX
KOTJIaX IIyTeM U3MEHEHUs uKciia TpyO B MyyKax U YUCJIa CaMbIX ITyYKOB YAAJIOCh YBEIUUYUTh
IUIONIA/Ib TOBEPXHOCTU HarpeBa, He yBEJIMYUBas AMaMETp X OapabaHOB, YTO B CBOIO OYepeb
JIaJI0 BO3MOKHOCTD ITOJIYYHUTh B 9TUX KOTJIAX Map BBICOKOTO AABJICHUS.

ITpu paboTe mapoBOro KoTjia O4eHb BaXKHO 0OECIIEYUTh HA/IEKHOE OXJIAKICHHUE TIOBEPXHOCTEH
Harpesa, B KOTOPBIX MPOUCXOAMUT apoodpazoBaHue. [y 3Toro He06X0IMMO COOTBETCTBYIOLIUM
00pa3oM OpraHu30BaTh JABHKEHUE BOJIbI U MAPOBOSHONW CMECH B UCTIAPUTENbHBIX
MOBEPXHOCTAX Harpena. [1o xapakTepy opraHu3anuu IBHXEeHHUs paboyero Tena B
UCIIAPUTEIbHBIX TIOBEPXHOCTSIX KOTEJIbHBIE arperaThl AEJATCS Ha TPU THUIIA:

1. cecrecTBeHHOM nUpKysiuei (puc 14.2,a);
2. ¢ IPUHYIUTEIbHOW HUpPKysinuei (puc 14.2,0);
3. TPSIMOTOYHBIE.



Puc. 14.2. Cxemu xota0s

d==C COTCCTBEHMHON  uupKyanunch; 6 —c¢
HPHUYANTCABIQN  UKpKYaauKefi: [ — Gapa-
GaM; 2 — HCDAPHTCABHLE NOBCPXHOCTH, J —
taponcperpesarean; 4 — yaonoxanicp; 5—
BOIAYXONOAOTPCBATEND

[TpuHuMnuanpHas cxema NpAMOTOYHOrO KOTJja 1oka3aHa Ha puc 14.3. [TutarenpHas Bozna
NoJaeTcsl B KOHBEKTHBHBIN AKOHOMaii3ep 6, T/ie OHa MoIorpeBaeTcs 3a CYET TeIla ra3os, U
MOCTYIAET B KPaHHbIE TPYObI 2, BHINOJIHEHHBIE B BU/IE€ TApAJIJIEIbHO BKIIOYEHHBIX 3MEEBUKOB,
PACIIOJIOKEHHBIX HAa CTEHAX TOIIOYHOW KaMepsl. B HM)KHEN 4acTH 3MEEBUKOB BOJ]a HATPEBAETCS
710 Temriepatypsl HacbieHus. [lapooGpasoBanue 1o crenenu cyxoctu 70-75% MpoucxoauT B
3MEEBHKAX CPEINHETO yPOBHSA pacnonoxkenus. [lapoBoasHas cMech 3aTeM IIOCTYIAeT B
NEepeXOHYI0 KOHBEKTUBHYIO 30HY 4, TJle MPOUCXOAUT OKOHYATEIbHOE HCIapEHHE BOIbI U
YaCTUYHBIN ITeperpes napa. M3 nepexo HoM 30HbI ap HAIIPABJIAETCSA B paAualiOHHBINA
neperpeBareib 2, 3aTeM JIOBOJUTCA 10 33JaHHON TeMIlepaTypbl B KOHBEKTHBHOM IeperpeBareiie
3 ¥ mocTynaer Ha TypOuHY. B OoImycKHOM IaxTe KOTiioarperara pacroioXeHbI epBas (110 Xoxy
ra3oB) ¥ BTOpasi CTYIEHU S U 7 BO3AyXOMOAOrpeBaTels.
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Puc.14.3. Cxema npamorousoro KoT-

Joarperara

f WHAHAN  PAJHUUHHOHILIY 30Tl Heltapw-
TCALHOR MODCPXUOCTH  uarpens: 2 - pasua
IWHOnH R NePLrpUBaTeab; 4 - KOWDUKTHRH AN
TALTh  MAROICPCr pesaTean; 4 HOBUPDXHOCT R
narpesa Avpexodued  soHL: 5 7 - aepaasn
HBTOPad CTVICHH  B0JAVXOHO IO PG IATUAN;
A RUHBCKTHBITI FLOHOMA LD & ro

peara

K OCHOBHBIM 371€MEHTAM KOTEJIbHBIX arperaToB OTHOCATCS NApONEPErPEBATEIH, SKOHOMAN3Ephl
Y BO3J1yXOIIOI0IPEBATEIIH.

ITaponeperpeBarenb npeacTaBiseT co00i 3MEEBUKOBYIO TOBEPXHOCTh TEINIOOOMEHA,
IIpEeAHA3HAYEHHYIO JJIs [IeperpeBa napa, oJIlyd4eHHOTO B MUCITAPUTEIbHON YaCTH KOTEIBHOTO
arperata. [lap nBuxkercs BHyTpH TpyOOK, OMBIBAEMBIX CHAPYKH JBIMOBBIMH I'a3aMH.
ITaponeperpeBaTenb — HEOTBEMIIEMBIN AIEMEHT SJHEPIeTHUECKUX KOTENBHBIX arperaros. Eciaun
JUISL HEKOTOPBIX TEXHOJIOTMYECKUX MPOLIECCOB TPeOYeTCs MeperpeThlil map, To KOTeIbHbIE
arperaTbl MaJIO U cpe/lHeil MOIIHOCTH TaK)Ke CHa0XKaloT MaporeperpeBaTesiMu.

Boasinbie 3kOHOMAaM3epbl ITPEAHA3HAYEHBI [T IOI0IPEBA MUTATEIBHON BOBI 10 MOCTYIUICHHS
€€ B HCIIAPUTEIIbHYIO YacTh KOTEJIBHOTO arperara. [IpeaBapurenbHblil IOJOTPEB BOJBI 32 CUET
TEIJIOTHI JBIMOBBIX I'a30B cyniecTBeHHO yBennunBaeT KII/[ korensHOTrO arperara .

B 3aBMCHMOCTH OT IPUMEHSAEMOT0 MaTeprala YdKOHOMAU3EPhI IEATCS Ha YyT'YHHBIE U
CTaJIbHBIE, [0 TUITY IOBEPXHOCTH — Ha peOpUCTHIE U TTIAAKOTPYOHBIE, IO CTENEHH MOJ0TPeBa
BOJIbI — HA HE KUIISIINE U KUIISALIHE.

Bo3ayxonoxorpesaresu. B oTiiuuue oT BOASHOTO SKOHOMAaM3epa 1 naponeperpeBaTes
BO3/yXOIIOAOIPEBATENb. OTHUMAs TEIUIOTY OT YXOALIMX ABIMOBBIX T'a30B U YMEHbIIAs TAKUM
00pa3oM MoTepHU ee C STUMU ra3aMu, HEMOCPEJICTBEHHO OTHSATYIO TEIUIOTY HE NepeacT
pabGouemy Temny (Boje WiH napy). I'opsumii Bo3ayX, HarpapJisieMblid B TONKY KOTJIA, YJIy4IlIaeT
YCIJIOBHSI CTOPAHMS TOIUIMBA, YMEHBIIAET MOTEPHU TEIJIOTHI OT XUMUYECKON U MEXaHUYECKON
HETOJIHOTHI CTOPaHMs TOIUIMBA, MOBBIIIAET TEMIIEPATypPy €ro TOPeHHsl, UHTEHCU(PUIIPYET
TeriooOMeH, uto B urore nossimaet KI1J[ ycranoBku. B cpenneM nonmxkenue remnepaTypbl
yxoasaumx ra3os Ha kaxabie 20-25 K nossimaer KIIJ[ npumepno Ha 1%.

14.2. Bennomorare/ibHOe 000pyA0BaHHME KOTeIbHON YCTAHOBKH.

CenapanuoHHble YCTPOiicTBa. BiakHblil HACHILIEHHBIH Map, ody4aeMblid B 6apabaHe
KOTJIOArperaToB HU3KOTO U CPETHETO TABJICHHUM, MOXKET YHOCUTh C COOOH Karii KOTJIOBOM



BOJIbl, COZIEPIKAIIIECH paCTBOPEHHBIE B HEHM COU. B KOoTioarperarax BBICOKOIO U CBEPXBBICOKOIO
JIaBJICHUH 3arps3HeHne napa o0ycIaBIUBAETCs €lle U JOIOIHUTEIBHBIM YHOCOM COJIEeH
KPEMHMEBOU KUCIIOTHI U COCUHEHNUN HATPUs, KOTOPBIE paCTBOPSIOTCS B Mape.

[Tpumecu, yHOCHMBIE C TAPOM, OTKJIAIbIBAIOTCS B IApOIIEpErpeBarelie, YTo KpainHe
HE)KEJIaTeNbHO, TaK KaK MOXET MIPUBECTH K Iepexory Tpyo napomeperpesaresns. [loaTomy map
nepes BbIX0I0M U3 OapabaHa KOTiIa OJBEpraeTcs cenapayuu, B Iporecce KOTOpoil Kariu
KOTJIOBOH BOJIBI OT/EJISIOTCS U OCTAlOTCs B 6apabane. Cenapanus mapa ocyILecTBIseTCs B
CIELUAJIBHBIX CENapUPYIOIINX YCTPOMCTBAaX, B KOTOPOM CO3LAKOTCS YCIOBHS ISl €CTECTBEHHOTO
WJIM MEXAHUYECKOT0 pa3/iesIeHUs BOJbI U I1apa.

EcrecTBeHHas cenapanys IpOUCXOIUT BCIEACTBUE OOJIBIION PAa3HOCTH IIOTHOCTEH BOJIBI U
napa. MexaHn4ecKril THEpLMOHHBIN IIPUHIIMII CENApallid OCHOBAH Ha Pa3In4uyi MHEPLIMOHHBIX
CBOMCTB BOJSHBIX Kallesb U I1apa IIPU PE3KOM YBEJIIMYEHUH CKOPOCTU U OJJHOBPEMEHHOM
W3MECHEHUU HaIIPaBJICHUS WIK 3aKpy4YMBaHUS IIOTOKA BJIAKHOIO I1apa.

Ha puc 14.4 nokazaHbl NpUHIMIHAIIBHBIE CXEMBI CENIAPUPYIOLUX YCTPOMCTB.

TsroayTbeBble ycTpoiicTBa. 711 HOpMaIbHOIM pabOTHI KOTEIBHOTO arperata HeoOXOMbI
HENpephIBHAS [10a4a BO3AyXa JUIsl TOPEHUS TOILJIMBA U HENIPEPBIBHOE yIaJICHUE IIPOYKTOB
CrOpaHHs.

Puc. 14.4. Cxemsl cenapauHoHHbIX YCTPONCTR

a4 -- TOrPYyXHON AbiPYATHIG MKHT: [ — JALIPURTLIN WHT, 2 — NAPOOPHEMHbIT ARIPYATHI WHKT, 6 -
OTGOMNLIe 1f  pacnpelcasTenblible WHTE { — oTGOfAHLIA  WHT; 2 — NAaponpHeMiublit  AbipUaThif)
ULHT, & — Waaauiusii cenaparop: [ — orGofiubifl WHT, 2 -- MaAIHAHLIE coiiapaTop: J — na-
POOPHUMHLBIR ABIPUATHIR UIHT, & —— HHEJOHEBLI cenapatop: { — UHKAOH; 2 — RapoupHemibiit asip-
GATHIN ILHT

B coBpeMEHHBIX KOTEJIBHBIX YCTAHOBKAX IIUPOKO PACIPOCTPAHEHA CXEMA C PA3PEKEHUEM T10
razoxonaM. K HegocTaTkam 3TOi CXeMbI ClIeIyeT OTHECTH HAJTMYUE TPUCOCOB BO3/1yXa B
ra300TXO/Ibl Yepe3 HEIJIOTHOCTH B OTPAXKJIECHUSIX U PadOTY ABIMOCOCOB Ha 3albUICHHBIX ra3ax.
JIOCTOMHCTBO TaKOM CXEMbI — OTCYTCTBHE BHIOMBAHUS U yT€UEK BIMOBBIX Ta30B B IOMEIICHUE
KOTEJIbHOM, TaK KaK BO3yX B TOIIKY HArHETA€T BEHTWIATOP, & JABIMOBBIE Ta3bl yAAISAET ABIMOCOC.
B nocnennee BpeMs B MOITHBIX SHEPreTUUYECKUX KOTEJIBHBIX YCTAHOBKAX MIMPOKO MPUMEHSIETCA
cxema ¢ HaayBoM. Torka v BeCh Ta30BbI TPAaKT HaxoAsTcs oA gaBineHueM 3-5 klla. JlaBnenue
CO3/1a€TCSl MOITHBIMU BEHTUJIATOPAMU; IBIMOCOC OTCYTCTBYET. OCHOBHOM HEIOCTATOK 3TOM
CXEMBI — TPYAHOCTH, CBsI3aHHBIEC C O0ECTIeUeHnEeM Ha/IiexKalleil TepMEeTHYHOCTH TOTIKU H
ra3oxoJI0B KOTEJIbHOTO arperara.

J171st mostydeHus TATH HEOOXOIMMO YBEIHUMBAThH BBICOTY TPYOBI UJIM TEMIIEPATYPY YXOISAIINX
razoB. OHAKO MTPU UCTIOIB30BAaHUH JIFOOOTO M3 ATHX CITOCOO0B HEOOXOIMMO UMETh B BUIY, YTO
BBICOTa TPYOBI OTpaHUYECHA €€ CTOMMOCTHIO M POYHOCTHIO, a TeMIIepaTypa ra3zoB —
ontuManbHbIM 3HaueHHeM KIIJ[ korenbHOlN ycTaHOBKHU. [103TOMY OOJIBIIMHCTBO COBPEMEHHBIX
KOTEJIbHBIX YCTAHOBOK O0OPYAYIOT HCKYCCTBEHHOU TSTOM, JIJIsl CO3/IaHUsl KOTOPOU MPUMEHSIOT
JILIMOCOC, TIPEOI0JICBAIOIITUI COMPOTUBIIEHUE Ta30BOTO TpaKkTa. B 3TOM ciydae BEICOTY TPYyObI
BBEIOUPAIOT B COOTBETCTBUH C CAHUTAPHO-TEXHUYESCKUMH TPEOOBAHUSIMHU.

Hamnop Bo3ayxa, co3maBaeMblid BEHTUIIATOPOM, TAKXKE CIIEAYET ONMPEAEIATh HA OCHOBAaHUU
a’POJIMHAMUYECKOT0 pacyeTa BO3AYIIHOTO TPaKkTa (BO3yX0BOAOB, BO3AYXOMOI0OTPEBATES,



TOpEIOYHOr0 YCTPOCTBa U T.A.) MaKkCHMalIbHBINM HAop BEHTHIIATOPA JOJbKeH ObITh Ha 10%
6ombie (B2 =1,1) moreps Hamopa B BO3AYIITHOM TPAKTE KOTEJIILHOTO arperara.

OcHOBBI BOA0NOATOTOBKHU. O1HOW U3 OCHOBHBIX 337a4 0€30MaCHOM HKCIUTYaTaIl[H KOTEIbHBIX
YCTaHOBOK SIBJISIETCS] OPraHu3allys palioHAIbHOTO BOJHOIO PEKUMa, P KOTOPOM HE
o0pa3yeTcs HaKUIb Ha CTEHKAX MCIApUTENIbHBIX IOBEPXHOCTEN HArpeBa, OTCYTCTBYET UX
KOppo3us U 00ecreunBaeTcsl BBICOKOE KauecTBO BbIpabaThiBaeMoro mapa. [lap,
BbIpabaThIBaeMBbIll B KOTEIHHON YCTaHOBKE, BO3BpAILAETCS OT MOTPEOUTENS B
KOHJCHCUPOBAaHHOM COCTOSIHMH; IIPU 3TOM KOJIMYECTBO BO3BPAIIa€MOT0 KOH/IEHCAaTa OOBIYHO
ObIBaeT MEHbIIIE, YEM KOJIMYECTBO BHIPAOOTAHHOTO Mapa.

