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Pedepar. PaccmoTtpeHs! mocTpoeHne 1 pearam3arst E(pPOBOro N3MEPHUTENHHOTO OpraHa TOKa MHUK-
POIPOLIECCOPHOI 3AIUTBI, CIOCOOHOTO (PYHKIIMOHHPOBATD B YCIOBHSX ITyOOKOTO HACHIICHHS CTaIN
MarHUTONpPOBO/a TpaHc(opMaTopa TOKa. B MepexomHbIX pexuMax paboThl TpaHcopMmaropa TOKa
JIMHEHHOCTH TpaHC(HOPMALMH IIEPBUYHOTO TOKA BO BTOPHYHBII CYIIECTBEHHO Hapymaercs. [Ipu stom
BTOPUYHBINA TOK TpaHCc(HOPMATOPA TOKA, KOTOPBIL ABJIAETCS BXOIHBIM CUTHAJIOM JUIS M3MEPHTEIIbHBIX
OpraHoB MHKPOIPOIIECCOPHBIX 3aIUT, OTIIMYAETCS OT UICABHO TPAHCHOPMHUPOBAHHOTO KakK 110 op-
Me, TaK ¥ 110 BEJIMYMHE. JTO IPUBOIHUT K TOMY, YTO BPEMs YCTAHOBJICHHS CHTHAJIA HA BBIXOJE CTaH-
JIAPTHOTO IM(POBOr0 M3MEPUTENFHOTO OpraHa TOKa 3aTSTUBACTCS 10 HENOIYCTHMBIX 3HAYCHH.
B pesyinbTaTe HapymaroTcs OCHOBHBIE TPEOOBAHMS K yCTPOWCTBAaM 3alWTHI, TAKUE KaK OBICTpOIEH-
CTBHE U HaJI&XKHOCTb, UTO B PsIJiE CIIy4aeB JieNaeT ObICTPOICHCTBYIONIYIO 3allUTy IEKTPOOOOpyI0Ba-
Husg ManoddpexruBao. [ pemenus 1ot npobieMs! peanaraercss GOPMHUPOBATH BHIXOAHOM CUT-
HaJI IU(POBOro M3MEPUTENIBHOTO OpPraHa TOKa B 3aBUCHMOCTH OT BEMHYHMHBI KO3 HIMEHTa HENlH-
HEfHBIX MCKa)KCHUH, KOTOPBIM ONpEZENseTcsl CTeNeHb HachllieHus TpaHcdopmaropa Toka. ITpuuem
nesecoo0pasHo GOpPMHUPOBATh BBIXOTHOW CHTHAJ TaK, YTOOBI MPU MaJOW CTENEHU HACHIIEHHS TPaHC-
(opmaropa TOKa OH HE3HAUNUTENIFHO OTIMYAJICS OT JSHCTBYIOIIETO 3HAYEHUSI KOHTPOJIMPYEMOTO CHT-
HaJa, a TpY TIIyOOKOH CTeNeHH HACKIIEHNs PEBBIIIAN JaHHOe 3HaYeHne. Mozenb 1udpoBoro n3me-
PHTENBHOTO OpraHa TOKa paspaboTana B cpene MoxenupoBanus MatLab-Simulink. OcHoBy Mopenn
COCTaBILIIOT OJIOKH, pean3yolue: U(ppoBoi GIIBTP, peHa3HAUYCHHBIH IS BBIYUCICHHS 3HAYCHHS
aMILUTITY/Al OCHOBHOM TapMOHHMKH KOHTPOJMPYEMOTO CUTHana; HU(POBOH (IIBTP ACHCTBYIOIIETO
3HA4YeHHUs] KOHTPOJIMPYEMOTO CUI'HANA, a TAKKE THIIOBBIC MaTeMaTHYECKHE OJOKH, HEOOXOAMMBIC UL
(opmMupoBaHUA aIropuTMa (HYHKIMOHUPOBAHHS IIPEIAraéMoro Ii)poBOro M3MEPHUTEIHFHOIO OpraHa
ToKa. ITpoBepka paboTOCTIOCOOHOCTH MOJIENH LIU(POBOr0 H3MEPHUTEILHOTO OpraHa TOKa MPOBOMIIACH
BXOZHBIM BO3JeiiCTBIEM, OJIM3KMM 110 (popMe K MCKaXKEHHOMY BCJIC/ICTBUE HACBIICHHS CTAIW MarHu-
TOIPOBO/Ia BTOPUYHOMY TOKY TpaHchopmaropa Toka. [IpoBeeHHBIE MCCIIeNOBaHUS TOKA3alH, YTO
TIPEIOKEHHBIHN (POBON H3MEPHTENIBHBIM OpraH TOKa MO CPAaBHEHUIO CO CTAH/IAPTHBIM 00ecreunBa-
eT cTabMITbHYI0 pab0TOCIIOCOOHOCTH U TIOBBIIIEHHOE OBICTPOICHCTBHE B IIEPEXOAHBIX PEXKUMAX.

KiroueBble ciioBa: 1udpoBoil W3MEpUTEIbHBIH OpraH TOKa, TpaHC(HOPMATOP TOKA, HACHIICHHUE
MarHuTONpOBOJa, MU(poBoi GUIBTP, IUckpeTHOE mpeobpasoBanue Dypne, MatLab, Simulink,
SimPowerSystems
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sIX Ti1yboKOro HackleHus Tpancdopmaropa toka / FO. B. Pymsiaues [u ap.] // Duepeemuxa. Hse.
evicuL. yueb. sageoenuti u snepe. o6veounenuti CHI. 2018. T. 61, Ne 6. C. 483-493. https://doi.org/
10.21122/1029-7448-2018-61-6-483-493

Anpec 17151 niepenucKu Address for correspondence
Pomantok @enop AnekceeBrnd Romaniuk Fiodar A.

Benopyccknii HarMoOHANBHEIH TeXHUYeckuil yauBepcuTeT Belarusian National Technical University
npoct. HesaBucumocty, 65/2, 65/2 Nezavisimosty Ave.,

220013, r. Munck, Pecniy6imka benapycs 220013, Minsk, Republic of Belarus
Temn.: +375 17 331-00-51 Tel.: +375 17 331-00-51

faromanuk@bntu.by faromanuk@bntu.by



https://doi.org/%20%0b10.21122/1029-7448-2018-61-6-
https://doi.org/%20%0b10.21122/1029-7448-2018-61-6-
mailto:faromanuk@bntu.by

FO. B. Pymsanyes, @. A. Pomaniok, B. FO. Pymanyes, Y. B. Hosaw
484  Tu¢posoii U3MEpPUTENBHBIN OpraH ToKa i (PYHKIHOHUPOBAHKS B YCIOBUSX [IIyOOKOTO. ..

Digital Current Measurement Element
for Operation During Current Transformer Severe Saturation

Yu. V. Rumiantsevl), F. A. Romaniukl), V.Yu Rumiantsevl), L. V. Novashl),
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The development and implementation of a digital current measurement element for
proper operation during current transformer (CT) magnetic core severe saturation are considered.
CT transient performance is often accompanied by primary current transformation to secondary
one with great errors. In this case the secondary CT current which is an input signal of the digital
measurement element differs from the ideally transformed CT current both in shape and magni-
tude. This causes impermissible signal settling time at the standard digital measurement element
output. As a result, main requirements to the protection devices such as reliability and fast opera-
tion are violated, that in some cases makes the high-speed protection device ineffective. To solve
this problem, it is proposed to form the output signal of the digital current measurement element
in depending on the input signal total harmonic distortion (THD) coefficient value. Moreover, it is
worthwhile to form the output signal so that for a low CT saturation conditions this output signal
slightly differs from the secondary current RMS value, and for a severe CT saturation conditions
it exceeds this value. Digital current measurement element model has been developed and imple-
mented in the MatLab-Simulink environment using the following blocks: a digital filter block
responsible for the input signal fundamental frequency component magnitude calculation; a digital
filter block responsible for the input signal RMS value calculation; and, also, a standard blocks for
basic mathematical calculations needed for proper functioning of the proposed measurement
element. The functional testing of the proposed digital current measurement element model was
carried out using the signal, that was similar in form to the waveform of the secondary current
of the severe saturated CT. The tests that had been performed confirmed that the proposed digital
current measurement element in comparison with the standard current measurement element
ensures stable functioning and enhanced operation time during transients.
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BBenenne

OcHOBHBIE TIOBpPEXAEHHUsSI B dHEprocucreMe — KopoTkue 3ambikanus (K3),
TOKH KOTOPBIX HE SBJISIOTCS HEPHOANYECKIMH CUTHAJIaMU. B mepBbIe HECKOIBKO
neprozoB mocie K3 B mepBHYHOM TOKE BO3MOYKHO HPHCYTCTBHE arepuoaude-
CKOM COCTaBISIIOIIEH, YTO MPUBOAWT K HACHILEHHIO CTald MarHUTONPOBOAA
tparchopmaropa toka (TT) m cymecTBEeHHOMY HCKa)K€HWIO €r0 BTOPHUYHOTO
TOKa — KOHTPOJIMPYEMOro curHajia. [Ipm 3ToM HckaxkaeTcs HE TOIBKO (opma
JAHHOTO CHWT'HAaJa, HO U 3HAYHUTENFHO CHM)KAETCS BBIYHCIIEMOE H3MEPHUTEIbHBI-
MH OpraHaMH TOKa 3HAa4€HHE aMIUIMTYIbl €r0 OCHOBHOW TapMOHHMKH — IOJIE3-
HOTO CUTHama. B pe3ynbraTte HEIOMyCTUMO 3aTSATHBAETCsl BpEMs OIpelelie-
HUs HUCTHHHOI'O 3HAYCHUS IIOJIC3HOI'O CHI'HAJIa HI/I(prBI)IM N3MEPUTCIIbHBIM
opraaoMm Toka (LUMOT), a wHOTHA MPOHMCXOOUT IOKHOE cpabaThIBaHWE WIIH
0TKa3 B QYHKIIMOHUPOBAHUH TOKOBOH 3amuThl [1]. 3a4acTyro 3T 0COOEHHOCTH
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HE YYMUTBIBAIOTCS OTE€YECTBEHHBIMU IPOEKTHBIMU U IKCILIYyaTHPYIOLIMMHU Opra-
Hu3anuaMu 1pu Beioope TT i MEUKpOIIPOLIECCOPHBIX TOKOBBIX 3aIlIUT.

OnHuUM W3 MyTeH pemeHusl NaHHOH MpoOJieMbl SBISETCS HCIIOIb30BaHUE
HUOT, omneHuBaromero 3Ha4eHHWS aMIDIUTYA KOMIIOHEHTOB KOHTPOJIHPYEMO-
IO CUTHaJla [0 PA3JIUYHBIM aJIrOPUTMAaM B 3aBHCHMOCTH OT CTEIICHH HacblIlle-
Hus TT.

B craTtre paccmarpuBaetcs peanuzanus B cucreme MatLab-Simulink [TUOT,
CHETMaTbHO pa3paboTaHHOTO s (PYHKIMOHHPOBAHUS B YCIOBUSAX TIIyOOKO-
IO HaCHIIICHUs CTanu MarHutonpoBoja TT, a Takxke uccieayeTcs ero padoTo-
CHOCOOHOCTb.

OcHoBHAf YacTh

B wMupoBoit mpakTHke pa3pabOTKH yCTPONCTB peNeHHOW 3ammThl 00Jh-
110€ BHUMAaHUE yJelseTcs HACBIIIEHUIO cTany MarHutonposoaa TT u BIusHUIO
nanHoro ¢axTtopa Ha ¢pyHkuumonuposanue LIUOT [2, 3]. Tak, B [4] paccmaTpu-
Baercsi [IUOT, pazpaboTraHHBIN OJHIM W3 BEAYIIMX IIEHTPOB B 00JIACTH TPOEK-
TUpOBaHUsl ycTpoicTB 3amuThl Schweitzer Engineering Laboratories (SEL),
B KOTOPOM KOHTPOJMPYEMBIH curHan (BTopuuHblid Tok TT) mpoxoauT mo AByM
KaHaJaM U3MEPUTEIILHOTO OpraHa — OCHOBHOMY U JOIOJHUTEIFHOMY, yIIPaBilsi-
€MBbIM BUPTYAIbHBIM MepekirouateneM. OCHOBHOW KaHal (DYyHKIHOHUPYET
B JI0aBAPUMHOM PEXHUME WIM IPHU HE3HAYUTEIbHOW cTeleHUW HachleHus: TT
M COCTOHT U3 IU(poBOT0 KocHHYCcHOTO QunbTpa (KD). JlomomHUTeNsHBIA KaHaT
(YHKIMOHUPYET TpH TIyOOKoi cTerneHun HachimeHuss TT U cogepkuT ObICTpO-
JIEHCTBYIONINI OUTIONSIPHBIN MHKOBBIA JETEKTOP.

Hudporoit KO [5] mpencrasiser coboil MOIUPUKAIMIO JUCKPETHOTO TIpe-
obOpazoBanus Dypne ([AIID), B KOTOPOM BBIYUCISETCS TOJBKO KOCHHYCHAsS
OpPTOTOHAJIbHAS COCTABJISAIONIAS, 4 CHHYCHas OpPTOrOHAJIbHAs COCTaBIIAIOLIAS
(bopMEpyeTCs IyTeM ¢IBUTa KOCHHYCHOM Ha 90°.

bunonspHbIi NMHUKOBBIM AETEKTOP MO3BOJIAET ONPEIENATh OPUEHTHPOBOY-
HOE€ (OLIEHOYHOE) 3HAUYE€HHE AMIUIUTYbl KOHTPOJIMPYEMOI'0 CUrHaja Kak IOiy-
CyMMY a0COJNIOTHBIX 3HAYEHHH MaKCHUMyMa IIOJIOKUTEIbHOM M MUHMMYyMa OT-
pULIATETFHON MOTYBOJIH KOHTPOJIMPYEMOTO CUTHAJIA.

CreneHp HachllIEHUS TpaHChOpMAaTOpa TOKA ONPENeNsieTcs 0 UHACKCY HC-
KaykeHUs! DI B COOTBETCTBHU C BBIPAKEHUEM

DI=1+ (1)

rae I — nefcTBylolee 3HaYeHUE KOHTPOJIUPYEMOI'0 CUTHANa; /,,, — 3HaUYEHUE aM-
ITUTYI6l OCHOBHOM TapMOHUKH KOHTpOJIHpyeMoro curaana; THD — xoaddurum-
€HT HEJIMHEWHBIX UCKXKEHUIM KOHTPOJIUPYEMOI'0 CUTHATIA.

[IpoBenennsiMu SEL uccnepoBanusiMu [4] yCTaHOBIEHO, YTO IMOPOTOBOE
3HAaYeHHE MHJEKCa NCKAKEHUS, IPU KOTOPOM MPOUCXOIUT MEePEKITI0UYeHNE KaHa-
10B: Dl = 1,75. Benuuuna DI < 1,75 cBUAETENHCTBYET O HE3HAUUTEIBHON
CTeneHu HachimleHus TT, U B 3TOM cllydyae 3HAYEHHE AMIUIUTYABI MOJIE3HOTO
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curHana (OCHOBHOM TapMOHUKH [,) onpexaensiercss uugposeM ¢puibtpoM (LID)
Ha ocHoBe K®. 3mauenune DI > 1,75 CBHUACTENBCTBYET O TIyOOKOW CTETICHH
HacermeHust TT, 1 B 95TOM cilydyae 3HaU€HHE aMIUTUTYI6I KOHTPOJIUPYEMOTO CHT-
Hana (BropuyHoro toka TT) onpenensercs OBICTPOACHCTBYIONUM OUIIOISIPHBIM
MMUKOBBIM JETEKTOPOM.

Jns OTCTpOMKH OT BO3MOXKHBIX KPaTKOBPEMEHHBIX MPEBBIIIEHUNA WHJIEKCOM
uckaxenuss D/ MaKCUMaJbHOTO 3HAYEHUS HUCIOJB3yeTCS TalMep, KOTOPBIH
YIPaBIISET MEPEKITIOUATENIEM.

Opnaxo paccmotpennsiii LIMOT obnamaer psimom HenocraTkoB. [Ipu Hamm-
YUK anepUOJIMYCSCKON COCTABJISIFOIICH B TOKE MOBPESK/CHHS IOJIOKUTEIBHBIC
¥ OTPHIIATENbHBIE TIOMYBOIHEI CUTHANIA 3HAYUTEIFHO OTIIMYAIOTCS JPYT OT JIPY-
ra 1Mo aMIDIATY/Ie, YTO MPHUBOAMT K 3aTSATHBAHUIO BPEMEHH YCTAaHOBIICHHSI CHT-
HaJIa Ha BBIX0JI¢ OMITOJISIPHOTO MUKOBOTO JieTekTopa. Kpome Toro, BOJIM3M mopo-
ra MmepeKIoueHus TaiiMep OJOKHpyeT BKIIOYEHHE OBICTPOJEHCTBYIONIETO KaHa-
Jla TaHHOTO JETEeKTOpA.

C y4eTOM BBIIIEU3I0KESHHOTO IS TIOBBIICHUSI OBICTPOJICHCTBHS U YIIPOIIIC-
HUS peaiu3auuu npemiaraerca popmupoBaTh BeixoaHoi curHan HUOT B Buge
HENPEPBIBHOIO SKBUBANIEHTHOro curHana I, = f(THD, I) [6], koTopblii sBIsieTCS
(hyHKIMEH AEWCTBYIONIETO 3HAUeHUS W KOA((UIMEHTa HEITMHEHHBIX HCKaXKe-
Huii (THD) xontpomupyemoro curHana. Koaddummentr THD yduThiBaeT Bce
BBICIIIE TAPMOHHUKH, MPUCYTCTBYIOIINE B KOHTpoJIMpyeMoM curHaie. [Ipu stom
OTMagacT HEOOXOJUMOCTh B KCIIOJIB30BAHUU BUPTYAILHOTO IEPEKIFOYATEIS
KaHaJOB.

Kak caenyer u3 (1), mis Di.x = 1,75 noporoBoe 3HaueHue koddduimenra
HEJIMHEHWHBIX UCKakeHud THD,.. Oyner Ha 1 menbme, T. €. THDy,x = 0,75.
[Ipuaem nenecooOpa3HO GpopMHUPOBATH 3HAUEHNE SKBUBAJIEHTHOTO CUTHAJA TaK,
4TOOBI TpU Malioi creneHu HachimeHust TT (3Hauenne THD HaxonuTcs B Jua-
nazone oT 0 10 0,3) OHO HEe3HAUYUTENHHO OTINYANOCH OT JEHCTBYIOLIETO 3HAYe-
HMs KOHTPOJIMPYEMOro curHana I, ~I, a mpu IIyOOKOW CTENEHM HAaChIIIE-
aun TT (THD > 0,75) Bemonzsnock ycnosue I, >> 1. Ilpn HeonpeneneHHOR
crenienn Hacemenws TT (3magenwme THD Haxoautcs B muamazone ot 0,30
70 0,75) NOMKHO BBIOJHATHECS YCIOBUE [, > I, T. €. DKBHBAJICHTHBIA CUTHAI
JIOJDKEH TUIABHO HapacTaTh.

Hawmbonee mpocrasi HenmWHEiHas 3aBHUCHMOCTH, ITO3BOJISIONIAS BBIMOIHUTH
YKa3aHHBIC YCIIOBUSI:

I, =INTHD? +1. )

eq

Jns mpakThyeckoil peanuzaluu JCHCTBYIOIEe 3HAYCHUE SKBUBAJICHTHOTO
curHama / ¢q C YUCTOM (1) ynoOHO TIpeCTaBUTh B CIEIYIOIIEM BUJIC:

[o=1dn g, 3)

eq
ml

rae [, — 3Ha4eHre aMILTUTYIbl KOHTPOJIUPYEMOTO CUTHAA.
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[Ipu >TOM 3HaYeHHE k, paBHOE OTHOIIECHUIO BEIIMYMHBI aMILTUTYABI KOHTPO-
JUPYEeMOT0 CUTHaja K 3HAUYEHWIO aMIUTUTYIbl OCHOBHOW TapMOHHKH, MOXKET
OBITh OIPEJICIICHO KaK

kzllileTHDz +1. 4)

ml

B aBapwifHBIX pexxuMax, COMPOBOXKAAOMMXCS HackimenneM 1T, menecooo-
pa3HO OTPaHMYMBATH IOJTy4aeMOe 3HaUYCeHUE Kod((UIMeHTa k U3-3a ero HeKOH-
TPOJIUPYEMOTO BO3pPACTaHUS 32 CUYCT PE3KOT0 YBEJIMYCHHS COCTaBa BbIC-
muX rapMoHuK BropuaHoro Toka TT. Tak, mpu THD.x = 0,75 k= 1,25, a pu
rryOokoi creneHu HacwiieHus TT BenwunHa k CTAHOBUTCS HAMHOTO OOJIb-
me ykazaHHoOW. 3aBucumMoctb k= f{THD), noctpoenHas 1o (4), A KOTOpOW

3HA4YeHUE k OrpaHMYMBAETCS HAa YPOBHE NE) npu THD > V2, npeacTaBiIeHa

Ha puc. 1.
1,8 \
k L
1,6 -
OrpanuueHue
L5 k=173
14 - ,
130 i
1,2
Hesnaunrensnas
Fny60Ka;[ CTCIICHb HACBIICHUA

1,1 | crenenp HachieHus (1) ]

TpancdopmaTopa To! TpaHC(OpMaTopa ToOKa
1,0 ‘———-r)a | | | I i I

0 0,20 0,30 0,4 0,60 0,75 1,00 1,20 THD,o.e. 1,60

Puc. 1. 3aBucumocts k = f(THD)
Fig. 1. k=f(THD) expression

Peanmmzanust nnpoBoro n3MepuTeIbHOI0 OPraHa TOKa

Mogens IHUOT paspaborana B cpeae MoxaeaupoBanus MatLab-Simulink,
B COCTaB KOTOpPOH BXOIMT MakeT pacumpenus: SimPowerSystems [7], opueHTHpO-
BaHHBII HA MOJIEIIMPOBAHHUE IEKTPOoOOpynoBaHusl. HecOMHEHHBIM TIOCTOMHCTBOM
SimPowerSystems sIBIsIeTCS BO3MOKHOCTh COUETaHHS PA3IMYHBIX MOAXO0J0B K MO-
nenuposanuio [8]. Hanpumep, mepBUYHYIO YacTh MOJENH SHEPrOCHCTEMBI MOXK-
HO peai30BaTh C UCIONb30BaHMEM OJIOKOB Mozenei SimPowerSystems, a Monenb
HUOT — ¢ ucrionp3oBarreM 0I0KOB Mozeneii Simulink, oTpakaroIyx JHIb anro-
puTM ero QYHKIMOHMPOBAHUS, & HE DJICKTPHUYECKYIO CXEMY.

B ocHOBy mOCTpoeHMSI MOAENH Uil HWCCIeNOBaHUS PpabOTOCIOCOOHOCTH
HUOT mnonoxena mozxens [9], peanm3oanHas O6mokamu Simulink-SimPower-
Systems ¢ ykazanuem ocoO€HHOCTEH pacueTa X napamerpoB (puc. 2).

OuIbTP HUKHUX YACTOT 2-r0 mopsaaka (6nox ®HY) npencrasnsercs 61o-
koM Mogenu 2nd-Order Filter n npenqHa3HadeH Ijs NOAAaBICHUS KOMIIOHEHTOB,
4acCTOoTa KOTOPBIX MPEBLIIIACT MMOJIOBUHY YaCTOTHI AUCKPETU3ALIUN.
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Bbiaepxka Ocumn-
BPEMEHU 1 roady

. HO)KEHue

enenne
A OrpaHuyeHune

leq drop out

Ileq pickup I

Bosspar
RS-

Tpurrep

Puc. 2. Peanuzosannas B Simulink-SimPowerSystems Mozens st IpoBepKH HYHKIMOHHPOBAHUS
MPEUI0KEHHOT0 HU(POBOro H3MEPHTEILHOTO OpraHa ToKa

Fig. 2. Simulink-SimPowerSystems-based model for the proposed
digital current measurement element functional testing

Ananoro-undposoii npeodpa3oBaten (6mox AlLIII) mpexcraBmsercs 61o-
KoM Zero-Order Hold v mpenna3zHaueH 1l TUCKPETH3alMU BBHIXOJHOTO HeEmpe-
peIBHOTO curHajia 6moka ®HY.

Hudposoii puabTp (6510k [[P1) mpenHa3zHaUYCH TSI BRIACICHHS COCTABIIS-
IOIIHX, [0 KOTOPHIM BBIYHCIIACTCS 3HAYCHUE aMIUTUTYIbl OCHOBHOM TapMOHHKH
KOHTPOJIMPYEMOTO CHTHAA.

Peanuzanus LH® ocHoBana Ha ucnonbs3oBanuu 11D u npencrapnsercs aBY-
Ms1 OnOnuotredHbiMu Onokamu mopenen Digital Filter, napameTpamMu KOTOPBIX
SBISIFOTCS  TIPEIBAPUTEIIBHO pacCUMTaHHbIe KO3(D(UIMEHTBI 1  KOCHUHYC-
Hoit I(n) (1-it 610k Mozenu Digital Filter) u cunycHoit I°(n) (2-it 610k Momemu
Digital Filter) OopTOTOHAJIBHBIX COCTABISIIOMIMX, MO KOTOPBIM OIpEAemseTcs
3HAYCHUE aMIUTUTYbl OCHOBHOW rapMOHUKH KOHTPOJIUPYEMOTo curHana /,(n):

N-1

I€(n) = %z i(n)cos(2nn/ N);

n=0

15 (n) = %Nz_l i(n)sin(2nn/ N);

n=0

Y N

I,.(n)= \/(1 ) +(1°(n)) ",

rae n =0 ... N— 1 — HOMep oTcUeTa KOHTPOIHPYEMOTO CUTHAJIA B OKHE HAOJI0-
JIeHUS; i(n) — OTCYETHI BXOJHOT'O CUTHAJIA; /N — YUCJIO OTCYETOB Ha IEPHUO/T MPO-
MBIIIJICHHON YaCTOTHI.

ITomumo II®, B kauectBe LI® 11s ompenencHus: 3HAUCHHS] aMILIUTY]IbI
OCHOBHOM TapMOHUKH MOXHO HCIIOJIb30BaTh K®, opmMupoBarenu opToroHaib-
HBIX COCTaBJstomuX u ap. [10].

Mu¢posoii puiabTp HeiicTBYHOLIEr0 3HAYECHUS] KOHTPOJIMPYEMOrO CHUTHA-
na (osnok L{d2) npeacrapnsiercst 6:10kom Moaenu Digital Filter, koTopbli peaiu-
3yeT CleyIoNIee BhIpaKeHHUE:
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I(n)=

Ompenenenre 3HAYCHUS aMIDIUTYII (010K 3A) 1O JEHCTBYIOMEMY 3Hade-
HUIO BBEIXOMHOTO curHaia 6moka [1d2 mpencrasnsercs 6imokom Gain. [lapamer-

poM OJIOKa SIBIIAETCS 3HAYCHUC J2. Broku «Jlenenue» u «YMHOXKEHHUE) MPEI-
craBIsItOTCs Onokamu Divide 1 Product cooTBeTCTBEHHO. JlaHHbBIe 0J0KHM mapa-
MeTpoB He HMEIOT. OrpaHudYeHHe 3HAYCHUS OTHOMICHUS aMIUIUTYZH (00K
«OrpaHndeHne») npeacTaBiseTcs 0yokoMm Saturation. IlapameTpom OJioka siB-

nsieTcs 3HaueHNe /3.

Pesynprar QyHKnmoHupoBanus moaenu npeanoxenHoro LHIUOT — dopmu-
poBaHHE Ha BbIXOJe OloKa «YMHOXXEHHE» IEHCTBYIOIIEro 3HaueHHs SKBHBa-
JICHTHOTO CHTHAJA I,

Hns vapexsnoro ¢pynkuuonuposanus LIMOT HeoOxomumo, 4ToOBl yciioBHe
ero mycka (Bo3BpaTa) BBINOJNHSIIOCH B TeUEHHE BPEMEHM, PABHOTO TPEM-IISITH
MIOCJIEI0BATENIbHBIM BBIOOPKAM KOHTPOJHPYEMOTO CUTHANA. DTH YCIIOBHS NPO-
BEPSIIOTCS B cOCTaBHBIX Onokax «llyck» u «BosBpary», peann3oBaHHBIX C IIOMO-
b0 craHgapTHeIX O0yokoB Simulink. Ecnu ycnoBust mycka (Bo3BpaTa) BBINO-
HSIOTCS (HE BBITIOJHSIOTCS), TO Ha BBIXOJIE COOTBETCTBYIOIIEro Ojoka ¢hopMu-
pytotcs norndeckue curnaisl 1(0), mocTynaroiye Ha COOTBETCTBYIOIINE BXOABI
osoka RS-mpueeep (6nok S-R Flip-Flop). [psimoii Berxoa Tpurrepa Q MOAKIO-
qaeTcs K opraHy Omnoka «Beimepikka BpemeHn» (Omok Discrete On/Off Delay),
KOTOPBI HAYMHACT OTCUET BBIACPIKKH BPEMEHH, KOT/Ia KOHTPOJIUPYEMBIHA CHT-
HaJI IPEBBICUT YCTaBKY.

[IpoBepka ¢dyHKIIMOHNMpOBaHUs pa3padboranHoro B Simulink [IUOT mposo-
JUIIACHh TyTEM TO/Ia4M Ha €ro BXOJ TECTOBBIX BO3/ICHCTBUIN — MCKAKCHHBIX CHT-
HajoB BTopu4yHOro Toka TT BcmeacTBue ero Hackimenus [9]. st aTtoro B Mo-
JIeJIb CO CTPYKTYPOH, IPUBEIEHHOM HA PUC. 2, OBIIM BKIIOYEHBI MOJEIH SHEPro-
cuctemsl, TT, Harpy3ku u Onoka K3, peanuzoBannbix B Simulink-SimPower-
Systems.

Jneprocucrema (010k OC) mpexacraBiseTcss OJIOKOM MOAETH TpexdasHo-
TO MCTOYHHKA Hampspkenus 3-Phase Source n3 oudbnuorekn SimPowerSystems.
K ocHOBHBEIM mapameTpam, TpeOYIOIUM JOMOTHUTEIFHOTO pacueTa, OTHOCATCS
coOCTBEHHOE COIPOTUBIICHWE HCTOYHHMKA R; (source resistance), Om, u co0-
CTBEHHas MHAYKTHUBHOCTb UCTOUHHKA L, (source inductance), I'n. Otumu napa-
METpaMH OIPENeIIeTC BEJINYKMHA ITOCTOSIHHOW BPEMEHM 3aTyXaHUS alepuoiu-
YECKOM COCTaBIIAIOIICH TOKOB KOPOTKOro 3ambikanus Iy = L/R,, 3Ha4eHHE KO-
TOpOM OKa3bIBaeT OIpeeNsioniee BIUsHIE Ha (popMy BTopuuHOro Toka TT.

Tpexdaznas rpynna TT (6i1okx TT) ¢ coennHeHHEM BTOPUIHBIX 0OMOTOK
U Harpy3oK IIO CXEM€ «3B€3lla C HyJEBbIM IPOBOAOMY» IPEICTABIACTCA MO-
nensto [11], B KOTOpOW BCe T€OMETpUYECKUE TapaMeTphbl, HEOOXOIUMBIE IS
MoznenupoBanus 1T, paccUMTHIBaIOTCS 1O €r0 KaTaJ0KHBIM JaHHBIM.

Harpy3ka (6mox «Harpyskay) mpencraBusercs: 61okoM Moaenn 3-Phase Se-
ries RLC Load w3 6ubnmorexkn SimPowerSystems. Harpy3ku 3amatorcst akTuB-
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HeIMH (Three-Phase Active Power) u peaktuBHbMH (Three-Phase Inducti-
ve Reactive Power) MomHoCTSAMU.

Kopotkoe 3ambixanue (610k K3) npencrasnsercs 610xkoM moxenu 3-Phase
Fault w3 oubmmotexn SimPowerSystems, KoTOpblii Mogenupyer TpexdaszHoe
YCTPOKICTBO, 3aMBIKato1Iee (a3bl MEKAY OO0, a TaKKe Ha 3EMITIO.

