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C)KUI'AHUE HU3KOCOPTHBIX TOIIJIMB U BUOMACCBHI
B ITYJbCUPYIOIIEM CJIOE

JokT. TexH. Hayk, npo¢. BOKYH H. A.

benopyccxuii nayuonansublil mexnuieckuti yuusepcumem

B HacTosee BpeMs A CKUTAHUS pa3IMYHbBIX TOIUIMB, B TOM 4HCJE U OHO-
MAaccChl, HIIMPOKO HCIONB3YETCsl MCEBAO0KUKEHHBIN CJIOH, B KOTOPOM BCE IpO-
LIECCHI MPOTEKAIOT 3HAYMTENIFHO MHTEHCHUBHEE, YeM B HETOABIKHOM CIIO€ N
KaMEpHBIX TONKax ¢ (hakeIbHbIM CXHUranueM. [Ipyn 3ToM HyXHO OTMETHUTb, YTO
MIPUMEHEHHUE TICEBIO0KUKEHHOTO CJIOSI B TOIIOYHOM TEXHUKE MpPU CHKUTAHHU
HEKOTOPBIX BHIOB HU3KOCOPTHOTO TOIUIMBA, B TOM YHCIIE U OMOMAacchl, COIpo-
BOXKJIAETCSl 3HAYUTEINBHBIMH TPYIHOCTSAMH. B cloe BO3HHMKAaeT pa3ielcHHE
CMECH, YTO 3HAYMUTENBHO YCIOXHIET OJKCIUIyaTalMi0 TONOYHBIX YCTpPOMCTB.
[Ipu yBennyeHnHn HArpy3KH CKOPOCTh (MIBTPAMK TAaK)Xe IMOBBIIIAETCS, YTO
CIIOCOOCTBYET YBEJIMUEHHIO YHOCA, A [IPU CHI)KEHUM Harpy3Kd KpYIHbBIE 4acTH-
LIl OCEAAI0T Ha pelleTKe, YTO BEAET K €€ IIJIaKOBaHWIO M 00pa30BaHUIO ario-
MepaToB.

Jns ycTpaHeHus! NepedyrcICHHBIX HEAOCTATKOB pa3padaThIBAIOTCA Pa3iivy-
HBIE METO/Ibl CKUTAaHUS. BMECTO paBHOMEPHOTO CTallMOHAPHOT'O HUKHETO JTyThs
MOJl PEIIeTKYy TMOAAeTCs IMyIbCUPYIOmuil (NpephIBUCTHIA) MOTOK. [Ipm sTOoM
HEO0XOIUMO MPELyCMOTPETh BO3MOXKHOCTD OCYLIECTBIECHHUS PA0OTHI TONKH Kak
C PaBHOMEPHBIM, TaK U MyJIbCUPYIOMIKUM AyTheM. biarogaps Takomy Meporpus-
THIO 3HAYUTEIHHO PACIIHPSAETCS 00JaCTh PETyIMPOBAaHMUS HATPY3KH.

[Ipu coxuraHum TOIUIMB C HU3KOW TEMIIEPATypOU IUIABICHHUSI 30JIbI U C LENBIO
MpeIOTBPAIIECHUSI YHOCA, a TaK)Ke€ YMEHBILEHUS pa3fAeNieHus] CMecH TOIUIMBA Iie-
necooOpa3Ho paboTaTh C TparnenrneBUIHbIM, PACIINPEHHBIM KBEPXY CIIOEM.

OTnuuTENbHON 0COOCHHOCTHIO KOTJIOB CO CKHUTaHHEM OMOMAacChl M IPYTHX
BHUJIOB TBEP/IbIX TOILIHB B MyJIbCUPYIOIIEM CJIO€ CJIEYET CUNTATh:

o OoJIee MHTEHCUBHOE NTEPEMEILIUBAHKE TOPSILETo CII0s;

e CTJIQ)KEHHBIE TIOJISI TEMITEPATYP MO CEUEHUIO CJIOS;

» MHTEHCH(UKALMIO IIpoIiecca TEIUIO- 1 MacCOOOMEHa.