[Totepu KoHIEHCATa U BOABI IPU MTPOYBKE BOCIIOIHSIIOTCS 3a CUET J100aBKU BOJABI U3 KAKOT0O-
1100 UCTOYHMKA. DTa BOJAA JOKHA OBITH COOTBETCTBYIOIIMM 00pa3oM MOATrOTOBJICHA 10
MOCTYIICHUSI B KOTEJIbHBIN arperaT. Boja, npoieamas npeaBapuTeabHy0 MOATOTOBKY,
Ha3bIBACTCS 000A60YHOU, CMECh BO3BPAIIAEMOTr0 KOH/IEHCAaTa U 100aBOYHOM BOJIBI —
numamenvbHol, a BOJa, KOTOpas HUPKYIUPYET B KOHTYPE KOTIa, KOMA0BOU.

OT KauecTBa MUTATEIBHOI BOBI 3aBUCHT HOpMalibHast paboTa KOTEIbHBIX arperatoB. ®u3nko-
XUMHYECKHE CBOMCTBA BOJIBI XapaKTEPU3YIOT CIIEAYIONINE TOKA3aTENN: TPO3PAYHOCTb,
CoJIep’KaHue B3BEILIEHHBIX BELIECTB, CYXOM OCTaTOK, COJIECOIEPKaHUE, OKUCIIEMOCTb,
KECTKOCTb, IICJIOYHOCTh, KOHIICHTpaLus pacTBOpeHHbIX ra3os (CO2u Oy).

[Tpo3payHOCTh XapaKTepU3yeTcs HATMIMEM B3BEIICHHBIX MEXaHHUECKUX M KOJUTOUTHBIX
npUMecel, a coiepKaHKe B3BEIICHHBIX BEIECTB OINPEAETSET CTENEHb 3arpsi3HEHUS BOIbI
TBEPJIBIMH HEPACTBOPUMBIMH TPUMECSIMH.

TonnmBonogaya. /111 HopManbHOU U O6ecriepe0oitHON paboThl KOTENBHBIX YCTAHOBOK
TpeOyeTcs, YTOOB! TOIIMBO K HUM IOAaBaJIOCh HENpepbIBHO. [Iponecc nogaun Tomnnusa
CKJIQ/IBIBAETCS U3 JIByX OCHOBHBIX 3TaIoB: 1) mojiauya TOMIMBA OT MECTa ero 100bIYM Ha CKJIa/Ibl,
pacroyioKeHHbIE BOJIM3U KOTEIBHOM; 2) T0/1aya TOIUIMBA CO CKJIAJI0B HEMOCPEICTBEHHO B
KOTEJIbHbIE TTOMEILICHHS.

Ouncrka ILIMOBBIX I'a30B U yaajJeHHe 30J1bl M nu1aKa. [Ipy cropanuu TBepA0ro TOIIMBa
oOpasyetcs MHOTO 30ib1. [Ipu ciioeBOM mpoliecce CKUraHUsl OCHOBHAS YaCTh MUHEPAIbHBIX
npumeceit Torusa (60-70%) npeBpataeTcs B IUTaK U MPOBAJIMBAETCS Yepe3 KOJIOCHUKOBBIE
pELIETKH B 30JIbHUK. B MbLIeYyronbHbIX Tonkax 6onbiast yacth (75-85%) 301161 yHOCHUTCS U3
KOTJIOATPEraToB C JBIMOBBIMH T'a3aMH.

B Hacrosiiiee BpeMs B KOTEJIbHBIX IPUMEHSIOT CIIEAYIOIINE THITBI 30J10yJI0BUTENEH: 1)
MHEPLUOHHBIE MEXAHUYECKUE; 2) MOKpBIE; 3) 31eKTpOUIbTPhI; 4) KOMOUHUPOBAHHBIE.
HHepryoHHble (MEXaHUYECKHE) 30JI0YJIOBUTEIHN Pa0OTAIOT MO MPUHIIMITY BBIAEICHUS 30JI0BBIX
YacTHUIL U3 Ta30BOr0 MOTOKA MO BIUSHUEM CHJI HHEPLIUH.

B Hacrosimiee Bpems UPOKO MPUMEHSIOTCS 30J10yJIaBUTEeNN MoKporo tumna. Ha puc.14.5
MoKa3aHa cXxeMa MOKPOTo 30JI0yJIaBuTeNs (CKpydOepa) ¢ HIPKHUM TaHT€HIIUATBHBIM T10JIBOJIOM
3aIblUICHHOT' O ra3a.



Puc.14.5. Cxema uenrpobexnoro
ckpyOOepa koncTpykunn BTH
1-xopnyc; 2-exonuoit narpybok;
3-knanas; 4-KoJUTeKTOp NORoaAa
BOZIbL, S-OpPOCHTEJIbHBIE COMUIA.

HpI/IHHI/IH I[CI\/JICTBI/IH SHCKTPO(l)I/IHI)TpOB 3aKJIIOYacTCA B TOM, YTO 3allbIJICHHBIC I'a3bl ITPOXOAAT
yepes3 IEKTPUUECKOoe 1oJie, 00pazyeMoe MeX1y CTAIbHBIM LIHJIMHIPOM (ITOJI0KUTENbHBIN
M0JIFOC) ¥ TIPOBOJIOKON, IPOXOAIIEH 0 OCH LIMIUHAPA (OTpULIaTeNbHbIN Not0c). OCHOBHAs
Macca 4acTHIL 30716 MOTy4aeT OTpULaTeIbHbIN 3aps U IPUTATUBAETCS K CTEHKaM LIWIMHIPA,
HE3HAYUTCJIIbHAd 94aCTh YaCTUI 30JIbI ITOJIy4acT MMOJ0KUTEITbHBIN 3apAd U NPpUTATUBACTCA K
npoBoJjioke. [Ipu nepuoguueckoM BCTPSAXUBAHUU 3IEKTPOPHIBTPA dIEKTPOIbI OCBOOOKIAIOTCS
OT 30J1bl. DJEKTPOPUIBTPHI IPUMEHSIOT B KOTEIBHBIX C pacX0A0M AbIMOBBIX ra3oB 6osaee 70000
M3/4, OTHECEHHBIX K HOPMAJIBHBIM YCIOBUSM.

KomOuHMpoBaHHBIE 30JI0YJIOBUTENH SIBISIFOTCS IBYXCTYIIEHUAThIMU , TIPYU 3TOM padoTa Kask01
CTYIEHHM OCHOBaHa Ha pa3IMYHBIX MpUHIUNAX. Yale Bcero KOMOMHUPOBAHHBIN 30JI0YJIOBUTEIh
COCTOMT U3 OaTapeHOro IUKJIOHA (TIepBasi CTYNEHb) U 3J1eKTpoduiIbTpa (BTOpas CTYIEHb).
ITpouecc 3o001IaK0yJaIeHUs MOKHO Pa3/IeIUTh Ha JBE OCHOBHBIE ONlEpallui: OYMCTKA
IIJIAKOBBIX U 30JIbHBIX OYHKEpPOB M TPAHCIIOPTUPOBKA 30JIbI U LIUIaKa Ha 30JI00TBAJIbI WU
HIJTaKOOETOHHBIX U3JIENIUH.

14.3. TenuioBoii 6a71aHC KOTEJBHOIO arperara.

TeruroBo# OaTaHC KOTEIBHOTO arperara ycTaHaBINBAeT PAaBEHCTBO MEXKIY MOCTYIAIOIINM B
arperar KOJMYeCTBOM TEIUIOTHI U €ro pacxooM. Ha ocHoBaHUM TemIoBOro OanaHca
OTIPENIETISIIOT PACXO/]T TOTUIMBA U BBIYUCIISIIOT KOA(DPHUITMEHT TOJIE3HOTO ICUCTBHS,

3¢ (HEeKTUBHOCTH pabOTHI KOTEIHHOTO arperara.

B koTenbHOM arperare XMMHUYECKU CBS3aHHAS SHEPTHUS TOIIMBA B MPOIIECCE TOPCHHMS
npeoOpaszyeTcs B PU3NYECKYIO TEIJIOTY TOPIOYUX MPOIYKTOB CrOpaHUs. ITa TEIioTa
pacxoayeTcsl Ha BRIpaOOTKY W TIeperpeB Mapa Wik HarpeBaHus BOJIbl. BeeacTBre Hen30eKHBIX
MOTePh MPU NIepeave TEIUIOTHI U IPeoOpa3oBaHus YHEPTHH BhIpaOaThIBAEMBIN MPOAYKT (TIap,



BOJIA U T.JI.) BOCHPUHUMAET TOJBKO YaCTh TEIUIOTHI. J[pyryto 4acTh COCTaBIISIOT IIOTEPH,
KOTOPBIE 3aBUCAT OT 3(PPEKTUBHOCTH OPTaHU3AIUHU TIPOLIECCOB MTPeoOpa30BaHUsI SHEPTUU
(coKuTaHMS MOTIIMBA) U EPEIayyl TeIUIOTH BBIPA0ATHIBAEMOMY TPOAYKTY.

YpaBHEHHE TEIIOBOTO OaaHca JUIsi yCTaHOBHBIIETOCS TEIIOBOTO COCTOSIHUS arperara
3aMMCBIBAIOT B CIEAYIOIIEM BUJIE:

Q%p=Q1+ Qu

NN

QPp=Q1+Q2+Q3+Q4++Qs5+Qs (14.1)

riae QPp — TemioTa, KOTOpPO# pacmonararoT; Q1 — UCMOJIb30BaHHAs TerioTa; Qn - 00IIUe MOTEPH;
Q2 — moTepu TEIUIOTHI C YXOAALMMU razaMmu; Q3 — MOTepH TEIUIOTHI OT XUMUYECKOTO HEJI0KOTa;
Qs — moTepH TEIUIOTHI OT MEXaHMYECKON HETIOTHOTHI Cropanus; Qs — MOTEPH TEIIOTHI B
OKpYXaroIlyto cpeny; Qs — MOTEpH TEIIOTHI ¢ GU3UYECKON TEIIOTOM IIITAKOB.

JleBas npuxoHas yacTh ypaBHEHUs TerioBoro 6ananca (14.1) siBiseTcst CyMMOM CIIEAYIOIINUX
BEJIMYMH:

Qpp:QPH+QB.BH+Qnap+qu3_T_ (142)

rze Qs.sn — TEIUIOTA, BHOCHMAs B KOTJIOArPerar ¢ BO3yXOM Ha | KI TOIUIMBA; 3Ta TEIJIoTa
YUUTBIBAETCSI TOT/1A, KOTa BO3YX HAarpeBaeTcsi BHE KOTEJIBHOIO arperara (Hampumep, B
MapOBBIX WJIH JIEKTPHUYECKUX Kanopudepax, yCTaHaBIMBAEMBIX JI0 BO3yXOIOIOTPEBATEIS);
€CJIM BO3JlyX HarpeBaeTcs TOJbKO B BO3lyXOHAarpenaresie, To, TeIUIOTa He YUUThIBAETCS, TaK KaK
OHa BO3BpallaeTcs B TONKY arperata; Quap - TEMJIOTAa, BHOCUMAsl B TOIIKY C 1yThEBBIM
(opcyHouHBIM) HapoM Ha 1 KT HOTIHBA; Qqus.r. - usMueckas Temtora 1 kr unu 1 M3 Tonmusa.
TemnoTy, BHOCUMYIO C BO3YXOM, PaCCUUTHIBAIOT [0 PABEHCTBY:

QB.BH = B/VOcp/(Tr.m - TX.B3), . (143)
rze B/ - OTHOIIeHHE KONMYECTBA BO3MyXa HA BXOJIE B BO3IYXOMOIOTPEBATENb K TEOPETHUECKH
HeobxoauMoMmy; ¢p'= 1,33 xJx/(M°-K), mpu Temmeparype Bo3ayxa 10 600K; Trs , Tx.ss —
TEMIEPATYPhI TOPSAYETO O XOJIOTHOTO BO3/1yXa, 00BIYHO Tx s = 300K.
TemnoTy, BHOCUMYIO C TApOM JUIsl pacblIeHHs Ma3yTa ((pOpCyHOUHBIH Map), HAXOIAT MO
bopmye:

Qrap =Wy (ip - 1), (14.4)

rae W¢ — pacxon ¢popcyHouHoro napa, paBubii 0,3-0,4 Kr/Kr; iy — SHTANIBIUSA (OPCYHOUHOTO
napa, kJ[>k/Kr; r — TeruioTa napooopazoBaHus, K[ x/Kr.
®dusnueckas Temiora 1 Kr Tonausa:

Qous.r. = ¢ (Tr—273) ,. (14.5)

/i€ Cr — TEeMI0EMKOCTh TorunBa, kJ[x/(kr- K); T: — reMneparypa Tomnusa.
Ecnu npenBapuTeNbHbIN I0A0IPEB BO3yXa U TOIUIMBA OTCYTCTBYET U Map JJIs PaclbUICHUS
TOILTMBA HE UCTIONb3yeTcs, TO QPp=QPy.



Tema 15. Tono4Hble yCTPOHCTBA.
15.1. Tomo4Hwble ycTpoiicTBA.

Tonka — oJH U3 OCHOBHBIX 3JIEMEHTOB KOTEJIBHOI0 arperara. B Heil mpoucxoauT mporiecc
TOPEHUs, IPH KOTOPOM XUMHUYECKasi JHEPTUs TOIUIMBA MPeo0pa3yeTcs B TEILIOBYIO SHEPTUIO
MPOJYKTOB CrOpaHMsl, IIepelaBaeMyIo Jajiee KUIKOCTH U Mapy, HAXOAALIUMCS B KOTJIE.
Cy1iecTByIOLIME TOOYHBIE YCTPOMCTBA MOXKHO Pa3AeiIUTh Ha C10e6ble U KaMepHble.
CroeBble TONKYU MPEIHA3HAYCHBI JJIs1 COKUTAHUS TBEPJOr0 TOIUIMBA B CJI0€ Ha KOJIOCHUKOBOM
pelieTke. B kaMepHBIX TOIKAX CXKUIaeTCsl TBEP0E TOILIMBO BO B3BELIEHHOM COCTOSIHUM B
BUJIE MBUTH U JPOOJICHBIX YACTHIL, a TAKXKe JKUKOE, PAcIbUIIEMOE C TOMOIIbIO OPCYHOK, U
razoobpasHoe. KamepHblie TONKH 1opa3AesioTCsa Ha hakenbHble U 8UXpesble.

Ha puc.15.1 mokazaHbl cXeMblI CI10€BOT0, (PaKeIbHOTO U BUXPEBOTO CIIOCOO0B CHKUTAHUS
torunBa. [Ipu ciaoeBom ciocode crxuranust HEOOXOAUMBIN JJIs TOPEHMSI BO3IyX IOMAJaeTCsl K
CJIOIO TOTLIIMBA Yepe3 KOJIOCHUKOBYIO PELIETKY.

Puc. 15.1. CxeMpt ciocoGoB CKHraHHA TBEpPAOTO TOMAHBA

¢ — caocnolt, 6 — hakenpsil; 8 — BHXPCBOil; | — TOOAKRBG, 2 — BOSAYX
[Tpu dpaxenbHOM criocobe CKUTaHUsI TBEPI0E TOTUIMBO MPEIBAPUTETHHO Pa3MaibIBaeTCs B
MEJIPHHIIAX ¥ ITBUTh BMECTE C BO3IYXOM (29pOCMECh) MOMaaeT B TONKY. Bpems npeOsiBaHus
rasa v IbUTH B 00beMe TONKK He3HauuTeabHO (1,5-2 ¢).
[{ukITOHHBIHN c1TOCO0 CKUTaHUSI OCHOBAH HA MCITOJIb30BAHUHN 3aKPYUEHHBIX TOITUBOBO3IYIIIHBIX
MOTOKOB. TpaHCHOPT TOIUIMBA OCYIIECTBIIAECTCS BO3yXOM. TOIMIUBHBIC YACTHUIIBI IIUPKYIUPYIOT
10 ONPE/ICIICHHBIM TPACKTOPUSM B TSUCHHUE BPEMECHH, HEOOXOIUMOTO TSI 3aBEPIICHUS HX
cropanus. [Tox neiicTBreM HEHTPOOESKHBIX CHJT YACTHIIBI ABMXKYTCS B BHJI€ YILIOTHEHHOTO
MPUCTEHHOTO CJIOSl, HHTEHCUBHO MTEPEMEIINBAsCh C BO3AYXOM. Bpems nmpeObIBaHNs YacTHII B
[IUKIIOHHOM KaMepe BHIOUPAETCs TOCTATOUHBIM JIJIsl BRITOPAHUS TPyO00ii MbutH (pa3mep 4acTull —
200 MKM) WU APOOJICHOTO TOTUTHBA (pa3Mep YacTHIl 10 5 MM).
Caoesble TonkHu. [To ciocoOy MexaHu3anuu oneparuii o0cIykuBaHus (I1oada TOILUIMBA,
IIMPOBKA CJIOS, YIAJICHHUE 30JIB M ITUTAKA) CIIOEBBIC TOTIKHU JCIIATCS Ha PyJHBIC
(HeMexaHM3MPOBAHHbIE), MOJIyMEXaHMYeCKHe 1 MeXaHn4deckue. B monymexanndeckux
TOTIKaX MEXaHW3UPOBaHA YaCTh ONeparuii. B MeXaHUYeCKHX TOIKaX MEXaHU3UPOBAHBI BCE
oTiepaIuu.
Krnaccudukanuy Hanboiee TAMMYIHBIX U OTHOCHTEIHHO MIHPOKO PACIIPOCTPAHEHHBIX TOITOYHBIX
YCTPOMCTB CO CIIOEBBIM CXKUTaHWEM TOIUJIMBA IMOKa3aHa Ha puc.15.2.