Pe3ynbrarel pacyeToB, MOIYYEHHBIE C HCHOIB30BAaHMEM IPEACTABICHHON
MOJIE€NH, NpHUBeAEHBl Ha puc. 3. B mpomexytke Bpemenu ¢ = 0-0,02 ¢ amutcs
JOaBapUHHBIN PEKUM, TP KOTOPOM BTOpMUHBIA TOK TT (KOHTpONHpyeMmblii
CUTHAJI) CHHYCOMJAAJEeH M 3HaueHHe KOd3()(UIHEeHTa HETMHEWHBIX HCKaxKe-
Huit THD paBHO Hymto. B MomenT Bpemenu ¢ = 0,02 ¢ npoucxonut K3 — aBa-

puitHBIA pexuM, Gopma BropuuHoro Toka TT uckaxkaercs (kpuBast 1) mo cpas-
HeHHIo ¢ (opMoii naeanbHO TpanchopMmupyemoro Toka (kpusas 2). Ilpu atom
H3MeHseTcsl BO BpeMeHHu 3HaueHune koddduuumenta THD (xpusas 3) TT, koto-
poe B IiepBbIii MOMEHT BpeMeHH nociie K3 nocturaer cBoero MakcuMyMa, a 3aTeM
[0 Mepe 3aTyXaHus anepHoANYECKON COCTaBIAIOLIEH yMEHBIIAaeTCsl 10 HYJIs.
Bpewmst npeBbimenus: TekymumM 3HaueHrneM 7HD (kpuBas 3) moOporoBoro 3Haue-
HUSL THD 0 = 75 % (npsiMasi 4), KOTOpBIE sl HATTSITHOCTH M300paKeHHUS BbI-
paXeHBl B MPOILIEHTAaX, COCTABJsIeT NMpuMepHO 1,5 mepuona NpOMBINUIEHHON
gactoTsl (¢ = 0,023-0,055 c).
300

I A
THD, %

200

100

-

_150 1 1 1 1
0 0,01 0,02 0,03 0,04 0,05

| | |
0,06 0,07 0,08 fc 0,0
Puc. 3. Pe3ynprarsl HYHKIHOHHUPOBAHMUS NPEIOKEHHOTO HH(DPOBOr0 H3MEPHUTEIHLHOTO
oprana Toka: | — I3MEHeHHe BO BPEMEHH BTOPHYHOTO TOKa TpaHCc(hopMaTopa TOKa;
2 — TO k€ IPHUBEJCHHOTO K BTOPUYHOU CTOPOHE IIEPBUYHOTO TOKA;
3 — 1o xe 3Hauenus kodpuuuenta THD; 4 — noporosoe 3Hauenue THD,,, =75 %
Fig. 3. The results of operation of the proposed digital current measurement
element operation: 1 — current transformer secondary current waveform;
2 — alteration over time of the primary current waveform scaled to secondary side;
3 — alteration over time of the THD coefficient value; 4 — THD,x = 75 % threshold value

Pesynbrarel pynkunonupoBanus npemioxennoro LHIMOT (kpupas 1) B cpas-

HeHuu co crangaptaeiM LIMOT, peanuzoBanHbiM Tobko Ha ocHoBe 11D (kpu-
Bas 2), npuBeaeHsl Ha puc. 4. B npomexytke Bpemenu ¢ = 0-0,04 ¢ nnurcs ao-

aBapuiHbIil pexxum, npu kotopoMm oboumu LIMOT noctoBepHO ompenenseTcs
JICHCTBYIOIIEE 3HAaUEHHE CHHYCOMAAIBHOIO KOHTPOJIMPYEMOIo curaaiga. B mo-
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MeHT Bpemernu = 0,04 ¢ mpoucxomur K3 — aBapuiiHBIA peXuM, a TpU =
= 0,044 ¢ TT BxoauT B r1yOOKYIO CTETIEHb HACKHIIECHHUS, (JOPMaA €ro BTOPUIHOTO
ToKa (KpuBast 3) 3HAUUTENbHO HCKaxaeTcs. B npennoxennom [IUOT ¢ momeHTa
BpemenH ¢ = 0,04 Habmogaercst pe3koe yBenuueHue Beanunnbl 7HD, a cnenosa-
TENBbHO, W ONPEAESIeMOro JIEHCTBYIOIIEr0 3HAYCHHUs] 3KBHBAJEHTHOI'O CHUTHA-
na I,,. B moment Bpemenu t=0,044 ¢ BenuuuHa /,, HaYMHAET NPEBBILIATH
yCcTaBKy cpabarbiBaHus (KpuBas 4) B OTJIMYKE OT JAEHCTBYIOIIETO 3HAYCHUS I10-
JIE3HOTO CHWTHaja, ompenensemMoro cragmaptHeiM [[MOT, Tak kak n3-3a mCKa-
JKEHHOH (PopMBI cHUTHaNa BTOpUYHOTO TokKa 1T (KOHTPOIUPYEMOTO CHTHAJIA)
OHO OKa3bIBACTCS CYIIECTBEHHO 3aHMKCHHBIM 10 CPABHEHHUIO C €r0 MCTUHHOM
BeMYrHOM. [103TOMY nIeficTByrOIIee 3HAaUEHUE TTOJIE3HOTO CUTHANA, ONpeeisie-
moe crtannaptHeiM [[MUOT, HaumHaeT mpeBHINIATh YCTaBKY CpadaThIBAHUS IO
Mepe yMEeHbILIEHHUS cTereH! HachimeHus: TT, 9To MPOMCXOOUT TOJIBKO B MOMEHT
Bpemenu ¢ = 0,087 c.

[ocne mpeBbIlIEHUs] ONPEeNsIeMbIMA 3HAUYCHHSAMHU YCTaBKH CpadaThIBaHUS
MpOBEpsieTCS BBIIIOJHEHUE ITOTO YCIOBHS B TE€UEHHE BPEMEHH, PaBHOTO TpEM
IocCiIeIoBaTeNbHBIM BBIOOpKaM. B MomeHT Bpemenu ¢ = 0,046 ¢ mpouCXoauT
cpabareBanne npemiaoxkenHoro [HMOT (crymendaroe m3MeHeHHWE KPUBOHM 5),
a cranpapteiid LIUOT cpabateiBaer npu ¢ = 0,089 ¢ (cTyneHuaToe M3MEHEHHUE
kpuBoi 6). Takum oOpazom, OvIcTposmericTBue paspadorannoro LIMOT B pac-
CMOTPEHHOM CiTy4ae KaKk MHHUMYM Ha JIBa IEepHOJa MPOMBIIUIEHHOW YaCTOTHI
BbIIIE, 4eM y ctanaaptHoro LI1MOT.

400~ .
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300" |
200~ -4 — [ —
100- : ]

0LENTT TN

1ol 5 “\
- SV VY

0 0,02 0,04 0,06 0,08 0,10 0,12 t,c

Puc. 4. Pesynprar GyHKIHOHUPOBAHHS IIPEIJIOKEHHOTO HU(PPOBOr0 U3MEPHUTEIBHOTO OpraHa
toka (IIUOT) B cpaBHernu co cranmaptasM [IOT: 1 — BerxoaHol curHan paspadoransoro [IUOT;
2 — TO K€ CTaHJapTHOTO n3MepuTensHoro oprana (MO) Toka; 3 — u3MeHeHHne
BO BPEMEHH BTOPUYHOIO TOKa TpaHCHOpPMATOpa TOKa; 4 — ycTaBKa cpabaThIBaHus;

5 — cpabarsiBanue npempioxennoro MO toka; 6 — to xe cranmaptaoro MO Toka

Fig. 4. The results of operation of the proposed digital current measurement element operation
in comparison with a standard current measurement element: 1 — output signal of the proposed
digital current measurement element; 2 — output signal of the standard current measurement ele-
ment; 3 — alteration over time of current transformer secondary current waveform;

4 — actuation set point; 5 — proposed digital current measurement element trip;

6 — standard current measurement element trip
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ITo Mepe ymeHbIieHUs cTereHu HackimeHust TT ¢opma ero BTOpUYHOTO TO-
Ka TMPUOMKAeTCs K CUHYCOMJAIBHOM, a pa3HHIa MEXIy ONpPeIe/IIeMbIMU
cpaauBaeMbiMu [IMOT 3HaueHUSAMU YMEHBINAETCS, CTAHOBSCH CO BPEMECHEM
paBHOM HYJIO.

BBIBO/JbIL

1. B Simulink pa3pabotan 610k Mozenu Hu(ppoBOro U3MEpUTEILHOTO Opra-
Ha TOKa, CHECUUAIBHO MpeJHa3sHAYCHHBIH IS (QYHKIMOHUPOBAHUS B YCIOBHUSX
rIyOOKOTO HACBILICHUS CTAJIM MarHUTOIIPOBOJIa TpaHCPOpMaTopa TOKa.

2. IlpoBeieHHOE METOAOM BBIYHUCIUTENIBHOIO AKCIIEPUMEHTa CPaBHEHHE De-
3yJIBTATOB MOJICJIMPOBAHUS BBIIBHIIO, YTO Pa3pabOTaHHBIA U pear30BaHHBII
B Simulink 1udpoBoii u3MepuTeabHBI OpraH TOKa, CICIHAIBHO IpeaHa3Ha-
YEeHHBIH JUId (yHKIMOHMPOBAHUS HPH TITyOOKOM HACBHIIIEHHH CTAaJIM MarHUTO-
npoBoJa TpaHcopmaropa TOKa, 0OOecHeuyMBacT CBOIO PadOTOCHOCOOHOCTD
B JAHHBIX YCJOBHSX C MOBBIMICHHBIM OBICTPOJEHCTBHEM IO CPAaBHEHHIO CO
CTaHJAPTHBIM HU(PPOBHIM U3MEPUTEIHHBIM OPraHOM TOKa Ha BPEMS, paBHOE He
MEHee JJIUTENbHOCTH JBYX MEPHUOI0B MPOMBIILIEHHOH yacToThl (0,04 ¢).
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O0 u3MepeHNH IJIEKTPUYECKOT0 CONPOTHBIEHHA
JKMJIKHUX JJIEKTPOJUTOB AKKYMYJISITOPHBIX OaTapeii

H. H. l"pmmmcl), K. B. I[oﬁperoz), M. A. IIyMaqemcoz)

1)I/IHCTI/ITyT Teruio- U MaccoooMmeHa umenu A. B. JIeikoBa HAH Benapycu (MuHCK,
Pecny6nuka benapycs),
YBenopycckuil HalHOHATbHbIH TeXHHUecKuil yuuBepcuter (Munck, PecryGmika Benapycs)

© benopycckuii HalMOHANBHBIN TEXHUYECKUH yHUBepcuTeT, 2018
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Pedepar. BaxxHbIM 371EMEHTOM 3JIEKTPOXUMHUUYECKUX TEXHOJIOIMH SIBJIIETCSl ONEPATUBHBIM KOHT-
poNb MapaMeTpoOB UCIOIB3YEMBIX 3NEKTPOIUTOB U MPEKAE BCETO YAEIbHOU 3NIEKTPONPOBOJHO-
cTu. MeTozbl H3MEpPEHUsl IEKTPONPOBOJHOCTH 3NIEKTPOIUTOB BBI3BIBAIOT BOMPOCH! BBUJLY CIIOXK-
HOCTH (PU3MKO-XMMHYECKUX IPOLECCOB NEPEHOCA HOHOB, MOJIAPU3ALNH IEKTPOIUTA BOIU3H I0-
BEPXHOCTHU 3JIEKTPOAOB M JIEKTPOXUMUYECKUX IPOLECCOB Ha MX MOBepXHOCTH. IIpumeHsemble
BBICOKO- M HM3KOYaCTOTHBIE METOIbI KOHAYKTOMETPHHU TPEOYIOT I0CTaTOYHO AOPOroro odopymno-
BaHUS U HE JIUIICHBI METOJOJIOTHYECKUX HEOCTaTKOB. B cTaTthe 000CHOBaH HOBBIH METO] U3Me-
PEHHUS COIPOTHBIICHUS >JEKTPOJIMTOB, OCHOBAHHBI HAa aBTOMAaTHYECKOM BBIIOJIHEHUU CEpUU
M3MEpPEeHHUil TPOBOAMMOCTH IIPY MOCTOSIHHOM TOKe, 00pabOTKe JTaHHBIX M IKCTPAIOJILMU H3Mepe-
HHUH K TIOPOTOBOMY HANpsDKEHHIO Ha OOKJIaJKaX M3MEpPUTENIbHON stueliku. OOOCHOBaHbBI XapakTep
GyHKUMIT ¥ METOJMKa OINpPEACNICHUS] 3JIEKTPUUSCKOTO CONPOTHBICHHS JJIEKTPOJIUTA HAa OCHOBE
JTAaHHBIX M3MEPEHUH CONPOTUBICHUS SAYEHKU MPH pa3sHbIX HANPSKEHUSAX Ha Hell. IIpoBeneHsl us-
MEpEHUs! yeIbHOTO CONPOTHUBIICHNS! HEKOTOPHIX IIEKTPOJIUTOB. [IpenMyiiecTBamu mpeyiaraeMo-
TO METOJa U peaNu3yIolero ero Mpubopa SBIAIOTCSA NMPOCTOTa, JCHIEBH3HA W, CIEHOBATEIBHO,
BO3MO>KHOCTh HCIIOJIB30BaHMS Ha TAKUX y9acTKaX IIPOM3BOJCTBA, I/l paHee ITOJ00HBIH KOHTPOIb
ObuT OBI HeneecooOpaseH. MeToq MOXKET HaHTH MIMPOKOE NMPHMEHEHUE JUI SKCIPECC-IHarHOCTHKI
SMEKTPOJIUTOB B TaKUX cepax, KaK MEKTPOXUMUUECKHUE HAKOIUTENN SHEPTUN, MEUINHA, CETbCKOe
XO03SICTBO, XMMUUIECKast IPOMBIIIICHHOCTB, IPOU3BOJICTBO MPOAOBOJILCTBEHHBIX TOBAPOB.

KioueBble c10Ba: 3J1€KTPOJIMT, KOHIAYKTOMETPUS, SJEKTPHYECKOE COINPOTHBICHUE, JIEKTpUUe-
CKasi IPOBOANUMOCTb, JIEKTPOM3MEPUTEIIbHAS SuehKa

Jas uutupoBanus: ['pununk, H. H. O0 u3mepeHun 31eKTPHYECKOTO COMPOTHUBICHUS KUIKHX
INIEKTPOJIUTOB aKKyMyJsiTopHBIX Oartapeit / H. H. I'puaunk, K. B. Jo6pero, M. A. Uymauenko //
Onepeemuxa. H3. svicut. yueb. 3asedenuti u snepe. ooveounenuti CHI. 2018. T. 61, Ne 6. C. 494-507.
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On the Measurement of Electric Resistance
of Liquid Electrolytes of Accumulator Battery

N. N. Grinchik", K. V. Dobrego”, M. A. Chumachenko”

YA. V. Luikov Heat and Mass Transfer Institute of NAS of Belarus (Minsk, Republic of Belarus),
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Operational control of parameters of electrolytes (first of all-of specific electric con-
ductivity), is an important electrochemical technology. The methods of measurement of electric
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conductivity of electrolytes is a subject of permanent discussions because of complexity of physi-
cal-and-chemical processes accompanying ion transport and of electrolyte polarization near sur-
faces of electrodes and of electrochemical processes on the electrodes surfaces. Actual high- and
low-frequency conductometric methods require relatively expensive equipment and are not free
of methodological flaws. In this paper a new method of electric resistance of liquid electrolytes is
described and substantiated. It is based on automatic performance of a series of measurements
of electrolyte resistance at DC, data processing and extrapolation of an appropriate dependence
to threshold voltage at measurement cell plates. The character of functions approximating
resistance-applied voltage dependence and method of resistance determination are substantiated.
The measurements of specific resistance of some electrolytes were performed. The advantages
of the proposed method and measuring device are their simplicity, cheapness, reliability and, con-
sequently, wider possibility to utilize it at technological lines and processes, even at such sites
of production processes where such a control was impractical earlier. The method can be widely
used for express-diagnostics of electrolytes in such areas as electrochemical energy storage, medi-
cine, agriculture, chemical industry, food production.

Keywords: eclectrolyte, conductometry, electric resistance, electric conductance, electric mea-
surement cell

For citation: Grinchik N. N., Dobrego K. V., Chumachenko M. A. (2018) On the Measurement of
Electric Resistance of Liquid Electrolytes of Accumulator Battery. Energetika. Proc. CIS Higher
Educ. Inst. and Power Eng. Assoc. 61 (6) 494-507. https://doi.org/10.21122/ 1029-7448-2018-61-
6-494-507 (in Russian)

BBenenue

BBuny TeHAEHIUM MOBBILIEHHS OTPEOJICHHUS JEKTPOIHEPIMHU Ha TEXHOJIO-
TMYECKHE U OBITOBBIE HYKAbI BO BCEM MHPE IOBBIIIAETCS MHTEPEC K 3JIEKTPO-
XMMHYECKAM TEXHOJIOTUAM. B 4aCTHOCTH, 3TO OTHOCUTCS K TEXHOJIOTHSIM DIIEKT-
POXUMHYECKHUX HAKOIUTENIEH 3HEPTUH, UHTEPEC K KOTOPBIM B MOCIIEIHUE TOMbI
OYEHb BEJIHK, & PbIHOK PacTeT Ha JECSTKH MPOLEHTOB B rof [1].

Ba)XHBIM 371€MEHTOM 3JEKTPOXMMHUYECKHX TEXHOJOTHH SBISETCS aJeKBaT-
HBIH ¥ OBICTPBIA KOHTPOJIb TAPAMETPOB HCIIOIBb3YEMBIX IEKTPOIUTOB U IPEKIC
BCETO YJIEJIbHOM AJIEKTPONIPOBOAHOCTH. METOABI U3MEPEHUSI AIIEKTPOTIPOBOAHO-
CTH 3JICKTPOJIUTOB BBI3BIBAIOT BOIPOCHL, B TOM YHCJIE U CPeau NpOoQecCHOHAIb-
HBIX HCCllefioBaTeneld. PasmmdHble KOHIYKTOMETpHI, Kak, Hampumep, B [2],
IpeIJIararoTest A1t ObITOBOIO HCIOJIB30BaHMS, OJHAKO (PU3MYECKHE Iapamer-
pBl U3MEpPEHHH HEe YTOYHSIOTCS, U aJIeKBaTHOCTh M3MEPEHHUI obecneumBaercs
Mpe’KJIe BCETO 3aBOJICKOW TAPUPOBKOH IO «M3BECTHBIM» oOpasnaM. B cOopHuke
aMEepUKAaHCKHX CTaHIapToOB MeToJoB u3MepeHuit ASTM mMeroTcs cTaHaapThl
TECTOBBIX METOJOB M3MEPEHHUs INIEKTPONPOBOAHOCTH M CONPOTHBIICHUS BOJBI
U BOJSHBIX pacTBOpoB [3, 4]. CTaHOapT yCTaHABIMBAET UCIOJIb30BaHME Iepe-
MEHHOTO TOKa ISl MUTaHUSI U3MEPUTEIBHON SYEHKH, TPUBOIUT TaOIHUIBI MPO-
BOIUMOCTH OOpPa3LOBBIX BIIEKTPOJIUTOB, PETIAMEHTUPYET HPOLEAYPhl MOIAro-
TOBKH M3MEPUTEIBHON SYECHKH, BBEJCHHE MONPABOK HA TEMIIEPATypy U ApYyrHe
HMPOLEAYPHI, YIyYIIAIOIIHe TOYHOCTh BOJNBT-aMIIEPHBIX U3MEPEHU, OHAKO Jie-
TaJli CaMUX BOJIbT-AMIICPHBIX U3MEPEHHUH OCTABIISET 3a MHCTPYKLUUSAMH PUPM —
MIPOM3BOANTENICH H3MEPUTENBHBIX MPHOOpPoB. TakmMm o00pa3om, Gu3mIecKas
CYIIHOCTh METOAA M3MEPEHHsI DIEKTPONPOBOJHOCTH CTAHAAPTOM HE PaccMar-
puBaercs. bomee Toro, tecroBele m3MepeHHs npoBoauMocTd pactBopa KCl,
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BBITIOJTHEHHBIE CEMbIO CePTU(MUITMPOBAHHBIMI aMEPHUKAHCKHMHU J1a00paTOpUsIMU
M0 YKa3aHHOMY CTaHIapTy, AEMOHCTPUPYIOT 3—7 % pacxoxnenus [3].

B Hacrosimee Bpemst Ui ONpECNCHHs YICIBHON DJIEKTPONPOBOIHOCTU
3nekTposinToB (YOD) B OCHOBHOM NPHMEHSIOT BBICOKOYACTOTHYIO KOHTAKT-
HYK) ¥ HEKOHTAaKTHYH) KOHIYKTOMETPHIO C BBCJCHHEM JKBUBAJICHTHOW CXe-
MBI 3aMEIEHHS Ha OCHOBE WCIIOJNB30BAaHMS COCPEOTOYCHHBIX MapaMeTpoB R,
L, e [5-10]. CormacHo [5-10], BO3HHMKHOBEHHE EMKOCTH OOYCJIOBJICHO Kak
MOJIAPU3AIIMOHHBIMU 3P PEeKTaMH, TaK M EMKOCTSIMH, BO3HHKAIOIIUMU MEKITY
MIOJIOXKHUTENILHO M OTPHUIIATENIEHO 3apsHKEHHBIMU MOHAMH, KaK OOKIIaJKaMH MU-
HUKOHJICHCATOPOB.

WHIYKTUBHOCTh BO3HHKACT KaK MPOSIBIICHUE SHEPTUU MOHA KaK 3apsKCHHON
YaCTHUIIBl MPH JBWKCHHU €ro TOJ JCHCTBHEM MPHUIOKEHHOTO K BIIEKTPOJaM
BHEIIIHETO 3JICKTPOMAarHuTHOTO 1moJiss. CONMPOTHBIICHHUE PAcTBOpPA MPEICTaBIISICT
pe3ynbTaT B3aWMOJICHCTBUSI MOHOB MEXIY COOOM, MPEmsTCTBYIOIICE HAIpaB-
JICHHOMY JIBHDKCHHIO HOHOB MEXK]TY SJICKTPOIaMHU.

KomMrnekcHoe conpoTHBIICHUE STYEHKH ¢ PACTBOPOM, COTIIACHO [5]:

R+ jcoL)[—j wlcj

Z= T ;
R-I—j((oL—)
oC

Otkyna:

R= mL—(L—mL]; R= /£—(D2L2.
oC C

Jns onpeneneHrs pe30HAHCHOW YacTOThl Ha U3MEPUTENIbHYIO SUEUKY C re-
HEpaTopa YacTOTHI MOJAETCA M3BECTHAs MPOrPaMMHO-YCTaHOBJIEHHAS YacTOTA.
Ocy1iecTBigeTcs ONPEETICHUEe MOTPEIIHOCTH HM3MEpeHHs] 4acToThl. [lpowus-
BOJINTCS M3MEHEHHE YacTOTHI 10 3aJlaHHOMY 3aKOHY, HAIpUMep ITHHEHHOMY,
7 U3MEPEHUs TMOBTOPSAIOTCA A psAfga 4acToT. [lo HanMeHbIIel MmorpentHoCTH
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M3MEPEeHHsI 9acTOTHl HAXOAWTCS PE30HAHCHAs YacTOTa, O KOTOPOH ompemens-
eTcs YI0.

Jannstit criocob onpenenenns YOO dakTudeckn ucnonb3yiot B [5—10]. He-
JIOCTaTKOM METO/a SIBJISIOTCS HHU3Kas TOYHOCTh M OIEPATHBHOCTH, CBSI3aHHBIE
C HACTPOHMKOM KOHTYpa B PE30HAHCE, C 3aBUCUMOCTBIO €MKOCTEH aHOI-3JICKTPO-
JUT, KaTOA-3JIEKTPOIUT OT BEIMYUHBI HOPMAIBHON COCTABIIAIONIEH IIEKTpHUe-
CKOTO TIOJISI Ha TPaHUIIEe pa3felia MeKTPoa—3IeKkTpoauT [11], a Takxke ¢ TeMrie-
paTypoi ¥ KOHIIEHTPAIUEH IEKTPOJIUTA.

PaccMoTpum mpoxoskaeHne TOCTOSIHHOTO TOKA Yepe3 IIOCKUNA KOHIEHCaTop,
3ar0JIHEHHBIHN ABYMS JUIJICKTPUUCCKUMU MaTCpUuajlaMu C OTHOCUTCIIbHBIMU O~
ANIEKTPUYCCKUMH TMPOHUIIACMOCTSMH €, € W MPOBOAUMOCTIMH A;, A,. K 00-
KJIaJIKaM KOHJICHCATOpa MPWIOKEHO MOCTOSIHHOE HanpshkeHue U, obmiee compo-
THUBIJICHUE KOHHIeHcaTtopa R (puc. 1). HaiimeM HaBemeHHBIH DIICKTPUUSCKHMA TI0-
BEPXHOCTHBIN 3apsii, OOYCIOBJICHHBIN MPOXOXKAEHHEM TOKa Ha TpaHHIAX
pasjelia CMEKHBIX MaTepPHAaJIOB.

A
R €1, M
£, Ay

Puc. 1. lusnextprudeckue cpeabl BHYTPH INIOCKOTO KOHAEHCATOpa

Fig. 1. Dielectric media inside a flat capacitor

W3 3akoHa coXpaHEHUs IEKTPUUYCCKUX 3apsANIOB CIEAYET MOCTOSHCTBO IO-
TOKa B KOHTYpE, TIOATOMY BEITIOJHSIETCS ypaBHEHHE

ME, =hE, =U/R, (1)

rae £y, E; — HOpMalbHBIE COCTABISIONINE BEKTOPA HAMPSKECHHOCTH 3JIEKTpHUYC-
CKOTO TIOJISL.

B snexTpuueckom mose Ha rpaHAIle pa3zaena AMAISKTPUKOB HOpMaIbHAS CO-
CTaBJISIOIIASI BEKTOPA ICKTPUUECKON MHAYKIIMM UCTBITHIBAET CKAYOK, PaBHBIM
BEIMYMHE HaBeIEHHOTO (TIOBEPXHOCTHOTO HEKOMIIEHCHPOBAHHOT0) 3apsijia:

€08 B — &8y E; = 0. 2)

W3 pemenns ypasHenuit (1), (2) moxydnM BeIpakKeHHE IS BETUIHHBI HaBe-
JICHHOTO 3apsijia

€0& B, — €08y B, = =(U/R)gy[(g, /1)) — (g, /A,)]. (3)

Kak cnenyer u3 (3), HaBEJCHHBIN 3JIEKTPUUECKUHN 3apsl G ONPEACIASTCS Be-
JIMYUHOU TOKA, a TAKKE MHOXKHUTEJIEM, YUUTHIBAIOIIMM CBOMCTBA cpenbl. Eciau

[(g,/A)—(g,/X,)]=0,
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TO HaBe,Z[eHHBIﬁ 3apsad Ha T'paHHUIAx pas3aciia HSC BO3HUKACT. Kcratu 3aMCTHM,
YTO B HACTOALMICEC BPEMA HJIsI KOHCTPYHUPOBAHUA ﬂeTaneﬁ MallHuH, TAC IIOABJIC-
HHUC G HCIKCJIATCIIbHO, PCKOMCHAYIOT UCIIOJIB30BATH CMAa309YHOC MACJIO C JUIJICK-
TpPI‘-IeCKOﬁ MMPOHHUIACMOCTLBIO &y, y,[[OBJ'ICTBOpﬂIOH.ICfI YCJI0BUIO

g <&, <&,.

KpomMe HaBeneHHOTro 3JIEKTPUUYECKOTO MOBEPXHOCTHOIO 3apsia G CYLIECT-
BYET KOHTaKTHAasl pa3HOCTh MOTEHIMATIOB, KOTOpasi UMEETCs BCEerja U HE 3aBU-
CHUT OT HaJIM4HUS TOKA.

[Ipu wcronb30BaHUU BBICOKOYACTOTHOTO TOJIS HEOOXOJUMO TaKKE YUHUTHI-
BaTh €MKOCTb, BOSHUKAIOLIYIO MEX1Y MOABOASIIMMU IPOBOJIAMU U BO3yXOM.

B [5] ommcan cnioco® ompezaeneHus] KOHIIEHTPAIUK AJIEKTPOIUTA, OCHOBaH-
HBIM Ha 3aBUCUMOCTH YOO OT KOHIIGHTPALUU 3JICKTPOJINTA, T. €. (haKTHUCCKH
onpeaeneHus YO3. K HegocTaTkam cmocoba [5], KpoMe yKa3aHHBIX BBIIIE, OT-
HOCSTCS HEOOXOIMMOCTh y4eTa 3aBUCUMOCTH IapaMeTpPOB H3MEPEHHUS OT TeM-
MepaTyphl, a TAKKE CIOKHOCTH U3MEPEHUSI B HEU30TEPMHUUECKUX YCIOBUSIX, TaK
KaK BBICOKOYACTOTHOE TIOJIE TepecTaeT ObITh MOTEHIHAILHBIM rof E # 0, u mo-
HATUE «Pa3HOCTh NOTEHUHUATIOBY TepseT cMbici [11]. B To xe BpemMs MeToa HU3-
KOYaCTOTHON KOHAYKTOMETpHH (BKJIIOYAsl TMOCTOSSHHBIH TOK) HWMEET HHU3KYIO
YYBCTBUTEJIBHOCTh M TIOTPEIIHOCTH, CBSI3aHHBIC C MOJISpU3ALUCH BOJIM3M JJICK-
TPOJZIOB U BBIAEICHUEM IPOAYKTOB 3jeKTponu3a [10].

B cratbe mpennaraeTcs MCIONB30BaTh 3aBUCUMOCTh Y D3 OT MPHIIOKEHHOTO
MMOCTOSTHHOT'O HAIPSIKEHUS I TUCKPETHOTO KOJIMYECTBA TOUEK C JalbHEUIeH
AKCTPAIOIANNEN TPUIIOKEHHOTO HAIPSDKEHUST B 00JIaCTh TIOPOTOBBIX HATpPsIKeE-
HUH TMOJSIPU3alliU ISl UCKITFOUEHUS BIUSHAS TOJSPU3AIMOHHOTO COTIPOTHBIIE-
HUSI 9JIEKTPOJIOB U HETMHEHHBIX 3P (GEeKTOB MOHHON AnHAMHKH. [Ipn 3TOM Bpemst
JICHCTBYSI TIOCTOSTHHOTO HAIPSDKCHUS 3HAYMTEIIBHO OOJIbIlIe BPEMEHHU YCTaHOB-
JIEHWsI CTAI[IOHAPHOTO PEeXHMa, HO HAMHOTO MEHBIIIE BPEMEHH, NMPU KOTOPOM
CYIIIECTBEHHOE BJIHSHHUE Ha MPOIECC OKA3ZBIBAIOT AJIEKTPOIH3 U AIIEKTPOXUMHIYE-
cKoe oTioxkeHue BemiecTB. C LENbI0 YMEHBIICHUS BIUSHUSA DJIEKTPOXUMHYE-
CKHUX MPOIIECCOB U3MEPEHUSI HAUYMHAIOT MPOBOAUTH C MUHUMAJIBHBIX HampsKe-
HUH Ha f9eiiKe, a TakKe MEPUOANIECKH H3MEHSIOT MTOIIPHOCTH 3JIEKTPOIOB.

Mamepenune Y33 npu U — Uy, B OTIIMYNE OT W3BECTHBIX PEIICHUH, TIOBBI-
[Ia€T JTIOCTOBEPHOCTh M3MEPEHUH M yCTpaHAEeT JUHAMUYECKYIO0 MOTPEIIHOCTh
BBICOKOYACTOTHOTO 3JICKTPOMATHUTHOTO TOJIS BCIEACTBUE HCIOJIB30BAHUS CO-
CPEIOTOUYCHHBIX MapaMeTpoB R, L, €, C B 31IEKTPOIUTHIECCKON sTuehKe.

B crathe ommcana peanmuzanus AaHHOTO METOZAA, HPUBOISTCS PE3YJIbTATHI
U3MEPEHUS YICIHHOTO COMPOTHBIICHUS HEKOTOPBIX AJIEKTPOIUTOB. Mcmoms3o-
BaHHE TIPEIJIOKCHHOTO METOJIa PACKPBIBACT ITUPOKHUE TIEPCTICKTUBEI sl OTiepa-
TUBHBIX KOHJIYKTOMETPUYECKUX HCCIEOBAHHUNA Pa3HOOOPA3HBIX JJIEKTPOJIHTOB,
B TOM YHCII€ U MHOTO()a3HBIX DIIEKTPOIUTHUYECKUX CPEll, TAKUX KaK BIIAXKHAS
MOYBa, MMOPHUCTHIC TTOJTUMEPHBIC CPEIbI, IPOIUTAHHBIC DICKTPOIUTOM, U T. II.