OcHOBOH TOpeHMsI TOIIMBA B IMYJBCHPYIOIIEM CIIOE SIBISETCA XMMHUYECKOE
pearupoBaHUE TOPIOYMX BEIIECTB, COAEPKAIIMXCS B TOIUIMBE, C KHCIOPOJOM
BO31yXa. B mymbCcHpyromeM ciioe BCIEICTBUE MPOIYBAHUS €r0 MPEpPHIBHCTHIM
BOCXOJSAIIUM IOTOKOM BO3AyXa CO CKOPOCTBIO, JOCTaTOYHOW I HpUIAHHS
CJIOIO IBWKEHHS, TBEP0€ TOIJIMBO MEPHUOANYECKH HAXOAUTCS BO B3BEIIEHHOM,
MaJIalolieM M HEMOJBMKHOM COCTOSHMSX. Takoll xapakTep B3auMOJIEUCTBUSA
TOIJIMBA C BO3LYyXOM OKAa3bIBAaeT BIIMSIHHE KAaK HA OCOOCHHOCTH ra3oJuHaMHUYe-
CKHUX TPOIIECCOB B CJIOE, TaK U Ha XapakTep (PU3NKO-XUMHYECKOTO B3aMMOJICH-
CTBHSI OKHCIIMTENS C TBEpABIM TOIUIMBOM. [Iporiecc ropeHust TBEpAOTO TOTUINBA
B MYJBCUPYIOIIEM CJIO€ COCTOMT W3 CIEAYIOIUX 3TANOB: MOABOJAA KUCIOPOJa
K MOBEPXHOCTH TOIUIMBA TYpOYJCHTHOH MoJieKysipHoi auddysueld, xummuye-
CKOM peakmuyu MeXIy TOIUIMBOM M KuciopoaoMm. [lpm ckwranmm TOorUIMBa B
IyJIbCUPYIOLIEM CJI0€ KOHLIEHTPALUs KHCIOPOAA MO BCEH TOBEPXHOCTH YaCTHUIIBI
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OJIMHAKOBasi; CKOPOCTb PEArupoOBaHUs KHUCIOpOAa C YIJIEPOAOM MPOHOPLHUO-
HaJbHA KOHIEHTPAIMU KUCIOPOa Y MOBEPXHOCTH YACTULBI TOILTHUBA; PEAKIIM
MIPOTEKAET HA MOBEPXHOCTH YACTHUIBI C 00pa30BaHWEM KOHEYHBIX IPOTYKTOB
cropanus. [103ToMy MOXHO TOIYCTUTh, YTO CKOPOCTh TOPEHUS 3aBUCHUT OT CKO-
POCTH MOJABOJA KHCIOPOJAa K MeX(pa30Boil MOBEPXHOCTH U OT CKOPOCTH CaMoii
XUMHUUYECKON peakiuu. B pe3ynbpTaTe B3aMMOAEUCTBUA 3THUX MPOLIECCOB HACTY-
MaeT PaBHOBECHOE COCTOSIHUE, IPU KOTOPOM KOJMYECTBO JTOCTABISIEMOro U pac-
XOJyE€MOro Ha XMMUYECKOE PEarupoOBaHUE KUCIOPOAa CTAHOBUTCS] OIMHAKOBBIM,
T. €. KOI'ZIla B CTEXUOMETPUUECKOM PAaBEHCTBE PEArupyrollve BELIECTBA Y4acT-
BYIOT OJJMHAKOBBIM YHUCJIOM MOJIEKYI, a B Pe3yJbTaTe PEaKIM1 BO3HUKAET TAKOE
’)K€ OJAMHAKOBOE YKCJIO MOJIEKYJ B BUJIE MPOAYKTOB PEAKLMU U, CIE€IOBATEIBHO
(B cimyuyae coxpaHEHHs OJHOTO U TOTO k€ ()a30BOTO COCTOSHHS), PEaKIHI UACT
0e3 n3MeHeHus oobema [1]