Puc. 152, CxeMbl CROEBEIX TONOK

! - - TONAHBED, 2 — DOSAYX, J -- DPOAYKTH CrODAHHR. 4 - DUATORBE OCTATHH
B 3aBucuMocTH OT crioco6a opraHu3aIuy Mpolecca CXKUraHus TOITNBA CIOEBbIE TONKH MOXKHO
pa3enuTh Ha TPU IPYIIIbL:

1) ¢ HEMOABMXKHOW KOJIOCHUKOBOM PEIICTKOM U HEMOBIKHBIM CJIoeM TorutuBa (puc.15.2,a, 6);
2) ¢ HEMOABUKHON KOJIOCHUKOBOM PEIIETKOM U NepeMEIEHUEM TOIUIMBA 10 pemeTke (puc.15.2
8, 2, 0);
3) ¢ MOABM>XHOM KOJIOCHUKOBOM PEIIETKOM U JBIKYIIIMMCS] BMECTE C HEH CII0€M TOTUTHBA
(puc.15.2 e).
B noka3annyto Ha puc.15.2,a TONKY TOIUIMBO 3arpyaroT BPYUHYIO U BPYUHYIO YAAJSIOT
0YaroBbI€ OCTATKH Yepe3 30JIbHUK. M3-3a 60MbI110i 3aTpaThl (PU3MUYECKOTrO Tpy1a TOMKH 3TOTO
THUIIA UCTIONB3YIOT TOJIBKO JJIs1 KOTJIOB MaJIOW Maponpou3BoauTeaIbHOCTH (110 0,5 Kr/C).
Ha puc.15.2,6 nokazana noixymexaHnudyeckasi TOIKa ¢ THEBMOMEXaHUYECKUM 3a0pachiBaTesieM
(IIM3) (puc.15.3) u pyussiMu noBopaunBaromuMucs konocHukamu (PIIK).
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Puc. 15.3.  MuesmomexaHuvecknid za-
GpacwBatesb TONJAHBA

[ — GyHkep; 2 — nuratens; 3 — potapami
MCTATCAb; 4 — COMAOBAY PEUIETHE

TonnmuBo 3abpackiBaercs nutareneM [IM3 u paBHOMEpHO pacripenensieTcs Mo peueTke,

VY ansrT o4aroBble OCTATKH MTyTeM WX cOpachIBaHUS B 30JIbHBIN OYHKEp MPHU ITOBOPOTE
KOJIOCHUKOB OKOJIO CBOEH OCH OT py4HOT0 NpuBoja. B Tonke, mokasanHou Ha puc. 15.2, g,
3arpysKa OCyIIECTBIISETCS MO BO3ICHCTBUEM COOCTBEHHOTO Beca TOILTMBA. TOIKHM ¢ HAKIIOHHON
pemieTkoit (¢ yriom 40-50, 9TO COOTBETCTBYET YITY €CTECTBEHHOT'O OTKOCA CKUTaeMOT0
TOIIJIMBA) UCTIONB3YIOT OOBIYHO JUIS COKMTAHHSI JPEBECHBIX OTXO0JIOB U KYCKOBOTO Topda.



BosBpaTHo-nocTynaTenbHOE JBUKEHNE KOJJOCHUKOB Ha HAKJIOHHO-TIEPETATKUBAIOIIEH pellIeTKe
(puc. 15.2,2) maet BO3MOXHOCTh OCYIIIECTBUTH HEMPEPHIBHYIO IIIYPOBKY CJI0S TOILIMBA, B Takmx
TOTKaX BO3MOXHO CYKHTaHUE TOPIOYUX CIAHIIEB, OYPBIX Yl ¢ OONBIINON 30JbHOCTHIO H
MOBBIIICHHON BJIQKHOCTBIO M KAMEHHBIX YTJIEH ¢ OOJBIINM BBIXOJIOM JIETYYHX BELIECTB.

Tonku ¢ mypyromieit miankoi (puc. 15.2,0) npenHasHaueHbI ISl CKUTAHUS MHOTO30JIbHBIX
OypbIX U HecneKarmuxcst kameHHbIX yrieil. Llypyromas rmianka BoIIONHSAETCS B BUC
TPEXIPAaHHON IPU3MBI U3 JIUTOTO YyT'YHA WM CTAJIU. YTOJ HAKJIOHA MEPEIHEN MIIOCKOCTH K
TOPU30HTAIILHOM TJIOCKOCTH cOoCcTaBisieT 35, a 3agueid — 15. [lpu nBrwkennn Buepen (K 3aaHeH
CTEHKE TOIKH) TOIUIMBO MOIPE3aeTCs 3aIHEM IPaHbl0 U OCYILECTBISACTCS IYPOBKA TOPSIIETO
CJIOSl TOTLITMBA.

KaMepHble TOnKH U1 C:KUTAHUS TBEPAOI0 TOMJIMBA UCIOJIb3YIOT B KOTEIBHBIX arperatax
cpenneit (10-42 kr/c) u 6osbmioi ( 42 Kr/c) MpOU3BOIUTEILHOCTH.

OCHOBHBIE TPEUMYIIECTBA KAMEPHBIX TOMOK 3aKIIFOUAIOTCS B CIIEIYIOIIEM:

1) BO3MOKHOCTh 9KOHOMHYHOTO HCIIOIb30BaHUI MPAKTUYECKU BCEX COPTOB YIS, B TOM YHCIIE U
HU3KOKaYeCTBEHHBIX, KOTOPBIE TPYIHO CKUTATh B CJIOC;

2) xopoliee nepeMennBanie TOILTUBA C BO3AYXOM, UTO MO3BOJISET paboTaTh ¢ HEOOIBIIUM
u30bITKOM Bo3ayxa (a=1,2-1,25);

3) BO3MOKHOCTb MOBBIIIEHUS €IMHUYHOM MOIIIHOCTU KOTEJIBHOTO arperara:

4) oTHOCUTENIBHAS IPOCTOTA PETYIUPOBAHUS PEKUMA pabOTHI U, CIIEI0BATEIHLHO, BO3MOKHOCTD
MOJIHOM aBTOMAaTH3aI[MH TOIIOYHOTO MpoIlecca.

15.2. Cxkuranue TonJIuBa.

Coxuranue TBEpJOro TOIUIMBA B (akene. bosbioe 3HaueHue A1 pabOThI bUIEYTOJIbHBIX TOIIOK
MMeET KOHCTPYKIIMSI IPUMEHSIEMBIX ropeiok. ['openku 1oKHbI 00ecrieunBaTh Xopoliee
NepeMENINBaHUE TOIUIMBA C BO3YyXOM, HaJE)KHOE 3a)KUTaHUE adPOCMECH, MAKCUMAJIBHOE
3arnojHeHue (hakesIoM TOMOYHOM KaMephl U JIETKO MOJAaBaThCsl PEryINPOBAHUIO 110
IIPOU3BOJUTENIBHOCTH B 33JaHHBIX MPEeIIax.

Cxxuranuve Ma3yTa M ra3oB B Tonkax. JKujakoe TOIUINBO, C)KUTAEMOE B TOIKAX, MOJBEPraeTcst
IpeBapUTENLHOMY PACIIbUICHHUIO C TOMOILBIO (POPCYHKH, SIBIISFOIIEICS 3]IEMEHTOM TOPEIIKH.
[Ton ropenkoii B 0011eM ci1ydae MOHMMAeTCs arperar, BKJIIOYaroui TOMUMO (POPCYHKH
BO3/yXOHAIIPaBJISIFOIIMN anmnapar, 3arnajlbHoe YCTPONCTBO U MEXAHU3M YIIPABJICHUS.
KauecTBeHHOE CokMraHUE KUJKOTO TOIUIMBA 00YCIaBINBAETCS TOHKOCTBIO €ro pacnbuleHus. s
3TOH LI€JM UCHOB3YIOT (GOPCYHKHU, KOTOPBIE, KPOME TOT0, 00eCTIeYNBaIOT HEOOXOAUMBIN
JUana3oH PEryJIMpOBaHMs pacXxoa TOIUIMBA U yCTOMYMUBOE 3aKUTaHUE CMECH.

B 3aBucumocTH oT croco0a pacibUIeHUs TOIUIMBA (OPCYHKHU MOAPA3IEIIAIOTCS Ha YEThIpe
KJlacca: MEXaHU4€eCKHe, TapoBble, BO3IYIIHbIE (THEBMAaTHYECKHE) U KOMOUHUpOoBaHHbIe. Ha
puc.15.4 nokazaHbl MPUHLIUIIAATIBHBIE CXEMBI IPUMEHSIEMBIX (POPCYHOK.



Puc. 15.4. MprHuMNuanbHBe CXeMbl Ma3yTHBIX GOpCyHOK

! — vonaneo; 2 — BO3AYX; J— nap
DOpPCYHKH ¢ MEXaHUUYECKUM PACIIBUIEHUEM PA3JIENSAIOT Ha MPSIMOCTPYHHBIE, LIEHTPOOESKHBIE U
poranoHHble. B nmpsmocTpyiinbix Gopeynkax (Puc.15.4,a) npoGienue cTpyu TOIIMBa Ha
MeNTbYalIIie KaruTi MIPOMCXOTUT MPH €ro MPOJIAaBINBAHUY 1101 3HAYUTEIBHBIM AaBieHueM (1-2
Mna) uepes comio Majloro Juamerpa.
B nenTpobexubix Gopcynkax (Puc.15.4,6,6) TOIIMBO pactbUIsSETCs O ICHCTBUEM
LEHTPOOEIKHBIX CUJI, BOZHUKAIOIIUX MPH 3aKPYYUBAHUH TOIUTUBHOTIO TIOTOKA.
B porammonnsix ¢popcynkax (Puc.15.4,2) TormnmBo mogaercss BHYTpb OBICTPO BPAIAIOIIErOCs
pacIbUIMBAIOIIErOCs CTaKaHa, I71€ OHO PacTEeKaeTCs Mo/ AeHCTBUEM LIEHTPOOSKHBIX CHJI,
o0pa3yst TOHKYIO TUIeHKY. Ha BbIXOJJHOM KpOMKE CTakaHa TOHKas IUIEHKa I101XBAaThIBAETCS
IIOIBOAMMBIM IIEPBUYHBIM BO3IyXOM.
[TapoBble 1 MHEBMaTH4YECKUE POPCYHKH MOKHO OOBEIUHUTD B OJIMH KJIacc — (POPCYHKH C
pacrblTuBatoleit cpenoil. B mapossix popcynkax (Puc.15.4,0) B kauecTBe Takoil cpe/ibl
UCIIOJIB3YIOT BOJIIHOM map ¢ nasneHuem 0,4-1,6 Mna., a B nHeBMaTu4ecKux GopcyHKax
(Puc.15.4,e) ucnonw3ytot Bo3ayx Huzkoro (0,002-0,008 Mmna) u Beicokoro (0,2-1 Mma u Bsile)
JIABJICHUS.
["a30BBIE TOpENKH OBIBAIOT:
KuHemuyeckue - IOJTHOTO MPEeABAPUTENBHOIO CMEIIEeHNUs (Ta3 ¢ BO3JyXOM CMEIIMBAETCS J10
BBIX0/J1a U3 TOPEIIKN);
ougpysuonHo-KuHemuyeckue — YaCTUIHOTO MPEIBAPUTEITHLHOTO CMEIICHUS;
ougy3zuonnvle — BHEITHETO CMELICHHUS.
[To criocoOy nmoiauu Bo3ayxa FOPENKH AEISATCS Ha UHHCEKYUOHHbIE U OVIMbesble
(MpUHYANTENBHOM MoJauelt BO3yXa).
Ha puc.15.5 nokasanbel OCHOBHBIE IPUHIIMITHAIBHBIE CXEMBI Ta30BBIX TOPEIIOK.

Puc. 15.5. CxeMbl ropeiox AAA CKHTAHHA Tasa

[ PAZOBOC CONAO. 2 — DOrYAHDYIOLIAA BOSOYWHAA JACAOMKA: J - CMUCHTOAL: 4 — KCpaMuw9ecKan
nacanxa:”s — ACNATONHBIN RABHXDHTCAB: 6 -~ FasoBbl  KOJAACKTOD:, 7 - QOMYDOBKA TOOKW, [ —
BOAAYX; - ras '



15.3. TensioTexHMYeCKHe MOKa3aTeId padoThI TOMOK.

Baxueiias TenoTeXHUYECKasi XapaKTEPUCTHKA TOITOYHBIX YCTPOMCTB, OCHOBBIBAsICh HA
KOTOPOH PEIIaf0T BOMPOCHI MX KOHCTPYKIIMU U OIICHUBAIOT MHTEHCUBHOCTH PA0OTHI, - meniosoe
Hanpsicenue 0dvema monourno2o npocmparncmea. OHO BeIpaxaercs oTHomeHueM Q/V, u
MIPEACTABISIET COOOM KOJIMUECTBO TEIUIOTHI, BBIICTUBIIEHCS TTPU CKUTAHUH OIPEICIICHHOTO
KOJIMYECTBA TOIUIMBA B €IMHUILY BpeMeHH B u npuxopsimeiics Ha 1 ky0.M 00beMa TOOYHOTO
MPOCTPAHCTBA, T.€.:

Qv = Q/V; = QP B/V:. (15.1)

Enunuiei usmepenus q uis sSBJISIETCA Br/M8.

Ecnu 3nauenue q Oyzaer nmpeBblIaTh ONPEISICHHYIO YUCIOBYIO BETUUYHUHY, YCTAHOBICHHYIO
MPAKTUYECKH, TO 32 BPEMsI HAX0XKJICHHUS B TOIKE TOTUIMBO HE CTOPUT MOJTHOCTHIO. OTBIT
JKCILTyaTalluu KOTEJIbHBIX arperaToB MOKa3all, 4To JJIs pa3iIuYHbIX BHIOB TOILJIMBA, CIIOCOOOB
C)KATAHUS U KOHCTPYKIIMHA TOTIOK JIOITYCTHUMOE 3HaYCHUE (v U3MEHSETCS B IUPOKUX MpE/Ieiax.
Hamnpumep, a1 c10€BBIX TOTIOK C HEMOIBUKHON PEIIETKONW U PYYHBIM 3a0pOCOM TOIUIUBA (v =
290 — 350 kB1/M3, y clT0€BBIX MEXaHM3MPOBAHHKIX TOMOK qx =290 — 465 kB1/M3, 115t KamepHBIX
TOMOK HPHU CKUTAHUK yTONBHOH IBUTH Qv = 145 — 230 kB1/M®, a ipy cKUraHuY B HEX ra3a Wik
MasyTa qx = 230 — 460kBT1/M3,

B cnoeBbIX TomKax, B KOTOPBIX YacTh TOIJIMBA CTOPAET B CIIOE, a APyras 4acTh B TOIOYHOM
IPOCTPAHCTBE, MPUMEHSIOT €Ille OHY XapaKTePUCTUKY HHTEHCUBHOCTH TETIJIOBOI paboThI
TOTIKH, Ha3bIBAEMYIO MeNI08bIM HANPAN’CEHUEM 3ePKaANd 20peHUsl N UIMEIOIILYIO BU/:

qr=Q/R=Q"./R. (15.2)

Eununeit nsmepenus 11s qr aeasercsa Br/m%; B — kr/c; QPy — Jlx/kr u s - R v°,

OTa XapaKTepUCTUKA MPEACTaBIIeT COO0H KOJMUECTBO TETJIOTHI, BBIJCTUBIICHCS MPU CKUTAHUU
OTIpeIeIEHHOTO KOJIMYECTBA TOMINBA B eIHMHUILY BPEMEHH M MPUXOsmIeHcs Ha 1 M2 mIomam
MOBEPXHOCTH 3€pKajia TOPeHHUs. Y CTAaHOBJIEHO, YTO YeM OOJIbIIe qr, TEM OOJIbILE MTOTEPs
TETUIOTHI OT MEXaHWYECKOTO HEJIOXKOTa BCIISICTBUE YHOCA U3 MPEIEIIOB TOIIKM MEJIKUX, He
YCIIEBLIMX CTOPETh YaCTHUI] TOIUIMBA. 3HAUEHHsI TEIUIOBOIO HANPSKEHUs 3epKajia 30J1bl,
KOHCTPYKIJMH TOTIKU H T.JI. ¥ M3MEHSIOTCA B IIMPOKHUX TIpesienax — oT 350 go 1100 kB/m2.
OueBUIHO, YTO YeM OOJIbLIE 3HAYEHUE u ¥ (R JUI 33JJaHHBIX pa3MepOB TOIKU M OJHOTO U TOTO
K€ BU/Ia TOIJIMBA, TEM UHTEHCUBHEHN (PopcupoBaHHE) TpoTeKaeT paboTa TONKH, T.€. 00JIbIIe
C)KUTAETCs TOIUIMBA B €IMHUILY BpPEMEHH U OoJibliie BbIpabaThiBaeTCs TEIUIOTH. OTHAKO
dopcupoBaTh TONKY MOKHO JIMIIB 10 OTPEIEICHHOTO Mpeiena, H00 B MPOTHBHOM ClTydae
BO3PACTAIOT MMOTEPH OT XMMHUYECKON M MEXaHWYECKOM HETOMHOTHI cropanus u cHmkaetcst KI1/1.