Metoa n3mMepeHHst

HpOXO)KI[CHI/Ie TOKOB B JJICKTPOJIUTAX COHNPOBOXIACTCA pa3H006pa3HI:IMI/I
(1)PI3H‘-I€CKI/IMI/I U XUMUYCCKUMHU IIpoHecCaMi, OKa3bIBAIOIIMMU BJIUMSAHHUE HA IIPO-
[eCC U3MCPCHHUA U €ro pC3yJIbTAThI. Ha MOBCPXHOCTU U BOJIM3HU 9JICKTPOda BO3-
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HUKaIOT OOBEMHBIE 3apsAAbl M COOTBETCTBYIOIIME IOTEHIMANBHBIE Oapbepsl,
00yCIIOBIICHHBIC YCTAHOBJIICHUEM TEPMOJIMHAMHYECKOTO PABHOBECUS MEKIY
HMOHAMU U BemecTBOM djekTposa [12]. IIpu BO3HUKHOBEHHH TOKA JHHAMHYECKH
M3MEHSCTCSl KOHIIEHTPAIUs MOHOB B CJIOE OOBEMHOIO 3apslia, a C TCUCHHEM
BpEMEHH — B B 00beMe di1ekTponnTa. [lepeHoc 3apspkeHHBIX YacTHUIl COIPOBOXK-
naetrcs nudys3uell 1 BOCCTAaHOBICHHEM-OKHCIEHHEM MOHOB Ha MOBEPXHOCTSIX
3JIEKTPOJIOB.

UzBectHo [13], uto B 0oOnactu npumeneHus Teopuu Jlebast — XroKKes 37IeKT-
POIIPOBOIHOCTH 3JIEKTPOIUTOB UMEET MECTO TOPMOKCHHE MOHOB IMPOBOIMMO-
CTH MOHHOU aTMoc(epoi, TOKaIU3yIoIeHcsi BOKPYT IIEHTPAILHOTO HOHA U JIBU-
Taromierics B MPOTHBOIOJIIOKHYIO CTOPOHY 3a CUET AIIEKTPUUYECKOTO TOJS, U MPH
B3aMMOJICHCTBUM MOHOB C TOBBIIICHUEM CHJIBI TOKA MPOUCXOIAT AehopMarius
MOHHOU aTMOC(ephl U ee CIBUT B 001aCTh «XBOCTa» OCHOBHOTO MOHA. {71 omu-
caHMs KOHIICHTPHPOBAHHBIX PACTBOPOB BO3HHMKAECT HEOOXOIUMOCTh yueTa HEKY-
JIOHOBCKOM YaCTH MEKHOHHOTO B3aUMO/ICHCTBYSI, B YAaCTHOCTH Pa3MePOB HOHOB.
KauecTBeHHO KapTHHA MPEACTABIISCTCS TaK, YTO MOHBI, JIBUTasCh IO ACHCTBHU-
€M 3JIEKTPUUECKOTO TI0JIsI, COBEPIIAOT BhIHYK/ICHHBIC JIBH)KEHUS TIOMIEPEK OIS,
«00TeKas» AIEKTPOHHBIE 00JIaKa C COBIAIAIOIINM 3apsaoM. Kpome Toro, MOHHI,
MOTAIAI0NIKME B 00JIACTh NMPUTSHKEHUST MOHA TTPOTHUBOIIOJIOKHOTO 3HaKa (COCTaB-
TSronIe «00JIaKo»), 3aTOPMaKUBAIOT CBOE OCHOBHOE IBIKEHHE, 00yCIIOBIICH-
HOE JICHCTBHEM BHEIIIHETO TOJIS.

VYkazaHHas KapTHHA MO3BOJSET MPOBOJIUTH OMPEACICHHYIO0 aHAIOTHIO MEX-
Iy TIEPEHOCOM 3apsijia B JEKTPOIUTE U TUAPOAUHAMUKON Ae(POpMHUPYEMBIX Ya-
crull. [10CKONBKY Cuiia TPEHUS NMPU OOTEKaHWUU BBITSHYTOI'O 3JUIMIICOM]IA U PaB-
HOOOBEMHOTO IlIapa HE3HAUNTEIILHO OTIMYACTCS TPU MajbIX CKOPOCTSAX 00TeKa-
Hus [14], Oosee cyiiecTBeHHbIM (DaKTOPOM, BIUSIONIMM Ha COIPOTHBIICHUE,
MOXXHO CYMTATh BBIHYXKICHHOE IIONEPEYHOC JBUKCHHE HOHOB, BBI3BIBAEMOC
B3aMIMOJICHCTBHEM C NIPYTMMH HWOHAMH W HOHHBIMH «oOllakamm». B mepBom
MPHUOIKEHUH CTENEHb «PaCTsHKEHHs» 00J1aka MpONOPIHOHAIbHA CHJIE TOKa, H
TP 3TOM «COMPOTHBIICHUE TIEPEHOCY 3apsia CHIKAETCS 33 CUET YMEHBIIICHUS
Ce4YeHHs 00JIaka W COOTBETCTBEHHO aMILIUTYABI MONIEPEYHOTO «OOTEKAHU» 00-
JlaKa UOHAMHU.

CoueraHue JIEKTPOCTATUICCKUX U IMHAMHYECKUX MPOIIECCOB B SIUCHKE TIPUBO-
JIUT K CJIO’KHBIM BOJIbT-AMIICPHBIM XapaKTEPUCTHKAM SJICKTPOJIMTOB MPH TOCTOSH-
HOM TOKE U, TeM OoJiee, U MePEMEHHOM M UMITYJILCHOM TOKe. B kauecTBe mprime-
pa TipuBeleM BOJBT-aMIEPHbIE XapaKTepPHCTHKU, W3MepeHHble B 1%-M pacTBo-
pe KCI (anteunsrii pacTBOp) B pa3aNdHbIE MOMEHTHI BPEMEHHU B CTATHYECKOM U
AMITYJIbCHOM pekumax [15] (puc. 2).

[IpeneOperas auHaMuYecKUMH 3(PpPeKTaMu TPAaHCTIOPTa HOHOB M U3MEHEHHS
KOHIICHTPAI[MKM HOHOB B CJI0€ 00BEMHOTO 3apsijia, B IEPBOM MPUOIMKCHUHA MOXK-
HO CYMTaTh, YTO TPa(UK BOJILT-aMIICPHON XapPAKTEPUCTUKH TPU CTATHYECKOM
WU3MEPEHUH CMellleH 10 ocH U 3a CueT MOJSPU3AIUOHHBIX 3P(EKTOB B MPHIIICK-
TPOIHOM CJIO€ TaK, YTO U3MEPSIeMOE COMPOTHBICHUE SYCHKH MPUOOpPETAeT Xapak-
Tep 1apaboJIbl B 3aBICUMOCTH OT TIPHIJIOKEHHOTO HATIPSDKEHUS (pHC. 3).
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Puc. 2. BonsT-amMnepHsie xapaktepucTuku B 1%-m pactsope KCI:
a — CTaTMYCCKUI PEKUM U3MepeHus: | — HauanbHas perucrpanys; 2 — U3MEpeHue uepes3 7 MUH;
3 —yepes 12 muH; 4 — ciiyers 18 MuH nociie 1-i peructpanuyu BoIbT-aMIEPHOM XapaKTEPUCTUKHU;
b — UMITYJIbCHBII PEKUM U3MEPEHUS

Fig. 2. Volt-ampere characteristics in 1% KCl solution: a — static measurement mode:
1 — initial registration; 2 — measurement in 7 minutes; 3 — measurement in 12 minutes;
4 — measurement in 18 minutes after the 1st registration of the volt-ampere characteristic;
b — pulse measurement mode
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Puc. 3. KayecTBeHHOE BIMSHHUE MOIAPU3ALHOHHBIX 3 PEKTOB
HA BOJIbT-aMIICPHbIC XaPAKTEPUCTUKU U U3MEPSAEMOE IEKTPUIECKOE COIPOTUBICHHUE

Fig. 3. Qualitative influence of polarization effects
on current-voltage characteristics and measured electrical resistance

[IpuHuMmas B KayecTBE «HEBO3MYILECHHOI0» COIPOTUBIEHUS 3JIEKTPOJIUTA
JNEKTPUYECKOE CONMPOTHBICHHE B YCIOBHSX MHUHHMMAIBHOTO BJIMSHHUS BBIILE-
YIOMSIHYTBIX AMHAMHYECKHUX 3(()EeKTOB TPAHCIIOPTa HOHOB U TOJIAPU3ALUOHHBIX
a¢pdexroB, a Takxke 3h(EKTHl HAKOIUIEHUS MPOIYKTOB AIIEKTPOXUMHUECKUX
peaxuii, TPUXOIUM K HEOOXOANMOCTH MHUHHMAJIbHOTO BPEMEHH MPOBEICHUS
HM3MEPEHUH U 3KCTPAIOJSIIUU PE3yIbTaTOB U3MEPEHHs K HYJIEBOMY TOKY U IIO-
pOTOBOMY HANpsDKEHHIO Ha sdeiike. Pacmomaras ammpokcuMmaHTOW (yHK-
mnu R = R(U), onpenennM HCKOMOE HEBO3MYILIEHHOE COTPOTHBIICHHE

_dU

dl |y, ,

“

0

rae Uy — 3¢ dexTrBHOE OPOroBoOe HANIPSLKEHUE Ha SYCHKE.
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Torna:

U _)_RWU)dU-U(dR/dU)dU )
RQU) RUY ’

_ Ry |
R(U)-U(dR/ dU)|U_>UO '

Ry (6)

Jus annpokcumanTthl Buna R = aU/(1 + bU) «HEBO3MYIIEHHOE» COIPOTHB-
nenue Ry = a/b. Jlerko MOTyT OBITH TIOJYYEHBI COOTBETCTBYIOIIUE BBHIPAKEHUS
JUTSL alIIIPOKCUMAHT JIPYTUX BHUJIOB.

Omnpenenuts CONPOTHBICHHE Ry MOXHO, NPUICPKUBASICH CIEAYIOIIETO all-
ropurma. [lepBoe, MPoOBOIUTCS Cepusi MU3MEPEHHUI NPU MOCTOSIHHOM TOKE, HaYu-
Hasi ¢ MUHUMAJIBHBIX TOKOB M HANPSDKEHUH, TPUYEM KaXKI0e U3MEPEHHE COTIPO-
BOXKJIAETCS 3epKATBHBIM HHBEPTUPOBAHHBIM HUMITYJILCOM TOKa JIUIsl MUHHMH3a-
1y 3QQPEKTOB M3MEHECHUS OOBEMHOIO 3apsfa M HAKOIUICHUS TPOIYKTOB
ANIEKTPOXUMHUECKUX peakiuid. Bropoe, H3MepeHus: anmpOKCHMUPYIOTCS aJieK-
BAaTHOM (YHKIIMEH, W OIpEeIeNseTcs MOPOroBOE HAMPSDKEHUE TOJSPU3AIUK
stueliku Uy, B xauecTBe anmpokcuMupyromed QyHKIIUN UCTIOMB3YIOTCS allpoK-
cumanTsl [lane Hu3Koro mopsiaka [16]. TpeTse, ¢ moMormpio Moenu (6) IpoBo-
JSITCSL OKCTPAIIOJISIINS TAHHBIX H3MEPEHUH U pacyeT COOTBETCTBYIOMIETO HEBO3-
MYIIIEHHOTO AJICKTPUYECKOTO COMPOTUBJICHUSA. M3MepeHus HauWHaeM C MUHU-
MaJIBHBIX TOKOB M MHHUMH3HPYEM BpeMs U3MepeHHs. BpeMmeHHas nuarpamma
HaTpsHKEHUS Ha sUeiiKe MpeCTaBIeHa Ha PHUC. 4.

UEX
Wsmepenus

0 .
1z|_| t,c

Puc. 4. Bpemennas quarpaMMa HanpsiKeHHs: HA U3MEPUTENIbHON sSTUelKe

Fig. 4. Time diagram of voltage on a measuring cell

JU11 MUHUMH3aIUU CITyYalHBIX MOTPEIIHOCTEH MpU Ka)XXIOM HU3MEPEHHUHU IPO-
m3Boautcs 10 cunreBanunii AL ¢ mocemyromum yepeTHeHHEeM pe3yIbTaToB.

HN3mepeHue conpoTuB/IeHUS YJIEKTPOJIUTOB

JUist U3MEepeHus! ANEKTPUYECKOTO CONIPOTHUBIICHUS 3JIEKTPOINTA CO3/1aH MpU-
00p, cOCTOAMMK U3 KOHAYKTOMETPHUUECKON SYEHKN U KOHTPOJIBHO-U3MEPHUTEIb-
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HoTO Oyoka. KoHaykToMeTprudecKkas siueiika MpeacTaBiIsieT co00H MPsSIMOYTOIThb-
HYIO SYEHKY C 3JEKTPOJaMU U3 HEP KaBEIOILIEH CTalu, pACCTOSHUE MEXIY KOTO-
peiMu (huKcHupyeTcst cemapaTopoM. Mcmonp30Banu cemaparop TOMIIHHON 5 MM,
TLIOIIAb IeKTPogoB 400 MM,

KOHTpOIBHO-U3MEPUTEINLHBIN OJIOK MOCTPOCH Ha 0a3e JEIUTeNsl HaIpshKe-
HUS C IPOTPaMMHUPYEMBIM H3MEHEHHEM COMPOTHBIICHUS BEPXHETO IIeYa JEIH-
TENsl U CTa0WIM3MPOBAHHBIM HANpsHKCHUEM Ha BXOje jaenutens (puc. 5). M3me-
psieMoe COPOTUBIICHHE R, HAXOIUM TI0 (hopMyIie

Rx = Rl Ux
UBX - Ux
) SE—
R,
U { R
R, U,
&

Puc. 5. lenutens HanpsKeHUs

Fig. 5. Voltage divider

VYnpasneHue npubOpoM U U3MEPEHHE HANPSHKEHUM MPOU3BOAATCS C IIOMO-
mpl0 MHUKpocxeMmHOW mnardopmel Arduino Nano v3.0, umeromeil B cBoem
cocraBe 10-Omtneiii ALIl. HanpsokeHune Ha H3MepseMOM 3JEMEHTE MOXKET
HaxOIWUTHCS B mpenenax oT 5 mo 4500 MB npwm ammapaTHONW TOYHOCTH H3MeEpe-
Hus 1 %. YcTpolCTBO MPOBOIUT CEPUIO U3MEPEHUI COMPOTUBIEHUM IO 3a/1aH-
HOMY JITOPUTMY IPH Pa3IMYHBIX HANPSDKEHUAX HA H3MEPHUTENBHON sSUeHKe.

[IpuHnunuaneHas 3IEKTpUYECKas cxeMa KOMMYTALMOHHON 4acTH npudopa
moKaszaHa Ha puc. 0.

D8 o] D10 D11 D12

AR A A 1= A
[—

A3 A2 A1l A0 A4

Puc. 6. Cxema KOMMYTallUOHHON YacTH YCTPOUCTBA

Fig. 6. Circuit switching part of the device
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AnropuTtM paboThl TpHOOpa MPEICTaBICH OJIOK-CXeMOH Ha pHC. 7.

II\'}”'; [NogkntoyeHne
P JenuTensi.
YcTtaHoBka Uy
| 3agepxka | l

| 3agepxkka |

T

| WHBepcns Uy | l MoakntoueHne OY
ViamepeHne Ry (ecnu HeoBxoaMMoO)

v
< \ h W3amepeHue R, |

A 4
PacueT R, |

|

BbiBoA Ha akpaH

Puc. 7. AnropuT™ U3MepeHus CONPOTHBIECHHUS IEKTPOIUTA

CpegnHee u3 10
CYMTbIBAHUN

Fig. 7. The algorithm for measuring the resistance of the electrolyte

Bbutn mpoBeieHBI U3MEPEHHSI YACIBHOTO COMPOTHBICHHS MPOOHBIX 3JIEK-
TPOJIUTOB: BOJHBIX PACTBOPOB MOBAPCHHOW COMM U CEPHON KHUCIOTBI. Y IElb-
HOE COTMPOTHUBIICHHE OMPEACISICTCS MO COMPOTUBIICHHIO SUCHKH B COOTBETCTBUH
¢ dopmynoit pg= Rod/l, tne A — TIOMaAb TIOCKOH SYCHKH; [ — pacCTOSHHUE
MEXTy OOKITaIKaMH.

ITpu BBIOOpE DYHKIMHU, ANMTPOKCUMUPYIOIICH U3MEPEHHUS, HCXOAUM U3 TIPE/I-
TTOJIOXKEHUST 0 MOHOTOHHOCTH W Hepa3peiBHOCTH R, = A U,) ipu U, — U, (B 00-
JIACTH MHHUMAJILHBIX HANPSHKCHUH W3MepeHus). PaccMaTpuBaniuch 3KCIOHEH-

unaneHas Gynkums R (U)=(r, —b)e ““+b u ammpokcumantel [lame Buma:
U —aU —aU +bU’

. R.(U) _r—av. R.(U) :""—2.

1+bU 1-bU 1+cU

[TockonpKy ammpoOKCHUMAaHTBI CTPOSATCS MO OTHOCUTEIBHO MaloMy KOJH4e-

R)C (U) =

CTBY TOYEK, a 33/1aUeil YNCIICHHOW 00pa0OTKU SBIISICTCS HAXOXK/ICHHE 3aBUCHUMO-
CTH BOJM3U MUHUMAJBHBIX HAMPSHKCHUH, TPEOYIOTCS TOUHOE TPOXOXKJICHUE all-
MPOKCUMAHTHI Yepe3 Onmmxaiimue Kk U, = 0 TOYKH ¥ MUHUMAIIBHOE OTKJIOHEHHE
OT OCTalIbHBIX TOUeK u3MepeHus. [Ipu ucnonp3oBanuu annpoxkcumant [lane BbI-
COKOTO MOpsiiKa CIeAyeT UMETh B BUAY MX HEMPEACKa3yeMbIil XapakTep MoBe-
JICHHsT BOJIM3H HYJSl U HA OECKOHEYHOCTH (€CITH TOJIBKO COOTBETCTBYIOIINE Tpe-
JIEJIbHBIE XapaKTePUCTUKN He 3a(hMKCUPOBAaHBI U3 (DU3NYECKUX COOOpaKeHUH).
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DKcroHeHIMaIbHAs (PYHKIMS MMEET OUEBUIHBINA XapakTep BOIHM3M HYJIS, OJTHA-
KO HEaJIeKBaTHA Pa3pbIBHBIM (DYHKITUSIM.

PesynbTathl M3MepeHnii CONMPOTHBIICHHST MMPOOHBIX AIICKTPOIUTOB MPHUBEIC-
HbI B Ta0J1. 1 ¥ MOKa3aHbl Ha puc. 8.

Tabauya 1
ConpoTuBJieHHe H3MePHTEIbHOM siueiiku npu T =20 °C

The resistance of the measuring cell when 7' = 20 °C

3HauCHUE TTOKa3aTeNs
Ry, Om p, OM-cM
2%-it pactBop NaCl B Boze
U,, MB 200 677 1757 2981 3682
1254 10032
R,, Om 4242 1581 547 151 29,6
5%-it pactBop NaCl B Boge
U,, MB 318 556 2003 2850 3411
604 4832
R,, Om 6922 1265 679 135,4 22,6
2,5%-ii pacteop H,SO,4 B BOZIE
U,, MB 5855 629 1471 1979 2801
113 904
R,, Om 13520 1454 422 66,5 13,3
5%-11 pacteop H,SO, B Boze
U,, MB 558 585,5 1151 1819 2646
69,9 559
R,, Om 12810 1340 302,8 58 11,7
a b
7 10,
6 | }
8 \
= I [
6,
3 &
= 3 o t
= < 4 |
2 I }
1 2 L
N
‘ | i
0 0 0,5 1,0 L5 20 25 3,0

Puc. 8. I3mMepeHHbIC 3HAYSHUSI CONPOTHBIICHUS STYSHKH U alPOKCHMAIOHHAS KPUBasi:
a— pacrtBop 5%-ro NaCl B Boze; b — pactBop 5%-ro H,SO4 B Boze;
CIUIOIIHAs JIMHUS — anmpokcuManTa [ane [1/1];

MYHKTUPHAs JIMHUS — SKCIIOHEHIIMANIbHAS alNIPOKCUMALIHS JaHHBIX

Fig. 8. Measured values of cell resistance and approximation curve:
a — water solution of 5 % NaCl; b — water solution of 5 % H,SOy;
solid line — approximant of Padé [1/1];
dotted line — exponential approximation of data
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AHanu3 SKCHEPUMEHTANbHBIX JaHHBIX I1OKa3bIBA€T, YTO SKCIOHEHIIHANb-
Hasi (QYHKUOUS, B OTJIMYME OT anmpokcuMaHT Ilage, HEyZOBIETBOPUTEIBHO
UX alIpOKCUMHPYET BOJM3M IOPOTOBOTO HANPSDKEHUS, ITOCKONBKY (QYHK-
st R, = f{U,) Tepnut pa3peiB TUNa «1oitocy. B atom ciydae (puc. 8b) skcno-
HEHTa BBIPOXKJACTCS B BEPTUKAIBHYIO JIMHUIO, & IPEI3KCIIOHEHIIMAIbHbBIN MHO-
JKUTENb proOpeTaeT Hepuzndeckoe 3HaYCHHE.

Pesynerater m3mepennst R, = f{U,), oroOpakeHHBIC Ha pUC. 8, B IIEJIOM TIOJ-
TBEPKAAIOT M3JIOKCHHBIE KaYeCTBEHHBIC MPEICTABICHUS O BIMSIHUHU Hampsbke-
HUS Ha M3MEpsieMOe CONPOTUBICHUE 3JICKTPOJIHUTA. Y CTAHOBICHHOE «HEBO3MY-
LIEHHOE» 3JIEKTPUUYECKOE CONPOTHUBIIEHHE 3JIEKTPOJIMUTa Ry B LIEJIOM COOTBET-
CTBYET JJaHHBIM BBICOKOYAaCTOTHOM KOHAYKTOMETpHUH [17].

BBIBO/IbI

1. OGOCHOBBIBAETCS HOBBI METOJ] U3MEPEHHUS COMPOTUBIICHUS DIICKTPOIIU-
TOB, KOTOPBI MOXXET HAUTU MIMPOKOE MPUMEHEHHWE I HUX IKCIpPecC-TuarHo-
CTHKHU B TakuX c(epax, KaK DICKTPOXUMHUYSCKUE HAKOIHUTEIN JHEPTHU, MEIH-
LIMHA, CEIBCKOE XO35UCTBO, XUMHUUYECKasd MPOMBIIIIEHHOCTD, MUILEBask MPOMBIIII-
JICHHOCTB, (hapMaKoJIOTHs U JIp.

2. [IpencraBnen xapaktep (QYHKIWA, aNIpOKCUMHUPYIOIIUX 3aBHCHMOCTb
HU3MEPSAEMOTro CONPOTUBIICHUS AYEUKH OT HalpsbkeHus Ha Hel. [IpoBeneHsl mz-
MEpEHUS YACIBHOI'O COMPOTUBIICHUS P ANEKTPOIUTOB — PACTBOPOB MOBAPEH-
HOH COJM M CEPHOM KUCHOThI. Pe3ysbTaThl U3MEPEHUS B LIEJIOM COIJIACYHOTCS
C JaHHBIMHU, OJYYEHHBIMU METOJIOM BBICOKOYACTOTHON KOHAYKTOMETPHH.

3. [IpeumMyiecTBaMH IpeiaraeMoro METo/a ¥ pean3yIoIiero ero npuoopa
SIBJISIFOTCSL IPOCTOTA, NCHICBU3HA U, CICAOBATEIBHO, BO3MOKHOCTh UCHOJIB30BA-
HUS HA TaKWX y4acTKax MPOU3BOCTBA, TJE paHee MOJOOHBI KOHTPOJIb ObLT He-
BO3MOYKEH WJIM HEIleJIecoo0pas3eH.

4. CnenyeT OTMETUTh, YTO JAHHBIC HU3MEPEHHUM ANEKTPUYECKOr0 COMPOTHUB-
JICHUSI MOTYT OBITh KCTPANOIUPOBaHBI B 00J1aCTh MOPOTOBOTO HANpsKeHUs 03
nepecyeTa 1mo Moaenu (6), OTHAKO MPU 3TOM IOJYYCHHBIE BEITUYUHBI DIEKTPH-
YECKOTO COMPOTHUBIIEHUS OyIyT, IPEXKIE BCETO, XapaKTepU30BaTh COMPOTHUBIIE-
HUE 001acTh 00BEMHOTO 3apsiia U MONSpHU3AIHOHHBIE YPPEKTHI B IIEJIOM, a HE
HMOHHYIO TPOBOJAUMOCTD AJICKTPOJIHTA.

5. JlanmpHe#ime UCCIeI0BaHus OJDKHBI ObITh HAIPaBJICHBI HA HA0Op CTaTH-
CTHKH WCIIOJIb30BaHUS JTaHHOTO METOJla, aHAIH3 OCOOEHHOCTEH W3MepeHWs,
B TOM YHCJIE Ha METOAMKY MOJATOTOBKH HM3MEPUTEIBHON SYCHKHU, YCpETHEHUS
Pe3yIbTaTOB, SKCTPATIOJSINH TOTYyYEHHBIX JAaHHBIX B 00JIACTH MOPOTOBBIX 3HA-
YeHUH HANPsDKCHUS Ha OOKIIaKax.
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JomycTUMBIi 110 YCJIOBUAM HAIPEBA MOMEHT
CHHXPOHHOI'0 YACTOTHO-PEryJIMPyeMoro ABUraTes
C IOCTOAHHBIMU MATrHUTAMM

b. U. (Dﬂparol), C.B. Anexcanuponcxnﬁl)
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Pedepar. Perynupyemsie 31eKTpONpHUBO/bI IPOMBIIUIEHHBIX MEXaHU3MOB C MOCTOSTHHBIM CTaTH-
YECKIM MOMEHTOM MOTYT paboTaTh B MIMPOKOM JIHAMa30HEe W3MEHEHHUs] Harpy30K M CKOPOCTEH.
IIpu 3TOoM Ha 000 CKOPOCTH B 33JaHHOM JHAIa30HE OHU JOJDKHBI JUIUTENILHO paboTaTh C JOITy-
CTUMBIM MOMEHTOM, HE IIeperpeBasick. B GONBIINHCTBE CIIydacB SJIEKTPOABUTATENN BBITOIHSIIOT
CaMOBEHTHIIMPYEMBIMH, C PACIOJIOKEHHEM BEHTUIIATOPA Ha Bally 3JE€KTpoBUrartens. B stom ciy-
Yae OXJIAXKJICHHE JBUraTelsl 3aBHCHT OT €ro CKOPOCTH. JJIMTEIbHO NOMyCTHMBI MOMEHT 3IeK-
TPOJBHTaTelsl Ha 000 N3 CKOpOCTEl PH NaHHON HArpy3Ke ONPEAENSeTCS U3 yPaBHEHUsS TEILIO-
BOTO PAaBHOBECHS, I/Ie BBIIEISIEMBIE B IBUTATENIe BCE MOTEPH MOIIHOCTH, MpeBpaliaeMble B TEIIO-
Ty, HOJDKHBI OTBOJMUTBCS B OKpPYXAIOLIYI0 Cpeny, oOecneduBas AOIMYCTHMYIO TeMIIeparypy
H30JIIUH 0OMOTOK TIPH JaHHOM TeMIlepaType OKpyKaromel (oXIaxkIaromei) cpepl. Y paBHEHHE
TEIIOBOTO OalaHca COCTAaBIAETCS OOBIYHO ISl OJJHOMACCOBOM TEIIOBOH MOJENH AJIIEKTPOJBHIA-
TeJs, KOTOPOH MBI B 3TOW CTaThe BOCHOJIb30BaNUCh. Ho naske mpu oIHOMaccoBOil TEMIOBOH MO-
JIeN ToJlydaeM HeJMHEeHOe ypaBHEeHue TeIuioBoro OanaHca. UToObl MOIY4YHUTh NpHEMIIEMBIE 110
CJIOXKHOCTH aHAJTUTHYECKHE BBIPAKCHUS IS PAacdeToB, MPUXOANUTCS NPHMEHSITH 00OCHOBaHHEBIE
JIOMYIIEHUsI, 9TO TAKKe UCTIONB30BAHO B PacueTax aBTOPOB CTAThU. B pe3ynbrare ObUTH HOITydIeHBI
(bopMynbl, [0 KOTOPBIM MO>XHO HAaXOIUTh JUIUTEIBHO AOMYCTUMBI MOMEHT JABHUIATENs Kak (I)yHK—
LU0 OTHOCHUTEIBHON CKOPOCTH POTOpa IPHU JAHHOH TeMIlepaType OKpyXKarommen cpeast. [ npu-
BOJIMIMBIX TIPIMEPOB MPHHSIIH JBa 3HAUECHHS TEMITepaTypsl okpyxatommei cpenst (20 n 40 °C — st0
CTaHAApTHBIC 3HAUEHMS, IPUMEHAEMbIE NIPH TEIUIOBBIX pacdeTax 3JIeKTpoJBUrareneii). 3aBUCUMO-
CTU OTHOCHUTEJIBHOI'O 3HAYEHUsI AOIYCTUMOI'0 MOMCHTA JJICKTPOABUIATEIIA OT OTHOCHUTENILHOM
CKOPOCTH (IaCTOTHI) NPUBEACHBI IJIsI TPEX CHHXPOHHBIX JBHUTATEIeH ¢ MOCTOSHHBIMUA MarHUTAMH
MOIIHOCTBIO 3; 25 u 250 kBT.

KnroueBble cjI0Ba: CUHXPOHHBIM [IBHraTelb, YaCTOTHOE YMpPABIECHHE, AOMYCTUMBIH MOMEHT,
YPaBHEHUE TEILIOBOI'O PABHOBECUS
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The Permissible under Heating Conditions Torque
of a Frequency-Controlled Synchronous Motor
of Permanent Magnets

B. I. Firago", S. V. Aleksandrovsky"
UBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The variable speed electrical drives for industrial mechanisms with a constant sta-
tic torque usually operate in a large range of speeds and loads. Along with this, for any speed of
a given range the electrical drive motor is to provide a continuous permissible torque without
overheating. Mostly the electrical motors have self-ventilation; the ventilator being located on the
motor shaft. In such motors heat dissipation depends on a motor speed. The permissible continu-
ous motor torque is determined out of a heat balance equation where power losses being converted
into heat must be transferred in the ambient space and the motor temperature must not be over
a permitted level for a given class of winding insulation under the certain ambient temperature.
A heat balance equation is usually obtained on a basis of a one-mass motor heat model, i. e. the
model that was used in this research. But even the one-mass heat model gives a non-linear heat
balance equation. In order to get convenient analytical expressions out of the motor heat balance
equation, it is necessary to take some justified assumptions; the latter was also implemented in this
research. As a result, formulas have been obtained by which the long-term permissible motor
torque can be calculated as a function of the relative speed of the rotor at a given ambient tempera-
ture. For the examples presented in the articles we chose (20 and 40 °C as a standard temperature
for the thermal calculation of electrical machines). Dependences of a relative permissible continu-
ous motor torque W on a relative frequency value (or relative rotor speed) are presented for three
synchronous motors with permanent magnets and rated power of 3; 25 and 250 kW.
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BBeaenue

[Ipu perynupoBanum ckopoctu cuHxponHoro nsurarens (CJl) BHM3 oT oc-
HOBHOW YXYAIIAIOTCS YCIIOBUS OXJIXJCHWS W BO3HUKAeT MpoOieMa orpese-
JICHUSI €r0 JOMYCTUMOW HArpy3Kd C COOJIONCHHEM IIpeNebHBIX TEeMIIEpaTyp.
Ecam cratnyecknii MOMEHT 3aBHCHT OT CKOPOCTH (TYpOOMEXaHWU3MBI), TO TaKas
mpo0JieMa OOBIYHO He MposBiseTcs. Ho mpu MOCTOSHHOM CTaTHYECKOM MOMEH-
Te (HampuMep, TPy30MOIbEeMHBIC MEXaHU3MbI) YMEHBIICHHE cKopocTH Bayia CJ
HETIOCPE/ICTBEHHO BIIMSET HA TEIUIOOTAAYY U, CIEI0BATENLHO, HA JIOMYCTHMBIH
MOMEHT Harpys3ku [1, 2].

B cBs3u ¢ 3THM mpeAcTaBIsSeT MHTEPEC HANTH aHATUTUYECKYIO 3aBUCIMOCTh
JOMYCTIMOTO MOMEHTa CHHXPOHHOTO YacTOTHO-PETYJIMPYEMOTO JBUTATEINs C
MMOCTOSTHHBIMH MAarHUTaMHd OT CKOPOCTH W IapaMeTpoB JIIEKTPOIPHBOIA IMPH
Pa3NUYHON TeMIIepaType OKPY>KaloIIeH Cpelibl.