Ai + Bl = A, + B,.
Ckopoctu npsiMoit 1 00paTHOH peakunii Oy IyT paBHbI:
W, =kC, Cg;
W, =k,C, Cg ,

rae Cp (Cay), Cgy (Cs,) — KOHIEHTpanus (4UCIO MOJIEKYIT B €UHUIIE 00beMa)
pearupyronmx BEIIeCTB B CTEXHOMETPUYECKON cMecH; Ky 1 K, — KOHCTAaHTBI CKO-
pocTeii npsiMoii 1 00paTHOHM peakuii, onpeaenseMble TI0 3aKOHY AppeHuyca.

PaccmoTpum mporecc MmaccooOMeHa 4acTUIBl TOIUIMBA, OKPYKEHHON OKHC-
JUTENEM, KOHLEHTpALHs KOTOPOTO U3MEHSAETCS 10 3aKOHY

C(0,7)=C, +C,, coswr, Q)

rne Co — HavajbHas KOHIEHTpauus okuciurens; C, — aMIUIUTYQ MyJIbCaluu
KOHIICHTPAIIMU OKHCIIUTENIS; () — KPYTroBasi 4acTOTa MyJIbCALUK; T — BpeMsl.

CunTas, 4TO NpPOLECC M3MEHEHUsS KOHICHTPAIMU OKHCIUTEIs B YacTHIE
TOIUINBA, HAXOSIICHCS B MyJbCHPYIOLIEM CJIO€, MPOUCXOJUT B COOTBETCTBUH
C pacmpoCTpaHEHHEM TEMIIEPATyphl B IIAPE MPH MEPHOTMYECKOM €€ U3MEHEHHU
Ha TOBEPXHOCTH, XapakTep B3aMMOJCHCTBUS KUCIOPOJA C INIAPOBOM yYacTHICH
OIHIIETCSI ypaBHeHUEM [2]

dc(rv) _ d?C(r,7) L 2dC(r,y)

2
dt dr? rodr @)
rae D — koo unment nuddysun; r — rekymuii paguyc.
Penrenue 3agaun mpu rpaHUYHBIX YCIOBHAX:
C(R,0)=Cy; ©)
dC(0,7) 0o @)
dt
ey _on C, +C, coswt—C(r,1) (5)

dt
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MpUBEACHO B [2] 1 MeeT BU

CEI=Co -2 Ny exp(iPyyFon) ~ N XD(-iPA, )
o 2
6
N MY RsinM,, ©
_ n EX M F
ZI\/Iny+Pd RM, P )
roe F,, = % — MaccooOMeHHEIN kpuTepuil Dyphe;

) —r

RBi, shy—iP,, —
R ()

B r[(Bim ~1)sh[iPy, + [Py chyfiPy, };

RBi_sh\/=iP,, —
N = R : ®)
r| (Biy, ~D)sh{J=iPyy, + iRy Chy=P, |
2

oR . . a,R
Pim = — MaccooOMeHHbli kputepuit [Ipensoautenesa; B, = — Mac-
D D

cooOMeHHBIH Kputepuil buo; a, — ko3¢ ¢dunueHT MaccooOMeHa MEX/ly 4acTH-
uei u razoM; R — HavaubHBINA paguyc 4acTHULBI; () — Kpyrosas yacrora; M —

KOPHU XapaKTEPUCTUUECKUX YPABHEHU;

A =( )M JM +(Bi, -1

M? +Bi2 —Bi,,

Taxkum oOpazom, u3 ypaBHeHuUs (6) BUIHO, YTO KOHLEHTPALUS KUCIOPOJa B
YacTHIIE TOTJIMBA SIBIISIETCS IEpUOINUecKol QyHKIMEH BpeMeHH, 3aBUCSIIEH OT
YaCTOTHI IyJIbCALIMH TIOTOKA OKUCIIUTES.