Tema 16.I'openne Tonmsa.

16.1. ®u3nyeckuii mpouecc ropeHns TOMJIMBA.

Topenue monnusa — XuMHUeCKasi peakiusi COEAMHEHUS TOPIOYUX JIEMEHTOB TOIIMBA C
OKHUCIIUTECIEM HpI/I BBICOKOI7[ TeMnepaType, COHpOBO)KHaIOHIHfICH NHTCHCHUBHBIM BBIJACJICHUCM
TEIJIOTHL. B KauecTBe OKUCINUTENS UCTIONB3YIOT KMCIOPO BO3IyXa.

[Iporeccol TopeHus pa3ensioT Ha 2 TPYIIIIHL:

1). comoeennoe TopeHne — TOpPEHUE ra3000pa3HbIX FOPIOYNX (XapaKTEPU3YETCsl CUCTEMOM
"raztraz");

2). cemepocentoe TOPEHUE — TOPEHHUE TBEP/BIX U )KHUIKUX TOPIOYUX (XapaKTePU3yeTCsl CUCTEMOM
"TBepaoe Teno+ra3" win "KUAKOCTh+Taz").



ITpouecc ropeHust MOKeET IPOTEKATh C Pa3HOM CKOPOCTHIO — OT MEAJIEHHOT'O 10 MTHOBEHHOTO.
MeieHHOE TOpeHne — CaMOBO3rOpaHKe TBEPOr0 TOIUIMBA IPU €r0 XpaHEHUH Ha CKJIa/ax.
MrHoBEeHHOE ropeHue NpeCcTaBIIsAeT COO0M B3pbIB. B TEMI03HEPreTHYECKUX YCTaHOBKAX
IPAaKTUYECKOE 3HAUCHHE UMEET TaKasi CKOPOCTh PEAKIIUHU, IPU KOTOPON MPOUCXOUT
YCTOMYMBOE TOPEHUE, T.€. IIPU IOCTOSHHOM Mojjaue B 30Hy TOPEHMsI TOIUIMBA U okuciaurens. [Ipu
9TOM COOTHOILIEHHE KOHIIEHTPALMHU TOIUIMBA U OKUCIUTENS 10JKEH ObITh onpeaeneHHbIM. [1pu
HaApYIIECHUH 3TOTO COOTHOIIEHU (OoraTtast cMech, Oe/THasi CMECh) CKOPOCTb PEAKIIUU CHUKACTCS
Y YMEHbIIAETCs TEIJIOBbIIETICHNE HA €IMHULY 00beMa.

["'opeHne — 3T0 B OCHOBHOM XMMMUYECKUH IIPOLECC, T.K. B PE3Y/IbTATE €r0 NIPOTEKAHUS
IPOMCXOIUT KaUueCTBEHHbIE M3MEHEHHUs COCTaBa pearupyromux Macc. Ho B To sxe Bpems
XUMHUYECKast PEaKIUs TOPEHUSI COMTPOBOXKAACTCS Pa3IMYHBIMU (PU3HUECKUMH SBJICHUSAMU:
HEePEeHOC TEeMIO0Thl, AU} (y3UOHHBINH EPEHOC pearupyoIUX Macc U Jp.

Bpewmst ropeHus TOIIMBa CKIIaIbIBACTCS U3 BPEMEHH MPOTEKaHUs (PU3UUECKUX (1pus) U
XMMHYECKUX MPOLECCOB (Lxuy):

trop = lgms T txum « (16.1)
Bpewmst mpotekanust pU3HYECKUX MPOIIECCOB COCTOMUT U3 BPEMEHH, HEOOXOIUMOTO ISt
CMEIIMBaHKS TOIUINBA C OKUCIIUTENEM (lcw) M BPEMEHH, B TEYEHHH KOTOPOTO TOILIUBO —
BO3JIyIIIHAsE CMECh MTOIOTPEBAETCS 10 TEMIIEpATyphbl BOCIUTAMCHEHUS (ty):

1(1)1/13 = lem + 1y . (162)

Bpems ropenns (trop) ONpeaenseTcst CKOpocTbio Haubosee MeUIEHHEro MpoLecca.

["openue razoo6pa3Horo TomauBa. MuHUMabHas TEMIIEpaTypa npu KOTOPOH IPOUCXOAUT
BOCIIJITAMEHEHHE CMECH, Ha3bIBACTCS memMnepamypou 60cniameneHus. 3HaueHue 3Toi
TEMIIepPaTyphl U Pa3INYHBIX T'a30B HEOAMHAKOBO M 3aBUCHT OT TEIIO(PU3UMYECKIX CBOWCTB
TOPIOYMX Ta30B, COJEPKAHUS TOPIOUETO B CMECH, YCIOBUHN 3a)KUTaHMsl, YCIOBUH OTBOJIA
TETUIOTHI B K&YKJIOM KOHKPETHOM YCTPOWCTBE U T.JI.

["oprounii ra3z B cMecH ¢ OKHCIUTENIEM cropaeT B (pakene. Pa3nuyaror 1Ba MeTo/1a CKUTAHUS Ta3a
B (pakene — kunemuyeckuil u ouggyzuonnsiii. [Ipn KHHETUYECKOM CKUTAHHUH 10 HaJasa
TOPEHHUs T'a3 MPEeIBAPUTENIEHO CMEIINBACTCS C OKUCIUTENEM. ['a3 M OKUCIUTENb OJA0TCs
CHavaJia B CMEUIMBAOIIEEe YCTPOUCTBO TOPENKHU. [ OpeHne cMecH OCyIIEeCTBISIETCS BHE TIPEIEIIOB
cMmecutens. [Ipu 3ToOM CKOpOCTh TOPEHUS HE JOJDKHA MPEBBIIIATH CKOPOCTH XUMHUYECKUX
pPEaKIMHA TOPEHUS lrop = lxum.

Jud¢y3snonHoe ropeHrne IpoucXoauT B MIPOLIECCE CMEIIMBAHUS TOPIOYETro ra3a ¢ Bo3ayxoM. ['a3
HOCTYMaeT B pabouuii 00beM OTAEIbHO OT Bo3yxa. CKOpOCTh Mpolecca OyAeT orpaHu4eHa
CKOPOCTBIO CMEITUBAHMS T'a3a ¢ BO3AYXOM Lrop = ljus-

Kpowme storo cymectByeT cMmemantoe (aud@y3nonHo-kuHeTnueckoe) ropenue. [Ipu atom raz
IpeBapUTEIFHO CMEIIUBACTCS C HEKOTOPBIM KOJMYECTBOM BO3/1yXa, 3aT€M MOJYUYEHHAs! CMECh
MOCTYMaeT B paboumii 00beM, I/ie OTACTHHO OJAETCsl OCTATbHAS YacTh BO3AyXa.

B Tomnkax KOTeIbHBIX arperaroB B OCHOBHOM MCHOJb3YIOT KWHETHUECKUH U CMEIIaHHbIH
CIOCOOBI CKUTaHUS TOTUIMBA.

['openue TBeporo Tomuaa. [Iporecc ropeHust COCTOUT U3 CIEAYIOUIMX CTaauii: 1) moacymka
TOIIJIMBA U HArpeBaHUE JI0 TEMIIEPATyphl Havyajla BBIX0/1a JIETyYNX BEIIECTB; 2) BOCIUIAMEHEHNE
JIeTy4uX BELIECTB M UX BBHITOpAaHUE; 3) HarpeBaHUe KOKCa 0 BOCIIJIAMEHEHUS; 4) BHITOpaHUE
TOPIOYMX BEIIECTB U3 KOKCA. DTU CTAIMH WHOT/Ia YaCTHYHO HAKJIABIBAIOTCS OJJHA HA IPYTYIO.
BbIxo eTyunx BeIecTB Y pa3MUYHbIX TOIUIMB HAYMHAETCS MPHU pa3IMyHbIX TeMIepaTypax: y
topda nipu 550-660K, y 6ypeix yriaeit mpu 690-710K, y Tomux yriei u antpanura rpu 1050-
1070K.

['openue xuakoro romiuBa. OCHOBHBIM XHJIKHM TOIUIMBOM, UCIOJIb3YEMBIM B TEIJIOIHEPI€TUKE
U TIPOMBIIUICHHOW TETNIOTEXHUKE SBJSIETCS Ma3yT. B ycTaHOBKaxX HEOONIBIION MOIIIHOCTH TaKXe
UCTIONB3YIOT CMECh TEXHUYECKOr0 KEPOCHHA CO CMOJIAaMH.

Hauboubiiee npuMeHeHre MOTY4nII0 METO/T COKUTAHUS B PACIIBIICHHOM COCTOSIHUU. DTOT METOJT




IMO3BOJIACT 3HAYUTCIIBHO YCKOPUTH €T0 CIrOpaHreC U MOJIYYUTh BLICOKUC TCIIJIOBBIC HAITPAKCHU A
00bEMOB TONOYHBIX KaMep BCIICACTBHE YBEIWUYCHNUS MJIOMIAAN TTOBEPXHOCTH KOHTAKTA TOTIJIMBA C
OKHCIIUTEIIEM.

[Iporiecc ropeHus KUIKOTO TOIIMBA MOXKHO Pa3/IeNIUTh Ha CIEAYIONUe CTaauu: 1) HarpeBaHue
U HCTIapeHue TOIUTMBA; 2) 00pa3oBaHue roprovei cMecy; 3) BOCIUIAMEHEHHE TOPIoUeii cMecH OT
IIOCTOPOHHETO NCTOYHHKA (MCKPHI, paCKaJIEHHON CIIUPANIH U T.1I1.); 4) COOCTBEHHO TOpeHUE
CMECH.

16.2. OnpeneieHne TEOPETHYECKOT0 U el CTBUTEJBHOI0 PACX0/1a BO31yXa HA rOpeHune
TOIJINBA.

["oproune BelecTBa TOIUIMBA B3aUMOICUCTBYIOT C KUCIOPOJIOM BO3/1yXa B ONPEACICHHOM
KOJIMYECTBEHHOM COOTHOIIIEHUH. Pacxoa Kuciopoaa v KOJTUYECTBO MOTYUYAIOIIUXCS TPOTYKTOB
CTOpaHUSI PACCUUTHIBAIOT 110 CMEXUOMemMPU4eCcKUM YPasHeHUsM TOPEHHS, KOTOPbIE 3aIHCHIBAIOT
JUIst 1 KMOJISL KaKI0M TOPIOYEH COCTaBIISIONICH.

CrexuoMeTpuuecKkue ypaBHEHHUS! TOPEHUS TOPIOYUX COCTABIIAIOMIMX TBEPIOTO U )KHUIKOTO
TOIIJIMBA UMCHOT BU.

yriepona C + Oz = COy:

12kr C + 32kr Oz = 44kr CO2 ;

1kr C + (32/12)xr O2 = (44/12)xr CO2 ; (16.3)

Bogopoaa 2Hz + Oz = 2H20 :

4kr Hp + 32kr Oz = 36xr H20 ;

1kr Hz + 8kr O2 = 9xr H20 . (16.4)

cepel S + 02 =S0; :

32kr S + 32kr O, = 64kr SO2 ;

1xr S + 1kr Oz = 2kr SO ; (16.5)
st ropenust 1 kr yriepona, BOJ0Opoaa U cepbl HEOOX0IMMO COOTBETCTBEHHO §/3, 8 u 1 KT
kucnopoa. B Tomnmuse Haxoautcs CP/100 kr yrnepoaa, HP/100 xr Bogopona, S;°/100 xr
nerydeit cepsl U OP/100 kr kuciopona. Toraa ans ropenus 1 Kr TomiMBa CyMMapHBIA pacxonl
KHCTIopoJia OyAeT paBeH:

M°®02 = (8/3CP + 8HP + S;,”- OP ) / 100 . (16.6)
Tak kak MaccoBasi JI0JsI KHCIOpoAa B Bo3ayxe paBHa 0,232, To MaccoBOe KOJIMUYECTBO BO3/IyXa
ompenensieTcs mo popmye:

M° = (8/3CP + 8HP + S,*- OP )/ 100 - 100/23,2 .

M°=0,115 CP + 0,345 HP + 0,043(S,*- OP) . (16.7)
IIpy HOPMATBHBIX YCIOBHAX IIOTHOCTH BO3AyXa Po= 1,293kr/M>. Toraa 06beMHOE KOTUYECTBO
BO3/IyXa, HEOOXOAUMOTO JJIsi TOPEHUS | KT TOTUIMBA MOKHO PaCcCYUTATh IO CISAYIOIIEH
dbopmyre:

VO=M°/co=M°/1,293 m® /kr.

V°=0,0889 (CP + 0,3755S,”) + 0,265 HP — 0,0330" . (16.8)
151 Ta3000pa3HOTO TOIUIMBA PACcX0l HEOOXOAUMOTO BO3ayXa VO onpenenstoT u3 00beMHBIX
JIOJIEH TOPIOYNX KOMITOHEHTOB T'a3a C UCIIOJIb30BAHUEM CTEXHMOMETPUUYECKUX PEaKIIUii:

Hz + 0,5 O2=H20 ;

CO+0,502=CO0O2;

CHs+2 02=CO2 +2H20 ;

H2S+ 1,502 =S02 + H20 .
TeopeTndeckoe KOMMYECTBO BO3ayXa (M°/M°), HEOOXOAMMOTO [T CKUTAHHS Ta3a, ONPEEIIAIOT
o popmye:

Ve = 0,0476 [0,5CO + 0,5H + 2CHs +
+ 1,5H2S + Z(m + n/4)CrHn - O2] . (16.9)



KonnyecTtBo Bo3ayxa V°, paccuntsiBaemoro no ¢popmymnam (16.8) u (16.9), HazpiBaercs
TeopeTrnuecku HeoOxoauMbIM. To ecTh VO mpeacTaBisieT co00i MUHUMATBLHOE KOJIMYECTBO
BO3/lyXa, HEOOX0IMMOE [T 0becreueH s noaHoro cropanus 1 kr (1mM°) TomuBa IpH yCIOBUH,
YTO IIPU TOPEHUH UCIIOJIB3YETCSl BECh COJEPIKAIIMICS B TOIUIMBE U TI0JIJaBa€MBbIif BMECTE C
BO3/IyXOM KHCJIOPOJ.

B peanpHbIX yCIOBHIX HM3-32 TEXHUYECKHUX TPYIHOCTEH OIIYIIAaeTCs MECTHBIA HEAOCTATOK WITU
U30BITOK OKUCIUTENS (BO3IyXa), B pe3yabTaTe yXy/IIIaeTcs MOJHOE TopeHue Tormusa. [loatomy
BO3/yX MOJAeTCs B 0OJIBIIEM KOJIMYECTBE [0 CPABHEHUIO C €r0 TEOPETUUYECKUM KOJIUYECTBOM
V°. OTHoO1IEHNE AEMCTBUTEIBHOTO KOJIMUECTBA Bo3ayxa (Vy), 101aBaeMoro B TOIKY, K
TEOPETHYCCKH HEOOXOIMMOMY KOJIMYECTBY HA3BIBACTCS KO3 Puyuenmom uzdoimrka 6030yxa.

a=V,/V°.(16.10)
16.3. KosinuecTBO NPOAYKTOB CrOPaHUs TOILUIUBA.