AHaJINTHYECKOE HCCIeOBAHUE AOIYCTHMOI'O IO YCJIOBUSIM Harpesa
CHUHXPOHHOI'O YaCTOTHO-PEryJIMPYEMOro ABUraTe st
C MOCTOAHHBIMU MArHUTAMH

PaccMoTpuM CHHXpPOHHBIN JBUTATENh C TMOCTOSHHBIMH MarHWTaMH, paciio-
JIO’)KEHHBIMU Ha MOBEPXHOCTH poTopa. [lomaraem, 4To moTepu MOIIHOCTH B PO-
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TOPE OTCYTCTBYIOT, 32 UCKIIOUCHIEM MEXaHMIEeCKUX moTeph [3—5]. B aTom ciy-
Yae JIONYCTUMBIN MO yclioBusiM HarpeBa MomeHT CJl Oymer ompenenstbes pa-
BEHCTBOM/HEpPaBEHCTBOM [1, 6]

BoanP ZARmp.l +APCT.1 +APMX’ (1)

HOM

rae AP,y — HOMAHAIBHBIC TTIOTEPH DJIEKTPOIABUTATEIIS, OTPELSISIEeMbIC KaK

1-
AP =P nHOM;

HOM HOM
HOM

Py — HOMUHAJIbHASI MOIIHOCTD 3JEKTPOABUTATENS; Moy — HOMUHAIBHBIN KITJ]
JBHratens, o. €.; APy, — IEpEMEHHbIE OTEPH MOLHOCTH B cTatope CJl mpu
JIAHHBIX YTJIIOBOW CKOPOCTH ® M TOKe [}, KoTopsie mis TpexdazHoro CJ] MokHO
3aIicaTh

AP

nep. 1 =

3I7R;

R, — akTHBHOE comnpoTuBiicHue $a3bl 00MOTKH cTaTtopa; AP, ; — IOTepH B CTAlIU
cTaTtopa, KOTOpPBIE IPH IIOCTOSIHHOM MArHUTHOM ITOTOKE B3aWUMOWHIYKITHH
onpenenstorcs [6]

q
AP, | =AP, —fl ;

CT. cr.1,HOM f
1HOM

f1> finom — TEKYIIIEE U HOMHHAIHHOE 3HAYCHHUE YACTOTHI M3MCHEHUS HATIPSHKESHUS
ctaropa; AP won — HOMUHAIBHBIE IOTepu B ctainu CJl; g — nmoka3aTens crerne-
HU, KOTOPBIH HaxXomuTcs ¢ mpenenax 1,3—1,5 (1711 coBpeMeHHBIX 3JIEKTPOTEXHHU-
YECKHUX CTaJlell peKOMEHIyeTCsl IpUHUMATh ¢ = 1,5); APy, — MEXaHUIECKHUE T10-
TEPH MOIIHOCTH, KOTOpPHIE C y4YETOM BEHTWIIIHOHHBIX TOTEPh MPUHUMAIOT
MPOMOPIIMOHATBHEIMY KBaIpaTy CKOPOCTH JABUTATEIIS ©,

2
AP =AP ®

MX MX,HOM b
HOM

AP\ yoy — HOMUHAJIBHBIE MEXaHUuecKue rnorepu Mommuocta CJI.
IToTepu MOITHOCTH pacCMAaTPUBAIOT ISl YCTAHOBHBIIETOCS PEXKHMa, TOTIA
s CJI umeeM

O o fI(X
b

O‘)HOM (00 HOM fl HOM

TA€ ), Mouon — COOTBETCTBEHHO CHHXPOHHAs yrioBas ckopocTh CJl mpu Teky-
el 9acToTe f) ¥ IPH f1 = fluow-

PaccMoTpuM 1niepByI0 30HY PETYJIUPOBAHUS CKOPOCTH, KOTJA Dyin < O < Myoy,
JUI1 CAaMOBEHTWIMPYEMOI'O CHHXPOHHOT'O YaCTOTHO-PETYIUPYEMOTO JBUTATEN,
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rae KOdPOUIMEHT YXYAMCHHS OXJIKICHUS Pox; caMoBeHTHIHpyemoro CJI
MOJKHO TIPEICTaBUTh BBIpAKEHUEM [6, 7]

Boxa =Bo +(1— Bo)/ =By + (1B Wt ,

rae Bo — ko3pdunreHT yxyaieHus oxnaxkiacHus npu o = 0, T. €. Ipu Hero-
JIBIDKHOM POTOpE JBHUTaTeNns (€ro yCpeJIHEHHBIC 3HAYCHUS B 3aBUCHMOCTH OT
WICTIOJTHCHWSI DJIEKTPOIBUTATES TIPUBEICHEI B [6, 8]).

C yd4eTroM H3II0)KEHHOTO MOXHO 3allMCaTh ypaBHEHHE TEIUIOBOTO OanaHca
C1 (1) oy maHHOW OTHOCHTEIHLHOM YaCTOTHI OL B BUIC

(BO + (1 - BO )\/E)APHOM APep 1t APCT 1 HOM(X’L5 + APanz' (2)

Haiinem 3aBMCHMOCTB IIEPEMEHHBIX IIOTEPh B CcTarope AP, ; 4acTOTHO-
perymupyemoro CJI ¢ MOCTOSHHBIMH MarHUTaMH OT O W 3JIEKTPOMArHUTHOTO
MoMeHTa M CHHXPOHHOTO HESIBHOIIOIIOCHOTO JBUTATEIIS.

B [8, c. 303] moyueno ypaBuenue (10.224) nns Toka cratopa /; HESIBHOIIO-
mocHoro CJI B Buje

:%\/Elz —2EU,cos0,, +U;}, 3)

c

rae Uy, E, — nelictBymoinee 3HadeHue (asHoro Hanpspkenus u DJIC craTopa;
0,; — DJIEKTPUYECKHUI yroj Harpy3KH YTJIOBOW XapaKTEPUCTUKU CHHXPOHHOTO
JIBUTATENs,, KOTOPBIM CBSI3aH C CHHXPOHHBIM AJICKTPOMATrHUTHBIM MOMEHTOM
COOTHOIICHHEM

M sin0,,

M sin O

CHH.Max 31, max

M ¢yi.max — MAKCUMAJIBHOE 3HAYEHUE CHHXPOHHOTO 3JIEKTPOMAarHUTHOIO MOMEH-
Ta; 0,5 max — YTOJI HATPY3KH, COOTBETCTBYIOIIUH M cypyy max-

Kak mokazano B [9], B 4aCTOTHO-pPETYIMPYEMOM 3JIEKTpONpuBoOjE, paboTa-
IOLIEM NIPY HOMHHAIBHOM MarHUTHOM IIOTOKE, BCE BEJIMYMHBI, BXOJSIINE B BbI-
pakeHHe MaKCUMAaJIbHOTO IEKTPOMarHUTHOTO MOMEHTA

— 3IJIE‘I
CHH.mMax >
(DOXC

HU3MCHAIOTCA NPONMOPIUOHAIIEHO OTHOCHUTEIHLHOM YaCTOTE Ol

U =U,n% E=E

1HOM HOM

0y = 0o X, =X

c HOM

rae X., X.uom — CHHXPOHHOE MHIYKTUBHOE COIPOTHBIICHHE HESBHOIOJIIOCHOTO
JIBUTATEIS TIPU TEKYIICH YacTOTE f M TIPH f1 = flyon-
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YuuThiBas 3TH COOTHOIICHHSI B BRIPAKEHUH ToKa ctatopa [ (3), momryanm

2
HOM ~ lHOM cos ean + UIHOM . (4)

1
Il ZX—\/EleOM _2E1 U

¢,HOM

s nessronomocHoro CJ1 MOXKHO MPHHATD 0.5 max = 90°.
O003HaUNM

x M sinf,, ,
no= =— =sin0,;.
M sin© ‘

CHH.Max 2JI,max

Bripazum

cosf,, = \/l—sin2 0, = \/l—u*2.

Teneps ypaBaenue (4) 11 Toka cratopa /; 3anuiieM B BUIE

U E E "
I] — XlHOM 1HOM -2 IHOM 1— u 2 +1.
C,HOM UlHOM UIHOM
O603Ha9MM:
E U T
q=—tm. =M _ 1ok gkopoTKoro 3ambikanus CJI; i, =—— — OTHO-
Ul HOM XC,HOM L,k

CUTENbHBIN K TOKY KOPOTKOTO 3aMbIKaHus TOK ctatopa C/I.
B pesynbraTte ypaBHeHue ansa Toka ctatopa CI MOXKHO 3amucaTh B yKa3aH-
HBIX OTHOCHUTENBHBIX ¢IMHUIAX

iy :\/a2 ~2a\1-pu” +1.
it =a’—2a\1-u”? +1.

ES
O603Haunm > = Z. OdeBHmHO, 4T0 Z << 1, II0ITOMY MOXHO Pa3IOKHTh

hyHKIHIO /1 — u*z =+/1—Z B CTENEHHOH s, B3SB IICPBBIC [[BA WICHA:

Paccmotpum

\/1—2:1—%Z=1—%p*2.

Ho YJamie BCCTO HMCIIOJB3YIOTCA OTHOCHUTCIIBHBIC BCIIMYMUHBI IO OTHOHICHUIO
K HOMHMHAJIbHBIM, 4 HC MaKCUMaJIbHBIM 3HA4YCHUAM, T. €.

I, M
M

lHOM HOM

ll_]

MOXHO HAWTH CBSA3b MEXIY OTHMHU JBYMS BHUJAMH OTHOCHUTEIILHBIX CJTU-
HUTT [ 8]
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i=—1= X =iX,, (5)
1 Il,k 11 1

HOM

.
rae X. — OTHOCHUTENbHAsl BEIWYMHA CHUHXPOHHOTO HHAYKTUBHOTO COMPOTHUB-
JICHHS,;

.M M1 u
v M n A ©

CHH.MmMax HOM m m

A — HOMHHAJIIbHAS TIeperpy304dHas crmoco0HocTs CJI 1o MOMEHTY.
[MpuHuMas Bo BHUMaHUE MPUBEICHHBIE COOTHOIICHHUS JIISI OTHOCUTEIHHBIX
BennuuH (5) u (6), MOYKEM 3amucaTh KBaJpaT OTHOCUTEIHLHOTO TOKA CTaTopa

2 2
2 I | a 2a 1 ap

2

=

*

- * + * + * s
IlHOM Xc X02 Xcz (kanc)z

KOTOPOMY TPOTOPIMOHAIBHEI TEKYIIHE 3HAYEHHs MOTeph MOIIHOCTH B CTa-
TOpE:

— P2
AR‘[C]).] - APnep.l,l-lomll >
2p.
rIe APHW1 =3I/R;
_ ElHOM Ccos ¢HOM

a= = ;
Ul HOM cos(d)HOM - 63H,H0M)

3J1,HOM

0 =arcsin L .
A

m

Tenepb YpaBHCHUC TCIIJIIOBOT'O Oamanca (2) AJId CHHXPOHHOI'0O CaMOBCHTHIIN-
pyeMoro aBurateiis an/I06peTaeT BU

(BO + (1 - BO)\/E)A})HOM 2 A}DCT.I,HOMaL5 + A})Mx(x‘2 +

+ AP a 2—2a+ ! +AP 42 @
nep.1,Hom X: X:z X:z nep.1,Hom (ka:)z .

BBe,Z[eM OTHOCHUTCIILHBIC MMOTCPHU MOIITHOCTH B CUHXPOHHOM JABUTATCJIC!

p* _ cr.l,HOM |
1 — s
Mi{om
* APMX,HOM . (8)
Po="xp
HOM
* AR'lep.],HOM
P = )
HOM
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a TaKke 0003HAUKM:

p3a (9)

2
* a 2a 1
B= > ——*+—*
Py X2 x»

c c c

(10)

Temneps ypaBHEHHE TEIUIOBOTO OastaHca (7) MOJKHO 3aIlicaTh

Bo +(1-Bo)Wa = pya’ + pya® + B+ Ap?

1581054
pe = 9 +611\/a_%0‘1’5 _%0‘2 5
rue
B,— B
qO: OA D)
1-B
q y L,
. (11)
p
9, :71;
p*
qs :72-

[IpunumaeM W = o, ¥ HAXOIUM 3aBUCUMOCTb OTHOCHTENIBHOIO AOIYyCTHMO-
0 MOMEHTa CUHXPOHHOTO IBUTATENs OT OTHOCUTENBHONW YacTOTHI O, T. €. OTHO-
CUTENIBHOM YTJII0BOM CKOPOCTH pOTOpA

Won = o + @i —g,0 — g0 (12)

Pacuyer gomycTMOro 1mo ycJioBHsIM HarpeBa MOMEHTA
CHHXPOHHOI'0 YaCTOTHO-PEryJHPYeMOro ABUraTeIst
€ MOCTOSTHHBIMU MArHUTAMU

JIJis MIUTIOCTpAIA TEOPETUIECKUX WCCIIEIOBAHUI MPOBENIEHBI pacyeThl M0
nmosrydeHHBIM opmynaMm (8)—(12) misi CHHXPOHHBIX YaCTOTHO-PETYIHPYEMBIX
neurateneit [10] momuocThIO 3 KBT (puc. 1), 25 kBt (puc. 2) u 220 kBT (puc. 3)
IUISL TEeMIIEpaTyphl okpyxatomieit cpemast 40 u 20 °C.
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0.9 4

0.8 . . . .
0 0,2 0,4 0,6 0,8 1,0
o

Puc. 1. 3aBHCUMOCTb OTHOCUTENBHOTO AOIyCTUMOIO MOMEHTA [, OT OTHOCUTEIILHOI YacTOTHI OL
JUISL CHHXPOHHOTO YaCTOTHO-PETYJIMPYEMOTO JIBUTATENSI C TOCTOSIHHBIMHU
marauTamu tina LSRPM90SL momHocTeO 3 KBT

Fig. 1. Dependence of a relative permissible torque i, upon a relative frequency o
for the synchronous frequency-controlled motor
of permanent magnets of LSRPM90SL type with rated power of 3 kW

Puc. 2. 3aBUCHMOCTb OTHOCUTENIBHOTO JIOTYCTHMOTO MOMEHTA [0, OT OTHOCHTEIBHON YaCTOTHI 0L
IUTS CHHXPOHHOTO YaCTOTHO-PETYIUPYEMOTO IBUTATENS C IOCTOSTHHBIMU
marautamu Tuna LSRPM200L morHocThIO 25 KBT

Fig. 2. Dependence of a relative permissible torque p, upon a relative frequency o
for the synchronous frequency-controlled motor
of permanent magnets of LSRPM200L type with rated power 25 kW

1,5

0.9 L I I
0 0,2 0.4 0,6 0.8 1,0
o

Puc. 3. 3aBUCHMOCTb OTHOCUTENBHOTO JIOITYCTHMOTO MOMEHTA [0, OT OTHOCHTEIBHON YaCTOTHI 0L
JUISL CHHXPOHHOTO YaCTOTHO-PETYJIMPYEMOTO JIBUTATEINs C IOCTOSTHHBIMH
Marautamu tuma LSRPM315MR morHocThiO 220 KBT

Fig. 3. Dependence of a relative permissible torque L, upon a relative frequency o
for the synchronous frequency-controlled motor
of permanent magnets of LSRPM315MR type with rated power 220 kW
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BBIBOJ

Pa3paborana meTonmka pacdera IOMYCTHMOIO IO YCJIOBHSM HarpeBa Mo-
MEHTa YaCTOTHO-PErYJIUPYEMOTr0 CHHXPOHHOTO CaMOBEHTHJIMPYEMOTO 3JICKTPO-
JIBUTATENS, KOTOPas MOXET OBITh UCTIOIBh30BaHA IMPU BEIOOPE MOIIHOCTH U TPO-
BEpKE JITUTENHHO JOIMyCTHMOTO MOMEHTA 3JIeKTPOIBHUTaTeNsl, pabOTAIOIIETO MPH
Pa3HBIX Harpy3kax, CKOPOCTSIX M TEMIIepaTypax OKpPYKaroIei cpeibl.
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Specific Features of Heat- and Mass Transfer Processes
in Road Dressings

B. M. Khroustalev"”, Liu Tingguoz), V. D. Akeliev”, Yu. H. Aliakseyeul),
Shi Jicunz), V. V. Zankovich'

UBelarusian National Technical University (Minsk, Republic of Belarus),
DGaoyuan Company (Henan Province, People’s Republic of China)
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W3 MHPOBBIX HayYHBIX XXYPHAJIOB M JIPYIHX U3JaHUH, HEOOXOAMMBIX Ul Ka4eCTBEHHOTO BBINOJ-
HEHHs TEOPETUYECKHX U 3KCHEPHMEHTATIbHBIX HCCIIEN0BAaHUN IO MPHOPUTETHBIM HANPaBICHUSIM
HaYYHO-TEXHHYECKOH NeATeIbHOCTH B 00JIaCTH TOPOXKHO-CTpOUTENbHOM oTpacin B 20162020 rr.
Hcnonp3oBaics nuTaT-aHan3 ¢ npuMeHeHneM naHHbIX Journal Citation Reports oT6opa MEpOBBIX
HAy4HBIX CEPHUIHBIX M3JaHUH, HEOOXOAMMBIX JUIS BBIIOJHEHUS HUCCIEIOBAHMII IO TEIUIO- U Mac-
COMNEPEHOCY B JOPOXKHBIX OJekAaX. JIOpOXKHBIE OJIEHK/BI — OTKPBITHIE T€TEPOTEHHBIE TEPMOANHA-
MHUYECKHE CHCTEMBI. B pa3snmuHBIX KIMMaTHYECKMX YCIOBHSAX HMMEIOT MecTo ux nedopmarmnm
BCIIEJICTBHE TEIUIO- ¥ MacCOOOMEHHBIX HPOIECCOB M B3aMMOJECHCTBHUS TPAHCHOPTHBIX ITOTOKOB
C MOBEPXHOCTHIO OpOTrH. [Ipu HanMuuK TeMIepaTypHbIX, MaCCOOOMEHHBIX MPOLIECCOB MPOUCXO-
JIUT TPELIMHOOOpa30BaHKe KaK 110 IIyOWHe AOPOXKHBIX OACKI, TaK M Ha JOPOXKHBIX MOKPBHITHSX.
Kak n3BecTHO, Ha TEmIO- 1 MacCONEepPeHOC BIUSIET CTPYKTypa MaTepHaIoB KOHCTPYKTHBHBIX CJIO-
€B, B OCOOCHHOCTH YCTPOCHHBIX M3 TEXHOTCHHBIX OTX0/0B (ac(aabToOeTOHHBIN, OETOHHBIH, XKe-
J1e300€TOHHBIN JIOM U MPOIYKTHl UX MepepabOTKU, KUPIUYHBIN O0H, pa3audHble OTXOABI MPOU3-
BOJACTB H T. X.). IIpencTaBieHsl pe3ynbTaThl MCCIIEIOBAHMI TEIUIOBBIX MOTOKOB MOTPAHMYHBIX
CJIOEB B 3aBUCHMOCTHU OT BSI3KOCTH BO3JyXa, CKOPOCTH, T€OMETPHIECKUX XapaKTEPUCTHUK, IIPOHH-
IIAEMOCTH, KallWJULIPHBIX AABJICHUH B JOPOXKHBIX MOKPBITHAX.

KinoueBble cjioBa: J0poKHAas O0J€XJAa, TEIJIO- M MacCOIepeHoC, CTPYKTypa, TeMIleparypa,
HaTpsDKEHHUE, TIOBEPXHOCTH, Ae(opMaliys, TPEIHOOOpa30BaHHE, MOJIENb, CKOPOCTh, UCCIIEIOBA-
HHE, IJIOTHOCTb, BPEMsl, IOIPAaHUYHBIN CJIOH, TOTOK, JOJITOBEYHOCTH

Jist uurupoBanusi: OCOOEHHOCTH TEIUIO- U MaCCOOOMEHHBIX MPOLIECCOB B JOPOXKHBIX 0K IaX /
B. M. Xpycranes [u 1p.] / Dnepeemuxa. H38. gvicus. yuebd. 3asedenuii u snepe. o6veounenuii CHI.
2018. T. 61, Ne 6. C. 517-526. https://doi.org/10.21122/1029-7448-2018-61-6-517-526

Introduction

Automobile roads under various climatic conditions represent open non-
linear heterogeneous thermodynamic systems because road cracking and defor-
mation can be considered in various geographical regions while using synergetic
principles as a result of collective behavior, self-organization of structural ele-
ments of road pavement if critical temperatures are reached. As a rule, forma-
tions emerged due to the above-mentioned processes are specific dissipative
structures adapted to environmental conditions and in this case roadway dres-
sings change their mass, energy due to heat- and mass transfer with air and ex-
ternal sources [1-3].

It is necessary to note that one of the examples pertaining to dissipative
structure formation is a road dressing with due account of the Benard effect
which is in the layer of viscous liquid at a critical temperature difference bet-
ween bottom and top surfaces. A convection emerges at a definite temperature
difference and this process is accompanied by formation of hexagonal cells cre-
ated by joint molecule motion and there is a heat transfer velocity step due to
temperature difference between surfaces and it results in formation of a new
structure. At critical temperature difference convection heat transfer velocity is
increasing. While having a long temperature decrease the road dressing is scat-
tering a part of accumulated heat to sky dome and various objects and it causes
changes in temperature stresses prior to reaching tensile strength. In the case
when we have a balance in stress of ultimate strength in road dressing material
temperature cracks are liable to emerge and then a step-like withdrawal of
pavement heat occurs. For example: decrease of air temperature by 10 °C leads
to changes in temperature field at the road depth up to 0.45—-0.50 m.
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Analytical and experimental investigations represent fragments of continuing
research activity directed on methodological, experimental pavement deve-
lopments that ensure minimization in cracking formation in depth and pave-
ment area.

Taking into account some research challenges pertaining to heat- and mass
transfer processes that occur during a road construction a development of tech-
nology for production of multi-component road pavement on the basis of ag-
glomerates (secondary resources, for example, recycling of existing road dres-
sings) is considered as rather a relevant and priority target. While regenerating
single- and multiple-used materials it is necessary to make an analysis of their
properties on the basis of heat- and mass transfer processes and it can be done by
regulation of their required physical and technical and chemical parameters for
actual mixtures, their components. In this regard it is possible to forecast longe-
vity, reliability, thermal and physical characteristics of the road dressing energy
efficiency because they depend on correctness of physical and mathematical
model, a target function while designing and operating the objects.

Impact of temperature on crack formation in road pavements

Investigations in Canadian provinces Alberta, Manitoba and Kazakhstan
(non-stop high-speed Astana-Shchutchinsk highway) have revealed that changes
in temperature up to a critical value initiate first temperature cracks on the sur-
face of road pavement and their number is increasing proportionally to the loga-
rithm of number of the mentioned temperature changes and velocity of tempera-
ture cracking is inversely proportional to the number of critical tempera-
ture changes. Their propagation is non-uniform in road length; for example,
D. R. Hiltunen and R. Roque have shown that there are areas of potential cracks
in the top asphalt-concrete layer and cracking can propagate due to temperature
stress and with a velocity which is conditioned by spatial non-uniformity of
a material.

There is another scheme of low-temperature cracking that uses a mechanical
model with averaged pavement characteristics and this model makes it possible
to calculate development of a vertical crack. The probability model permits
to estimate a total number of temperature cracks on the surface with due account
of current averaged value of crack depth and its presupposed propagation along
layer thickness. The model considers a number of cooling cycles and it is based
on the Paris' law and in accordance with the law linear viscoelastic material
properties and crack number depend on regression coefficients which are deter-
mined subsequent to the results of field calibration of models, probability
of accepted correctness conditions, a crack depth, a road pavement thickness

N =yf(gh)lgs), (1

where N — number of cracks; y — regression coefficient determined in accor-
dance with the results of model field calibration; f'— probability of the fact that
the condition (1) is correct; 4 — crack depth, m; 6 — road pavement thickness, m.
Crack formation in various climatic regions is determined by stationary, non-
stationary temperature fields which have been calculated with the help of the
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following computer programs: “KASKAD” (CASCADE) set No.011, date of
inclusion in Register Book of supporting computer programs — 01.11.2017;
“GRADIENT” set No.012, date of inclusion in Register Book of supporting
computer programs — 12.03.2018.

Temperature fields for single-layer and multi-layer roads are significant
while analyzing heat- and mass transfer processes in road dressings. The pa-
per contains calculations for temperature fields under boundary conditions of
the 3™ class while using an analytical method, a net-point method. Multi-layer
dressing is considered as a single-layer one while using equivalent thickness
for multi-layer objects [4—6].

Temperature in the points of an auxiliary straight line which is located at dis-
tance of Ax/2 in the moment of time k is calculated in accordance with the
expression
I—Axajt(n,k)+Axatw

2 A A

e : 2
I+——
2 A

t(n+1,k)=(

Temperatures #(0, T) on concrete pavement surface

I—Axa)t(l,k)+Ax(;:tw

t(O,‘c)z( 2z 2
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where Ax — grid pitch (inter-lattice-point distance), m; A — equivalent coefficient
of road pavement heat conductivity, W/(m-K); a. — coefficient of heat transfer at
pavement surface, W/(m-K); z,,— temperature of boundary layer at road surface, °C.

Temperature fields have been calculated in accordance with the following
thermal and physical characteristics of the pavement (tab. 1).

Table 1
Thermal and physical characteristics of pavement layers
. Heat conducti- | Mass heat capacity Cocfficient
Name Density p, |_. . of temperature
of road dressing layer ke/m’ vity coefficient A,|at constant pressure conductivity
W/(m:K) C,, kl/(kg'K) a- 10° m¥s
Cement concrete pavement 2400 1.51-1.86 0.84 0.84
Asphalt-concrete 2100 1.05 1.08 0.46
Sand concrete 1800-2500 0.70 710 0.46
Gravel aggregate concrete
or crushed natural stone
concrete 2400 1.51 840 0.75
Slag concrete 1120-1500 0.60-0.70 800 0.63
Cement-sand mortar 18002000 0.60-1.20 840 0.56
Flyash concrete 1000-1800 0.29-0.7 840 0.43
Sand for construction
works (GOST 8736-77) 1600 0.35 840 0.26
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Temperature fields at these boundary conditions have been calculated
according to Biot (Bi) and Fourier Fo numbers from nomograms
o ot
Bi=—Fo=—. 4
A x* )
Calculations have shown that temperatures at pavement surface up to 15 °C
with air temperature changes lead to changes of pavement temperature fields
in depth up to 0.02 m by 7-8 °C.

Impact of technogenic wastes
on heat- and mass transfer in road dressings

Construction and road objects exert a significant impact on environmental
situation, social and economic problems for any country. So it is necessary to
have theoretical investigations, justification of the taken decisions for construc-
tion of road dressings including roadway platform and groundwork base which
is due to solution of resource-saving matters, prevention of environmental pol-
lution. Priority goals are ecological and material science that allow to ensure
selection of technogenic wastes of construction process for production of more
ecologically friendly, safe construction materials. It is necessary to consider the
possible use of asphalt-concrete, concrete, reinforced concrete, brick, wooden
rubble, plastering, various backfilling wastes not as building refuse creating
problems but they must be accepted as easily used materials for repair and resto-
ration construction works, these materials can be recycled, mechanically sepa-
rated in fractions using various methods. The investigations demonstrate that
while applying materials obtained with the help of the above-mentioned methods
it is possible to make concrete with strength up to 70 % from brand nominal va-
lue. In order to meet a number of longevity requirements it is expediently to use
standard materials and state-of-the-art technologies along with substandard ma-
terials and by-products of metallurgical production that allow to lower technical-
and-economic indices while constructing automobile roads by 1.2—1.5-fold, and
also fine sand with fineness modulus 0.6-0.8, finely powdered fractions of gra-
nulated slag with specific surface not less than 300 m*/kg and others.

Heat and mass physical characteristics

An actual problem for various climatic regions is optimization, analysis,
presentation of analytical, numerical, experimental methodologies for evaluation
of heat and mass conductivity ratio, heat absorption of compositions (broken
stone, concrete, fill material, cement synthesized solutions, their structures).

Analytical and experimental, engineering calculations of thermal resistan-
ce for conventional automobile road pavements give ground to consider them
as semi-bounded bodies at cyclic fluctuation of free-air temperature, transi-
tions from positive to negative values, with various heat transfer coefficients.
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It is also necessary to take into account radiation heat transfer between sky
dome, surfaces of construction roadside objects, afforestation, transport facilities
and so on.

Densities of heat flows in the materials of road pavements depend on geo-
metrical dimensions of road-bed (width), radiation characteristics (spectral, total
emissivity), local average values of surface temperature and so on. Deformation
characteristics, longevity, crack resistance of road, airdrome pavements are de-
termined by indices of air temperature fluctuations, their attenuation in the road-
bed, because an index of heat inertia depends on the products of heat conductivi-
ty thermal resistances and their coefficients of heat absorption. “A layer of vio-
lent temperature fluctuations” which is located at a specific distance from the
road-bed surface plays a significant role for longevity of road dressings.

There are temperature fluctuations in the road, concrete and asphalt-concrete
pavements and due to this reason stresses, deformations cause temperature
cracks. Temperature deformations include free stressed deformations which are
proportional to temperature gradients and which are stipulated by temperature
stresses characterized by linear temperature expansion coefficients. The follo-
wing physical and mechanical properties are changing in the course of time:
strength, modules of elastic longitudinal deformations, shift, longitudinal defor-
mation coefficients for all components. In such a case creeping leads to decrease
in stresses initiated by forced deformations (temperature deformation, shrinking
deformation, re-distribution of stresses). So temperature of road pavement ma-
terials depends on coordinates, time, heat and physical characteristics of a ma-
terial.

While using variation algebraic, integral substitutions, stepwise approxima-
tions, integral transformations of numerical and other methods an analysis of
thermo-technical calculations, mass transfer has shown that majority of road
pavements have limited heat and mass resistance at relatively small external ac-
tions and radiation characteristics of surfaces.

Temperature fluctuations of the road dressings are of great importance and
they are conditional on temperatures which are changing in accordance with sea-
sonal, daily, time intervals. Thus the road dressings have a complicated non-
stationary heat regime when temperature fields of the pavements, their gradients
of temperatures, mass potentials depend on boundary conditions of 1-4 types.
While having boundary condition of 3™ type total (dynamic and heat) heat-
exchange coefficient in boundary layers is considered as the most important
characteristic for heat and mass transfer.

Boundary air layers at road pavements

Calculations of thickness for dynamic, heat boundary layers at various geo-
metric dimensions of surface, roads, velocity, air temperature have been carried
out in respect to various climatic conditions. Some results of these calculations
are presented in fig. 1-4.
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at road pavement on air motion velocity at road pavement on air temperature

Methodologies for experimental investigations of road pavements

An analysis of structural characteristics for road pavements have been made
with the help of systems including sources of high-speed electrons, X-ray spec-
trometers, single channel electronic impulse analyzers, an electronic scanning
microscope and an optical microscope. Vacuum in optical systems and X-ray
spectrometers has been created by an automatic system. An incandescent tung-
sten filament has served as a source of electrons and converging, stigmatophore,
objective lenses ensuring qualitative presentation of the surface have been used
as an electronic and optical system.

Stereo images of concrete pavement surfaces (fig. 5) show that dark areas
correspond to elements with less atomic weight and lighter areas correspond to
elements that have higher atomic weight.

Densities of diffusion, filtration flows at various climatic characteristics,
densities of droplet moisture flows serve as a quantitative estimation of capillary
processes in the road concrete pavements [7, 8].

A device (fig. 6) has been developed and patented for measuring capillary
pressure. Methodologies for testing layers of road concrete or asphalt concrete
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pavements for gas- and air-permeability has also been developed and these
methodologies characterize material structure and physical and technical charac-
teristics of separate components and pavement as a whole (fig. 7) [9].

Fig. 6. Scheme of device for measuring Fig. 7. Scheme of device for determination
capillary pressure: 1 — pressure-sensitive of air permeability in hard-grained materials:
receiver; 2 — capillary needle; 3 — elastic 1 — cassette; 2 — glass tube; 3 — piston; 4 — screw;
diaphragm; 4, 5 — chambers; 6 — pipeline; 5 —nut; 6, 7 — sheaves; 8 — belt; 9 — holder;

7 — pressure regulation unit; 10 — measuring vessel

8 — level meter; 9 — manometer

Quality of permeability measurements has been reached due to application
a special device which was designed in the form of an inclined tube with a rub-
ber hollow piston connected with a mechanism that ensures its translational mo-
tion with minimum friction (presence of glycerine solution). An air permeability
coefficient is calculated according to volume of air passing through a tube cross-
section within specific time interval and pressure difference and such approach
has ensured validity of investigations results [10, 11].
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Final characteristics of longevity, heat-, physical and technical parameters
of road pavements for every variant of road dressing depend on adequacy
of a mathematical model, target function while making design.