Kak Obl710 0oTMeueHO paHee, Uil COKUTaHUSI PACTUTENBbHONW OMOMAacchl, ape-
BECHBIX OTXOJOB, Topda Ienecoodpa3Ho MPUMEHUTH METOJ HHU3KOYacTOTHOTO
MYJILCUPYIOIIETO CJI0s, 00pa3ylouierocs: B pe3yjbTaTe BO3ACHCTBUS KPaTKOBpe-
MEHHBIX MPEPBIBUCTHIX Ta30JMHAMHUYECKUX MMITYJIBCOB C CHIIOH, HOCTaTOYHOM
JUTSI TIPUJAHUS CIIOI0 IBKDOKEHUS. Takoe COCTOSIHIE HACTYIAST IpU yCIOBUU [3]

%:150(1 &)’ ‘;WO 41,750 %) ‘))p:jWO>(pm PIl-g) (9

0 80 80 5
rae Ap— CONpOTHBIICHHE CJIOS; Ny— BBICOTA HEMOABIKHOIO ciiosi; O, — SKBUBa-
JIGHTHBIA JUaMeTp YacTUI] TOIUIMBA; W — CKOpPOCTb (puuibTpanuu; P, P, — IIOT-
HOCTh TOIJIMBA M rasza; W — Kod(QQuIMEHT BA3KOCTH; €, — MOPO3HOCTH HENO-

JIBFOKHOT'O CIIOST.
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ITepBoe crmaraemoe B jieBoit yacTu (9) oTpaskaeT MOTEpH AABICHHUS 33 CUET
TPEHHs1, @ BTOPOE — 3a CUET AMHAMUYECKOTO BO3JICHCTBHSI.

IMpepsiBUCTas MOAa4a B CJIOi JAMCIEPCHOTO MaTepHaa ra30JIdHaAMHUYCCKUX
UMITYJIbCOB — IPHHIUIHAIBHAS OCHOBA MyJIbCHPYIOLIETO CIIOsl. XapaKTepPHBIMH
0COOCHHOCTSIMH TaKHX HMITYJIbCOB SIBJISIOTCS aMIUIMTYAa JaBlieHus, Gopma u
MPOJIODKUTEIIBHOCTD MY IbCAIIUH.

lNazoauHAMHUYECKUiA ITpoliece B aKTHBHOH (ha3e, Kora CKBO3b KaHaJbl, 00pa-
30BaHHbBIC YAaCTHILAMU TOIUTHBA, (HIBTPYETCS ra3, MOXKET ObITh OMKMCAH CHUCTE-
MO# ypaBHeHui [4]:

dp dw

o Prlge T (10)
_dp_  .dw

dr 7 ax’

MpH yCIIOBUAX:
t>0; w=w(1);

1<0; w=0; (11)
>0, p=Ap;
t<0; p=0,

rae X =h—h,— pacmupenue cnosi; h — BelcoTa pacIIMPEHHOTO CIIOST; (L — YCIIOB-
Po
(Pi&; +P285)8,

B CJO€ 3E€PHHCTOrO Marepuana [5]; P, — JaBlIcHHE rasa B HEBO3MYIIEHHOM

HBIH KO3 GUIMEHT JTHHEHHOTO TPEHUs; C = — CKOPOCTb 3BYKa

ciloe; P, — IUIOTHOCTH ra3a; P, — IJIOTHOCTb YacTHL; €1, € — 0ObEMHAas A0JIs

ra3a ¥ 4acTHI] COOTBETCTBEHHO.

Anamuz ypaaenuit (10) u (11) mo3BodseT MOMYCTHUTH, YTO XapaKTep H3Me-
HEHUS JIaBJicHUs] Ha (POHTE UMITYJIbCA B CUCTEME «ITyJIbCATOP — MPOMEKYTOU-
Has 30Ha — cjI0i» OymeT paBeH [6]

t
Ap,, =Apy | 1-exp| =+ | | (12)