[Tpu mOTHOM CrOpaHHUU TOIUIMBA MPOAYKTHI cropanus conepxar ra3sl: CO2, S20, N2, Oz u napsr
Boasl H2O, T. €.

CO2 + S20 + N2 + O2 + H20 = 100 %.
TTonHbIit 06beM MPOAYKTOB cropanus Vr (M>/KT) IIpeacTaBIseT co6oii CyMMy 00BEMOB CyXHX
ra3oB Vcr. M BOJSHBIX MapoB V20 :
V: = Ver + Vo , (1611)
1pu 3ToM Ver. = VrRo2 + VN2 + Voz,
rie Vreo = Vcoz + Vsoz - 066eM TPeXaTOMHBIX T'a30B, MY/KT ;
VN2 + Vo2 - 00beM IBYXaTOMHBIX Ta30B, MS/KT.
l.lpnor=1
1. Jlnst TBepABIX (KpOMeE CIIAHIIEB) U SKUIKUX TOTLTHB TEOPETHUECKHE 00heMBI (M°/KT) TIPOTYKTOB
MOJTHOTO CTOpaHMsI ONPEAEISIOTCS Mo (hopMyIam:
a). 00beM JIByXaTOMHBIX T'a30B :
V2 = 0,79V° + 0,8N°%/100 ; (16.12)
6). 00beM TPEeXaTOMHBIX Ia3oB :
VRoz2 =0,0187(CP + 0,375 SPy) ; (16.13)
B). 00bEM CYyXHUX ra3oB :
V.. =Vroz + Vo2 =
=0,0187 (CP? + 0,3753 SP,;) + 0,79V° + 0,8N°/100; (16.14)
r). 00beM BOJISHBIX MAPOB :
V°H20=0,0124(9HP + WP) + 0,0161V°; (16.15)
). IOJIHBII 00beM MPOJYKTOB CTOPaHHUS :
VO = V%, + V%120 =0,0187 (C? + 0,3753 SP,;) + 0,79V° + 0,8N°/100 +0,0124(9HP + WP) +
0,0161V°; (16.16)
2. JIns cnaHueB 00beM TPEXaTOMHBIX T'a30B OIpeeNseTcs o GpopmyIie :
Vroz2k = VRro2 + [0,509(CO2)P«/ 100] K = 0,0187(CP + 0,375 SPy) [0,509(CO2)P«/ 100] K, (16.17)
rze K - koagpuumenT pasnoxeHnus kKapOOHATOB:
IIpH ci10eBoM Cxurannu K= 0,7 ;
npu kamepHom- 1,0 .
3. JIyst Ta3000pa3HOTO TOMLIMBA TEOPETHIECKHE 0OHEMBI MPOLYKTOB CrOpaHHs (M/M°)
OTIpeNIeNAI0TCs 0 (OopMyIaMm:
a). 00beM IByXaTOMHBIX Ta30B
VOn2 =0,79 VO + N2 /100 ; (16.18)
0). 00beM TpEeXaTOMHBIX Ta30B
VRro2=0,01[CO2 + CO + H2S + EmCnHy] ; (16.19)



B). 00bEM CYXUX Ta3o0B :
V.. = Vroz + Vo2 ; (16.20)
). 00beM BOJISIHBIX TTAPOB
V20 = 0,01[H2S + H2 + £(n/2)CmHn + 0,124d; + 0,0161V°, (16.21) tae d; -
Bna3rocozlep>KaHHe ra3006pa3HOro TOILIMBA, OTHECEHHOE K 1 M® CyXoro rasa,
r/m?;
11). IOJHBII 00BEM MPOIYKTOB CrOPAHUS
VO = Vo + Vo (16.22)
Bb.Ilpu o: 1
1. Jlnis TBepabIX (KpOMe CIIAHIICB), )KUIKHUX K Ta3000pa3HbIX TOTUIUB O0BEMBI IIPOAYKTOB
noJHOTO cropanus (M/I/kr) onpenensirorcs o GopMynam:
a). 00bEM CyXHUX Ta3oB :
Vc.r. = Voc.r. + (O(.T - 1)VO = VROZ + VONZ + (O(.T - 1)V0 ; (1623)
0).00bEM BOJISIHBIX TIAPOB :
VH20 = V%20 + 0,0161(atr - 1)V°; (16.24)
B). TIOJIHBIN 00BEM MPOJIYKTOB Ccropanus omnpexaensercs mo (3.31).
2. Jlnst cliaHIieB TIONHBIH 00beM MPOIYKTOB cropanus (MY/KT) :
Vix. = Vro2e + VON2 + V20 = VRo2k + Vo2 + 0,0124(9HP + WP) + 0,01610,,V° . (16.25)
Conepxanne CO2, S20 1 ROz B cyXux Tra3ax npH MOJIHOM CTOPAHUU TOIUTHBA OTPEICIISICTCS 10
dbopmynam:
CO2 = (Vcoz2/ V) ; (16.26)
S20 = (Vso2/ Ver) ; (16.27)
RO2= (Vroz2/ V) . (16.28)
MakcumanbsHoe coaepxkanue (%) TpexatoMHbIX Ta30B RO2
CTOpaHHUHU TOTLIUBA!
RO,™ =21/ (1+B), (16.29)
B - xapakTepHucTHUKa TOIUINBA;
JUTSL TBEPAOTO U )KHJIKOTO :
B =2,35 (HP - 0,1260” + 0,04NP) / (CP + 0,375SP,) ; (16.30)
JUTSl Ta3000pa3HoOTO :
B =0,21 (0,01N2 + 0,79V°) / Vroz2- 0,79 . (16.31)
Conepsxanne (%) azora N2, ¥ KUCIIOpOJa, B CYXUX ra3ax M MOJIHOM CTOPaHUU TOTUIUBA:
N2=100 - ROz - O2; (16.32)
02=21-BRO; - RO:. (16.33)
Macca npodykmog czopanus.
a). Jlns TBepaoro (KpoMe CIIaHIeB) U KUIKOTO TOTUINBA (KI/KT) :
M;=1-0,01AP + 1,3060.,V° ; (16.34)
6). JUIs ra3000pa3HOro TormmBa (Kr/m°)
M; = p%.r. + 0,001d ... + 1.3060,,V° , (16.35)
PCrx. - TNIOTHOCTB CYXOTO Ta3a, KI/M° | O r.r. - cOiepykaHue BIaTH B TOIUINBE, KI/M® ;
B). JUIA CJaHIEB (KI/KT):
M. = 1- 0,01 AP + 1,3060.,V° + 0,01(CO2) *K , (16.36)
rie APg - pacdeTHOE CoJiepKaHNE 30JIbI B TOIUTMBE C YI€TOM HEPa3JIOKHUBIINXCSI KapOOHATOB, %,
K - xoaddurment paznoxeHus kapOOHATOB: IpH ci10eBoM cxkuranuu K == 0,7, npu kamMmepHOM -
1,0.
Pacuetrnoe coneprxkanue (%) 307161 B TOIJIUBE C YI€TOM HEPA3TIOKUBIIUXCS KapOOHATOB:
APy = AP +(1 - K) (CO) P« . (16.37)
J17ist TBEpABIX TOTIIMB KOHIICHTPAIMS 30JIbI B IPOAYKTAaX CrOpaHus onpeaesercs no hopmyse:
MNax = APayy / (100 M;) , (16.38)

MX B CyXMX Ta3ax MpH MOTHOM




T/€ ayy - JA0JIS 30J1bl TOTUIMBA, YHOCUMOM MPOJYyKTaMU CrOpaHUsl.
Koydhdpuuuenm uzovimka 6030yxa 6 monke. I1py moJlHOM CropaHuy TOIUIMBA KO3(PHUITUESHT
n30BITKA BO3/lyXa B TOIIKE OMpeAesieTcs o popmyie:

o =21/(21-79 02/ Ny) , (16.39)

rae Oz u N2 - coaepkanue KUciaopoia u a3ora B rasax, (%).

Tema 17. KomnpeccopHble YCTAHOBKH.
17.1. O0beMHBIIT KOMITpEccop.

CokaThlii BO3yX MOJIYYaeTcsl ¢ HOMOLIbIO Pa3JINYHOro TUIa KommpeccopoB. KoMmpeccopst
HU3KOTO JaBJICHUs Ha3bIBAIOT BEHTUJIATOPAMH U IPUMEHSIOT 71 IIEPEMEILCHUS U I101a4H
BO3/yXa B KaIOpU(epbl CYIIMIBHBIX YCTAHOBOK, BO3JyXOIMOIOTPEBATEIH, TOTIKH, a TAKKE /IS
IPEO0J10JICHHS CONPOTUBIICHUS ABUKEHHIO Ia30B, YTOObI 00€CIIEUUTh TATOAYTHEBON PEXKHUM B
Pa3JINYHBIX YCTaHOBKAX.

I[To npuHIUIy ycTpoiicTBa U pabOThI KOMIIPECCOPHI ACTATCS Ha JIBE TPYIIIBI — 00beMHble U
nonamounsie. OObEMHbIE KOMIIPECCOPHI IOJPA3ACIAIOTCSA HA NOPUIHEsble U pOMAayUoOHHbIE, &
JIONIATOYHbIE — Ha yenmpobedicHble N ocesble (akcuanbHble). HecMoTpst Ha KOHCTPYKTUBHBIE
pa3nuyus TEPMOAMHAMHYECKUE IPUHIUIIBI UX PA0OTHI aHATOTUYHBI MEXK/Ty COOOM.
OO0BeMHBII KOMITPECCOP — 3TO KOMIIPECCOP CTATHUECKOTO CHKATHUS, KOTOPOE IMPOUCXOJUT B HEM
BCJIE/ICTBUE YMEHbILIEHUS! 00bEMa, T1€ 3aKJIFOUEH TIa3.

OaHocTyneH4YaThlil NOpHIHeBOH Kommpeccop. Ha puc.17.1,a nokazana npuHUMNUaIbHAs
CcXeMa OJIHOCTYIIEHYaTOI 0 MIOPIIHEBOro Komupeccopa. KoseHuarslil Bain kommnpeccopa
IIPUBOJUTCS BO BpAIllEHUE OT MIEKTPOABUIaTEINsl UM OT IOPIIHEBOIO ABUTaTENsl BHYTPEHHETO
cropanust. [Ipu nemwxenun nopmus or BMT k HMT B muninsap ¢ oxnaxaaeMon pyoaikoi
Yyepe3 aBTOMaTHUECKH OTKPBIBAIOIIUICS KiIanaH 4 U3 OKPYKAIOIIEl CpeJlbl BCACHIBAETCS Ia3.
HarueratenbHblll Ki1anaH B 3axkpuim MO JEWCTBUEM JABJICHUS Ta30B B pe3epByape, KOTOpoe
6onbie atmocheproro. [Ipu oOparnom asmxenun nopiHs or HMT k BMT ra3 naunnaer
CKUMAThCS, JaBJICHUE €r0 YBEIMYUBACTCS, M BCAChIBAIOIINI KJIallaH 3aKkpbiBaercs. [Iponecc
CKaTHUs IIPOJIOJIKAETCA 10 TEX I0p, ITOKA JaBICHUE B IUIUHAPE HE CTAHET PABHBIM
(mpakTHYeCKU HECKOJIbKO OO0JbIIE) TaBICHHIO B pe3epByape. Torna kianaH B OTKpbIBaeTcs, U
HAaYMHAETCS IIPOLIECC HATHETAaHUs CKATOro ra3a B pe3epByap 10 TeX I0p, ITOKA MOPILIEHb HE
npunetr B BMT.
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Puc. 17.1. OanocTynenyarmit
NOPUIHEBOH KoMApeccop

G -=cXeMa  patornl; & — TeopeTnie-
cxana HNAHKITOPHAR ANSTPAMMAT
8 — npoucee  CHMITHA B Ts-aun s
rpamMMe

Paccmotpum pabounii mporiecc B pV - KoopauHaTax AJis UACATbHOTO OJHOCTYIIEHYATOrO
KoMIIpeccopa (11ealbHOro B TOM CMBICIIE, UTO B HEM HE YUUTBIBAIOTCS [IOTEPU HA TPEHUE, a
YTEUKH ra3a ¥ 00beM BPEAHOTr0 MPOCTPAHCTBA (00BEM MEXAY KPBIIIKON HUIUHAPA U THUILIEM
HOPUIHS NpU €ro nojioxeHuu ero B BMT) npunumarorcst paBHbIMU HYJIIO, T. €. Ha puc.17.1,6
nonoxkenne BMT Oyzer coBnanats ¢ ockto opauHat). O603nauum: Vi - pabounii (T0Ie3HBbII)
00beM nuiuHapa; P1 — naBieHune okpyskaroieit cpenpl; P2 - naBneHue rasza B pe3epByape;
npoueccel: D - 1 - BcackiBanue; 1-2 - cxxarue; 2-C - HarHeTaHue.

C HayasloM HOBOT'O X0/1a ITOPIIHS CHOBA OTKPBIBAETCS BCACBIBAIOIIMI KJIallaH, JaBICHUE B
HUWIMHIpE magaet oT P2 1o P1 TeopeTruecku MrHOBEHHO, T. €. 110 BepTukanu C-D, u pabounii
IIPOLIECC MOBTOPSETCS, 3aBEPILAsACh, TAKUM 00pa3oM, 3a J1Ba MOCIIEI0BATEIbHBIX X0/1a TIOPIIIHS.
CrnenoBarenbHO, KOMIPECCOpP MPEACTaBIAET cO00M IBYXTaKTHYIO MamuHy. [1nomans
TEOPETUYECKON HHIUKATOPHOH nuarpamMmel D-1-2-C, xotopas rpadguuecku n300paxkaet
KPYToBOii Iporece, u3mepsieT paboTy, pacxolyeMyto KOMIIPECCOPOM 3a OJJUH 000pOT €ro Baja.
Hy»xHo uMeTh B BUy YCIOBHOCTh Ha3BaHMs KPYroBOTO Tpoliecca (IuKIia) KOMIIpeccopa, Tak
KaK BCACBIBAHUE M HATHETAHME HE SABJISAIOTCSA TEPMOJAMHAMUYECKUMU TPOLIECCAMHU, TIOCKOIBKY
OHM MPOUCXOJAT MPU NEPEMEHHOM KOJIMYECTBE ra3a. B 3ToM cocTOUT OT/IMYME UHIMKATOPHOM
JarpaMMbl OT pX-IUarpaMMbl, KOTOpast CTPOUTCS AJIsl IOCTOSSHHOT'O KOJIMYeCTBa paboyero Tena.
B unmukaroproit muarpamme D-1-2-C cxkarme raza 1-2 - TepMOIMHAMUYECKUH TIpoIiece, 10O B
HEM Y4acTBYET MOCTOSIHHOE KOJIMUYECTBO raza. OueBUHO, YTO IIPU OJTHOM M TOM K€ KOHEYHOM
naBiieHun P2 KoHEeUHBIN 00beM X2 OyIeT pa3IMveH B 3aBUCUMOCTH OT XapaKTepa KpUBOU
npoiiecca cxxatus 1-2, a 3HauuT, OyJeT pa3indyHa U paboTa, 3aTpadnBaeMasi Ha IPUBOJ
KOMITpeccopa.