Full-scale investigations of heat- and mass transfer in road dressings

The larger the designed project the more probability that solutions will
be taken on the basis of such principles as an intuition, a discretionary decision,
an experience, common sense. Every variant of selection has its advantages, di-
sadvantages so the most optimum alternative presupposes development, applica-
tion of scientific method that permits to find solutions which make it possible to
assess consequences, to exclude unacceptable variants, to recommend the most
efficient proposals. A system approach which takes into account the complicated
data of various physical nature is considered as the most appropriate one.

While using a system analysis it is possible to develop a mathematical model
of heat and mass transfer in the road dressing and the model is to be developed
on the basis of heat-power interaction that includes accounting of partial and
general temperature, velocity, pressure, radiation flows, heat and mass accumu-
lating characteristics of materials for constructive layers of road dressings; heat
and energy balance of a road object, heat and mass transfer characteristics while
being in operation in various periods of time.

Complex investigations have been carried out in various climatic conditions
while using multi-functional devices “Testo 435 and a set of resistance tempe-
rature devices KTCII-H. Convective, radiation flows have been determined with
the help of noncontact infrared radiation pyrometers AR852B. Thermo-visors
SATHOTFIND (Series L), Company NEC “Ttacer TN 7700” have been used for
obtaining thermo-visional measurements of temperature fields on road surfaces
in case of solar radiation absence and presence. (The investigations have been
made in the Republic of Belarus while constructing Minsk Automobile Ring
Road which fully meets all International standards).

CONCLUSIONS

1. At theoretical justification of a method of crack-resistance calculation at
capillary shrinkage of early age concrete with use of approaches of fracture me-
chanics by the generalized criterion the main assumptions are formulated.

2. The developed model is the hierarchical system, suitable for the descrip-
tion of processes of destruction (destruction) of early age concrete at any levels
of consideration of its structure. Having entered the corresponding characteris-
tics for materials of filler and cement and sand solution, it is possible to receive
deformative, strength characteristics, parameters of the concrete cracks in case
of change of its humidity and temperature (at shrinkage).

3. Being based on the considered regularities of concrete destruction process,
it is offered to divide all defects of structure, both initial, and developed as a re-
sult of power and not power influences, into 5 main types. The amount of pores
and cracks of the first four types depends on concrete porosity, and type V — and
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on the volume content of grains of small or coarse aggregate. To each type
of damages, there corresponds the stress intensity factor, extent of influence and
which value on the general crack resistance of material depend on quantity
of this type of pores and cracks in concrete volume.

4. The new evidence-based algorithm of crack-resistance calculation at
shrinkage of early age concrete by the generalized criterion, which contains the
sequence of operations of calculation as for selection of structure, taking into
account the factors, influencing capillary pressure and according to characteris-
tics of properties of concrete components, its technological parameters, and for
definition of concrete residual resource on its structure and properties and also
on the samples, which are selected from structures at early age is offered.
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Pedepar. B cratbe npuBoATCA U aHATU3UPYIOTCA PE3YAbTaThl SKCIIEPUMEHTAILHOIO UCCIIEI0Ba-
HUS a3POANHAMHKY II0TOKA B paboueM 00beMe IIMKIOHHBIX KaMep OOJIBIIONH OTHOCHUTEIBLHOM IJIH-
HBI, 3HAYUTEIBHO MPEBBIAIONIEH JUIMHY KaMep B paHee BHINOIHEHHBIX HccienoBaHusaX. [loaeon
BO3/JyXa B 3aKpy4IHMBaTeNIb KaMepPhl OCYIIECTBIUIN TAHTCHIMATIGHO C AUAMETPATFHO IPOTHBOIIO-
JIO)KHBIX CTOPOH JIBYMsI BXOAHBIMH KaHaJaMH. BeiBoJ Bo3myxa n3 pabodero o6bemMa KaMepsl Ipo-
U3BOJMIN C IPOTUBOIIOJIOXXHOTO TOpIAa KaMephbl uepe3 KpPYIJIoe OCEeCUMMETPUYHOE OTBEPCTHE.
3Ha4yeHus IIOUIA M BXOJHBIX KaHAJIOB U JUaMeTpa BBIXOJHOTO OTBEPCTHS BapbUPOBAIU CMEHHbI-
MH BKJIaJIBIIIAMH U TiepeskuMaMiy. OTBITH BBITOJIHEHBI METOIOM JIa3epHOIT IOTIEPOBCKOIT aHeMO-
MeTpun. B pesymbraTe ycTaHOBIEHBI HOBBIE OCOOEHHOCTH (hOPMHPOBAHMS HOTOKa B pabodeM
00beMe OTHOCHUTEIBHO JUTMHHBIX [IMKIOHHBIX Kamep. Onpe/eneHbl OCHOBHBIC XapaKTEePHBIC BEJH-
YHHBI TOTOKA paboyero oobema. B 4acTHOCTH, YCTAHOBJICHO OMpeIelisIioliee BIHSHUE XapaKTepH-
CTHK $1/Ipa TIOTOKA Ha €T0 CTPYKTYPY B OTHOCHTENBHO JUIMHHBIX IIUKJIOHHBIX Kamepax. [lomqoOpanst
pacyeTHble COOTHOILICHHUS Ul OIPEAENEHHUS 3TUX BEIMYUH B 3aBUCHMOCTH OT I€OMETPHUYECKHUX
XapaKTEepUCTUK HccienyeMoil kamepnl. OmpeneneHa TpaHUIAa NPUCTCHHOW 00JacTH TedeHus,
B KOTOPOH CO3JAfOTCS OIAaromnpHsATHBIE YCIOBHS JUIS MPOSIBICHHUS HEYCTOHYMBOCTH MOTOKA. [Ipo-
BEICHO YHCIICHHOE MOJICIIUPOBaHUE TeueHus B nporpaMMHoM komiuiekce ANSYS Fluent. Ilo ero
pe3ysibTaTaM IpPEICTaBICHO CpPaBHEHHE IOKa3aTeled YHMCIEHHOIO MOJCIUPOBAHUS, PACUETHBIX
3aBUCHMOCTEH U SKCIEPUMEHTANIbHbIX JaHHbBIX. COIOCTaBIEHUE PE3yJbTATOB I10KA3aJ0 BIIOJIHE
YIIOBIETBOPUTENIBHOE cOBIajeHue. [lomydeHHbIe B Ipomecce UCCIeI0BaHNH JaHHbIE U pacieTHEIS
COOTHOIICHUSI MOTYT OBITh HCIIOJIb30BaHBl B MH)KCHEPHOH IPAKTHKE M MPEICTAaBIIIOT HMHTEPEC
C TOYKH 3peHMs JajJbHEHIEro M3yuyeHHs a’pOJUMHAMHKH B CHUJIBHO 3aKPYyYEHHOM IOTOKE LUK-
JIOHHBIX YCTPOWCTB AN COBEPIICHCTBOBAHHMS METOAWK WX TEIUIOBOTO M a’pOJHHAMHYECKOTO
pacdeToB.
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nenupoBanue, ANSYS Fluent
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Aerodynamics and Stability of the Flow
in Relatively Long Cyclone Chambers
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YNorthern (Arctic) Federal University named after M. V. Lomonosov (Arkhangelsk,
Russian Federation)

Abstract. The article presents and analyzes the results of an experimental study of the aerodynam-
ics of the flow in the working volume of cyclone chambers of a large relative length, significantly
exceeding the length of the chambers that were used in the previous studies. Air supply to the
chamber swirler was carried out tangentially from diametrically opposite sides by two inlet chan-
nels. The air discharge from the working volume of the chamber was made from the opposite end
of the chamber through a round axisymmetric hole. The values of the area of the inlet channels
and the diameter of the outlet were varied with replaceable incrustations and clamps. The experi-
ments were performed with the use of laser Doppler anemometry. As a result, previously unknown
features of flow formation in the working volume of relatively long cyclone chambers have been
determined. The main characteristic values of the working volume flow have determined as well.
In particular, the determining influence of the flow core characteristics on its structure in relatively
long cyclone chambers has been discovered. The calculated ratios have been chosen to determine
these values depending on the geometrical characteristics of the chamber under study. The boun-
dary of the near-wall flow region, in which favorable conditions for the flow instability are crea-
ted, is determined. Numerical simulation of the flow in the ANSYS Fluent software has been per-
formed. Based on its results, a comparison of the results of numerical simulation, calculated
dependencies and experimental data is presented. A comparison of the results demonstrated
a completely satisfactory coincidence. Data obtained in the process of research and calculated
ratios can be used in engineering practice and are of an interest from the point of view of further
study of aerodynamics in a highly swirled flow of cyclone devices in order of to improving
the methods of their thermal and aerodynamic calculations.

Keywords: cyclone chamber, flow stability, flow core, numerical simulation, ANSY'S Fluent
For citation: Saburov E. N., Onokhin D. A. (2018) Aerodynamics and Stability of the Flow

in Relatively Long Cyclone Chambers. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng.
Assoc. 61 (6), 527-538. https://doi.org/10.21122/1029-7448-2018-61-6-527-538 (in Russian)

BBenenne

OpnHoil U3 BaKHEHIIMX 3a7a4 MOJCPHHU3ALUU U PA3BUTHS MPOMBILIICHHON
TEIUIOIHEPI€TUKY SBJISIETCS MIOBBIIIEHHE IPOU3BOAUTENLHOCTH U SHEProdppex-
TUBHOCTH 000pynoBaHus. Jls ee pelieHHs yCHEUIHOe NPUMEHEHHE HaILIA
3aKpy4YeHHBIE BBICOKOTYpOYJIEHTHBIE TMOTOKM TEIJIOHOCUTEJIECH, B TOM 4YHCIE
U CO3/1aBacMble B LIMKJIOHHBIX Kamepax. L[MKIOHHbBIE KaMepbl UCHOJIb3YIOTCS BO
MHOTHX OTPAacJIsIX MPOMBILIIICHHOCTH B Ka4eCTBE YCTPOWCTB TEMJIOBOH 00paboT-
KM MaTepHaJioB, IIMKJIIOHHBIX TOMIOK U Tieuel [ 1, 2], pekymepaTopoB, BO3LyXOIIO-
nmorpesareieil u cemaparopoB [3]. OHM 007ama0T MPOCTON M YHHBEPCAIBHOM
KOHCTPYKIIMEH, KOTOpas TO3BOJISIET AOOHMTHCS BBICOKOW CTENEHW HHTEHCHB-
HOCTH TEIJIO- U MAacCOOOMEHHBIX, CEMapalMOHHBIX M APYIHX IPOLECCOB.
[Ipenmy1iecTBa IUMKJIOHHBIX YCTPOHCTB M OCOOEHHOCTH UX PabOThI ONPENeTIsIIOTCS,
npeXkJie BCETO, UX a3pPOAMHAMHUKON. BONMBITMHCTBO MccieOBaHMi 110 a3poIHAa-
MHUKE U KOHBEKTUBHOMY TEIUIOOOMEHY B LMKJIOHHBIX KaMepax BBIIOJIHEHO Ha

MX MOJENSX ¢ Maloi oTHocutenbHoi mmunoit L =L /D, (L., Di — niuna
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U nuaMeTp pabodero oObema Kamephl). IMEHHO Takwe YCTpPOWCTBA TEpBOHA-
YaJIbHO TIOJYYWIIH IUPOKOE PacpoCTPaHEeHUE B MpoMbiuieHHoCTH |1, 4]. Pac-
IIUpPEeHNe TMPOMBIIIIEHHOTO HCTIOIh30BAHHUS W TMOBBIIICHUE MPOU3BOAUTEIHHO-
CTH BBI3BAJIM HEOOXOIMMOCTH YBEITMYEHUS JIIMHBI UX pabodero oobema u mpo-
BEJICHUSI COOTBETCTBYIOIIUX HMCCIICAOBAHUN I pa3paOOTKU PEKOMEHIAIMI 10
WX pacdeTy ¥ KOHCTpyHpoBaHHIo [5]. Ocobyio BaXXHOCTh B CBS3H C 3THM IPHOO-
PETAOT TEOPETUYECCKHE M 3KCICPUMCHTAIBHBIC MCCIICOBAHUS CTPYKTYpHI 3a-
Kpy4Y€HHBIX TedeHuH [6].

[lepBBle cucTeMaTHYecKHe WCCIENOBaHUS a’dpPOJUHAMUKHA MOJENeH INK-
JIOHHBIX KaMe€p C OTHOCUTEIBHON /JIMHOW B IIMPOKOM JUANa30HE H3MEHE-

Hus L, =1,0-11,5 moka3zanu, 4to adpoJuHAMUKA JUIMHHBIX [UKJIOHHBIX Kamep
MMeeT HEeKOTOpbIe 0COOeHHOCTH [7].

MeToauka ucciae10BaHUS

HccnenoBanne a’poiMHAMHUKHU BBIIIOJIHEHO HA 3KCIIEPUMEHTAIBHOM CTEH/E,
cxema KOTOpOro npeacrasieHa Ha puc. 1. Pabounii 00beM HUKIOHHON KaMepsbl
HPEICTaBIsUT COOON Mpo3padHyro TpyOy M3 OprcTeKiia ¢ BHYTPEHHHM JHaMeT-
poMm D, =2R,= 172 MM, COCTBIKOBaHHYIO C 3aKpy4MBaTeieM noroka. OTHoOcCH-

TenbHas jiauHa Kamepsl L, = 13. TlogBox BO3myxa B 3aKpy4HBaTellb KaMephbl

OCYIIECTBIISUIA TAHTCHIMAIBHO C JAHAMETPATbHO MPOTUBOIOJIOKHBIX CTOPOH
JIBYMsI BXOJHBIMHM KaHaIaMu (IILTUIAMK), UMEIOIIMMU Pa3Mephl MOMEPEYHOTO
cedeHus 24x84 MM. OcH TIUIAIIEB HAXOAMINCH B OAHOW IOTEPEYHOM ILTOCKO-
ctd Ha paccrosauu 0,5D, OT TUIyXOro TOpIia 3aKpyduBaTeis. be3pasmepHyto

7 2
IO/ TOMEPEYHOrO CEUCHHs] BXOAHBIX KaHAIoOB f, =4f, / nD, u3MeHs-

JIM CIEIHAIbHO CHpOUINPOBaHHBIMKM BKJIajablmaMu B auanazoHe 0,02-0,21.
BriBoi Ta30B OCYIIECTBISUIM C TPOTHBOIOJIOKHOTO OT 3aKPy4HMBATEIs TOP-
1a KaMephl Yepe3 pACIOJIOKEHHOE B HEM BBIXOJHOE OTBEPCTHE, PECHBEP
W BEHTHJISIMOHHBIA KaHajd. OTHOCUTEIbHBIN JUAMETP BBIXOJHOTO OTBEPCTHS

kamepsl d, =d, /D, BapbUpoBaNIM CMEHHBIMH auadparMamMu B TIpejic-

nax 0,2—1,0. Bo3ayx B kamepy mojaBajau BO3AYXOIyBKOW C HOMHHAIBHOM TIPO-
M3BOJUTENBHOCTRIO 1,6 M°/c ¥ pacmonaraeMbiM HamopoM 16 kIla. M3menenue
pacxoja BO3yxa IIPOU3BOAMIN BapbUPOBAHUEM YHCIIa 0OOPOTOB BO3AYXOLyBKH
C TIOMOIIBIO YaCTOTHOI'O NpeoOpa3oBaTels.

HccnenoBanve a’poJuHaMHUKH IHUKJIOHHOW KaMepbl MPOBOJWIM B CTalHO-
HapHBIX YCJIOBUAX IPU IIOCTOSIHHOM pacxone Bosayxa. OmpeneneHue M30bIToU-
HOT'O CTaTHYECKOrO AABJICHUS B IOABOAALIEM BO3IYyXOBOJE, BO BXOAHBIX KaHa-
Jax U Ha OOKOBOW MOBEPXHOCTH KaMephbl MPOW3BOJIWIN 4Yepe3 ApeHaKHBIE OT-
Bepctusi U-00pa3HbIMHU BOASHBIMU AU(MaHOMETPAMU U MUKPOMAaHOMETPaMH.

[Monst ckopocteit B paboyeM oObeMe KaMephl HCCIIEA0BAIA METOJIOM Jiazep-
HOW JIOTIJIEPOBCKON aHEMOMETPHUHW IMPH TOMOUIM TSTHIYYEBOTO JIa3ePHOTO JI0-
iepoBckoro anemometpa (JIZIA), MeToauka n3MepeHns KOTOpOTO OCHOBaHa Ha
JIOTUIEPOBCKOM 3((HEeKTe CMEIISCHHS YacTOThl M3JIy4YCHHUs, OTPAXKCHHOTO OT JIBH-
JKYIIUXCS B IOTOKE yacTuIl [8].
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C menpio BU3yalnM3alliyd MOTOKa W TpoBeneHus JIJ[A-n3MmepeHnii B MOTOK
BBOJIMJIM MHUKPOCKOITMYECKHE YacTUIBI AUaMeTpoM okosio 1 mxm. McTounukom
YacTHII CIYXWI reHepaTop TymaHa Safex Fog Generator 2001 ¢upmer Dantec,
B KOTOPOM HCITONIb30Baach crieruansHas xxuakocth Safex Fog Fluid Standard —
MOJMCTUPOST Ha OCHOBe STHWieHrNMKons. OueHka pa3Mepa YacTUl] TyMaHa
B [9, 10] mokazana ux Mayr0 HHEPIHMOHHOCTH, YTO MPAKTUIECKH HE OKA3bIBACT
BJIMSIHUSI HA TOYHOCTH U3MEpeHus ckopocTeil. KoHuenTpammio yactun noadupa-
JIA OKCINCPUMCHTAJIBHO OO0 MOJYUCHHUA YCTOI‘/'I‘II/IBI)IX JOIUICPOBCKUX BCIJIECKOB Ha
OCITMJLTOCKOTIE CHCTEMHOro MoHUTOpa B miporpamme BSA Flow. Konmgecto m3me-
peHHIA CKOPOCTH B KaXKION TOUke B cpeaHeM paBHsu1och 2000 wactuil. Ctatuctuye-
ckast 00paboTKa pe3yabTaToB u3MepeHuii B mporpamme BSA Flow mo3Bonsina pac-
CUHMTATh 3HAYCHHSI OCPEIHEHHON CKOPOCTH MOTOKA B TOUKE H3MEPEHHUSL.

s 6 7 8
9

L3 !

\/ 12

18 I

16 15

Puc. 1. Cxema 5KCTIEpUMEHTAILHOTO CTEH/A AT UCCIIeJOBaHUS a3POANHAMUKN LIUKJIOHHOM
KaMephl C UCTIOIb30BaHUEM JIa3ePHOTO JIOIUIEPOBCKOTO aHeMoMeTpa: 1 — pabounii 06beM
LUKJIOHHOW KaMepsl; 2 — 3aKpy4dHuBaTeNb; 3 — BXOAHOHN KaHal (IUIHI); 4 — MUKPOMaHOMETP;
5 —9acTOTHBIHI IpeoOpa3zoBaTelib; 6 — IPUBOAHON NIEKTPOABUraTeNb; 7 — BO3AYXOIYBKa;

8 — repmomerp; 9 — U-oOpasublii MmanoMmetp; 10 — n3mepurensHas auadparma; 11 — onrudeckuii
30H7; 12 — TpaBepca; 13 — onTOBONIOKOHHBIH cBETOBO; 14 — oTonpreMHHK ((hOTOMYIIBTUILICHED);
15 — ontuyeckuit kommyTtatop; 16 — nasep; 17 — mpoueccop BSA; 18 — kommneroTep
Fig. 1. Block diagram of the experimental stand for research of aerodynamics
with the use of the LDA-method: 1 — working volume of cyclone chamber; 2 — swirler;

3 — entrance channels (slots); 4 — micromanometer; 5 — frequency converter; 6 — drive electric
motor; 7 — blower; 8 — thermometers; 9 — U-shaped manometer; 10 — measuring diaphragm;
11 — optical probe; 12 — traverse; 13 — optical fibers; 14 — photodetector (photo multiplayer);
15 — optical commutator; 16 — laser; 17 — BSA processor; 18 — computer

B ompITax mcmosib30Baid TPEXKOMIIOHEHTHYIO cuctemy JIJIA ¢ muddepen-
IIAATFHON ONTHYECKOW cXeMOH [9], 4TO MO3BOJSAIO M3MEPATH BCE TPH KOMIIO-
HEHTBI BEKTOPA IMOJHOW CKOPOCTH MOTOKA. VICTOUHMKOM JIa3ePHOTO U3ITYUYCHHS
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SIBIISJICSL Ta30BbIi aproHoBeii jasep Coherent Innova 70c ¢ qIMHOM BOJHBI
A =514,5 am. JlazepHpIil J1yy pasfensuics B ONTHYECKOM KOMMYTaTOPE CEpUH
60X FiberFlow ¢upmer Dantec Ha maTh Jy4eid, KOTOpBIE MOAABAIUCH 110 ONTO-
BOJIOKOHHBIM CBETOBOJAM B ONTHYECKWW 30H[. M3MepuTenbHBI 00heM HaxXo-
JWIICS Ha TIepeceueHm  Ja3epHbIX JIydeld U uMen Gopmy aummanconna. [lepeme-
LIEHHE B IPOCTPAHCTBE ONTHUYECKOTO 30HJa OCYLIECTBISIOCH MPU TOMOIIHU HU3-
MEpPUTEIIbHOU TpaBePCHI.

OTpakeHHOE ABIDKYIIUMUCS YaCTHUIIAMH HW3ITyYeHHE YIIaBIUBAIOCH OITH-
9YecKMM 30HIOM M TepeaBajiock Ha (OTONPHEMHHK — (OTOMyNbTUILIEHED,
B KOTOPOM Tpe0oOpa3oBBIBAJIOCh B DIEKTPHUECKUI CUTHAN. [loTydeHHBIH dIeK-
TPUYECKUN CUTHAJ YCHUJIMBAJICS U INEpeNaBalica ajee Ha CUTHAJIBHBIN IpoLec-
cop BSA P80, peructpupoBaBIIHii JOMIEPOBCKUE BCIUIECKH, MPOU3BOIUBIITNI
CpaBHEHHE YaCTOT HM3IYYEHHUS W OKOHYATEIbHYI0 00paboTKy maHHBIX. Jlamee
KOHEYHBIE TaHHbIE NEePEIaBaIiuCh HAa IEPCOHATIBHBIA KOMIIBIOTED 7151 HATYPHOTO
MpEJICTaBICHUs, OcylecTBiaseMoro B mporpamme BSA Flow. Ilporpammuoe
obecrieuenne BSA Flow Taxke mO3BOISIIO YIPABIAThH MEPEMEIIEHUEM ONTHYE-
CKOTO 30H/1a 110 TpaBepce, yCTAaHABIMBATh U UBMEHSATh HACTPOUKH U3MEPEHUH.

Pe3y.m,TaT1>1 HCCJICAOBAHUA

Pe3ynbpTaThl uccienoBaHus MO3BOJSIOT IPEK/E BCETO OTMETUTh, YTO OCHOB-
Has (HauOOJIbIIAs) KOMIIOHEHTa CKOPOCTH IMOTOKA B OTHOCUTEIILHO JUTUHHBIX
LMKJIOHHBIX KaMepax — TaHTeHIMallbHas w,. [lo BeluunHe TaHreHIUaIbHAs
KOMITOHEHTA W, KaK U B OTHOCHTEIILHO KOPOTKHX KaMmepax, sSBJIAETCS HauOOIIb-
meit. OceBas w, U paguaibHas W, COCTABIISIONINE U [0 BEIMYNHE, U 110 pacipe-
JISJICHUI0 TpakThdecku Onm3ku. OnHAKO pacnperencHus Oe3pa3MepHOl TaH-

TEHIIMATBHON COCTABIISIONIEH CKOPOCTH W, =W, / V.. TO OTHOCHTEIILHOMY pa-
nuycy 7=r/R, B JUIMHHBIX KaMepaX, B OTJIIMYHE OT KOPOTKHX, CYIIECTBEHHO

MEHSETCS BJIOJIb pabouero oobema (puc. 2).
B HayanbHBIX CEUCHHMSAX B MECTE BBOJA BO3[yXa B paboumii 00beM uepes

ULTHIBI PACHpesieNieHue W, (7) SBIISIETCS] PE3yJIbTATOM B3aMMOJIEHCTBHUS BBIXO-

JSIIUX W3 HIMLNEB CTPYH ¢ KPUBOJIMHEHHOW CTEHKOH pabouero oobema u yxe
BpallalOIUMHCS B Kamepe Tazamu. lIpu mepemenieHuu cOpMHUPOBABILEIOCS
3aKpY4YEHHOTO ITOTOKA II0 HANpaBJICHUIO K BBIXOAHOMY OTBEPCTHIO KaMephl OH
nepecTpanBaeTcsl 4O pacrlpeieieHus] B 00NacTH BBIXOAHOTO OTBEPCTHUS, ONn3-

KOro K mpopuwio W, (7) OTHOCHUTEIHHO KOPOTKUX ITUKIOHHO-BUXPEBBIX Ka-
Mep (¢ MaKCUMyMOM W, , KBa3UIIOTCHIUAIIbHON 1 KBA3UTBEP/BIMU 30HAMH).
[locTereHHBIN MPOIECC MEPECTPOMKH pacHpeeieHuUs w(p(r) MIPOUCXOANT

TakuM 00pa3oM, 4TO BCE PacIpeeNieHus W, (17) MIEPECEKAIOTCS B OJTHOM TOUKE C

0e3pa3MepHOl pajauanbHO KoopauHaTol 7, =r, /R, (puc. 2a). 3HaueHue 7, —

ITOCTOSTHHASI BEJIMYMHA VISl TAHHON TeOMETPUU ITMKIIOHHOW KaMephl, B O0IIeM
ClIydae 3aBUCAIIAS OT €€ TeOMETPHYECKUX XapaKTepUCTHK. be3pa3mepHbIil pa-
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IAyC 7, SABIIETCA PaJdyCOM YCIOBHOM KPYIVIONM IMIMHIPUYECKON ITOBEPXHOCTH
B TPHOCEBOM 30HE TIOTOKA — paJUalbHON TPaHUIEH €ro CBOeoOpa3HOro sjpa.
BespasmepHas TaHreHIMATbHAS CKOPOCTb HA TPAHHLIE S/PA IOTOKA Wy, = Wig/ Vg

a b

":u'*l* (9
4 Q‘
AN =

0.4 0.6 08 7

Puc. 2. PacnipenenieHre TaHT€HIIMAILHOM (@) KOMIIOHEHTHI CKOPOCTH, MOMEHTA KOJIMYECTBA
nsmxeHns (b), oceBoit (¢) 1 paxuansHOi (d) COCTaBISIOMIMX CKOPOCTH B UKJIOHHON KaMepe

C XapaKTepUCTUKAMU ZK =13; ]7“ =0,04; d,,, =0,59 B ceueHmsix:

O0—z =1,50-2,0;0-4,0; A—6,0; x—8,0; >x—10,0; + - 12,5

Fig. 2. Distributions of the tangential (a) component of velocity, angular momentum (b), axial (c)
and radial (d) components of velocity in the cyclone chamber with the following characteristics:

L, =13; f, =0.04; d,

out

O0—z =1.50-2.0;0-4.0;A-6.0; x—8.0; >x —10.0; + - 12.5

=0.59 in the sections:

O0e 30HBI IEPECTPONKHN PA3NENAIOTCS CEUCHUEM C KOOPAMHATOH Z, =z, /D,.
B 5TOM ceyennn BeNMYMHA TAHTEHIMAIBHON COCTABIAIOIIEH CKOPOCTH Wy SB-
JIACTCs MOCTOSAHHOM Ha pamuycax 7, <7 <7, , TA€ Ty, =7y, /R, — pammyc mo-
JIO’KEHUsI MAKCHMAJIbHOTO 3HAYEHHs MOMEHTA TaHTEHIHAIbHOM COCTaBIIIOIIEH
ckopoct M, =W, 7y, (PUC. 2D); Wy, — COOTBETCTBYET MAaKCHMyMYy MO-
MEHTa TaHIeHLIMalbHOH ckopoctd. Koopaumnata Zz, B Oe3pasMepHOM BHIE

ONpeAesieT NEPEXOJHOE CEUYEHHE INMEpPECTPONKH TOTOKA, HAXOAIIErocs IOJ
BJIIMSIHUEM YCJIOBHH BBOJa (YCIIOBHMI BXOJa ra3a B KaMepy), B IMOTOK, HaXo.s-
IIMICS TIOJ BIMSHUEM BBIXOIHBIX YCIOBHH (YCJIIOBHH HCTE€UEHHUS rasza U3 Kame-
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pbl), U SABISETCS (TaK K€ KaK M 7, ) BEJIMUMHOM MOCTOSTHHOW JJIs TaHHOW Ieo-

MeTpuu Kamepsl. Mrak, mpomonpHOe cedeHue Zz, pasfenser pabouunii o0beM
KaMephbl Ha JIBE 30HBI, C TOYKH 3PEHUs BIMAHUS Ha PACTpEENeHue W, (7):

BXOJIHYIO U BBIXOJTHYIO.
HecMoTpst Ha CIOXKHBIN TIpOIIecC MEePECTPORKH CKOPOCTHOTO TIOJsA, B pabdo-
4yeM 00beMe IUKIIOHHOW KaMephl 10 XapaKTepy H3MEHEHUS KOMIIOHEHThI CKOPO-

CTH IIOTOKa W(P B payaJibHOM HaIlpaBJICHUN MOXXHO BBIJACINTH OCECUMMETPHUYIHOC

SIIPO TIOTOKA. B 30HE BIUSHMA YCIOBUM BBIXOJA SIIPO MOTOKA COCTOMT U3 KBa-
3UTBEPION M KBA3UMOTCHITHAILHON YacTed, COCTUHEHHBIX HEOONBIIIM TEPEX0/I-

HbIM YYacTKOM, Ha KOTOPOM IIOKa3aTelb W, HMMEET MaKCHMAlbHOE 3HAYCHHE
Wom = Wom / Vix>» @ TIONOMNKEHHE paJyca ONpEJIENSETCs PaycoM 7, =T, / R .
B 30He BIMAHMA BXOAHBIX YCIOBHH Pactpesielienue W, (7) HOCHUT HHCIAAA0-

IIKMHA, BO3MOXXHO, CTPYHHBIN XapakTep.

Benwuunel 7, Wy,, Z,, W,c, XapaKTepU3YIOIIHe AP0 MUKIOHHOTO MOTO-

(03 st

Ka, KaK ITOKa3bIBaCT aHaJIUu3, ABJIAIOTCA y,Z[O6HI>IMI/I " (1)I/I3I/I‘-IeCKI/I 000CHOBaHHBI-
MU, OIIPCACIIAIOIIMMA OCHOBHBIC CKOPOCTHBIC XapaKTCPUCTHUKU ITOTOKA. Hx 3nHa-
YeHHSI MOTYT OBITH OTIPENIENEeHBI 10 CIEAYIONINM (hopMyIam:

7, =0,96L. " £,3% (1-10A, ); 1)

Wy =0,23L 1170,k @)

E’I = 0’33581_'K - 20’988](37( + 4’546731,1x + 0’372’ (3)
Woe =4,46f,, —0,025L +0,515, 4)

rae A=A, /D, — OTHOCHTEIbHAs BBICOTA BBICTYIIOB OYTOPKOB LIEPOXOBATO-

N0,287°0,2 .
cru; ky =1-1688A, "L~ — nonpaBounbiii KOO)GHUIHECHT Ha BIUSHUE MIEPOXO-
BaTOCTH paboyero o0beMa KaMephbl, BBEJACHHBIH HCXO/1s M3 aHAIM3a ONBITOB [4].
Pammyc sgpa — BHyTpeHHssi rpaHuna nepudepuitHold o01acTu TeYeHUs.
Ee BHemHel rpaHuWIed SBISCTCS IIMIMHAPHYECKas IOBEPXHOCTh C pa-
JUYCOM 7oy, = Fors [ Res THE Ty, — PAJIIYC TIONOKEHUS MAKCHMATBHOTO 3HAYE-

HUSI MOMCHTA TaHTCHIMATBHOW COCTaBIsIONIeH ckopocTH. CHapy» H 3Ta 30HA
orpaHuucHa OOKOBOH MOBEPXHOCTHIO pabouero oobema.