i€ t, — IPONOIKUTENBHOCTh (POHTA MMITYIIbCa; t =A,C— NOCTOSHHAs BpEMe-

HU 3alI0JHEHUS 00BheMa «IIyJIbCaTop — CIOM»; A, — KOO(QQPHUIMEHT THIpaBIIHYe-

5
CKOT'O COTIPOTHUBJICHHUS [7].

OCco0EHHOCTBIO KOTEJIBbHBIX YCTAHOBOK C TICEBJOOXKIKEHHBIMU ¥ MYJIbCUPY-
IOLIMMH CIIOSIMH SIBIISIETCS BEJICHHE MpoLiecca C)KUIaHus TOIUIMBA MPH TeMIlepa-
Typax, He npebimatomux 750-900 °C, uro cnocoOCTBYyeT CHUKEHUIO OKCHIIOB
a30Ta B OTXOAALIMX JBIMOBBIX ra3zax. TakoW mpenen TeMIepaTypHOTO YPOBHS
oOecrieunBaeTCs 3a CUET pa3MeIeHHs] B CII0€ MOBEPXHOCTEW HAarpeBa M MHTCH-
CHBHOTO TETJIOOOMEHA MEK/Ty TOPSIIIM CIIOEM U IIOBEPXHOCTBIO HarpeBa.
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B npomniecce cxxuraHus TOIUMBa B MyJICHPYIOIIEM CJIO€ MMPOUCXOAUT UHTEH-
CHBHOE BBIJICJICHHE JIETyYUX BEIECTB, KOTOpPhIE, HE YCIIEB CTOPETh B CJIOE, IO-
CTYMAIOT B HAJCIIOEBOE MPOCTPAHCTBO, I/I€ MPOUCXOAUT UX JTOKUTaHHUE 33 CUET
BTOPUYHOIO AYThs [8].

Ha puc. 1 npencraBneHa kamepa CropaHusi ¢ MyJbCHpPYIOMUM cioeM [8].
B xamepe cropanusa 1 Ha rasopacnpeneiauTeIbHON pemeTke 2 pa3MelleH ClIon
torumBa 3. Haj aTM crioeM CMOHTHPOBaHKEI BCTPEYHO HaNpaBJIeHHbBIE Kopoba 4
BCTpeyHOro Bozayxa. lloaperierouHoe MpOCTPaHCTBO S5 CBS3aHO BO3TYXOM
C MyJIBCATOPOM 7, MMEIOIIMM ITOBOPOTHYIO JionacTh 8. Kopoba 4 BTOpHMYHOTO
BO3/lyXa TaKXe CBSI3aHbI CBOMM BO3JyXOBOJIOM 9 ¢ mynbscaropoMm. Ha crenkax
KaMephl, a TaKkKe B Cloe 3 pa3MelleHbl TOIUIMBONPHHUMAIOIINE OBEPXHOCTH
Harpesa 10.

[Ipomecc coxuraHus TOILTMBA B MyJLCUPYIOMIEM CJIO€ OCYIIECTBISETCS Clie-
nyromuM obpa3oM. Bo3znyx nepes nojadeii B cinoi 3 pa3nensroT Ha JiBa MOTOKa,
UIYIMIUX 110 BO3AYXOBOJaM 6 U 9, U MOoYepeAHBIMUA MPEPHIBUCTHIMH MOPIIUSIMHU
BBOZAT B CiIo¥ 3. 3aTeM MOTOK, WAYHIMK 1O BO3AYXOBOAY 6 (TIEPBUYHBIA BO3-
IyX), BBOJAT B CJIOW CHH3Y CO CKOPOCTBIO, JOCTATOUHOM IJIsl MPUAAHUS CIOIO
JBVDKEHUS, a IPYTOH MMOTOK BO3AyXa (BTOPUYHBIHN), HAYIIHI 1O BO3AYXOBOIY 9,
JIOTIOJTHUTENIFHO AEJSAT Ha YacTH W BBOJAT B HAJICIOEBOE MPOCTPAHCTBO OOKO-
BBIMH BCTPEYHO HAIPABICHHBIMU CTPYSIMHU U3 KOPOOOB.