Kak cnenyet u3 puc. 17.16, Hanbosee BHITOJHBIM MIPOLIECCOM CXATHUs O 3aTpare paboT U3BHE
JUTSL IPUBO/Ia KOMITPECCOpa SBISETCS H30TepMUIeckuii mporecc 1-2'. B aTom ciryqae
COOJTIOJTAOTCS TaKXKe UJIealIbHbIE YCIIOBUS JUIsl COXPAHEHHs KaueCTBa CMa30YHBIX Macell
(BSI3KOCTB, TEMIIEpATypa BCIBIMIKH U Jp.). OTHaKO U30TEPMUYECKOE CKATHE ra3a B KOMIIPeccope
NPAaKTUYECKH HEOCYIIECTBUMO, U KPUBAs CKATUSI OOBIYHO PaCIIONIaraeTcsi MeX 1y U30TEpMOM 1
aanabaToil U MOKeT ObITh MPUHSATA 3a MOJUTPOITY C Nokazarenem n = 1,2—1,25. Yem
UHTEHCUBHee Oy/eT OXJIaX/IeHHUEe ra3a IpH CKaTuu (Yalle BCero BOJIOH, Ipoxoasiiel yepes
pyOaniky KoMIpeccopa), TeM O0OJbIe OYAET MOTUTPOIIa CKATUA 1-2 OTKIIOHATHCS OT aanadaThl
1-2" B ctopony uzorepmsl 1-2'. C yMeHbIIEHHEM TEINIOOOMEHA MMOKa3aTeNb N YBETUUYNBACTCS.
OueBHIHO TAKKE, YTO C YBEIUUYCHHEM N MPH OJTHOM M TOM K¢ OTHOIIECHUH P2/P1 KoHeuHas
TeMIIeparypa ckaToro ra3a T2 OyaeT Bo3pacTaTh M0 3aKOHY:

Tnlpl—nl = Tnzl;)l—n2
umu T = T1(P2/P1)™ DM (17.1)



Hampumep, npu P1 = 0,1 MIIa, t1 = 16°C u koneunoi temneparype tz = 160°C npu agnabaTHOM
CKaTUU JaBJICHUE BO3yXa MOKHO YBEIMYHTH B 4 paza, a mpu noautporHoM (n = 1,2) B 10 pa3.
To ecTh KOHEUHas TemnepaTypa ckaTus T2 3aBUCUT OT XxapakTepa npouecca cxartus. Hanbonee
HEBBITOJIHBIM MPOIIECCOM SIBJISIETCS aquabaTHOE C)KaTHe.

AOcomoTHOE 3HaYeHHE pabOTHI, 3aTpaunBaeMOi Ha C)kKaTue | Kr ra3a B OTHOCTYIIEHYaTOM
uzeanbHOM KoMIipeccope (Ag) MOXKET OBbITh MOJACYUTAHO TaK:

Ao = Acx + Asarn - Ascac = | Pdv + P2 V2 - P1va . (17.2)

[To cmbicity paboThl Ao, Acx, Anarn ABISIFOTCS OTPHUIIATEIBHBIMHU, a paboTa mpoiiecca BCachIBaHUS
Asgcac - TIOJIOKUTEILHOMN, TaK KaK HA €€ COBEPILICHUE YHEPT U HE 3aTpaunBacTcs (TpeHHe
OTCYTCTBYET), U CONPOTHBIICHUE BO3/yXa, HAXOISIIEroCs CIpaBa Mo/ MOPIIHEM MIPU XOJIE
BCAChIBaHMUSI, HE YYUTHIBACTCS, MO0 HE MPHHUMACTCS TAK)KE BO BHUMAHKE MOJIOKUTEIbHASI
paboTa 3TOro Bo3/yXa IpH C)KaTHH U HarHETAHUH.

B 3aBHCHMOCTH OT XapaKTepa nporiecca cxarus | Pdv mMeer 3HaueHus:

JUISl K30TEPMHYECKOTO Mpoliecca:

A" =P1v1In(P1/P2);

JUTSE aTabaTHOTO TIpoIiecca:

A =1/(B — 1)(P1vi— P2 v2);

JUTSL IOJIUTPOITHOTO TIpoIiecca:

A" =1/(n—1)(P1v1i—P2Vv2).

YroObl HE UIMETH JIEJIO C OTPHUIIATEIIPHBIMH BETMYMHAMH TIPU TIOJICUETE PAOOTHI CKATHUS, HX
YMHOXaroT Ha -1. D10 naer:

A" =P1viIn(P2/P1); A** = 1/( — 1)(P2Vv2— P1V1);

A" =1/(n— 1)(P2v2— P1v1).

Torna Teoperrueckas paboTa KOMIpeccopa 3aTpauyuBacMas Ha cxatue | Kr rasa, npu
U30TEPMHUYUECKOM TMPOIIECCE CKATHSI BHIPA3ZUTCSI PABCHCTBOM:

AT = P1viIn(P2/P1); (17.3)
npu a)II/Ia6aTI/I‘IeCKOM IpoHecce CxKaATUA:

A% = B/(B — 1)P1va[(P2/P1) B-VP _1]; (17.4)
IpU MOJUTPOIIHOM MPOILECCEe CHKATHS:

A™ = n/(n = 1)Py va[(P2/P1) "~ VM —1]; (17.5)

[Tpu ymeHbIIEHNN TPOU3BOAUTEIBHOCTH KOMIIPECCOPA C YBEIMUEHUEM JABJICHUS CKATOTO
BO3/1yXa U YXYIIIEHUU IIPHU 3TOM yCIOBUN CMa3KU M3-3a MOBBIIICHUS TeMeparypsl T2
OJTHOCTYNEHYATHI KOMIIPECCOP CTAHOBUTCS HEMPUTOIHBIM IS ITOJTYyYEHUS CKATOTO ras3a
BBICOKOTO JaBiieHusl. OOBIYHO OIHOCTYIEHYATble KOMIPECCOPHI MPUMEHSIOT JJIsl TIOJTY4YEeHUS
cxaToro rasa nasinennem He Boimie 0,8—1 MIla. [Tpun HE0OX0IUMOCTH UMETh CXKATBIN ra3 0oJee
BBICOKOT'O JaBJICHUS UCIIOJIb3YIOT MHOTOCTYIIEHYAThIE KOMIIPECCOPHI.

MHorocryneH4aTolii NOPpUIHEBOH KoMIpeccop. B MHOrocTyneH4aTsIX KOMIIPECCOPAX CHKATHE
ra3oB OCYILECTBIISIETCS ITOCJIE0BATEIBHO B HECKOIBKUX LIUJIMHAPAX (0 CEMU) €
IIPOMEKYTOUHBIM OXJIAXKACHUEM TIOCIIE KAKIOTO HUINHAPA B CIIEIUAIIBHBIX XOJIOAWIbHUKAX.
[Tpu TakoM IpUHIIKIIE PA0OTHI CXKATUE Ta3a B KAKIOM HUIUHAPE BO3MOXKHO MPH TOMYCTUMOM
TEMIIEPATYPHOM peXHUMe, 00ecredrBaroieM OIaronpusTHbIe yCIoBUs cMa3ku. B
MIPOMEKYTOUHBIX XOJIOJUIBHUKAX MOCIIE KaXI0r0 HUIMHAPA ra3 OXJIAXKAAI0T IPHU MOCTOSHHOM
JTABJICHUH, PABHOM JIaBJICHUIO KOHEYHOT'O CKATHSI B COOTBETCTBYIOIIEH CTYIIECHHU.

PaccmoTpuM B kadecTBe npumepa paboTy TpeXCTyNEeHUaTOro MOPIIHEBOTO KOMIIPEccopa, cxema
KOTOPOTO MpuBeieHa Ha puc.17.2, a pabouwnii mporecc B pX- U TS- KOOpAWHATAX (7151
UJealbHOr0 KOMIIpeccopa) — Ha puc.17.3.
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Puc. 17.3. Teopersueckans HHAHWKATODHAR NHArpamMMma TPEXCTYNEHYATOre KoMnpeccopa
{a) n npouecc ¢marus B Ts-nnarpaMme (&)

["a3 BcachIBaeTCs B LMIIMHAP HU3KOro AasiieHus (mpouecc D-1 Ha puc.17.3), cxxumaercs 1o
nonutpone 1-2 no nasnenus P2 u HarHeTaeTcsl B NPOMEKYTOUYHbBIN XONOAWIBHUK X1, [JI€ IIPU
MOCTOSTHHOM JlaBJjieHuH P2 oxmakaaeTcs BCieACTBUE OT/AaYu TEIIOTHI BOJIE, OMBIBAIOIIEH
3MeeBHK. /13 IpOMEKyTOUHOT0O XOJIOAUIIBHUKA CKATBIM ra3 MIpU TOM K€ AaBJIeHUHU P2
BCachlBaeTcs BO BTOpYIo cTyneHb. KoHneunslit 00bem BcacbiBanus V3 < Vz; tak kak P2 = Const, a
T3 < T2. Bo BTOpOii cTyIeHn ra3 cxxUMaeTCs 1o MOJIUTpoIe 10 nainenus Ps (mporecc 3-4),
HArHeTaeTcs PY ATOM JABJIEHUU BO BTOPON MPOMEXKYTOUHBIA XOJOIMIBHUK X2 U OTTY/Ja
MIOCTYNAET B TPETHIO CTYIIEHB, II€ U CKUMAETCA O KOHEYHOIO 3aJaHHOTO JaBieHus Pe
(mpomecc 5-6)  HarHeTaeTcs B pe3epByap.

PaboTy MHOrOCTYNEeHYaTOro KOMIIpeccopa CTpeMSTCsl OpraHU30BaTh Tak, YTOObI
o0ecreunBalIuCh CIEAYIOIINE TPU YCIOBUSL:

1) nonHOe oXJaKJeHHe Taza BO BCeX XOJIOAMIbHUKAX, T.€. TEMIepaTypy raza J0BOJAT J10
HavaIbHOH Temrepatypbl T1, KOTOPYIO OH UMEIN IpH BXoje B TiepByto cryneHs (T1 =Tz = Ts);
2) oauMHAKOBasi KOHEYHAs TEMIIepaTypa CKaTHs ra3a BO BCeX CTYMEHAX, 00ecreunBaloias Bo
BCEX MWIMHAPAX HaaexHbie ycnoBus cMazku (T2 = Ts = Te);

3) oiMHAKOBBIE [TOKA3ATEIH IMOJIUTPOII CKATHSI BO BCEX LIUIMHAPAX, T.€.

n'=n"=n"=n.

ITpu BBINOIHEHUH 3TUX YCJIOBUH NEpeNajbl JaBICHNN (OTHOILIEHNE KOHEYHOTO JaBIECHUS K
Ha4aJIbHOMY) BO BCEX CTYNEHSAX OJMHAKOBHI, T.€. P2/P1 = P4 /P3 = P¢/Ps.

Jnst onipenenienus obuieit paboTel, 3aTpauuBaeMoil Ha IPUBOJT MHOTOCTYIIEHYATOTO
KOMITpeccopa, He0OXOAMMO TPOCYMMHPOBATh pabOThI, 3aTpaulBaeMble Ha CKaTHE ra3a 1o
OTJIENbHBIM CTyNEHsAM. HeTpy1HO MoKa3aTh, YTO IPU BBIIOJHEHUH TPEX YKA3aHHBIX YCIOBHM
Ao, Ao, A"y 6yayT onmHAKOBEL

B cootBercTBUm ¢ hopmynoii (17.5) umeem:

Alo=n/(n—1)P1vi[(Py/P1) M-V _1] =
=n/(n — 1)RT1[(P2/P1) "~V _1]; (17.6)



Ao =n/(n - 1)P3v3[(Pa/P3) M-V _1] =
=n/(n — 1)RT3[(P4/P3) "~ V" _1]: (17.7)

A"y = n/(n — 1)Psvs[(Pe/Ps) - VM _ 1]=
=n/(n — 1)RTs[(Pe/Ps) "~V —1]: (17.8)

Tak Kak TpaBsle yacTu ypaBHenuii paBHsl, To Alo = A'ly= A'"Ys. Torna reopernueckas padora m
CTYIEHYaTOro KOMIpeccopa, 3aTpauynBaeMas Ha cykatue 1 Kr rasza, OyJeT onpenesiThes
npousBeIeHneM MeAo.

Teopetunueckas momHocTh No (BT), 3aTpaunBaemasi Ha IpUBOJ KOMIIPECCOpa, MOXKET OBITh
OIpeZIesICHa 10 PABEHCTBY:

No=M-meAo, (17.9)

rae: M — Npou3BOIUTEIBHOCTH KOMIIPEccopa, Kr/c; Ap — TeopeTudeckas padora Ha cxkatue 1 kr
ra3a B OJTHOM cTyreHu, J>K/KT; M — 9uciio CTyneHel koMmpeccopa.

s onpenenenus aecTBUTeNbHOM (3(hPeKTHBHON) MOIITHOCTH Ne, HEOOXOIUMOM I MPUBOA
KOMITpeccopa, Hy)KHO 3HATh IMOTEPU PAOOTHI Ha MPEOI0JICHUE CONIPOTUBIICHHUN KIIATAHOB H
TpYyOOIIPOBOJIOB U HA TPEHHUE B CONMPHUKACAIOUINXCS YaCTAX KOMIIPECcopa, KOTOPbIe
y4uThIBarOTCS Mexanndeckum KIT/I:

Ne =No/3uw=M-meAo /3y . (17.10)
Jiis mopiraeBoro kommpeccopa 3y = 0,8—0,9.

17.2. JlonaTo4Hblii KOMIpeccop.

B otname ot 00beMHOT0 JIONATOYHBI KOMITPECCOP - 3TO KOMIIPECCOP TUHAMUYECKOTO COKATHS.
Onu OBIBAIOT ABYX BUJOB: YeHMPOOeCHbIE U OCegble (AKCUANbHbIE).

LlenTpo6eKHbIIi MHOTOCTYNEHYATHII KOMIIpeccop (HarHeTaTellb) pacCYUTaH Ha 1Mo/1ady ra3oB
nasienueM 10 0,8 - 1 MIla. IIpunnun ero pabots! (puc. 17.4) cnenyroumii. Pabouee xoneco 1 ¢
pazuanbHO HANPABICHHBIMH KaHAIAMHU YKPETUICHO Ha Bajly 2 U BPAIIaeTCs C TOMOIIBIO
JBUraTens B kopnyce 3. Bo3yx uiu ra3, nocTynaromuii B KaHajasl pabodero kKoseca,
oTOpachIBaeTCs IIECHTPOOEKHON CUIION K epudepuu U 1MonaaaeT B JIONAaTOYHBIN anmnapar 4,
JIONATKU KOTOPOTo 00pa3yloT paciiupsomuecs KaHaibl. B 3TUX kaHaax BCIeICTBHE
YMEHbILIEHUSI CKOPOCTH BO3/yXa (Ta3a) MoBBILIAEeTCS €ro AaBieHue. Jlanee cxxaThlil BO3yX uepe3
HaMOPHBIN NaTpyOOoK 5 MoCTynaeT B HarHeTaTeNnbHbIH Tpyoonposo/. [1o onrcanHOMY pUHLIUITY
paboTaroT U EHTPOOEKHBIE BEHTHIIATOPHI, IPUBOIUMBIE SJICKTPOIBUTATEISIMUA U CO3/IAFOIINE
u30bITOuHOE aBienue 1o 12 klla.



Puc.17.4.  [puHuHnHaNL-
HAam cxema ueHTpobexHo-
ro KoMnpeccopa

I — patowec KQACCO: 2=
BaAa;, J — Kopaye, 4 - nona-
TOWHBI  annapaT; § narpy-
ROk

OOBIYHO B IIEHTPOOEKHBIX HATHETATENSIX BBIXOIHOE CEUCHHE MOIOUPAETCS TaK, YTOOBI CKOPOCTH
ra3a Ha BXOJI€ W1 M Ha BBIXOJIe W2 ObUTH OJIMHAKOBEIL. B 9TOM ciyuae TeopeTuueckas padora,
3aTpauMBaeMas Ha ckatue | Kr rasa B H1€aIbHOM LHEHTPOOEKHOM KOMIIPECCOPE, T.€. B TAKOM,
/i€ OTCYTCTBYET TEIIOOOMEH C OKpY XKaIoIIeil cpefoi (MoTepu TEIIOThl Yepe3 CTEHKU PaBHBI
HYJII0), MOXKET OBITh OMpeiesieHa o ypaBHeHuto (17.4).

Ha npaktuke He06X0aUMO 3aTpaynBaTh OOJBIIYIO paboOTy, YeM MPHU ainadaTHOM CHKATHU.
TemmnepaTypa ra3oB Ha BbIXO/I€ U3 HarHerarens OyaeT Bcerja Oosbliie, 4eM B ainabaTHOM
Ipolecce, 3a CYET nepexoaa paboThl TPEHUS B TEIUIOTY, MOBBIIIAIOIIYI0 KOHEYHYIO TEMIIEPATYpPy
BO3/IyXa.

[Toka3zarens nonuTpomnsl cxkarus n = 1,5—1,55 B 3Tom citydae Oosbliie mokasaress aguadaTsl.
Jlist nenTpoOexkHbIX HarHeratenen Ny = 0,7—0,8.