OIHOBPEMEHHO C JKCIIEPUMEHTOM JIsi CPaBHEHUS OBLIO BBIMOJHEHO YHC-
JICHHOE MOJICJTMPOBAHUE adPOJUHAMHKH IMKJIOHHOW KaMepbl C XapaKTepPHCTH-

kamn L, =12,75; f, =0,04; d
BOJWJIA B TPEXMEPHOH IOCTAHOBKE C HCIOJIh30BAHHUEM MPOTrPaMMHOTIO KOM-
miekca ANSYS Fluent 15.0. Teuenue onucpiBaioch ypaBHEHUSIME PeiiHobca,
HEPa3pPHIBHOCTH U DHEPTHH. 3aMbIKaHUE YPAaBHEHUH OBIJIO BBIITOIHEHO C UCIIOIb-

s — 0,43, HucnenHoe pemieHue 3afgad Ipo-
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30BaHHEM JByXmapaMmeTpuiaeckoil moaemu TypOynentHoctr SST (Shear Stress
Transport) k—» ¢ mompaBkoW Ha KpPHBH3HY JIMHMK TOKa (curve correction) u
CTaHJApPTHBIX NpUCTeHOUYHBbIX QyHKIMiA [11]. Jduckpernzanus nuddepeHunanis-
HBIX YpaBHEHHH MPOBOAMIIACH C MUCIONB30BAaHHEM BTOPOTO MOPSAIKA TOYHOCTH.
Cero4Has MoJeNlb TOCTpOEHa OJOYHBIM METOAOM H IpeACTaBisiia cob0oi cTpyK-
TYPUPOBaHHYIO T'eKCa3JpUUECKYI0 CETKY pazMepoM | miH sueek. st mpucre-
HOYHOTO TIOTPAaHUYHOTO CJIOS (BKJIIOYAs BS3KHH ITOACIION) OBUIO obOecreueHo
CETOYHOE paspelueHue y =~ 1.

BekropHoe none (puc. 3a), TpaeKTOpUM IBWXKEHUS MOTOKa (puc. 3b) U KOH-
Typ TOJHOM CKOpOCTH TOTOKa (puc.3C) B TMPOJOIHHOM CEYCHHHM KaMephbl
npeAcTaBieHbl Ha puc. 3. UncieHHoe uccieoBaHnue MOATBEPXKIACT, YTO B LICH-
TpaJbHOM OCEBOW YacTW KaMephl HaXOAMTCS OBICTpOBpaLIarolieecs Sapo Mo-
TOKa, a Ha nepudepur — NPUCTEHOYHOE TeueHHe. IIpoaBurasich K BBIXOJHO-
MY OTBEPCTHIO, MOTOK MEXAY SAPOM U HPUCTEHOYHBIM TEUYEHHEM, CPBIBAsCh,
3aKpy4ymnBaercs, o0pa3ysl KpylmHOMAacIITaOHble BUXPEBbIC 30HBI. JlaHHBIE 30HEI
HaOIIONIAIOTCS TI0 BCed JummHE pabodero oObema kKamepsl. Ha mepBoii Tpetn
JUTMHBI KaMepbl HaOII0IAI0TCSI CHMMETPUYHBIE OTHOCUTENILHO OCH KPYITHBIE TO-
pOIOIOOHBIE BUXPH, SBIISIONIMECS PE3YJIbTATOM B3aWMOJECHCTBUS BXOAHBIX
CTpY#, epuQepuitHBIX TPSIMOTO U 00PaTHOTO, OCEBOTO OOPATHOTO M MPUTOPIIE-
BOTO IIOTOKOB Yy IJIyXoro topua. MckpusieHue BuUXpeil M mocienyrollee BbI-
CTpanBaHUE WX MO MOTOKY MPUBOIAT K (OPMHUPOBAHHIO CTPYKTYp Hamojo0ue
Buxpeit Teitnopa—I'epriepa, MOCTENIEHHO 3aHUMAIOIIUX BCE POCTPAHCTBO MEXK-
Iy SITPOM TIOTOKa M NMepUPEepUItHBIM TOKOM. [Ipy 3TOM KOIMYECTBO BUXpEH MO-
BBILIACTCS] B HAIIPABJICHUH BBIXOJHOTO cedeHus. LleHTpanbHas npuoceBasi 4acThb
MIPUTOPLIEBOI 0OJIACTH CPaBHUTENIHFHO MaJIONpOTOYHa. Bo BXogHO#M yacTn pado-
4yero o0beMa GOpMHUPYETCS BBIXOAHOH BUXPh, PACIIPOCTPAHSIONIHICS Y OOKOBOI
MMOBEPXHOCTH K BBIXOAHOMY TopLy. Ilo Mepe pacnpocTpanenus nepudepuitHoro
BBIXOJTHOTO BHXpsl ero 3Heprus 3aryxaer. [Ipu z > 10,0 3ameTHO pacrer ero
paauanbHas IPOTSHKEHHOCTh, W Ha TOCIEAHEH TpeTH AJIMHBI pabodyero o0beMa
BO3HMKAIOT OJIATONPHUATHBIC YCIOBUS ISl IPOSIBIICHUS] HEYCTOMYMBOCTH MOTOKA.
JlaHHO€E 00CTOSATENBCTBO BBIPAXKAETCS B OTPHIBE MIOTOKA OT CTEHOK M IEpeMelLe-
HUH €0 B MPHUOCEBYIO 30HY, JIMOO B 3aKOJBIIOBBIBAHMM M TOSBICHUH MEIKUX
BUXpeH. Sapo moToka Tepser ocecHMMEeTpUIHOCTh. Ha puc. 3 mokaszaHo, 9To B
CpelHEM CEYEHUM KaMepbl z, ~ 6,0 NPOUCXOIHT IEPeCTpoiika MOTOKA, BbIPa-

JKAIOIASCSl B IOSIBJICHUH BOJIM3U OCH KaMephl LIEMOYKH MEJKHUX BHXPEH.

C ToukM 3peHus] UCCIIeOBaHMs KOHBEKTUBHOIO TEINIOOOMEHa Ha OOKOBOM
MTOBEPXHOCTH pabouero o0bema IMHHBIX IUKIOHHBIX KaMep OOJIbIoe 3Hade-
HHE MMeeT MPUCTeHHas 00acTh nepud)epuitHoN 30HbI TeueHus. [ paHnia npucTeH-
HOI 30HBI MOXKET OBITh OMpeleyiecHa M3 YCIOBHSl YCTOMYMBOCTU PAaBHOBECHS Bpa-
miarorieiics xuakoctu (yenosue Penest). Ecnn npeneOpeds BIMSHHEM BTOPHUYHBIX
(oceBbIX) TEUEHHUH, YCIOBHE YCTOMYMBOCTH MOYKHO 3ammicars B Buje [12]:

dp(w,r) 0 (5)
dr
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Puc. 3. Bekroproe node (a), tuaun Toka (b) ¥ pacnpeaeneHne nojaHo| cKopocTH (¢)
B MIPOJIOJIHOM CEUCHHU IIUKIOHHOM KaMephl C XapaKTePUCTHKAMHU

=0,43

L =1275; f,, =0,04; d

BBIX

Fig. 3. The vector field (a), the lines of flow (b), and the distribution of the total velocity (c)
in the longitudinal section of the cyclone chamber with the following characteristics:

L, =12.75; f, =0.04; d,,, =043
NJIn

L dlw) 1, (©)
(w(pr)z dr p dr

g motoka, OIM3KOT0 K H30TEPMHUYECKOMY, YCIIOBUE YCTOWYMBOCTH MOKHO
YIPOCTHUTD, PUHSAB dp/dr = 0, Torna

M =0. @)
dr

VpaBuenue (7) ompeaenseT MOJOKEHHE MAaKCUMyMa MOMEHTa CKOPOCTH.
[Mony4yeHHbIe B OINBITAaX MaKCHMAalbHbIC 3HAYCHUS MOMEHTA TaHTCHIMAIbHOM
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COCTaBIIAOIIEH CKOPOCTH M, M pajlyChl, HA KOTOPBIX OHU HAOMIOAAIOTCS 7, ,

npuBesieHbl Ha puc. 4. [IpencTaBineHHbIe pe3ynbTaThl MO3BOJISIFOT OTMETUTb, YTO
npu 7 >r,,, HUMEITCS OJIarONpUATHBIE YCIOBHs IMOSBIEHHS HEYCTOMYMBOCTH

TEUYCHUS, BOBHUKHOBEHHSI BTOPUYHBIX TEUCHUH.

W3 puc. 4 BUOHO, YTO TOJOXXKEHHE MaKCHMyMa MOMEHTA, OMPEIEIIIIoNee
TpaHUIy YCTOMYMBOCTHA TCUYECHMs, U €r0 BEIMYMHA B 3HAYUTEIBHOU CTETICHU
3aBUCAT OT NPOAOIBHON KOOpAMHATHI Z . BBIABIEHO Takke CHUIBHOE BIUSHUC

BCJIMYMHBI IUIOIIAIU BXO/1a ITOTOKA B KaMC€PY Ha 3aBUCUMOCTHU FMm . Mm .
OnBITHBIE JaHHBIC, IIOJIYYC€HHBIX aBTOpaMU B HCCICAYEMBIX gUalia3oHax
TCOMCTPUYCCKUX U PCIKUMHBIX XaPAKTCPUCTUK IMUKJIIOHHBIX KaMCp, BIIOJIHC YIO0B-

JICTBOPUTCIIBHO MOKHO OIMMUCATH CICAYIOIIMUMHU 3aBUCUMOCTIMMU:

By =3.9470°7 0, ®
7. =0,93 70,015 770,009=-0,005, 9
oMm 4 BX BBIX )

M, = 4107700050 (10)

CpaBHeHHUE MONYYCHHBIX B JAHHOW CTaThe PE3yldbTaTOB C PE3yJIbTaTaMu
aQHAJOTUIHBIX OMBITOB [13], BEIMOJHEHHBIX MPHU MOMOIIM TPEXKAHAIBHOTO ITH-
JMHAPUYIECKOT0 M3MEPUTENBHOTO 30H/a, MOKAa3ajJ0 XOpOoIlee COBMAICHUE, YTO
MO3BOJIMJIO PACIIUPUTH JUANa30H IPUMEHUMOCTH MOTYYEeHHBIX (OPMYIIL.

Taxum o0pazom, ypaBHeHHs (8)—(10) MOryT OBITH UCTIONB30BAHBI IS pacye-

=0,2-1,0.

TOB B MAIIa30HAX BEJIUYHH: ZK =1,00-17,25; fo =0,02-0,21; d

BBIX

b

Puc. 4. 3Ha4eHNs] MAKCHMYMOB MOMEHTa TAHI€HLMAIBHON cKopocTr M, () U pajuycos,

Ha KOTOPBIX OHM HabmoarTes 7, (b), B IMKIOHHBIX KaMepax GONBIION OTHOCHTENBHOI THHBI

=0,43. O603naucHus: m — L, = 13,00;
= — (opMmyIibI (9), (10); ==== — pe3ynbTaThl YNCIACHHOT0 MOAENUpoBanus. OnbiThl [13]:
o L =1,00;0 275072501275 01725

Fig. 4. The values of the maximums of the moments M, of the tangential velocity (a)

¢ xapakrepucrukamu f,, = 0,08; d, .

and the radiuses 7,,, on which they are observed (b), in cyclone chambers of large relative length

with the following characteristics j_”l-,, =0.08; czm, =0.43. Notations: m — Zch =13.00;
= — formulas (9), (10); — results of numerical simulation. Experiments [13]:

o L, =100;e-2750—725 0—12.75 1725




E. N. Saburov, D. A. Onokhin
Aerodynamics and Stability of the Flow in Relatively Long Cyclone Chambers 537

ITpoBeneHubIi anamus mokasal, 4To 7y, M

m

u Wq)Mm SABIIAKOTCA HHTC-

rpaJIbHbIMU XapaKTCPUCTHUKAMU aA3POJUHAMHUKU OTHOCUTCIIBHO JJIIMHHBIX IHUK-
JIOHHBIX KaMcCp. Brinonnennas pa60Ta MO3BOJIMJIa TMOJYYUTh HOBBIC JaHHBIC,
YCTAaHOBUTH TI'paHULlY yCTOfI‘-IHBOCTPI TCUYCHHA, 3HAYCHHC XapaKTepHoﬁ TaHI'CH-

LIPIaJIBHOﬁ CKOpOCTHU w, OHPCI[CHHIOH_IGI;’I OCOOEHHOCTH TCUECHHUS B KaMepe,

oMm >
OIpPCACIUTb I'paHUuIly yCTOfI‘lPIBOCTH TCUYCHHA Ha BOFHyTOﬁ MMOBCPXHOCTHU pa6o—
yero oobeMa me " pacliupuTh AHAIla30H MPUMEHUMOCTHU OCHOBHBIX PacCUcT-

HBEIX (popmyTt.

BBIBO/IbI

1. BennauHsl 7, , We,, Z,, Woc, XaPaKTEPU3YIOLME AAPO UUKIOHHOIO M0~

TOKA, ONPEJEISIOT OCHOBHBIE CKOPOCTHBIE XapaKTEPUCTUKHU MOTOKA.

2. OCHOBHBIMH HHTETPAJbHBIMH  XapaKTEPUCTUKAMH, ONPEICITIONINMHU
YCIIOBUSI YCTOMYMBOTO TEUEHHUS W WHTEHCHBHOCTH TEIUIOOTAAYH, SIBISIOTCS pa-
JMyC MaKCHUMyMa MOMEHTA TaHI'€HIMAIBHON CKOPOCTH 7y, ¥ TaHTCHIHUAJIbHas

CKOPOCTb [IOTOKA HA 3TOM PA/INYCe Wy, -

3. IIpu moMomy YUCIEHHOTO MOAECTUPOBAHIS OOHAPY>KEHBI MPOSBICHUS He-
YCTOWYHMBOTO TEYEHHS — B MECTaX CphIBa IOTOKAa OOpPa3yIOTCs 3aKpy4dCHHBIE
BUXPU.
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IHapaMeTpuyeckasi ONTUMHU3ALMNSA CUCTEMBI
AaBTOMATHYECKOI'0 yIPaBJIeHUSA

MOIIHOCTHIO0 JHeprodokoB 300 MBT

B pe:KuMe NMepeMeHHOr0 JaBJIeHU napa nepea TyponHoii

I. T. Kyaakos”, A. T. Kynakos", K. U. Aprémenko"”

UBGJIOpyCCKPIfI HaIMOHAJBHBIN TeXHUYeCKHi yHuBepcuteT (T. MuHCK, Pecniybnmka Benapycs)

© benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBepcuTeT, 2018
Belarusian National Technical University, 2018

Pedepar. CtaTbs NOCBsILEHAa BOIPOCY MApaMETPUUECKON ONTUMHM3ALUKN CHCTEM aBTOMATHYECKO-
r0 YIpaBJiIeHHs MOIIHOCTBIO 3Hepro6aokoB 300 MBT Jlykomibckoii 'POC B pexnme mepeMeHHO-
ro JaBJIeHHs MeperpeToro napa nepexn TypouHoit. Ilocnenuuii pas MoaepHu3anus cUCTEM aBTOMa-
TUYECKOTO YNpPAaBIECHUS MOIIHOCTHIO SHEProOI0KOB Ha Bcex sHeprobiokax Jlykomnbsckoit [[POC
npoBoauiack B 90-e rr. XX B. B maHHBI MOMEHT 3TH CHUCTEMBI Y)K€ HE yIOBJIETBOPSIOT BCEM
TpeOOBaHUSIM HOBOTO CTaHIAPTa, KOTOPBII PErylIupyeT HOPMbI YUacTHsl SHEProOIOKOB TEIIOBBIX
3HeKTpOCTaHuHﬁ B HOPMUPOBAHHOM IICPBUYHOM PETYIUPOBAHUU YACTOTHI U ABTOMATUYECCKOM
BTOPUYHOM DETYJIUPOBAHUU YaCTOThl M NEPETOKOB aKTUBHOW MOIIHOCTH. COIJIaCHO IaHHOMY
CTaHaapTy, BpEMs OOCTHXKCHHS ITOJIOBUHHOT'O 3HAYCHUA HeOGXO}lI/lMOFO HU3MCHCHHS MOIIIHOCTH
JIOJDKHO cocTaBisaTh 10 ¢ B mpesenax HOPMaJIbHOTO U aBapUIHOIO PE3epBOB; BPEMsl JOCTIKECHHS
IIOJIHOTO 3HAYCHHs] HEOOXOANMOro W3MEHEHHs MOIIHOCTH JOJDKHO coctaBisiTh 30 ¢ B mpezenax
HOPMAJILHOTO pe3epBa M 2 MUH — B Ipeaenax aBapuitHoro. Tarke 3aBepLIaeTcsi CTPOUTEIBCTBO
Benopycckoit ADC, mepBblii 3Hepro6I0K KOTOPOit OymeT BBeneH B dkcmuyataiuio B 2019 r., BTO-
poii — B 2020 r. ITocne 3amycka ADC sueprobiioku Jlykomibckoit [POC OymyT BBIHYKICHBI pa-
00TaTh B IIMPOKOM JAWANa3oHe W3MEHEHHs Harpy3ok. VIMEHHO MO 3TUM NpUYMHAM HeoO0XOoIH-
MO TOBBICUTH 3()(PEKTUBHOCTH PAOOTHI YHEProOIOKOB, B YACTHOCTH M BCEH CTAHIMH B LIEJIOM.
DTOro MOXXHO JOOHTBHCS C ITOMOIIBIO NPUBEACHHOW METOJUKU MapaMeTPUYeCKOil ONTHMH3AINU
TUIIOBO CHUCTEMBI aBTOMaTHYECKOTO YIPABJICHHS MOILIHOCTBIO SHEProOJIOKOB, IMO3BOJITIONIEH
MOBBICHTh Ka4eCTBO PEryJMPOBAHUS MOIIHOCTH ¥ JaBJICHMs Iapa mepex TypOuHoi. PesymbraTs
KOMITBIOTEPHOT'O MOZICITUPOBAHHUS IIEPEXOIHBIX MPOLIECCOB B CUCTEME MILTIOCTPUPYIOT OIMCAHHYIO
B JIaHHOW CTaThe METOJMKY U MOJTBEPXKIAIOT €€ NMPaBIIHLHOCTh U HECOMHEHHbBIC NPEHMYILECTBa
nepes IpyrHMH METOJaMH ONTHMH3AMK THIIOBBIX CHCTEM aBTOMAaTHUYECKOTO YHPaBJICHHUS MOII-
HOCTBIO SHEProOJIOKOB.

KiioueBble cjioBa: aBTOMaTHYECKOE yHOpasJIE€HUE, DJIEKTPUUCCKasA MOIIHOCTb, PEXXUM IIEPEMEH-
HOI'0 JaBJICHUA I1apa, nmapaMeTpuieCcKast OnTuMu3anus CUCTEMBbI
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Parametric Optimization for Automatic Control System
of Power Units of 300 MW for the Mode of Variable Pressure
of Turbine Inlet Steam

G. T. Kulakov”, A. T. Kulakov", K. I. Artsiomenka”
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The article deals with the problem of parametric optimization of automatic control
systems for power units of 300 MW of Lukoml’skaya GRES in the mode of variable pressure
of turbine inlet superheated steam. The modernization of automatic power control systems of all
power units of Lukoml’skaya GRES was carried out in the nineties of XX century for the last time.
At the moment, these systems no longer meet all the requirements of the new standard, which
regulates the participation rates of thermal power units in the normalized primary frequency control and
in automatic secondary control of frequency and active power flows. According to this standard,
the time to achieve the half value of the required power change should be 10 seconds within the normal
and emergency reserves; the time to achieve the full value of the required power change should be
30 seconds within the normal reserve and 2 minutes within the emergency one. The construction of the
Belarusian NPP is also being completed; its first unit will be put into operation in 2019, and the second
one—in 2020. After the launch of the NPP, the Lukoml’skaya GRES power units will be necessitated
to operate in a wide range of load changes. It is for these reasons that it is necessary to improve the effi-
ciency of power units in particular and of the entire power plant in general. This can be achieved with
the help of the outlined method of parametric optimization of a typical system of automatic control
of power units, which allows improving the quality of control of turbine inlet steam power and pressure.
The results of computer simulation of transient processes in the system illustrate the technique described
in this article and confirm its correctness and undoubted advantages over other methods of optimization
of typical systems of automatic control of power units.

Keywords: automatic control, electric power, steam variable pressure mode, system parametric
optimization

For citation: Kulakov G. T., Kulakov A. T., Artsiomenka K. I. (2018) Parametric Optimization
for Automatic Control System of Power Units of 300 MW for the Mode of Variable Pressure
of Turbine Inlet Steam. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 61 (6),
539-551. https://doi.org/10.21122/1029-7448-2018-61-6-539-551 (in Russian)

BBenenne

ABTOMaTHUYECKOMY PETYIMPOBAHUIO IEPETOKOB AKTUBHOM MOIIHOCTU U YaCTOTHI
SHEPTOCHCTEMEBI TTOCBSIICHO HeMaso myonukammii [1-15], B ToM ducie: cucrteMam
ABTOMAaTHYECKOTO YIpaBJeHHs1 MOIIHOCTBIO 3HeprodiokoB (CAYMB) [1, 4, 7-11],
anroputMaM paboThl CHUCTEM AaBTOMAaTHUECKOT'O PEryJlMpOBaHUS IEPETOKOB
MOIITHOCTH YHEPTOCHUCTEMEI [2, 3], cucTeMaM OOIeCTaHIIMOHHON YacTH aBTOMa-
THUYECKOTO YIPABJICHHUS MOLIHOCTBIO CTaHIMHU [5], cnoco0aM yIpaBieHus: SHep-
roOJIOKOM B aBapUHHBIX PEXHMax SHEPTOCHCTEMEI [6], a TakKe aHAIN3Y JHHA-
MHUYECKUX XapaKTEPUCTUK YHEProOJIOKOB B IIUPOKOM JHAIlla30HE U3MEHEHUS UX
Harpysok [9, 11, 12].

CoBpemeHHbIe TpeOOBaHUS K KaueCTBY MOAJIEPKAHNS MOITHOCTH M YaCTOTHI
SHEPrOCHUCTEMBI CYIIECTBEHHO Y>KECTOUMINCE: SHEPTroOJIoK MoimkeH 3a 10 ¢ Ha-
opatb 50 % oT He0OXOAMMOT0 U3MEHEHHUSI MOIITHOCTH B TIpeieNiax HOPMAaJIbHOTO
1 aBapUHOTO PE3EPBOB; BPEMs IMOJIHOTO Habopa TpeOyeMOro U3MEHEHHS MOIL-
HOCTH JOJDKHO cocTaBisATh 30 ¢ B mpejaenax HOPMaJILHOTO pe3epBa U 2 MHH —
B mpenenax apapuitHoro [13]. Ho mMOBBICHTH KauecTBO OTPAOOTKH M3MEHEHHS
3aaHusl ISl SHEPTroOI0Ka MOXKHO TOJIBKO, YBEIMYHB CTENICHb (DOPCUPOBKH KOT-
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na [12]. B cBoto odepenp, 5TO MPUBOIUT K TOMY, YTO HEOOXOIMMO MPUMEHSITH
Ooyiee CIIOXKHBIE CXEMbI YIPABJICHHUS C TAKUMH K€ CIOXHBIMH METOJIUKAMH
HaCTpPOMKH.

HapaMeTpnqecxaﬂ ONITHUMHU3ANIUA CUCTEMBbBI

[TapameTrpudeckoi ontuMusanuu THIIOBOH CAYMBb B pekuMe MOCTOSTHHOTO
JaBJieHH rapa mocpsauieHa padora [16]. B cBsi3u ¢ 3TUM aKkTyalbHON CTaHOBHT-
cs 3amada mapamerpudeckoi ontummzauud CAYMB B pexxume mepeMeHHOro
JaBJIeHUS Tlapa mnepen TypOuwHoW B amamazoHe oT 70 mo 30 % HOMWHAITBHOW
MOIIHOCTH YHEProOJIOKa.

CTpyKTypHasi cxeMa MOJCIMPOBAaHMs MEPEXONHBIX MPOLECCOB THIIOBOM
CAYMBb c BegymuM KOTENBHBIM PETYIATOPOM M (OpPCHpPOBAHHEM CHUTHAJA 3a-
JIaH¥sI TI0O MOIIIHOCTH TP MIEPEMEHHOM JIaBJICHUHU Iapa Tepes] TypOuHoi npuse-
JieHa Ha puc. 1.

-1

X1

7, 0)

b4 Po

l oI, )
h

PK

)

Puc. 1. CtpykTypHas cxemMa MOAEIMPOBaHUS EPEXOJHBIX IPOLECCOB TUIIOBOK CUCTEMBI
aBTOMATHUYECKOTO YMPaBICHHUSI MOIIHOCTHIO SHEPTrOOIO0KOB
¢ (opcUpOBaHUEM CHTHAJIA 3aaHUS 110 MOIIHOCTH

Fig. 1. Block diagram of simulation of transient processes of the typical
automatic control system for power units’ capacity with power signal forcing

Ha puc. 1 ucronp3oBansl ciaeayromue o0o3HaueHU: N,; — 3aJaHHOC 3Have-
HHME MOILHOCTH 2HEeprobioka; Ny — (akTHdecKkas dJIEKTPHYECKas MOLIHOCTh
9HEpro0JoKa; f; — BHYTPEHHEE BO3MYILEHHE; X,,) — 3aJJaHHe PEryJIATOPY TOIUIU-
Ba; 0L — JIOJISI OIIMOKH PETYIMPOBAHMUS MO MOIIHOCTH C BBIXOa H3MEPUTEIHHOTO
0JI0Ka KOTeNIbHOTO peryisTopa MorHoctr (KPM) Ha BXOM crabmnm3aTopa Iio-
JIO)KEHUSI PETYIMPYIONINX KJIAallaHOB TYpOWHBI, T. €. TYpOWHHOTO pEryasTopa
momHoct (TPM); B, — n3MeHeHue pacxoja TOIUINBA; py — JaBJICHHE Teperpe-
TOrO Tmapa mepes, TypOMHOMU; /i, Ay — COOTBETCTBEHHO 3aJlaHHOE U TEKyIIee
3HAYEHWS TTOJIOKEHUS PETYIUPYIOMINX KITAllaHOB TyPOMHBI.

Hcxonnsle naHHBIE U1 pacdeTa MapaMeTpoB JWHAMHUYECKON HACTPOMKHU
tunoBoit CAYMB mpm MomenupoBaHUN TEPEXOMHBIX IPOIECCOB IHEPro0JIo-
ka 300 MBrt Jlykomnbckoit 'POC npusenens: B [ 14].
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ITepenarounas GyHKIHS OTTEPEKAFOIIET0 yIacTKa IO pacxo Iy TOILIBA (Ta3a)

K 1,1
W @)=Wy , (P)= = = ; (1)
(T, p+)(c, p+l) (Sp+1)0,5p+1)

rae K,; — koadduiument nepenadu; Io, Oo; — COOTBETCTBEHHO OOJIbIIAS H
MEHBIIIass ITOCTOSHHBIE BPEMEHH TNEPeaTOYHON (DYHKIMU OIEepeKaroniero
y4acTKa Mo pacxo.ly TOIUTMBa (ra3a), C.

[lepenaTounast (HyHKIHMS, XapaKTepU3YIOIas MHEPIHUOHHOCTh JAT4YUKa H3-
MEpPEHUs JIaBJICHUS MBBHUOJSA, COOTBETCTBYIOIIETO MOJIOKCHUIO PETYIUPYIONIUX
KJIANIaHOB TYypOWHEI:

. K, 12
VVOH (p) = VVI/IBB (p) = = ? (2)
Tp+1 10p+1

rac K5 - K03(1)(1)I/ILII/ICHT nepeaayu, T9 — MOCTOSAHHAsA BPCMCHU r[epez[aTquoiz’I
(bYHKLII/II/I AaT4yrKa U3MCPCHHUA JaBJICHUSA UBBHUOJIA, C.

HepeHaTO‘IHaH q)YHKI_[I/I}I 1o SHCKTqueCKOﬁ MOIIHOCTH IIpH c1<atn<oo6pa3-
HOM M3MCHCHHUH pacxoaa TOIIJIMBa BT
-25p

Ke " 3,5¢

WN ,B ()= - > 3)
e (Tipt1)(o,p+1) (152p+1)(29p +1)

rae K| — koaddunuent nepenaun; 77, G; — COOTBETCTBEHHO OOJBIIAsS U MCHbB-
11asi TOCTOSIHHBIC BPEMEHH TIePEAaTOYHON (PYHKIIMU IO MOITHOCTH TPU U3MEHE-
HUU pacxojia TOIJIMBA, C; T — BpeMs 3aMa3/IbIBaHUs 110 KaHATY PETYIUPYIOIIETO
BO3JICHCTBHS, C.

Ilepenarounast GyHKIMS O JABJICHUIO MEPErPETOro Iapa mnepen TypOHHOR
P CKaYKOO0OPa3HOM M3MEHEHHUHU Pacxojia TOIuBa B,
-16p

op
Ke * 3e

) (I,p+1)(o,p+1) CGlp)I3p+1)

(4)

P0,Br

rae K, — ko3¢ dunmenT nepenauu; 75, 6, — COOTBETCTBEHHO OOJIbIIAS U MEHb-
11asi TOCTOSSHHBIC BPEMEHH MEepPeIaTOYHON (DYHKIIUHU TI0 JABJICHUIO TMapa mepes
TypOMHOH TMpH M3MEHEHHH PAcXoja TOIUIMBA, C; T, — BPEMs 3ama3bIBaHUS 110
KaHally peryJupyIOIIero BO3AeHCTBYS, C.

IlepenaTtounass pyHKIHS MO 3IEKTPUIESCKON MOIIHOCTH TPU CKAYKOOOpa3-
HOM TIEPEMEIICHUH PETYIUPYIOMINX KIaaHOB TypOHHBI

I,p(T,p+1) 5094p(7Tp+1)

:(T4p+1)(T5p+1)  (504p+1)(144p+1) ©)

Ng. hpK

rae Ty, T3, Ty, Ts — MOCTOSTHHBIE BPEMEHU MEPEAaTOYHON (DYHKIUH MO MOIIIHO-
CTH TIPH BO3MYIIICHUH PETYIUPYIOIIMMHE KJIarlaHaMH TYpOUHEI, C.
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Ilepenarounast pyHKIMS 1O NABIEHUIO IIEpErpeToro napa nepen TypOuHoOH
MPU CKAYKOOOpa3HOM MEepEMELICHNH PETYIUPYIOLINX KIIAaHOB TypOUHBI

K (T,p+1) _—0,42-(14p+1)

W, (p)=
P0- ’ (6)
T,p+l 270p +1

rae K; — ko uiueHt nepenaun; 1, 77 — HOCTOSIHHBIC BpEMEHH IIEPEAaTOUHOM
(YHKUIMY IO JaBJICHHIO MEPErpeToro mapa mnepen TYpOMHOH NpH BO3MYILECHHU
PETyIUpYOLUMMHU KilaaHaMu TYpOUHBL, C.

KoTenbHbII perynsarop MOLIHOCTH M PErYNIATOp TOMJIMBA — 3TO KacKaaHas
crcTeMa aBTOMaTHUECKOTO YIPAaBJICHHUS, B KOTOPOH KOPPEKTUPYIOIIUI KOTENb-
werid [IW- wim [IW]1-perynarop HacTpanBaiOT Ha ONTHMATBHYIO OTPabOTKY 3a-
JAIONIeTo CUTHajia, a cradmmmsupyoomuii [I1-perynsartop TornmmBa — Ha ONTH-
MaJIbHYI0 OTPabOTKY BHYTPEHHETO BO3MYLICHUSI.

Perynsrop Tomnma (nepenaroynas GyHkuus W, Ha puc. 1) HacTpauBaercs
T10 TIepeaaToIHON (QYHKIIMN Oolepekaromniero ydactka (1) mo MeTony 4acTHIHOM
komrneHcanumu [15]. J{ist aToro HeoOX0JMMO paccUuTaTh OTHOCUTEIBHOE 3Haue-
Hue ko3 unrenTa nepenaun cTabMIM3UpyrOmIero peryistopa K

1
T

2 2
j —1:0,7395~10[1 +1j _1=7,948, (7)

K=K K, =0, 7395T(1 T it

rae 7 — OTHOCUTENbHAs TIOCTOSIHHAS BPEMEHH TEepPEAaTOYHON (PYHKIMU OTepe-
aromero ygactka (1),

r=tm_35 _j (8)
(e)

K1 — ko3 duieHT nepegayn crabHIM3UPYIOIIET0 PEryIsTopa.
C yuerom (7) u (8) Haxoaum abcomoTHOE 3HaueHue Ky

R Tk ©)

oIl

OTHOCUTENIbHOE 3HAUCHHE BPEMEHU HHTETPUPOBAHMS CTAOWIN3UPYIOLIETO
perynsitopa I paccuntsiBaeM ¢ yuetoM (7) u (8) mo ¢popmyie

I = T,,I] _ 6,3K _ 6,37,948 =3.8. (10)
Sor  7(1+1) 10f14 L)
1ep] 10f{iegg)

3arem onpenersieM aOCOIIOTHOE 3HAUEHHE BPEMEHN HHTETPUPOBaHUs Ty
I,=Ic,=38-05=19c. an
Korenbnpiii ITH-perynstop MOIIHOCTH ¢ IeperaToyHod ¢(yHkumei W,

HACTpauBaeM M0 MepenaToyHor QyHknuu (3) mpu BO3MYIICHHH PacX0JOM TOII-
JIUBA, UCIIONB3Ys MeToA rmonHoi komneHcanuu (MIIK) B wactHoM Buze [15].
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Bpems unrerpupoBanus KPM

T,=T +oc,=152+29=181c. (12)

.