[Tynbcamus TomIMBa OCYIIECTBIIAETCS cienyromuM odpasom. [Ipu pa3mernre-
HUU TTOBOPOTHOM JIONACTH ITyJIbCAaTOpa, HAIPUMEDP B BEPXHEM IOJOXKEHHH, TIep-
BHYHBIM BO3yX MO BO3AYXOBOAY 6 MOMAagaeT MOJA CJIOH 3 ropsiiero TBepAOro
TOIUTMBA BMECTE C 30JI0¥ MJIM WHEPTHBHIM MaTePHUAaJIOM U MPUBOAUT €TI0 BO B3BE-
IIEHHOE COCTOSIHHE. 3aTeM MTOBOPOTHYIO JIOMACTh IEPEBOIAT B HIDKHEE TTOJI0XKeE-
HUE U OCYLIECTBIISIOT MOJayy BTOPUYHOI'O BO3AyXa BCTPEUYHO HAMPABICHHBIMU
CTPYSMH B TICEBIOOKMKCHHBIA CJION TOPSIIETO TOIUIMBA, YTO IMPEIOTBpAIIACT
HE0XKOT JIETYYUX BEIECTB MPH HeOONBINX KO3 UIIMeHTaX H30bITKA BO3AyXa,
10/IaBaEMOT0 B TOTIOYHOE YCTPOMCTBO. BO3MOKHOCTh CHUXKEHHS KOADDUITNCHTA
M30BITKa BO3AyXa TakKe IMOBHIIIAET 3(PQPEKTUBHOCTE pPabOTHl TOMOYHOTO
YCTpOMCTBA.
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3aTeM MpH OYepeaHOM MOBOPOTE JIONACTH IMyJIbCATOPa BBEPX OCYLIECTBIIS-
€TCsl TOPEHHE TOIUIMBA MPU €0 BEPTUKAJIbHOM MepeMemurBaiuu. OTBOM Temso-
THI U3 €04 3 U U3 KaMephl IPOUCXOIUT C MOMOIIBIO TEIUIOOOMEHHBIX MMOBEPX-
HOCTEH, BBIMTOJHEHHBIX B BUJE TPYO, IO KOTOPHIM IpoKauuBaeTcs Boxaa. llpwm
3TOM B YKa3aHHBIX TEMJIOOOMEHHBIX MOBEPXHOCTAX OCYIIECTBISAETCS F€HEPUPO-
BaHHWe BoAsHOTO mapa. IIpegycmorpena Takxe paboTa myjascaTopa B TAaKOM pe-
KUMe, KOIJla MOBOPOTHAsI JIONACTh HE JOXOOUT IO €ro KpalHero IMOJIOKEHUs
(amxHEro WM BepxHero). Takum o0Opa3oM, NMpH TOBOPOTE JIONMACTH BHHU3 U
MyJIbCUPYIOIIEH IMo/ade BTOPHUYHOTO BO3AyXa Yepe3 BCTPEYHO HAIpaBICHHBIC
Kopo0a OCYIIECTBISICTCS TakKe MoAaya NepBUYHOTO BO3AyXa MOA Clioi 3 rops-
4ero TorumBa (Hanpumep, B konmuectse 10—20 % ot obmero pacxoaa Bo3ayxa).
[Ipu >TOoM moBbImaeTcst 3¢GEeKTUBHOCTD CKUTAHWA TOIUIMBA, TaK KakK MPEIoT-
BpallaeTcs 3aTyXaHHe TOIUIMBA B IPUPEIIETOYHON 30HE, a B CJIO€ 10 KOpodaMu
B 3TO BpeMs OOpa3yIOTCs 30HBI C IOBBIIICHHONH TeMIEpaTypod, B KOTOPOW
Y TIPOMCXOANT TazuUKaAIUsA YacTUI] TBepaoro TorumBa. [Ipoaykrer razuduka-
mu 3(Q(PEeKTHBHO CroparoT B HAJICIOCBOM 30HE NEHCTBUS BCTPEYHO HAIPABIICH-
HBIX UMITYJIbCHBIX CTPYH BCTPEYHOI'O BO3AyXa.
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