Ocesoii kommpeccop (puc.17.5,a) paccuntan Ha Mojady ckaToro rasa aasienuem jao 0,4—0,5
MITIa. KIT/I ero BhbllIe, 4eM y HEHTPOOEKHOTO HAarHeTaTeN s, U MOXKeT gocturatb 85—90%. B to
e BpEeMs 0CEBbIE KOMIIPECCOPHI 00J1aJat0T 00BN MPOU3BOAUTEIHHOCTHIO, MAIBIMU
paaualbHBIMU pa3MepaMy U MacCoi. DTH MPEUMYIIECTBA OCEBBIX KOMIIPECCOPOB 00YCIOBHIIN
UX NIMPOKOE MPUMEHEHHUE B Ta30TypOMHHBIX YCTAHOBKAX, U, B YaCTHOCTH, B BO3YIIIHO-
PEAKTHUBHBIX JIBUTaTENIsX.

Puc.17.5. CxeMa ocesoro woMnpeccopa (@) M
npodune paboyHx W CUPAMASIOWIHX JONATOK

(%)

I —Kopnye: 2 — potop; J — paGoude JOnatkd; o —
BXOZUOH  HANPABAAIOLIKA  Bouewn  nonaTox: 5§ —
COPHMIHEEHS JAONATEH; 1 — OKDYWHIIAA CROPOCTh;
@y, wly — OTHOCHTCABHEIC CHOP()CTH Ha BXOAC B
MOMAQUATOYHRC  KaHananl  PaGoYHX  JAOHATOK K
CHPAMAAONCTO ATNAPATA;, &), €, O3 - AGCOAKITHBLIR
CKOBODUTHY Hia BXOAC B WMeHIONATOUHLIY KaHaAhkl Pa-

Gounx A0MATOX, COPAMARDIEICTO anapata o ha
nNWMY04Ee H3 CHPAMACHHOCO annmapara



OceBoii KOMIIpeECCOp COCTOUT U3 KopIryca 1, BHyTpH KOTOporo Bpaiaercst potop 2. Ha Hem
YKPEIUIEHO HECKOJIBKO 0B pabouux yonarok 3. [lepen nepBeIM psoM pabouux JI0NaToK Ha
KOPILYCE YKPEIUIEHbI HETOBMKHBIE JIONIATKU HAIPABJISIOLIETO anmnapara 4, a mocie Kaxaoro
psiza pabovMX JIONATOK - HEMOABHKHBIE JIOMATKU CIPSAMIISIONIETO anmnapara 5.

Kaxnplii psii pabovmx JIOMATOK B COBOKYITHOCTH CO CJEIYIOIIUM 32 HUM CIIPSIMIISIOLIIM
anmnapaToM COCTaBJISIET OJIHY CTYIEHb ITOBBILICHUS AaBIeHUs. YUCIIO CTylIeHeH MOKeT 10XOIUTh
1o 15—20. IIpodunp paboynx M CIpSIMISIONIMX JIOTATOK BEIOUPAIOT TaK, YTO HpU
IPOXOXKJICHUU Yepe3 MEXJIONATOUHbIEe KaHaIbl PA0OYMX JIONATOK BO3/1yX MOIy4aeT OT poTopa
MEXAHUYECKYIO SHEPTUIO U CKOPOCTh €r0 BO3PACTAET, a IPU MPOXOKIACHUH YEPE3 CIPAMIISIOLINI
anmapar CKOpoCTb BO3/yXa YMEHbIIAETCsI, BCIEACTBUE YEr0 BO3PACTAET €ro JaBjieHue. JTo
WTIOCTPUPYETCS TPEYTOJIbHUKAaMU CKOpocTel Ha puc. 17.5,6.

[TockonbKy BO3yX (ra3) B TaKUX KOMIIPECCOPAX MPOXOIUT BJIOJIb UX OCH, TO OHU U MOJIyYHIIN
Ha3BaHHUE OCEBBIX MJIM aKCUAJIbHBIX KOMIIPECCOPOB.

HenoctaTkoM 0CEeBBIX KOMIIPECCOPOB SIBJISETCS CIOXKHOCTh UX KOHCTPYKIMMA, 00YCIIOBIEHHAs
HEO0OXOMMOCTBIO THIATEIBLHOTO BBIIIOJIHEHUS MPOQUIIEH J0MaTOK pabouux Kojiec u
HaMpaBJIIOIUX allapaToB.

Tema 18. Bonipochbl 3K0J10ruMH PU UCIOJIb30BAHUM TEIJIOTHI.
18.1. Toxkcu4yHble ra3spl NPOAYKTOB CTOPAHHUS.

[TponykThl cropanus, pacyeT KOTOPhIX U3NI0KeH B 11/m 16.3 Tembl 16, oka3biBalOT
OTIpeNIeIAIONIee BIUSHIE Ha SHEPTreTUYECKUE U KOJIOTUYECKHIE TOKA3aTeH Pa3InIHbIX
TEIIOTEXHUUYECKUX YCTAaHOBOK.

OpHaKo TOMUMO 3TUX MTPOAYKTOB IIPH CTOPaHUU 00pa3yeTcs M psiji APYTrUuX BEIIECTB, KOTOPHIE
BCJIE/ICTBHE UX MAaJIOTO KOJMYECTBA HE YUUTHIBAIOTCS B SHEPTeTHUECKHUX pacyeTax, HO
OTIPENIENISIOT HKOJIOTHYECKUE TIOKA3aTeNN TOMOK, MeUeH, TeIUIOBBIX IBUTATENEH U IPYTUX
YCTPOMCTB COBPEMEHHOM TETNIOTEXHUKHU.

B niepByto odepenp K 4HCITy IKOJOTHUECKH BPEAHBIX MIPOAYKTOB CTOPaHUS CIENyeT OTHECTH TaK
HA3bIBA€MbIe TOKCHYHBIE Ta3bl.

TokcuynbiMu Ha3BIBAIOT BEIIECTBA, OKA3BIBAIOIINE HETATHBHBIE BO3ICHCTBUS HA OPTaHU3M
YeNoBeKa U OKPYKarollyto cpey. OCHOBHBIMU TOKCHUHBIMH BEIIECTBAMH SIBIISIFOTCS] OKCH/IBI
aszora (NOx), okcun yraeposa (CO), paznuunsie yraeoaopoasl (CH), caxxa u coequnenus,
coJiep Kallie CBUHEI U cepy.

Oxcuodwl azoma. Ilpu cropanuy TOIIIMB INIaBHBIM 00pa3oM oOpa3zyercs okcup azora NO,
KOTOPBI 3aTeM B atMocepe okucinsercst 10 NOa.

O6pazoBanne NO yBennuuBaeTcs ¢ pOCTOM TEMIIEpPATypbl Ta30B U KOHIEHTPALUU KUCIOPOJa U
HE 3aBHCHUT OT YIJIEBOJOPOJIHOI'O COCTaBa TOTIJIMBA.

Haxonsmuiicst B atmocdepe NO2 npeacTaBisieT co0oi ra3 KpacHOBaTO-0yporo 1BeTa,
obnamaromuii B O0IBIINX KOHIIEHTPAMSIX YAyIUTHBBIM 3araxoM. NO2 oka3bIBaeT HEraTHBHOE
BO3/ICIICTBUE HA CIIM3UCTBIE O0OJIOUKH IJ1a3 U

Oxcuo yenepooa (CO) obpazyeTcst BO BpeMsi CTOpaHUs MPH HEJOCTATKE KUCIOPO/Ia WITH MPH
nuccormaiuu CO2. OcHoBHOE BiusiHUE HAa 00pa3oBaHue CO OKa3bIBAET COCTaB CMECH: YEM OHA
Ooraue, Tem Bbite koHeHTpanus CO.

Oxcuy yriieposa - OeCIBETHBIN 1 He UMEIONINIA 3anaxa ra3. [Ipy BApIXaHuH BMECTE C BO3IYXOM
OH MHTEHCUBHO COEJMHSETCS C TeMOTJIO0OMHOM KPOBH, YTO YMEHBIIAET €€ CIIOCOOHOCTh K
CHa0XEHUIO OpraHu3Ma KuciopooM. CHMITOMBI OTpaBlieHHs oprann3ma razoM CO: rojoBHas
6011b, cepALeONeHre, 3aTPyJHEHNE IbIXaHUS U TOLIHOTA.

Yenesooopoowvr (CH) cocTOAT M3 HCXOAHBIX MIIM PACTIABITUXCSI MOJICKYJT TOTUIMBA, KOTOPBIC HE
NPUHUMAIU Y9aCTHsI B CTOPAHUU. YTJIEBOJIOPOIbI MOSABISAIOTCS B 0TpaboTaBmux razax (OI)
JBUTATENIel BHYTPEHHETO CrOpaHUsl BCJICACTBHUE rallleHHsl JIaMeHH BOJIU3U OTHOCUTEIBHO
XOJIOJTHBIX CTEHOK KaMephl CTOPaHMsl, B “3allleMIICHHBIX~ 00beMaXx, HaXOJSIIUXCS B



BBITECHUTENSAX U B 3230pP€ MEXK]1y OPUTHEM U IIMJIMHAPOM HaJ BEPXHUM KOMIIPECCUOHHBIM
KOJIBLIOM.

B nuzensx yriaeBogopoasl 00pa3yroTcs B epeoOorameHHbIX 30HaX CMECH, Te MPOUCXOUT
MMPOJIN3 MOJIEKYN TOIIMBa. Ecny B mponecce paClIMpeHus B 3TH 30HbI HE MOCTYIIUT
JI0OCTaTOYHOE KOJIr4ecTBO Kucnopozaa, To CH okaxercs B coctase Ol

KonuyecTBO pa3inyHbIX NHIMBUIYAIBHBIX YIJIIE€BOJAOPOI0B, BXOASIINUX B 3TY IPYIITY
TOKCUYHBIX BelecTB, npesbimaeT 200. B Tex koHuenTpanusx, B koropsix CH copepxurcs B
BO3J1yX€, HallpuMep, B 30HAX C UHTEHCUBHBIM JIBUXKEHHEM aBTOTPAHCIIOPTA, OHU HE IPUHOCST
HEIOCPEACTBEHHOT'0 BPE/la 3/J0POBBIO YEJIOBEKA, OJHAKO, MOTYT BbI3bIBAaTh PEAKIIMH, KOTOPBIE
BEJyT K 00pa30BaHUIO COCTUHEHUI, BPEAHBIX JIaXKe IMPU HE3HAUUTEIbHONH KOHIICHTPALIUH.
Tax, yriieBogopo/ipl 110/ JEHCTBUEM COJIHEUHBIX JIydel MOryT B3aumojeiictBoBars ¢ NOX,
00pa3yst OMOJIOTUYECKU aKTUBHBIE BEIIECTBA, KOTOPbIE pa3Apakarolle IeHCTBYIOT Ha OpraHsbl
JBIXaTEJIbHBIX ITyTEl U BBI3BIBAIOT MOSBJICHUE TaK Ha3bIBAEMOI'0 CMOTa.

Oco0oe BIMsIHHE OKa3bIBAIOT BEIOPOCHI O€H30I1a, TOMYO0IIa, TOJUIIUKINIECKIX apOMaTHYECKIX
yraeBogopoaoB (ITAY) u B nepByto ouepens 6ensnupena (CzoHiz). Ota rpynma
BBICOKOTOKCUYHBIX BEIIECTB 00pa3yeTcs B pe3yabTaTe MUPOIU3a JIETKUX U CPEIHUX (PaKIIHii
toruBa mipu temmeparype 600...700K. Takue ycinoBUs BOSHHKAIOT BOJIM3H XOJOTHBIX
MOBEPXHOCTEN HUIMHAPA [IPU HATMYKUU TaM HECTOpeBIINX yrieBoaoponoB. Komuuectso [TIAY B
OI" Tem Gosbliie, 4eM BBIIIIe KOHIISHTpaIUs B ToIUIBe OeH3omna. [IAY oTHOCHTCS K Tak
Ha3bIBAEMbIM KaHIIEPOIE€HHBIM BELIECTBAM, OHH HE BBIBOJSATCA U3 OPraHU3Ma YEJIOBEKa, a CO
BPEMEHEM HAKAIJIMBAIOTCS B HEM, CIIOCOOCTBYSI 00OPa30BaHUIO 31I0KAYECTBEHHBIX OIYXOJIEH.
Caoica ipencTaBisieT coO0M TBEPIbIM MPOIYKT, COCTOSALINI B OCHOBHOM U3 yrieponaa. Kpome
yriepojia B caxe coaepxurcs 1..3 % (mo macce) Boiopoja.

Caxa o6pasyercs mpu Temneparype Boiie 1500K B pesynbrare 00beMHOTO mpoiiecca
TEPMHUECKOT'0 Pa3yioKeHUs (IUpOIM3a) IPU CUIIBHOM HeZocTaTke kuciaopoaa. dopmanbHO
peakLys MUPOIN3a BbIPAXKAeTCsl ypaBHEHUEM:

ChHnenC+1/2mH>. (181)

Hauano o6pa3oBanus caxxu umeer mecto npu ? menslue 0,3... 0,7 1 3aBUCUT OT TeMIIepaTypsl U
JIaBJICHUs Ta30B, a TAK)KE OT BUJa ToluMBa. [Ipy ogMHaKOBOM KOJIMUYECTBE aTOMOB YIUIEPOJa 10
CTETEHH YBEJIMYEHUS CKIOHHOCTU K 00pa30BaHUIO Ca’kKU YIIIEBOJIOPO/IbI PACOIaratoTCst
cieAyommM o0pa3oM: napapuHsl, oeUHbI, ApOMATHKU.

Hannune caxxu B OI' nuzeneit o0yciaBivBaeT YEpHbIH IbIM Ha BBITYCKE.

Caxa npencrasisieT co00M MeXaHW4YeCKUi 3arpsi3HUTENh HOCOTJIOTKH U JIETKUX. bosbias
OIIACHOCTbH CBSI3aHA CO CBOMCTBOM Ca)kM HAaKaIlJIMBaTh Ha MOBEPXHOCTH CBOMX YACTHIL
KaHLIEPOTE€HHBIE BEIIECTBA U CIIY>)KUTh UX IIEPEHOCUHKOM.

Caxxa - He eIMHCTBEHHOE TBEPJIOE BEUIECTBO, cofepkameeca B OI'. J[pyrue TBep/iple BemecTBa
00pa3yIoTCs U3 co/ieprKallleics B TU3€IbHOM TOILIMBE CEpPhI, a TAK)KE B BHJIE a3p030JIel Macia u
HECTOPEBILIEro TOMIMBA. Bee BemecTBa, KOTOpble 0CEAI0OT Ha ClIeUaIbHOM (DUIIBTPE MPU
npoxoxxaeHuu uepes Hero O, monyumnu oO1iee Ha3BaHHUE - YACTHUIIBL.

Conepkanne B OI' mpoaykroB HemoaHOTo cropanus (CO, CH u caxxu) HexenaTeIbHO HE TOJIBKO
13-32 UX TOKCUYHOCTH, HO U IIOTOMY, YTO IIPY HETIOJIHOM CTOPAaHUU TOILIMBA HEOBBIAEIAETCS
4acTh TEIUIOTHI, @ 3TO O0YCIaBINBAET YXYAIIEHHE YKOHOMUYECKUX MOKa3aTeaei TerIoBbIX
YCTaHOBOK.

Csuney u cepa. llpumepno 50... 70% cBuHIa, HaxoasAmEerocs B OeH3uHe, nomaaaet BMecte ¢ OI'
B aTMoc(epy B (hopMe CBHHIIOBBIX COJIEH, T.€. B BU/I€ YACTHI JUAMETPOM MeHbIIe 1 MKM. DTH
YacTUILIBI IPOHUKAIOT B OPraHU3M U€JIOBEKa BMECTE C BO3YyXOM U uepe3 Koxy. CoennHeHus
CBUHIIA OYEHb SIIOBUTHI U HE BBIBOAATCS U3 OPraHM3Ma, HaKaIIMBasCh B HeM. OHU HETaTUBHO
BO3JCHCTBYIOT Ha LICHTPAJIbHYIO HEPBHYIO CUCTEMY, BbI3bIBasi HEPBHBIC U ICUXUYECKUE
paccTporcTBa.

Cepa, cogep:xaiiasics B JU3€JIbHOM TOILIMBE, Ma3yTe U KAMEHHOM YTJIe BBIOPAChIBAETCS B



aTMocdepy Mmocie CropaHus 3TUX TOILTUB B popme auokcuaa SOz, KOTOPbIM 0UYeHb BpEAeH A
pacTeHU U CIOCOOCTBYET BOBHUKHOBEHHUIO “KUCIIOTHBIX  JTOXKICH.