Koadduument nepenaun paccuuThIBacM CIEAYIOIINM 00pa3oM:

_ftop 152429
P 4K 4.12.35.25

=0,52, (13)

rae & — kodpduuueHT AeMipUpOBaHUS, PaBHBIA EIUHUIE, TO3BOJISIOLIUMA
YCTPaHUTD MEpEPEryNupoBaHue IpU OTpabOTKe CKavKa 3adaHusl.

Crpyxtypa TPM c nepenatounoii ¢pyHkuueit Wy Gpopmupyercs Ha OCHOBE
nepeaaToyHol (YHKIWUU ONTHUMAJIBHOTO PEryisTopa MpU MOMOIIU MepeaaToy-
HOI (yHKIMHM NaTYMKa W3MEpPEHHS AABICHHS WBBHOJNIA (2) NMpH BO3MYLICHUH
M3MEHEHUEM MOJIOKECHUS PEryIUPYIONINX KIalaHoB TypOuHsI [14]

Wy 0)= W @) =[ W 0) | W25 ), (14)

pe(n=1) .
rac VV?;III (P) — 3aJlaHHas nepeaaTovyHas (I)YHKI_[I/ISI Pa3SOMKHYTOH CUCTCMBI B

BUAC NCATIBHOT'O MHTCTPUPYIOILICTO 3BCHA,

cn= 1
wE D (p)= ——; (15)
Tup

311
T,;1 — €IMHCTBEHHBIN pacuyeTHBIN MapaMeTp AMHaMudeckoi HacTpoliku TPM, c.
WCJICHH HaueHue 1, YUTBIBAEM TOM Dsiia YHCEN IPaBHIL
UucnenHoe 3HadeHue 1,5 pacc aeM C y4eTo a 4mce aBHIIa
«30JI0TOTO cedeHus» 1o Gopmyiie [14]

751 =0,09T,=0,09-10=09c. (16)

C yuetoMm nepenarounsix GyHkimi (2), (14) u (15) nepenatouynas GhyHKIHS
TPM npumer Bux IIH-perymsaropa ¢ OJHUM HapaMeTpoOM IUHAMHYECKOU
HacTpoiku T,y

T,p+l  10p+1 10p+1
KT,.p 12:09 1,08

3

WTPM )= (17)

Pacuer mapamerpoB quHaMHuYecKOW HacTpoiiku auddepeHmaropa HHBapU-
AHTHOCTH OCYIIECTBJISIEM C TOMOIILIO TepenaTouHbix GyHKIuhd (5) u (6) u3
YCIIOBUS

KIT" T, p(T,p+1) (T, p+1
Wnﬂs(p)z pis le _ W4 (p) _ Op( 3p )( 7p )

= = . 18
’ Tip+l W) (Tp+D)(Tsp+DE;(Tep+1) (49
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Otcrofia YUCIIeHHOE 3HAYCHUE BpPEMEHH TUPPEepeHINPOBAHUS PACCUNTHIBA-
eM 1o popmye

T" =T, +T,+T,~T, — T, = 504+144 +14 =270 -7 = 385 c. (19)

n
Kosdduument nepenaun K, NpUHUMAEM PABHBIM CIMHUIIE.

[epenaTounyto GyHKIUIO (opmupoBaTes curHana 3aganus (PC3) mpen-
CTaBJIIEM B BUJIC 3BE€HA OBICTPOTO pearupoBaHuUs

R‘;HT;HP _ (1+K‘;Il)];3}lp+1 _ Timp—i_l
T;Hp—i_l T;ﬂp_'_l 7;13ﬂp+1 >

Woes0)=1+W " (p) =1+ (20)

rie W (p) —nepenarounas pynkuus nupdepenmmaropa OC3.

[TocTostHAYI0 BpeMeHH TepeaarodHon GyHkmHu (20) ¢ yaeToM nepenaTod-
HOH dyHKINH (5) paccauThiBaeM 1o hopmyie

T =3,00(T+T5) =3,00-(504+144) = 20023 c. 1)

UucneHHOe 3HAYEHUE IOCTOSIHHONW BPEMEHH YHCIHTEIS MepeIaTOYHON
dbyaxkamur OC3 (20) onpenernseM TakKe ¢ YISTOM psifa YACel IMpaBmiIa «30J10TO-
T'O CCUCHHUSD», TIPUHSB 32 IIeJI0e TPU:

T =3,382(Ty+T5) = 3,382 - (504 +144) = 2192 c. (22)

I'paduxu nepexoansix npoueccoB CAYMDB, nocTpoeHHbIe ¢ MOMOIIBIO Ta-
keta Simulink MatLab 1 Tpex BapHaHTOB ONTHMH3AIIAX TapaMeTPOB THUHA-
MHUYECKOH HACTPOMKH CHCTEM IIpH OTPa0OTKE CKauykKa 3aJaHus 0 MOIIHOCTH,
MIpUBEJIEHBI Ha pucC. 2-5.

1,0 oot

0.8

0.6

0,41

MOIITHOCTHU I'€HEpaTopa

0.2

OTHOCHUTEIHLHOC U3MCHEHHE

i i i i
500 1000 1500 2000 2500 3000
Bpewmsi, ¢

o i

Puc. 2. dakTryeckas MOIIHOCTH ITPU OTPAOOTKE CKauKa 3a1aHus

Fig. 2. Available power in the process of response to input step

Ha puc. 2-5 kpussie 1 cootBerctBytoT cxeme CAYMBb na puc. 1 (Bapuanr I),
ONTHMHU3HPOBAHHOM 110 OITUCAHHOM BBIIIE METOIUKE.
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LS|

T

OTHOCHTeIbHAS BelIHYIHA
H3MCHEHHA pacXxoia TOINIHMBA

i i i
200 400 600 800 1000
Bpewma. ¢

Puc. 3. Pacxon TorumBa npu 0Tpa60TKe CKadKa 3aJaHusl

Fig. 3. Flow of fuel in the process of response to input step

10

KITalaHOB TYPOHUHEL

OTHOCUTENEHOE MEPEMENIEHUE

0 100 200 300 400 500
Bpewms. ¢

Puc. 4. Tlepemenienne perynupyromux KIanaHoB TypOUHBI IPH 0TpabOTKE CKadKa 3aJaHusl

Fig. 4. Turbine regulation valve motion in the process of response to input step

OTHOCHTENBHOE H3MEHEHHE
JABJICHHA ITapa

Puc. 5. JlaBneHue neperperoro napa nepea TypOHHOM Ipu 0TpaboTKe CKaykKa 3a1aHus

Fig. 5. Pressure of over-heated turbine inlet steam in the process of response to input step

Kpussie 2 cooTrBeTcTBYIOT BapuaHTy Il m otmngatores tem, uro KPM npen-
craBisier coboii [11/]-perynstop, HACTpOCHHBIN O TpaOaHATUTHICCKOMY Me-
Tomy mosHOW KommeHncanuu B oomem Buae (MIIK B OB-I) [14]. IlepenaTounas
(hyHKITHS KOTETFHOTO PErysTopa MOITHOCTH C y4eToM (3) BBITIISIUT CIEIyro-
MM 00pa3oMm:
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T
Kﬂ(nzpﬂ)(;pﬂ}

T,p(Typ+1)

rne Ts — GaitacTHas IOCTOSIHHAs! BpEMEHU, C.

bannacthas nmoctossHHas BpeMeHHU npuHuMaeTcs B 10 pa3 MeHbIe BpeMeHH
muddepeHuupoBanus, paBHoro T,/4. Bpemsi nHTErpupoBaHus U KO3QPUIMEHT
nepeaay pacCYUTHIBAIOT aHAIOTUYHO BapuaHTy | mo ¢popmynam (12) u (13).

Kpussie 3 coorBerctByroT Bapuanty Il u omnuarorcs ot Bapuanra I Tem,
9T0, BO-TIepBEIX, KPM mnpencrasnser coboii peansubiid [TUI-perynsaTop, cTpyk-
Typa KOTOpOro ompezaereHa Ha 0a3e mepenaTodyHod (hyHKIMH ONTHMAalbHO-
ro perynsropa [14]. C ygerom (3) u (12) nmepenaTounas GpyHKIHS peryisTopa
UMeeT BUI

s )= W @)= W5, @) | w02 p) =Tl XD o
KT ( 5 p+1j

312
rac T3n2 — 3aJlaHHas MOCTOAHHAad BPEMCHHU, OMpEAcCIACMasd C MOMOMIbIO YUCCIT
pdaaa «30JI0TOro CCYCHUs CICAYIOIIUM O6p330MZ

T,p=1,6181,=1,618-25=40,45c; (25)

W3‘;§(":2)(p) — 3aJjaHHas nepenaTovyHas (yHKUUS Pa3OMKHYTOW CUCTEMBI B BHJIE

Vsz ®)=Wemp) = ) (23)

peabHOTO HHTETPUPYIOIIETO 3BEHA,
1

T3 .
2]—;2[21)( 2112 p+1)

Taxoke Bapuant III oriauuaercs ot I Tem, uro auddepeHIuaTop HHBaPHAHT-
HOCTU OTKJItoueH oT Bxoaa KPM. B atoM BapuaHTe BpeMs peryjaupoBaHUA 1O
MOIITHOCTH TIPU OTPa0OTKE CKauka 3aJaHusl YMEHbLIMIOCH Oonee yeM B 10 pa3
1o cpaBHEHMIO ¢ BapuanTamiu [ u 1.

I'paduxu nepexoanbix npoueccoB CAYMbB npu BHYTpeHHEM BO3MYLICHUU
n300paxkeHbl Ha puc. 6-9.

x107
i

Wpe=2) (»)=

312

(26)

OTHOCHUTEIBHOE U3MEHEHHE
MOIIHOCTH TEeHEpaTopa

0 500 1000 1500 2000
Bpewms, ¢

Puc. 6. daxTuueckas MOLIHOCTH IPH BHYTPEHHEM BO3MYIIEHUN

Fig. 6. Available power in the process of response to internal disturbance
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Puc. 7. Pacxon TommBa Ipu BHyTPECHHEM BO3MYILECHUU

Fig. 7. Flow of fuel in the process of response to internal disturbance

x107°

KIalaHoB TYPOHHEL

OTHOCHTENEHOE NEPEMENICHHE

—-10
0 200 400 600 800 1000
Bpewms. ¢

Puc. 8. TlepemenieHne peryaupyonux KIamaHoB TypOHHBI IIPH BHYTPEHHEM BO3MYIIEHUN

Fig. 8. Turbine regulation valve motion in the process of response to internal disturbance

x107?
1] Sre—

JaBIICHHA Mapa

OTHOCHTEIBHOE H3MCHECHHE

i i i | i
0 200 400 600 800 1000 1200
Bpemi, ¢
Puc. 9. JlaBiieHne neperpeToro mapa rnepei TypOrHOM Ipu BHYTPEHHEM BO3MYILCHHU
Fig. 9. Pressure of over-heated turbine inlet steam in the process of response to internal disturbance

[Ipsimble moka3aTenu kadecTBa nepexonHbix CAYMB npoueccoB npu otpa-
0OTKe cKauKa 3aJlaHus V,; 1 BHYTPEHHETO BO3MYIICHMS f| CBEIICHBI B Ta0. 1.

W3 ananusa cpaBHuBaeMbIx BapuantoB CAYMB cnenyer, 4to nydinme noka-
3aTeNy KadecTBa MPH OTPabOTKe CKauyka 3aJaHusl U BHYTPEHHEr0 BO3MYILEHHS
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obecrieunBaer BapuaHT Il cucremsl, KoTOphI He MomaeTr Ha Bxom KPM cwur-
HaJI 10 JIABJICHUIO TIEPErPETOro mapa nepen TypOuHOU (KpoMe OTHOCUTEILHOTO
pacxoma TOIUIMBA W OTHOCHUTENHHOTO TMPHPOCTA JABICHHS TMPH CKadKe N,y).
Taxxe B JaHHOM BapwaHTe OOJbIIE W3MEHEHHE MOIIHOCTH NPU BHYTPEHHEM
BO3MYIIIEHUH f{, HO 3TO HE KPUTUYHO, MOCKOJBEKY B 3TOM CIIy4ae pedb HJIET O
CJIMIITKOM MaJIeHPKUX 3HAYEHHSAX MOIIHOCTH SHEPro0IoKa.

Tabruya 1
IIpsiMble MoKa3aTen KayecTBa NePeXoAHBIX MPOIECCOB CPABHMBAEMbIX BADHAHTOB
CHCTEM aBTOMATHYECKOI0 YNPABJIEHHSI MOIIHOCTHIO JHEPT00JI0KOB

Direct values of performance of transient processes
of automatic control systems for power units’ capacity

Bapuast BOSMByII/.IIfeHPIﬂ ty, C AB! Ahf, Apl AN, (ﬁp
I Ny, 1800 8,910 +6,50 0,812 -
fi 2200 0,111 0,01 +0,00992 0,00148
I N, 1800 2.280 +8,10 0,885 -
fi 2200 0,111 —0,00275 +0,01005 0,00153
I Ny, 165 2,980 +6,50 1,457 -
I 1400 0,111 0,01 +0,00976 | 0,00316

Obosnauenus: t, — TOIHOE BPeMs PerynupoBaHus; ABY — OTHOCHTENBFHOE MAKCHMAIbHOE
M3MEHEHHE PacXofia TOMMBa; Akl — TO e MOJOKEHUSA PETYIHPYIOIHX KIANAHOB TypOMHBL;

Aply — MakcHMallbHOE OTKIOHCHHE JaBICHUs MEPerpeToro mapa mnepes TypOHHOI; AN/

bu — TO

#e (paKTHIECKON MOILTHOCTH MPH BHYTPEHHEM BO3MYIIECHHH.

BBIBO/IbI

1. IlpennoxeHa cucTeMa aBTOMAaTH4ECKOTrO YIPaBIEHHUS MOIIHOCTBIO SHEp-
ro6mokoB (BapuanT III), oTmrgaromascs OT TUIIOBOM TeM, YTO KOTEIBHBIN pery-
JSITOP MOIIHOCTH MpezcTaBisieT codot peansHbliii [1WM/]-perynstop. Bropoe oT-
JMYUE 3aKII0YaeTcsl B TOM, YTO OTKIIOUeH AuddepeHnrarop HHBapUaHTHOCTH,
T. €. CUTHAJI 10 CKOPOCTH M3MEHEHMsI aBJICHUs MEPErpeToro mapa mnepen Typ-
OuHOI He ToAaeTcsl Ha BXOJ KOTEIBHOTO PETYJISITOpa MOIIHOCTH B pPeXUME IIe-
PEMEHHOT0 IaBJICHUS Mapa nepes TypOHHO.

2. Pe3ynbTaThl MOAEIUPOBAHMS IIEPEXOIHBIX MPOLECCOB MpeIaracéMoi cu-
CTeMbl aBTOMATHYECKOTO YIPABJIEHUS MOIIHOCTBIO DHEProOJIOKOB MO CpaBHe-
HUIO C TaKMMHU € THUIOBBIMM CHCTEMaMH, yCTAHOBJIEHHBIMH Ha JIykomiib-
ckoii ['POC, nokazanu yaydlleHUE KaueCTBa YIPABICHUS B HEKOTOPBIX aCIEK-
Tax: NpU OoTpabOTKe CKayka 3afaHus N,; MOJHOE BpeMs PEryaMpoBaHMs f, CO-
ctaBiger 165 ¢ npotuB 660 ¢ y TUMOBOI CUCTEMBI, OJJHAKO IPU 3TOM MAaKCH-
MaJIBHOE OTHOCUTEIBHOE HM3MEHEHHE DPacxoja TOIUIMBA Yy THUIIOBOIl CHCTEMBI
aBTOMATHYECKOT0 YIpaBIECHUS MOIIHOCTHIO SHEProOJIOKOB MEHBIIE B JIBa
pasa [14]. Kpome Toro, B mpejjiaraeMoM BapuaHTE CUCTEMbl MAKCUMAIbHOE OT-
KJIOHEHHE TOJIOKEHUS PEryJINPYIOIINX KIAIaHOB COKPaTIiIOCch Ha 35 %, HO mpH
3TOM y TaKHUX CHUCTEM MaKCHUMallbHO€ M3MEHEHHE JaBJICHUS MEpPErpeToro mnapa
nepen TypOuHOM pUMepHO oiuHakoBoe [ 14].
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3. IIpu oTpaboTke BHYTPEHHErO BO3MYIIEHHMS f; BPEMs PEryIHpOBaHHSA f,

y BapuanTa III cokparumnocs B 1,57 pa3a no cpaBHEHUIO C IByMs IIEPBBIMU BapH-
aHTaMU [P IPUMEPHO OJUHAKOBBIX JPYTUX IOKA3aTeNsIX KauecTBa.
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JKCNepuMeHTAIbHOE UCCJIeI0BaHNe

1 00001IeHNEe JAHHBIX 10 HHTeHCU(PUUMPOBAHHOM
KOHBEKTHBHOI TEIJI00T/Aa4e OHOPSIAHBIX MY4YKOB
peOpHCTBIX TPYO B IOTOKE BO3AyXa

A. B. Cyxouknii", I'. C. Mapmasosa"
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Pedepar. B crathe npencTaBieHs! METOAMKA M PE3yIbTaThl SKCIIEPUMEHTAIBHOTO HCCIIEIOBAHUS
MHTEHCH(UINPOBAHHON TEIUIOOTAAYU JUIS OJHOPSIIHOTO IMydYKa, COCTOSILIETO M3 OMMeTalinue-
CKHX TPy0 CO CITMpaIbHO HAKATHBIMH PeOpamMM CO CIEAYIOIIMMH HMapaMeTpaMu: HapyXHBIN Jua-
MmeTp pebpa d =56 MM, BbicoTa pedpa / = 15 MM, mar pebpa s = 2,5 MM, CpeaHss TONIIHHA ped-
pa A =0,5 MM, tuamerp pebpa y ocHOBaHUSA dy = 26 MM, kK03 dunueHT opedbpenns ¢ = 21. ITome-
peuHslil mwar Tpyd S; B OXHOPSIHOM Iydke cocramiseT 58, 61, 64 u 70 mm. MHTeHCHpUKaLUs
TEIIOO0Tfauy OblIa OPraHU30BaHA B OTOKE HAPETOr0 BO3AyXa HaJl SKCIIEPUMEHTAIBHBIM ITyIKOM
C TIOMOIIBIO JIBYX THIIOB BBITSDKHBIX IIAXT — C PETyIMPYEeMOH BBICOTOH M PEryIHPYeMBIM IIPO-
XOIHBIM cedeHueM. Llens paboThl — IKCIepHMEHTAIBHOE HCCIIeIOBaHNEe M 0000IIeHHe JTAaHHBIX O
TEIIOO0TIade OJHOPSAHBIX ITyYKOB, COCTOSIIUX M3 OMMETANIMIEeCKUX PeOpUCTHIX TPYO, MpH MH-
TeHCH(HUIIMPOBAHHON (CMEIIaHHOI) KOHBEKLIMH BO3yXa, a TAaKXkKe pa3paboTka HH)XEHEPHOH MeTo-
JUKM pacdeTa OMHOPSIHBIX PELUPKYIANHOHHBIX BO3AyXOHarpepateneil. PesymbraThl skcmepu-
MEHTaJIbHOTO HCCIIEJOBAHHUS MHTEHCH(UIMPOBAHHOI KOHBEKTHBHOM TEIUIOOTAAYM OJHOPSAIHOTO
My4Ka, COCTOAIIETO M3 OMMETAaTMYECKUX peOPHUCTHIX TpyO, B IOTOKE HArpeToro BO3ayxa Ipel-
CTaBJICHHI B BHJIE 3aBUcHMocTei uncina Hyccenbra ot uncen ['pacroda u Peitnonbaca. [Ipu 06006-
IIEHUN HKCIEPUMCHTAIBHBIX JAHHBIX II0JIy4eHO OOOOIIEHHOE KPUTEPHAIBHOE YpaBHEHHE IUIS
BBIYMCIICHUSI TEIUIOOTIAYH OJHOPSIHOTO ITyYKa, COCTOSIIEr0 M3 OMMETaJUIMYeCKUX PeOPHUCTHIX
TpyO, IPU pa3JIMYHBIX MONEPEYHBIX IIaraXx yCTaHOBKH TPYyO, IUIONIAASX BBIXOJHBIX OTBEPCTHI
U BBICOTE BBITSDKHOM mIaxTel. Pa3paboraHa WH)XEHepHas METOAMKAa KOHCTPYKTHBHOTO pacdera
OJHOPSITHOTO PELMPKYISIIHOHHOTO BO3AyXOHArpeBaTEsl.

Knwuesrblie ciioBa: BO3QYyHIHOC OTOIUICHHC, peHHpKyH}IHHOHHLIﬁ BO3yXOHArpeBareib, CB060Z[-
Hasd KOHBCKIHsSA, CMCUHIaHHAsAT KOHBCKIIUA, OuMeTauTnyecKast pe6pI/ICTa${ pr6a, OZ[HOPSI,I[HI:Jﬁ my-
YOK, I/IHTeHCHq)I/IL[I/IPOBaHHaﬂ KOHBCKTHBHAA TCILIOOTAAa4a, KOHBEKTHUBHBIN KO3(1)(1)I/IHPI€HT TEILIO-
OTAa4Yu, KpUTECPUAJIIbHOC YPAaBHCHUC TCIUIOOTAAYHN
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Intensified Convection Heat Transfer of Single-Row Bunch
of Finned Tubes in an Air Stream:
Experimental Study and Generalization of the Obtained Data

A. B. Sukhotskii”, G. S. Marshalova"
YBelarusian State Technological University (Minsk, Republic of Belarus)

Abstract. The article presents method and results of experimental study of the intensified heat
transfer for the single-row bunch consisting of bimetallic pipes with spiral knurled ribs with the
following parameters: outer diameter of a rib d = 56 mm; rib height 4 = 15 mm, rib pitch s = 2.5 mm,
average thickness of a rib A = 0.5 mm; diameter of a rib at the bottom d, = 26 mm, coefficient of
fins @ = 21. The pipes cross pitch S, in a single-row bunch makes 58, 61, 64 and 70 mm. The in-
tensification of a heat transfer has been arranged in a stream of heated air over an experimental
bunch by means of two types of exhaust shaft i.e. the one with adjustable height and the one with
the adjustable section through passage. The aim of the work was to perform an experimental study
and to summarize the data of a heat transfer of the single-row bunches consisting of bimetallic
finned tubes under the intensified (mixed) air convection and also to develop an engineering me-
thod of calculation of single-row recirculation air heaters. The results of experimental study of
the intensified convective heat transfer of the single-row bunch consisting of bimetallic finned
tubes in a stream of heated air are presented in the form of dependences of number of Nusselt on
Grashof number and Reynolds number. As a result of generalization of experimental data,
the generalized criteria equation for calculation of heat transfer of the single-row bunch consisting
of bimetallic finned tubes when cross pitches of installation of tubes, the areas of exhaust outlets
and heights of the exhaust shaft are various, has been obtained. The engineering technique
for design calculation of the single-row recirculation air heater has also been developed.

Keywords: air heating, recirculation air heater, free convection, mixed convection, bimetallic
finned tube, single-row bunch, intensified convective heat transfer, convective coefficient of a heat
transfer, criteria equation of a heat transfer

For citation: Sukhotskii A. B., Marshalova G. S. (2018) Intensified Convection Heat Transfer
of Single-Row Bunch of Finned Tubes in an Air Stream: Experimental Study and Generalization
of the Obtained Data. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 61 (6)
552-563. https://doi.org/10.21122/1029-7448-2018-61-6-552-563 (in Russian)

BBenenue

B Hacrosmee BpeMms NEpCHEKTUBHBIM JHEProcOeperaroniuM HampaBlICHU-
€M SIBJISIETCS] BHEAPCHHE B 3[IaHUAX U COOPY)KEHHUSIX CHCTEM BO3IYIIHOTO OTOI-
JICHUsI, KOTOPBIE MO3BOJSAIOT O0ECHEYUTh MPH MOMOIIM OJHOTO YCTpOMCTBAa U
OTOIJICHWE, ¥ BEHTWILHIO, YTO B PAAE CIy4YaeB [0 CPAaBHEHHIO C CHUCTEMa-
MH BOJSIHOTO OTOIUICHHUS] IPUBOANT K CHIDKEHHIO CTPOMTEIBHBIX 3aTpart, a Tak-
ke 00ecreynBaeT BBICOKME CAHUTApHO-TUTHEHWYECKHE YCIIOBHS BO3IyLIHOM
Cpezbl MOMEIIEHHS, MEHBIIYI0 METAITIOeMKOCTh U MHEPLHOHHOCTh CHCTEMBI,
Oosiee paBHOMEpHOE paclpeiefieHne TeMIepaTyp B KPyHMHOTa0apUTHBIX MOMe-
meHusx [1].

g HarpeBa BEeHTWJIIIMOHHOTO BO3JyXa B CHCTEMax BO3AYLIHOTO OTOILIE-
HUS IPUMEHSIOT YJIEKTPUICCKUE U BOJSHBIC Kajdopudeps [2], mpeacTaBsIonine
co00W OHOPSAIHBIE TETNIOOOMEHHBIE MYYKH U3 OPEOPEHHBIX OMMETATMYECKUX
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TpyO. [ uHTeHCH(UKALMK TSIUIOOOMEHHBIX IPOILIECCOB B Kaopudepax HeoO-
XOJUMO MaKCHMaJbHO HCIOJb30BaTh TPAaBUTALMOHHBIM NMOTEHLIMAT HAarpeToro
BO3/IyXa MyTeM YCTAHOBKH HaJ| TEIJIOOOMEHHBIM ITy4KOM Kanopudepa BBITSIK-
HOM IIaxThl, KaK, HApUMeEp, B PELUPKYIALUOHHBIX BO3JyXOHArpeBaTelfXx,
MIPUMEHSEMBIX B MECTHBIX CHCTEMaxX BO3AYIIHOTO oToruieHus [3]. Peumpkyss-
IUOHHBIE BO3[yXOHArPEBaTENH MO TEIUIOBOW MoIlmHOCTH (5—25 kBT) 3aHMMaroT
MPOMEXKYTOYHOE MECTO MEXKJy OTONMHUTEIbHBIMU MPUOOPAMU CHUCTEM BOJISTHO-
ro OTOMJIEHWSI U OTONMTEIBHBIMHU arperaraMi CUCTEM BO3AYLIHOI'O OTOIJIEHHS
co cB0OOIHON KOHBEKIMEH Bo3yxa. OHU COCTOST U3 BCTPOSHHOT'O B CTEHY MJIH
MPUCTABHOTO KaHaja (BBITSHKHOW INAaXThl) C PACHOJIOXKEHHBIM Yy OCHOBAaHHUSA
KaJopru(epoM, BEIIIOTHEHOTO MPEUMYIIECTBEHHO U3 PEOPUCTHIX TPYO € ImaxmaT-
HOM WM KOPHUIOPHOM KOMIIOHOBKOW. JIOCTOMHCTBaAMHU PpPELHUPKYISLUOHHBIX
BO3JyXOHAarpeBaTesiel SBISIFOTCSL NPOCTOTAa yYCTPOMCTBA B  3KCIUTyaTalluH,
HaJEKHOCTh, KOJIMYECTBEHHOE CaMOPETYJINPOBAaHUE, BO3MOXKHOCTh MPOKAYKH
yepe3 Kanopudep BHICOKOTEMIIepaTypHor BoIsI [3].

[MomoOHBIE cHCTEeMBI HarpeBa BO3AyXa NPUMEHSIOT B JIECOCYIIMIIBHBIX
KaMmepax ¢ MATKMUMH PEXKUMAaMU CYIIKU IJIs1 TBEPIOJIUCTBEHHBIX LIEHHBIX MOPOJ
npeBecuHbl [4, 5]. Taxke Ha COBpeMEHHBIX aTOMHBIX ycTaHoBkax BH-600,
BH-800 Ha OBICTpHIX HEHTPOHAX BHEIPEHBI SHEPrOHE3aBHCHMbIE CHCTEMBI aBa-
puitHoro pacxonaxuBanus peaktopa (CAPX) ¢ HaTpuii-BO3MyIIHBIM TEII000-
MEHHHMKOM M3 OpeOpEeHHBIX TPYO C €CTECTBEHHON LMPKYJIIHMEH BO3IyXa 3a CUeT
BBITSDKHOM TpyOBI [6].

M3BecTHO HEMAJIO KCIIEPUMEHTAIBHBIX HcclenoBanuil [7—20] TemiooTnadu
B YCJIOBHSX CBOOOJHOW KOHBEKIIMH BO3/lyXa B HEOTPaHUUCHHOM MPOCTPAHCTBE.
OnHako B Kanopudepax pelupKyISIHOHHBIX BO3JyXOHAarpeBarelieil opraHuzy-
€TCSl PeKUM CMEIIAHHON KOHBEKLMH. Takol peXUM TEIUIOOTAAYH BO3HUKAET,
KOT/Ia CBOOOJHOE JBIDKEHHE BO3JyXa YCHIIMBACTCS 32 CUET JOMOJHUTEITHHBIX
IIOJABEMHBIX CHJI, CO3ABAa€MbIX BBITSKHOM miaxtod. IIpm sTom BKianx B Tem-
JOOTJAaYy CBOOOTHOM M BBIHYXKICHHOW KOHBEKITMH corocTaBuM. Hcciemona-
HUS TEIJIOOTAAYM CMEIIaHHOW KOHBEKLUeH Npu HeOonbIuuX uncinax PerHomnba-
ca (Re<1000) B opeOpeHHBIX MyYKaX MPAKTUYECKH OTCYTCTBYIOT. M3BecTHa
JUIIb padoTa [21], B KOTOPOI BBHITOJHEHO MCCIICIOBAHUE U MOTYYCHBI SKCIICPH-
MEHTAJIbHBIE 3aBHCHUMOCTH TEIJIOOTIAaYH OpPeOpPEHHBIX OJHOPSIHBIX MYyYKOB B
nuamasone uncia I'pacroda (11-550) - 10°, uncna Peitnonbaca 480—2500.

Ilens paGoTHI — PKCIIEPUMEHTAIBHOE HCCIEIOBAaHNE U 000O0IEHHE JaHHBIX
TEIIOOTAAYd OPEOPEHHBIX OAHOPSAHBIX IMYYKOB MPHU CMEIIAHHON KOHBEKIUH
BO3/yXa, a Takke pa3paboTKa WHKEHEPHOW METOAWKH pacyeTa OTHOPSIHBIX
PELUPKYISIIMOHHBIX BO3TyXOHArpeBaTeseH.

MeToauka pacuera OJHOPAIHBIX PeUPKYJISALNOHHBIX
BO3/lyXOHarpeBareJei

W3ydancst ogHOPSIMHBIA My4YOK, COCTOSIIIUN M3 MIECTU TOPU3OHTAILHO pac-
MOJIO’KEHHBIX PEOPUCTHIX TPYO CO CITUpaIbHO HAKATHBIMU aTFOMUHUEBBIMU PEO-
pamu, ¢ monepedHbMu ImaramMu S = 58, 61, 64 u 70 MM, KOTOPBIM COOTBETCT-
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BYeT OTHOCHUTENbHBIM Imar oy =.S;/d=1,036; 1,089; 1,140 u 1,250. TpyOsI
YCTaHOBJICHBI MEXKTY (PaHEPHBIMU JOCKAMH TOJIIMHON 4 MM, a X TOPLIBI JUIsl CHU-
JKCHUSI TEIUIOBBIX MOTEPh 3alIHIICHBI (PTOPOILUIACTOBBIMU BTYJIKaMHu. | eomerpuye-
CKHE pa3Mepbl OMMETaJUIMYeCKON OpeOpeHHOW TpyObl, MM: nuameTp d = 56; nua-
MeTp TpyOBI 0 OCHOBaHHMIO dy = 26; BBICOTA, IIar, CPeAHss TOJIIMHA pedpa cooT-
BeTcTBeHHO h =15, s=2,5, A=0,5; nmuaa opeOperHol vactu TpyOs! /= 300.
Koadpdumment opebpenus tpyost ¢ =21. KoHcTpykums TpyObI-KaiopuMeTpa
U €€ OCHAIllEHUE TeMIIEPaTyPHBIMU JIATYMKAMHU ITOAPOOHO ONMUCaHbI B [22].

Jns opraHmzanuy WHTEHCU(UIIMPOBAHHOW KOHBEKTHBHOW TETUIOOTIAYH
B MOTOKE HArpeToro BO3JyXa HaJ IKCICPUMEHTAIBHBIM ITyYKOM YCTaHABIIUBA-
JIOCH JIBa TUTA BBITSDKHBIX IIAXT — C PETYIUPYEMOH BBICOTOM WU PETyIHPyEMbBIM
MIPOXOTHBIM CECUCHUEM.