[Tpucyrctue B OI' coequHEHM CBUHIIA U CEPBI €IaeT HEBO3MOKHBIM UCII0JIb30BaHUE
KATAIUTUYECKUX HEUTPaAIU3aTOPOB, IPEIHAZHAYEHHBIX JJI1 CHUKEHUS TOKCUYHOCTH OI'.
HexoTtopble TOKCHUYHBIE BEIIECTBA MOCTIE TOT0, KaK OHM MOMAAal0T B aTMOC(epy B COCTaBe
IIPOJYKTOB CrOpaHHUsl, IPeTepIeBaloT AajdbHeiue npeodpazoBanus. Hanpumep, npu Hanuuuu B
aTMocdepe yrieBo0poI0B (WK UX PAJUKAIOB), OKCHOB a30Ta U OKCUA yriiepoaa Mpu
MHTECHCUBHOM YJbTPaQHOIECTOBOM H3IYYSHHH COJIHLIA 00pa3yeTcs 030H O3, ABISIOMIUNACS
CUJIbHEWMILIUM OKHCIIUTEJIEM U BBI3BIBAIOIINN IIPU COOTBETCTBYIOIIEH KOHLEHTPALIUN YXYIIIIEHUE
CaMOYyBCTBHUS JIFOACH.

[Tpu BBICOKOM COJepKaHUU B MaJIONIOABHKHOM 1 BiakHOU atMocdepe NO2, O3 u CH BozHuKaeT
TyMaH KOPUYHEBOTO I[BETA, KOTOPHIN MOJY4MJI Ha3BaHUE “‘cMor” (OT aHIJIMICKHUX CI0B Smoke -
1M 1 fog -Tyman). CMOT SIBJISIETCSI CMECHIO JKHIKUX ra3000pa3HbIX KOMIIOHEHTOB, OH
pa3apaxkaeT riias3a U CIU3UCThIe 000I0UKH, YXYAIIaeT BUANMOCTh Ha JIOpOTax.

OCHOBHBIMU UCTOYHHKAMU BbIOPOCA TOKCUYHBIX IPOAYKTOB CTOPAHHUS ABJISIOTCS aBTOMOOMIIH,
MIPOMBILUIEHHOCTb, TEIJIOBBIE U 3JEKTPUUYECKUE CTAHIMU. B HEKOTOPBIX TOpoJIax colepKaHue B
aTMocdepe TOKCUYHBIX MPOTYKTOB CTOPAHHSI ITPEBBIIIACT MPEIEITBHO TOMYCTUMYIO
KOHILICHTPALMIO B HECKOJIBKO JIECSATKOB Pa3s.

Ji1st 60pbOBI C STUM 3JI0M B OOJIBIIMHCTBE CTPAH MUPA MIPUHATHI COOTBETCTBYIOIINE 3aKOHBI,
OTPaHUYMUBAIOIINE TOIYCTUMOE CO/IEPKAHNE TOKCUYHBIX BEILIECTB B POAYKTAX CrOPAHUs,
BEIOpachIBaeMbIX B aTMochepy.

18.2. Bo3aeiicTBMSI TOKCHYHBIX T'a30B.

J1J1s1 OLIeHKM KOHILIEHTPAIMi TOKCHYHBIX BEIOPOCOB MPHUHATO CPABHUBATH HX (PAKTHUYECKHE
KOHIIEHTPAIUHU C IPEAEIbHO JOMYCTUMBIMU (MAKCUMAJIbHO Pa30BbIMH, CPEAHECYTOUYHBIMH WIIN
CPEIHErOZI0BBIMHU).

Ha ocHOBaHMY MHOTOYHMCIIEHHBIX 3MUAEMHOJIOTUUECKUX U TOKCUKOJIOTMUYECKUX HCCIIEOBAaHUN
YCTaHOBJIEHO, YTO BO3/IEHCTBHE KaXKJA0T0 U3 BPEAHBIX KOMIIOHEHTOB MOKET MPUBECTHU K
ONpEeIeTICHHBIM HETaTUBHBIM MOCIEICTBHUSIM.

Oxcuo yenepooa CO (Bpems xu3Hu B atMmochepe 2...42 Mec.) BO3JIeHCTBYET Ha HEPBHYIO
CHCTEMY, BbI3bIBAET 0OMOPOKH, TaK KaK BCTYIMAET B PEAKIIMIO C TEMOTIIOONHOM KPOBH, 3aMellast
kucioposl. B 3aBucumoctu ot koHueHTpauuu CO B BO3/lyXe U BpEMEHHU BO3/ICHCTBHS CTEIIEHb
MOPaXXEHMsI OPraHU3Ma MOKET CYLIECTBEHHO Pa3JInyaThCsl.

Korma Baox npekpamaercs, CO, cBS3aHHBIN TreMOTTIOOMHOM, TTOCTENIEHHO BBIJEISETCS, U KPOBb
37I0pOBOT0 YeJI0BEKa ouuIaercs ot Hero Ha 50% kaxzasie 3...4 4.

Bozgeiicteue CO Ha IEHTpaIbHYIO HEPBHYIO CUCTEMY MPOSIBIISECTCS B U3MEHEHUH 1IBETOBOU U
CBETOBOM YYBCTBUTEIBHOCTH TJIa3 - BO3PACTAET BEPOSATHOCTH aBapuil. MakcuManbHO-pa3oBast
[1JIK sToro BemiecTBa B HACENEHHBIX MMYHKTAX COCTABIISIET 3 mr/mS, B CIIA - 10 mr/m® 3a 8 u
BO3JICHCTBHS.

B atmocdepe Hag aBTOMarucTpalisiMy U MPUIIETAIONIUX TEPPUTOPHUIX U3 OKCUIOB a30Ta
BcTpedaroTcs, B o)CHOBHOM NO u NO2. NO sBnsieTcss HeyCTOMYNBBIM KOMIIOHEHTOM, KOTOPBIN B
tedenue ot 0,5...3 1o 100 4 (3aBUCUT OT KOHIIEHTpALlUU B Bo3yxe) okucisercs 10 NO2.
Toxcnunocts NO2 B 7 pa3 Beimie TokcuaHocTd NO.

Ha opranusm yenoseka NO2 neiicTByeT Kak OCTPbIil pa3ipaknuTeNb IPH KOHIEHTparmu 15 mr/m°
¥ MOKET BBI3BaTh OTEK JIETKHX mpH KoHIeHTpamuu 200...300 mr/m>. Pearupys ¢ arMochepHoit
BJIaroi, OKCUbI a30Ta 00Pa3yIOT a30THYIO KUCIIOTY, BBI3BIBAIOLIYI0O KOPPO3HIO METAIIJIOB,
YHUUYTOKEHUE PACTUTEIBHOCTH U T.J.

Haub6omnbIryto omacHOCTh OKCHJIBI a30Ta MPEICTABISIOT KaK aKTUBHBIN KOMIIOHEHT MPH
o0pa3oBaHNH POTOXUMUYECKOTO cMOra. MakcuManbHO-pa30Basi KOHLIEHTPALKUs OKCUIOB a30Ta B
atMocdepe HaceneHHBIX MyHKTOB - 0,085 Mr/m>,

l'azo06pasnvle HU3KOMOIEKYIAPHbIE Y21e8000p00bl OKA3bIBAIOT HAPKOTHUECKOE JIEHCTBUE HA



OpraHu3M 4YeJOBEeKa, BHI3bIBAsI COCTOSIHHUE di(opun, uTo yBearnuuBaet BepositHocTh JITTI.
TOKCHYHOCTB MX BO3pACTaET IIPU HAIMYUHU B BO3AYXE APYTUX 3arpsi3HEHUH, KOTOPBIE B
COBOKYITHOCTH O[] IEHCTBUEM COJTHEYHOH pajnaiiui 00pa3yroT GOTOXUMUYECKNE OKCUIAHTHI
cmora. TTJIK MakcHManbHO-pa3oBasi COCTaBISET 5 Mr/M°.

Honuyukauueckue apomamuyeckue y21e6000poosl, COAECPKAIINEcs B BBIOpOCcax JBUraTese,
SBIISIOTCS KaHIIEPOT€HHBIMU, U3 KOTOPBIX HAMOOJbIICH aKTUBHOCTHIO 00J1a1aeT OEH3MUPEH
(C20H12), conepsxamuiics B otTpaboTaBmnx rasax auseneii. [1IJJK cocrasnser 0,1 mxr/100 m>
BO3/1yXa.

Caorca, conepraiasicsi B 0TpabOTaBIIMX ra3ax, 00yaaaer 00JbIIeld TOKCHYHOCTBIO, YeM
oObIuHas bUTb. Ha MOBEpXHOCTH YacTHUIL CaXH aJICOPOUPYIOTCS KaHI[EPOT€HHbIE BEIIECTBA.
BuUMBIM aBTOMOOHIIBHBINA BBIXJION CTAHOBHTCS IIPH KOHIEHTpAIK caxu 130 mr/m°,

Pazmeps! yactun cocrapiisitor 0,19...0,54 MKM B [uaMeTpe U MOTYT JOCTUTaTh albBEOJ JIETKUX
WJIM OTKJIA/IbIBaThCsl B HOCOBBIX Ma3yxax, Tpaxesx Wik OpoHxax.

Oxcuodwi cepul ipu Manbix KoHLeHTpanusx (0,001%) BBI3BIBAIOT pa3ipakeHHe AbIXaTeNbHBIX
nytei, npu koHueHtpauuu 0,01% mnpoucxoauT oTpaBieHue JIt01eH 32 HECKOJIBKO MUHYT.
Hanuuue B atmocdepe cepHUCTHIX ra30B NPEMATCTBYET (POTOCUHTE3Y pacTEeHUH,
HeOJIaronpusITHO BO3JEHCTBYET HA JbIXaTellbHbIE MyTH yesnoBeka. [Ipu konuenTpauuu SO2 B
Bo3myxe Gonee 0,9 Mr/M° IPOMCXONUT U3MEHEHHE TIPOLECCOB (POTOCHHTE3a PAaCTEHHIA; uepes 5...
10 nHel XBOsI COCHBI, €11 HAUWHAET PDKETh U MPEXKIEBPEMEHHO OMalaeT. Y CTAaHOBJIEHO, UTO
cmech SO2 u CO npu ATUTENTHHOM BO3/IEHCTBUHN BBI3BIBAECT HAPYIIICHHE TeHETUUECKON (PYHKIIMH
opraamsma. IT1JIK B paGoueii 30He cocTaBmser 10 Mr/v°.

Coeounenus ceunya TPUBOIAT K BOSHUKHOBEHHIO TOJIOBHOM 00JIM, yTOMIICHHUIO, HAPYIICHUIO
CHa, (pepMEHTaTUBHOW aKTUBHOCTH O€NKOB kMBbIX opraHu3MoB. [IJIK cpennecyrounas
cocrapyser 0,0003 mr/m°. CBUHEI] HAKAIIMBAETCS B OPTAHM3ME M MOXKET BBI3BATh TSKEIbIE
paccTporicTBa HEPBHOW U KPOBEHOCHOW CHCTEMBI.

HeraTuBHOe Bo3/eiicTBHE aBTOMOOMIIBHBIX BBIOPOCOB Ha YEJIOBEKA MPOSBISIETCS U Yepes
MUTHEBYIO BONY, M MPOAYKTHI MUTaHUs. [I[pUBOIAT K YXYAIMICHUIO 3[I0POBBS TPAHCTIOPTHBIM 1ITyM
Y DJIEKTPOMATHUTHBIE U3TyYEHHUS.

18.3. ITocnencTBusi IAapHUKOBOTO (P deKxTa.

OnHUM U3 OCHOBHBIX NPOJYKTOB CrOPaHUs YIJIEBOJOPOIHBIX TOIJIUB SBISIETCS JUOKCHU]L
yraeposa (CO2), KOTOpbIit HE OTHOCUTCS K TOKCHYHBIM Ta3aM. ['ogoBas amuccus CO2
coctasiseT 130...1100 mupxa. 1/ron. OcHoBHOE KomuyecTBO CO2 MPOU3BOAUTCS MPUPOTHBIMU
MCTOYHUKAMU, U TOJILKO IPUMEPHO 1...3 % cBsI3aHbI ¢ TEXHUYECKOM EATEIbHOCTHIO YETIOBEKa
(anTponoreHHsle BEIOpockl). OnHako 31u 1...3% MoryT HapylaTh paBHOBecHe B aTMochepe u
CITY)KUTb MIPUIMHON BO3HUKHOBEHMSI TaK HA3bIBAEMOT0 “TIapHUKOBOTO” 3(pdhekTa.

B BepxHUX criosix aTMocdephl Bcera pacrnoiaraiach cMech ra3zos, coctosmas Ha 60... 90 % u3
BOJISIHOTO ITapa. JTa CMECh ra30B NPENATCTBYET OTBOY TEMJIOTHI OT IOBEPXHOCTH HallleH
TIJIaHETHI, TTOBBIIIAs ee cpeaHioro Temneparypy Ha 33°C (ot -18°C no +15°C). B yBenuuenun
CpeaHel TeMIiepaTyphl Ha MOBEPXHOCTH 3€MJIM U 3aKJII0YaeTCs “NapHUKOBBIN 3¢ (dekT,
KOTOPBI 00yCIIOBMII OJ1aronpusTHBIE YCIOBUS /J1 BOBHUKHOBEHUS U Pa3BUTHS )KU3HU Ha
3emiie. OiHaKoO B pe3ysbTaTe JAEATEIbHOCTH YeloBeKa B cTparocdepe u Tpornocdepe craiu
HakarmBaThcs Takue BemiectBa kak CO2, CHa, ranoreHrpoBaHHbIE YTIE€BOIOPObI, 030H U
remuokcua azora (NO2). CymmapHas 05151 3THX T'a30B B “TIAPHUKOBOM™ CJI0€ OTHOCHTEIBHO
HeBenuka Bcero 0,5... 15%. Oqnako oHu BeI3Baiu 3a nocieanne 100 JeT moBwIlieHNne CpeTHeH
Temneparypsl npuMepHo Ha 0,45°C, uyTo BbIpa3WiIOCh B U3BECTHOM IOTEIIEHUH KinMara. [Ipu
JAbHENUIIEM HEKOHTPOJIUPYEMOM YCUIIEHUH “TIApHUKOBOTO” 3(pPeKTa MOKET MPOU30UTH
MHTEHCUBHOE TasiHUE JIEAHUKOB, KOTOPOE MOXKET MPUBECTH K II100aIBHOM KaTacTpode.

N3 Bcex aHTPOIOTeHHBIX “TAPHUKOBBIX’ ra30B IVIABHOE 3HAYEHUE JJISl YCUJIEHUS “‘TTapHUKOBOTO”
sapdexta numeer CO2. BakHeHmmmMu HCTOYHUKAMU aHTPOIIOT€HHBIX BEIOpOcoB CO2 ABISAIOTCA:
TEIJIOBBIE U AJIEKTPUUYECKHUE CTAHIUHU - 27%, MPOMBILIIEHHOCTH - 20%, OTOIIIEHUE KHUIIBIX



MOMEIIeHUH 1 Manasi sHepreTuka - 20%, tpancnopt - 17%.

CHIKEeHNE aHTPONOTeHHBIX BRIOpocoB CO2 CTaIO OCTPOil IKOJIOTHYECKOM mpodiemMoi. B To ke
BpeMs U3BECTHO, uTo 4eM Oosbie CO2 o0pasyeTcs mpu CropaHuyl yrieBOAOPOAHBIX TOIUIUB,
TeM OHO coBeplleHHee. [loaToMy perienre mpoOieMbl YMEHBIICHHS aHTPOIIOT€HHBIX BEIOPOCOB
CO2 BO3MOXXHO ITyTEM:

- YMEHBIIIEHUS KOJIHYECTBA C)KUTAEMOI0 YIIIEBOIOPOJAHOIO TOILJINBA, T.€. MOBBIIICHHUS
TOIUIMBHON 3KOHOMHYHOCTH TEIIJIOPHEPTETUUECKUX YCTPONCTB U TEIJIOBBIX JIBUraTEIEH;

- IPUMEHEHHMSI TOTUIUB C MAJIBIM COZEpKaHUEM Yriiepoja (CxKATbIH U CKUKEHHBIN Ta3bl, CIIHUPTHI
u 3¢upsl);

- MCIIOJIb30BAHUS BOAOPO/IA;

- [IEpeX0/1a K IIUPOKOMY ITPUMEHEHHIO AJIbTEPHATUBHBIX UCTOYHUKOB 3HEPTUU (FHEPIHsI COJIHLIA
U BeTpa, TUJIPOIHEPTUS, ATOMHAS U AJIEpHASI SHEPTHUs).
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