IlepBBIM BHIOM SIBISUIACH MIAXTa C MPSAMOYTOJIHHBIM OCHOBAaHHEM, MEPEXO-
JSIIUM 4yepe3 KoH(y30p B IUIMHApUYEcKyro TpyOy auamerpom 0,110 M, pery-
mupyemoit BeicoTor H =0,52; 1,16; 1,48 m 2,10 m. [l CHIDKEHHS TEIUIO-
BBIX MOTEph IIAXTa CHAPY)KH TMOKPHITA CJIOEM MHHEPATHLHOTO BOJIOKHA TOJIIH-
Hoti 0,02—0,03 m.

[IlaxTa ¢ peryaupyeMbIM HPOXOJHBIM CEUCHHEM IPEJCTaBIsIeT COOOH ma-
pamtenenunen u3 (anepsl TommmHONH 0,004 M C TIPSIMOYTOIBHBIM OCHOBaHU-
em 0,383x0,313 M, BeIcOTON 0,52 M. CHapyXu ISl CHHXKEHMS TEIUIONOTEPh
[1axTa MOKpHITa cIoeM TNeHonoiuyperana ToimuHo 0,028 M u ciioem MuHe-
panpHOTO BojokHa TommuHON 0,005 M. B BEIXOHOM CEUEHUH IIaXThl yCTaHaB-
JIMBAJIMCh KPBILIKU C KPYTIBIM OTBEPCTHUEM Pa3IUYHOro auamerpa (dym, = 0,105;
0,137; 0,160; 0,187 u 0,205 M), KOTOpBIE U3TOTABIUBAIN U3 (haHEPHI TOJIIUHON
0,010-0,015 M u 7151 CHMKSHHS TEIUIOMOTEPh TIOKPHIBAIM CIIOEM MHHEPATHHOTO
BoJiokHa ToJiuHOM 0,004 M.

Teroornaua m3yyanach METOJOM IMOJIHOTO MoOjaenupoBaHus. [IpumMensics
000rpeB OpeOPEHHBIX TPYO BCTABHBIMU TEILIOAJIEKTpOHArpeBaTensaMu. CpeaHss
TpyOa B IydYKe SABJSUIACH KATOpUMeTpoM. CXema SKCIICPUMEHTAIBHON YCTaHOB-
KW, anmapaTypHoe odopMIIeHHE ee HW3MEPUTEIHHBIMH MPUOOpaMH, METOAHMKA
HCCTIECAOBAHMS M TIOPSIOK TPOBEICHUS OIBITOB HM3I0XKeHBI B [23]. Bo Bpems
MPOBEJICHYSI OTBITOB TEMIIepaTypa MOBEPXHOCTH TPYOBI-KAJIOPUMETPA y OCHO-
BaHUs pebep (cpemHeapudmernyeckas TeMmIieparypa Mo IMOKa3aHUsIM TEPMO-
rmap) W3MeHsIach B HWHTEpBaie f., = 30—165 °C, Temmeparypa OKpY>KaroIIero
BO31IyXa B Kamepe fo = 17-24 °C, momgBoguMasi K KaJIOpUMETPY DJICKTpPHUCCKas
MotHocTh W= 10-250 Br.

[lo maHHBEIM W3MEpPEHWH BHIYUCISLUTA CPEIHUIN TPUBEICHHBIN KOHBEKTHUB-
HEIH KOA(DPUITMEHT TEIIO0T/aur, OTHECEHHBIN K MOJIHOM HApYKHOM ITOBEPXHO-
cru, Br/(M*K):

O

e —t)F )

rae Oy — KOHBEKTUBHBIA TETUIOBOU MOTOK, BT; F = Indy@ — 1iomans TermiooT-
o o 2
Jaroriell opeOpeHHON TOBEPXHOCTH TPYOBI, M.
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TemnoBoit moTok , BT, OTBeIeHHBIN OT TPYOBI K BO3IyXy KOHBEKITHCH:
QK=W—QJ]_QH7 (2)

rae W — snexTpuieckas MOIIHOCTh, IIOABOANMAs K KalopumeTpy, Bt; O, — ten-
JIOBOM TOTOK, OTBEICHHBIN HM3IydeHHEM OT TPYOBl K BO3MyXy, BT [24]; O, —
TEIJIOBBIE MTOTEPU Yepe3 TOPLbI TPyO U TOKomoaBoabI, BT [25].

Pesynbrarhl SKCHIEpUMEHTa NPEACTABISIIN B BHIE 3aBUCUMOCTH uncia Hyc-
cenbTa oT umceln I'pacroda u Petinonbpaca:

Nu:—“‘fo; 3)
d, (t., —t

Gr:w; (4)

Re=, (5)

rae A, v — ko3pdunuent remnonpoBognoctH, B1/(M-K), u kxuHemaTuueckoi
BSIBKOCTH, M’/C; g — YCKOPEHHE CBOGOIHOTO majeHust, M/c’; P — Kod(pUImeHT
TeMmepatypHoro pacumpenus, K''; w — ckopocTh BO3IyXa B CXKATOM CEUCHHH
my4Ka, M/C.

Ornpenensromnei TeMepaTypoi sl HaxoxkaeHus ducen Hyccemsra, I'pac-
roda u PeifHonmbaca, a TakkKe TEIUIOPUIMUECKHUX CBOWCTB BO3JYyXa SIBIISCTCS
TeMITepaTypa OKPYIKaroIero Bo3myxa y, °C.

CKOpoCTh BO3/IyXa B ITy4YKe ONPEEIISITH KOCBEHHBIM 00pa3oM U3 ypaBHEHUS
TETIOBOTO OayiaHca

O=n(W-0,)=cpV(t, —1y). (6)

rae Q = Oc+ O, — TemwioTa, NOABEACHHAs K MOTOKY BO3AYXa, MPOXOSIIETO
yepes My4okK, BT; #n = 6 — uucio Tpy0 B myuke, IIT.; ¢ — CpeAHAs n3o0apHas Ter-
noemkocTs Bo3ayxa, JUk/(kr-K); p — mIoTHoCTs BO3AyXa, Kr/M’; V — o0beM-
HBI PACXOJ BO3JyXa uepe3 MydoK, M/c; f, — CPe[Hss TeMIepaTypa BO3IyXa
B maxre, °C.

Cpennsis m300apHas TEIUIOEMKOCTh ¢ W IUIOTHOCTH P ONPENENISUINCH T10
cpemHel TeMriepaType Bo3ayxa B mydke 0,5(¢y + ).

Torma ckopocTh BO3yXa B Iy4Ke

_ n(W-0,)

- , 7
J(c»ccp([m _to) ( )
rac fc;x — IJjIomaab CKaToro CCUCHUA IyvkKa, M2
1
S =InS; | 1- 5 d|. (®)

1

Pe3ynmbTathl AKCHEPUMEHTAILHOTO HCCIIEIOBAaHUS HWHTCHCU(MHUIIMPOBAHHON
KOHBEKTHBHOM TEIJIOOTAAYH B TOTOKE HATPETOT0 BO3/IyXa MPEICTaBICHBI Ha pHC. 1.
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Nu Nu
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Puc. 1. 3aBUCUMOCTB TEIUIOOTAAYN OJHOPAIHOTO TOPU30HTAIBHOTO Iy4dKa OT urcen PeliHomnbaca (a)
u I'pacroda (mpu pa3anyHbIX MONEPEYHbIX [Iarax ycTaHoBKH TpyO (b—e) u miommaasx
BBIXOJHBIX OTBEpCTHil BRITsDKHOM maxTel (f)): a— @ — o, =1,036; ® — 1,089; A — 1,14; v — 1,25;
b-mpuoc,=1,080: m—-H=0,52m; ® — 1,16; A —2,12 m;
c—mpuoc;=1,14: m-H=0,52m; ® —1,16; A — 1,48, v —-2,12 v
d-npuo; =125 m-H=0,52wm; ®—1,16; A —2,12 m;
e—npuc;=1,036: m—H=052m; ®—1,16; A —148; v-2,12 m;
f—npu o, =1,036: ¢ —d,,=0,105m; m — 0,137; ® —0,160; A —0,178; ¥ — 0,205 m
Fig. 1. Dependence of a heat transfer of a single-row horizontal bunch on Reynolds number (a)
and on Grashof's number (when cross pitches of tubes installation are various (b—e)
and when areas of exhaust outlets of the exhaust shaft are various (f)):
a—m—0o;=1,036;,®—-1,089; A 1,14, v—1,25;
b-wheno;=1,089: m—H=0,52m; ® —1,16; A —2,12 m;
c—wheno;=1,14.m-H=052m; ®-1,16; A —1,48; v -2,12 m;
d-wheno;=125:m—-H=0,52m; ® —1,16; A —2,12 m;
e—wheno;=1,036: m—H=0,52m; ®—1,16; A — 1,48, v—-2,12 m;
f—when o, =1,036: ¢ —d,;=0,105m; m —0,137; ® — 0,160; A —0,178; ¥ — 0,205 m
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B nporiecce 06paboTKH SKCIIEPUMEHTATLHBIX JTaHHBIX YCTaHOBJICHO (puc. 1a),
4To 3aBUcHMOCTH Nu = f{Re) WACHTHYHBI TIPU Pa3IMYHBIX MapamMeTpax BBITSIK-
HOW IIAXTHI, a OMPEICNSIIOTCS TOJIEKO MapaMeTpaMH TEIUIO0OOMEHHOIO ITydKa.
B pesynbrare 00001IeHNS 3KCTIEPUMEHTANBHBIX JAHHBIX TI0 TEILIOOTJaue OJTHO-
PSAIHOTO TOPU3OHTAIBHOIO IMy4YKa TPU Pa3iIMYHBIX MOMEPEYHBIX Iarax ycra-
HOBKH TpYyO mosrydeHa hopmyia

0,9

Nu =0,00129- % Re™%. 9)

9

VYpaBuenue (9) neiicTBuTenbHO B MHTepBasie m3MeHeHus Re = 100-720,
do/d, = 4,85-7,21.

Kak BuaHoO, pacueTHble 3aBUCUMOCTH 10 (9), pencTaBIeHHbIe Ha puc. la B
BUJE MpPSIMBIX, XOPOIIO COIJACYIOTCS C SKCICPUMEHTAJIBHBIMU JaHHBIMHU.
OnbITHBIE TaHHBIE OTKIIOHAIOTCA OT PAcUETHBIX MeHee deMm Ha 15 %. OmgHako
ypaBHeHHE (9) HEYymMOOHO WCITONB30BATh I WHXKEHEPHBIX PAacueTOB, TaK Kak
yrcno Re Beipaxkaercss yepes TPyAHOONPEACTUMBIH MapaMeTp — CKOPOCTh BO3-
JyXa B C)KaTOM CEUEHUH ITyuKa w.

[TosTomy B pe3ynbTare 0000IEHHS IKCTIEPUMEHTATIBHBIX AaHHBIX Nu = f{Gr)
IpU Pa3jIMYHBIX MONEPEYHBbIX IIaraXx yCTaHOBKHM TPYO, IJIOIIAISNX BBIXOIHBIX
OTBEPCTHUH U BBICOTE BBITSDKHOHN IIAXTHI TTOIydeHa hopMyna

Nu =0,000202Gr’** 4, (10)
rae A — Ko3(pHUIMEHT MPOMOPIIHOHATBHOCTH, 3aBUCSINNUNA OT T€OMETPHUUECKUX

MapaMeTpoB PELUPKYIAIUOHHON BO3AYITHON CUCTEMBI,

1,28 0,35 0,51

@ H+ dO f;)TB
da da f;))l(

A=

H — BBICOTA BBITSHKHOU IIAXTHI, M; d, — 3KBUBAJICHTHBIN JUAMETP CIKATOTO IMOTIC-
PEYHOTO CeYeHHsI ITyUKa, M,

2s

d =—3S8 11
3 2h+S lX ( )

9 2
J[on; — IJ1om@anab BBIXOJHOT'O OTBEPCTHUA BBITSAXKHOU IHAXTHI, M,

d2
49

f;)TB =T

fix — IUIOLIAAb CXKATOTO CEUCHHS MydKa, M, Y — KOd(PMUIMEHT 3arpOMOXK-
JICHUS. OPEOPEHHBIMH TPYOaMU MOMEPEYHOT0 CEYCHHS ITydKa JJIs TIPOX0/1a BO3-

nyxa [26],
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X =1—Si(d0 +2h—Aj.

1 N

Vpasuenue (10) nerictButensHo B uHTepBasie n3menenus Gr = 27000475000,
do/d, = 4,85-7,21, (H + dy)/d, = 100-587, fors/fex = 0,13-0,75.

Kak BumHO, pacuetHbie 3aBucumoctu 1o (10), mpeacraBieHnbie Ha puc. 1b—f
B BHUJE NPAMBIX, XOPOIIO COTJIACYIOTCS C 3KCIEPUMEHTAIHHBIMH AHHBIMHU.
OnbITHBIE JaHHBIE OTKJIOHSIOTCS OT pacYeTHRIX MeHee 4eM Ha 15 %.

O0001IeHHBIE JAHHBIC TI0 TEIIO0Taue B BHJIE 3aBUCUMOCTH yucia ['pacro-
¢da ot Nu/A4 nns omHOPSIHBIX OPEOPEHHBIX MYYKOB C OTHOCUTEIHHBIMU IOTIC-
peunsiMu maramu o) = 1,036; 1,089; 1,140 u 1,250 nns pa3nuyHbIX TUIOB BBI-
TSOKHBIX IIAXT TIPEJCTABICHBI Ha pUC. 2.

Nu/4

0,10

0,08 /gf

0,06

0,04

0,02
25000 100000 Gr

Puc. 2. O6001IeHHBIE JaHHBIE 110 TEIUIOOTAa4Ye OAHOPSIHBIX OPEOPSHHBIX MYYKOB:
npu 67 = 1,036 udy,; =0,105m: B—H=0,52m, @—1,16, A — 148, v-212 m;
npu 67 = 1,089 n dy,, = 0,105 M: @ —H=0,52 M, <—1,16, —2,12 m;
npu ;= 1,14ud,, =0,105m: @ — H=0,52 M, * — 1,16, O — 1,48, % — 2,12 m;
mpuc; =1,25ud,,, =0,105m: O—H=0,52m, <-1,16,> -2,12 m;
npu H=0,52mu oy =1,036: O —dy, = 0,137 M, © - 0,16, A - 0,178, v - 0,205 m
Fig. 2. The generalized data on a heat transfer of single-row finned bunches:
when 6, =1,036 nd,;; =0,105m: B—H=0,52m, ®— 1,16, A — 1,48, v—-2,12 m;
when 6, =1,089 ud,,, = 0,105 m: ¢ —H=0,52, 4-1,16, —2,12m;
when o, =1,14ud,, =0,105m: ® - H=0,52 m, # — 1,16, 0 — 1,48, % —2,12 m;
wheno;=1,25ud,;; =0,105m: & - H=0,52m, <-1,16,> —2,12 m;
when H=0,52 mu o, =1,036: 0 —dy, = 0,137 m, © - 0,16, A — 0,178, Vv — 0,205 m

Ha ocnoBe momydenHo#t 3aBucumocTH (10) MOXXHO TPEIIOKHUTEH CICAYIO-
IIYI0 METOANKY KOHCTPYKTUBHOTO pacueTa BOJISHOTO PEIUPKYJISITHOHHOTO BO3-
JyXOHarpeBaTellsi B BHJE OJHOPSIHOTO ITydKa W3 HCCIEJOBAaHHBIX OpeOpeH-
HEIX TPYO.

Hcxonnple naHHBIC K pacyeTy: TerwioBod motok (), kKBT; Temmneparypa Bo3-
Iyxa OKpy»Karomeh cpensl f,, °C; TemmepaTypa TEIJIOHOCHTENS Ha BXOJC I
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U BBIXOJIE ¢, U3 Bo3ayxoHarpeBarens, °C; BeicoTa H, M,  MTPOXOJHOE CCUCHUE
forss M2, PELAPKYIIAIMOHHOM ITAXTHI.

1. ITo (4) onpenensieM gucio I'pacroda, rae B KauecTBE TeMIepaTyphbl CTCH-
KH {.; MPUHAMAEM CPEIHIO0 TEMITEPATyPhl TEIUIOHOCUTEIIS:

ter= O,S(tll + tlz).

2. 3amaemcs momnepeuynbiM mmarom Sy = (1,03—1,25)d, M, u paccuuThiBaeM
110 (8) SKBUBAJICHTHBIA TUAMETP ITydKa d,, M.

3. ITo popmyme (10) onpenensiem unciao Nu, a 3aTeM KOdQPHUITUSHT TEIUIO-
OTJIa4M OT OpeOPEHHOM TPYOBI K BO3YyXY

_ Nur

(04
K
dO

b

rae A — kod((HUIMEHT TEIUIONPOBOIHOCTH Bo3ayxa, B1/(M-K), onpenenaeHHbII
0 TEMITEPATYPE Zo.
4. HaxomnM TEmI000MEeHHYIO TOBEPXHOCTD ITydKa

_ 0

" (g —t) (o )

e o, — JAy4ucThlii KoadduuueHT Temooraadn, Br/(M>K), KoTOpEIi paccuu-
TBIBaeTCs 110 [24], B IepBoM MpUOIKEHUH MOKHO TIpUHATH (0,15-0,20)0,.

5. Hazmagaem mmHYy opeOpeHHO# TpyOBI /, M, ompenenseM KOJIUIeCTBO
TPYO n, IIT., B Iy4Ke U MIUPUHY ITydKa B, M:

n =Fu/(Indy®);
B= nSl.

6. Ecniit monryanth 3(h(eKTUBHYIO KOMIIOHOBKY ITy4YKa 3aTPYAHHTENBHO, TO H3-
MEHsIEM 3HaueHHE MONIePEYHOrO 1ara IIy4ka S ¥ IOBTOPsieM pacdeT CHOBa C II. 2.

BbIBO/IbI

1. BemosHeH KOMITIEKC 3KCICPUMEHTAIBHBIX HCCICHOBAHUNA TEILIOOTIAYH
OpeOPEHHOTO OJTHOPSTHOTO MyYKa MPU CMEIIAHHOW KOHBEKITUHM BO3yXa.

2. [lomydeHo 0000IIEeHHOE KPUTEpHANbHOE YpaBHEHHE TEIIOOTAa4YN Opeo-
PEHHOT0 OJHOPSIIHOIO IyYKa C YCTAHOBJIEHHOM HaJ HUM BBITSDKHOM IIaXTOM
MU Pa3IMYHBIX TIOMEPEYHBIX IIaraX YCTAaHOBKH TpPyO, IJIOMAASX BBIXOJIHBIX
OTBEPCTHH U BBICOTE BBITSKHOM IIAXTBHI.

3. Pa3zpaborana WH)XEHEpPHass METOAWKA KOHCTPYKTHBHOTO pacyeTa OJHO-
PATHOTO PEUUPKYISIIMOHHOTO BO3IyXOHATpEeBaTEIs.

JIUTEPATYPA

1. TemnoTexHHWKa, OTOIUICHWE, BEHTWIANWS M KOHAWIMOHHpOBaHHE Bo3ayxa / B. M. I'yces
[u mp.]; mox obur. pen. B. M. I'ycesa. JI.: Ctpoitmznar, 1981. 343 c.



A. B. Sukhotskii, G. S. Marshalova
Intensified Convection Heat Transfer of Single-Row Bunch of Finned Tubes in an Air Stream... 561

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Makcumos, I'. A. Orormienne u Bentwsiius / I'. A. Makcumos. M.: Crpoitmzaat, 1949. Y. 2.

258 c.

. borocnosckuit, B. H. Ororutenne / B. H. Borociosckuii, A. H. CkanaBu; moa. pen. B. H. Bo-

rociosckoro. M.: Crpoiinzaar, 1991. 735 c.

. Cokonos, II. B. [IpoekTupoBaHue CyIIMIBHBIX M HAarpeBaTElbHBIX YCTAHOBOK U JPEBECH-

ubl / I1. B. CokonoB. M.: JlecHast mpoMBIIUIEHHOCTB, 1965. 322 c.

. Kyateimm, B. b. Temnootnaya ectecTBeHHONH KOHBEKIMEW OJUHOYHOIO PsAAa BEPTHUKAIBHBIX

opeOpeHHbIX TPYO Kajopudepos necocymmnbHbix kamep / B. b. Kyntei, A. B. ITo3auskosa,
B. 1. Menexos // 3Bectust By3oB. JlecHoit xypHan. 2002. Ne 2. C. 116—119.

. 3opuH, B. M. Atomusie anextpoctaniun / B. M. 3opus. M.: U3patensckuii jom MOU, 2012.

627 c.

. Tugba, inan Experimental and Numerical Investigation of Natural Convectionin a Double Skin

Facade / Inan Tugba, Tahsin Basaran, Mehmet Akif Ezan // Applied Thermal Engineering.
2016. No 106. P. 1225-1235.

. Moftakhari, Ardeshir. Natural Element Method Study of Combined Natural Convective and

Radiative Heat Transfer in Irregular-Shaped Mediums with Radiative Properties / Ardeshir
Moftakhari, Ardalan Moftakhari Chaei Ghazvin // International Journal of Thermal Sciences.
2017. Vol. 122. P. 141-161.

. Effect of Domain Boundary Set on Natural Convection Heat Transfer Characteristics for Ver-

tical Annular Finned Tube Heat Exchanger / Han-Taw Chen [et al.] // International Journal
of Heat and Mass Transfer. 2017. Vol. 109. P. 668-682.

Analysis of Nonlinear Heat Exchange Phenomena in Natural Convection Cooled Electronic
Systems / Gilbert De Mey [et al.] / Microelectronics Reliability. 2016. Vol. 67. P. 15-20.
Yogesh, J. Natural Convection Flow Interaction Above a Heated Body / J. Yogesh // Letters
in Heat and Mass Transfer. 1976. Vol. 3, No 5. P. 457-466.

. Numerical and Experimental Study of Natural Convection Heat Transfer Characteristics for

Vertical Annular Finned Tube Heat Exchanger / Han-Taw Chen [et al.] // International Journal
of Heat and Mass Transfer. 2017. Vol. 109. P. 378-392.

Yogesh, J. On the Introduction of Disturbances in a Natural Convection Flow / J. Yogesh //
International Journal of Heat and Mass Transfer. 1976. Vol. 19. P. 1057-1063.

Senapati, J. R. Numerical Investigation of Natural Convection Heat Transfer from Vertical
Cylinder with Annular Fins / J. R. Senapati, S. K. Dash, S. Roy // International Journal of
Thermal Sciences. 2017. Vol. 111. P. 146-159.

Hiseyin, A. Investigation of Passive Residual Heat Removal System for VVERs: Effects
of Finned Type Heat Exchanger Tubes / A. Hiiseyin, N. S. Cemal // Applied Thermal Engi-
neering. 2016. Vol. 108. P. 466-474.

Andrzejczyk, R. Thermodynamic and Geometrical Characteristics of Mixed Convection Heat
Transfer in the Shell and Coil Tube Heat Exchanger with Baffles / R. Andrzejczyk,
T. Muszynski // Applied Thermal Engineering. 2017. Vol. 121. P. 115-125.

Kuntysh, V. B. Experimental Investigation of Free-Convection Heat Exchange Between Mul-
tiple-Row Staggered Banks of Tubes with Spiral Fins / V. B. Kuntysh, A. V. Samorodov,
A. N. Bessonnyi // Chemical and Petroleum Engineering. 2008. Vol. 44, No 3—4. P. 113-120.
Kuntysh, V. B. Engineering Method for Thermal Analysis of an Air Cooler in a Regime of
Free-Convective Heat Exchange / V. B. Kuntysh, A. B. Sukhotskii, A. V. Samorodov // Che-
mical and Petroleum Engineering. 2014. Vol. 49. P. 773-779.

oxamypus, W. EcrecTBeHHast KOHBEKLMS: TEIUIO- U MaccooOmen / 1. Jlxamypus; niep. ¢ aHri.
M.: Mup, 1983. 400 c.

CB00OOTHOKOHBEKTUBHBIC TEUCHHS, TEIUIO- M MaccooOMeH: B 2 kH. / b. I'ebxapr [u ap.]; mep.
¢ anra. M.: Mup, 1991. Ku. 1. 678 c.

Kynrteiu, B. B. DkcrnepuMeHTalbHas YCTaHOBKA W METOJMKA HCCICHOBAHMS TEIUIOOTIa4d
My4KOB U3 OpeOPEHHBIX TPYO MpU cMelIaHHo# KoHBekuuu Bo3ayxa / B. b. Kyntei, A. B. Ca-
Moponos, A. 1. CameutoB / OxpaHa OKpyKaromel cpelsl ¥ palloHaIbHOE HCIIOIb30BaHHUE
MIPUPOAHBIX pecypcoB: ¢O. Hayd. Tp. ApxaHreinbck, 1998. Brin. 4. C. 139—149.


http://www.sciencedirect.com/science/journal/12900729
http://www.sciencedirect.com/science/journal/12900729/122/supp/C
http://www.sciencedirect.com/science/article/pii/S0017931016333749#!
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/00179310/109/supp/C
http://www.sciencedirect.com/science/article/pii/S0026271416304139#!
http://www.sciencedirect.com/science/journal/00262714
http://www.sciencedirect.com/science/journal/00262714/67/supp/C
http://www.sciencedirect.com/science/article/pii/0094454876900576#!
http://www.sciencedirect.com/science/journal/00944548
http://www.sciencedirect.com/science/journal/00944548
http://www.sciencedirect.com/science/journal/00944548/3/5
http://www.sciencedirect.com/science/article/pii/S0017931016319780#!
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/00179310/109/supp/C
http://www.sciencedirect.com/science/article/pii/0094454876900576#!
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/00179310/19/9
http://www.sciencedirect.com/science/article/pii/S1290072916303891#!
http://www.sciencedirect.com/science/article/pii/S1290072916303891#!
http://www.sciencedirect.com/science/journal/12900729
http://www.sciencedirect.com/science/journal/12900729
http://www.sciencedirect.com/science/journal/12900729/111/supp/C
http://www.sciencedirect.com/science/article/pii/S1359431116312595#!
http://www.sciencedirect.com/science/article/pii/S1359431116312595#!
http://www.sciencedirect.com/science/article/pii/S1359431116312595#!
http://www.sciencedirect.com/science/journal/13594311
http://www.sciencedirect.com/science/journal/13594311
http://www.sciencedirect.com/science/journal/13594311/108/supp/C
http://www.sciencedirect.com/science/article/pii/S1359431116339060#!
http://www.sciencedirect.com/science/article/pii/S1359431116339060#!
http://www.sciencedirect.com/science/article/pii/S1359431116339060#!
http://www.sciencedirect.com/science/journal/13594311
http://www.sciencedirect.com/science/journal/13594311/121/supp/C

A. b. Cyxoyxkuii, I. C. Mapwanosa

562 DKCIIEpUMEHTAIIBHOE UCCIIEIOBAaHUE U 0000IICHUE JaHHBIX 110 HHTCHCU(UIIMPOBAHHOM. . .

22.

23.

24.

25.

26.

Pa3pabotka creHna u uccienoBaHue CBOOOJHON KOHBEKIUH OJMHOYHOM OpeOpeHHOIl TpyOb!
npu pasnuuHbix yriaax Hakiona / A. b. Cyxouxuit [u np.] / Tpyast BI'TY. Cep. I: JlecHoe
X03SHCTBO, MPUPOJONOIb30BAaHKE U ITepepadoTKa BO30OHOBIsIEMBIX pecypcoB. Munck: BI'TY,
2017. Ne I. C. 169-175.

Cunopuk, I'. C. DKcriepIMeHTaIbHBIN CTEH]T VISl NCCIEAO0BAHMS TEIUIOBBIX M a3pOJHHAMUYC-
CKHMX IIPOIECCOB CMEIIaHHO-KOHBEKTHBHOTO TEIUIOOOMEHa KpPYyIJIOpPeOpPHCTHIX TPYO W ITyd-
koB / I'. C. Cunopuk // Tpynst BI'TY. Cep. 1: JlecHOe X035#CTBO, IPUPOIOTIONB30BAHUE U TIC-
pepaboTka Bo306HOBIsIEMBIX pecypcoB. Munck: BI'TY, 2018. Ne I. C. 85-93.

CamopogioB, A. B. CoBepuieHCTBOBaHHE METOJUKH TEIUIOBOTO pacdeTa M NPOEKTHPOBAHUS
anmnapaToB BO3AYLIHOTO OXJAXKACHHsS C MIaXMaTHbIMH OopeOpeHHbIMHU mydkamu / A. B. Camo-
ponoB. Apxanrenbck, 1999. 172 c.

Cyxoukuii, A. B. Uatencudukanus cBoO60IHOI KOHBEKIUH B OHOPSJHOM OpEOPEHHOM ITy4Ke
B amnmaparax Bo3ayurHoro oxyaxaenust / A. B. Cyxoukwuit, I'. C. Cungopuxk // Tpyast BI'TY.
Cep. 2: XuM. TeXHOI., OMOTeXH., reodkosor. Munck: BI'TY, 2017. Ne 1. C. 68-74.

[IpuMepsl pacyeToB HeCTaHAAPTH30BaHHBIX 3((eKTUBHBIX TemoooMmenHukoB / B. B. Kyn-
Toitl [u 1p.]; moa. pea. B. b. Kyureiua u A. H. Becconnoro. CII6.: Henmpa, 2000. 300 c.

IMocrynuna 14.05.2018  Tloamucana B mevars 18.07.2018  OnyGuukoBana onnaiin 28.11.2018

10.

11.

12.

REFERENCES

. Gusev V. M., Kovalev N. 1., Popov V. P., Potroshkov V. A. (1981) Heat Engineering, Hea-

ting, Ventilation and Air Conditioning. Leningrad, Stroiizdat Publ., 343 (in Russian).

. Maksimov G. A. (1949) Heating and Ventilation. Part. 2. Moscow, Stroiizdat Publ. 258 (in

Russian).

. Bogoslovskii V. N., Skanavi A. N. (1991) Heating. Moscow, Stroiizdat Publ. 735 (in Russian).
. Sokolov P. V. (1965) Design of Drying and Heating Installations for Wood. Moscow, Lesnaya

Promyshlennost' Publ. 322 (in Russian).

. Kuntysh V. B., Pozdnyakova A. V., Melekhov V. L. (2002) Heat Transfer by Natural Convec-

tion Single Series of Vertical Finned Tubes of Heaters of Wood Drying Cameras. Izvestiya
Vysshikh Uchebnykh Zavedenii. Lesnoi Zhurnal [Proceedings of Higher Educational Institu-
tions. Forest Journal], (2), 116—121 (in Russian).

. Zorin V. M. (2012) Nuclear Power Plants. Moscow, MPEI Publ. 627 (in Russian).
. Tugba Inan, Tahsin Basaran, Mehmet Akif Ezan (2016) Experimental and Numerical Investi-

gation of Natural Convectionin a Double Skin Facade. Applied Thermal Engineering, (106),
1225-1235. https://doi.org/10.1016/j.applthermaleng.2016.06.124.

. Ardeshir Moftakhari, Ardalan Moftakhari Chaei Ghazvin (2017) Natural Element Method

Study of Combined Natural Convective and Radiative Heat Transfer in Irregular-Shaped Me-
diums with Radiative Properties. International Journal of Thermal Sciences, 122, 141-161.
https://doi.org/10.1016/j.ijthermalsci.2017.07.029.

. Han-Taw Chen, Yu-Jie Chiu, Hung-Chia Tseng, Jiang-Ren Chang (2017) Effect of Domain

Boundary Set on Natural Convection Heat Transfer Characteristics for Vertical Annu-
lar Finned Tube Heat Exchanger. International Journal of Heat and Mass Transfer, 109,
668-682. https://doi.org/10.1016/j.ijheatmasstransfer.2017.02.043.

Gilbert De Mey, Torzewicz T., Kawka P., Czerwoniec A., Janicki M., Napieralski A. (2016)
Analysis of Nonlinear Heat Exchange Phenomena in Natural Convection Cooled Electro-
nic Systems. Microelectronics Reliability, 67, 15-20. https://doi.org/10.1016/j.microrel.
2016.11.003.

Yogesh J. (1976) Natural Convection Flow Interaction Above a Heated Body. Letters in Heat
and Mass Transfer, 3 (5), 457-466. https://doi.org/10.1016/0094-4548(76)90057-6.

Han-Taw Chen, Yu-Jie Chiu, Chein-Shan Liu, Jiang-Ren Chang (2017) Numerical and Expe-
rimental Study of Natural Convection heat Transfer Characteristics for Vertical Annular Fin-
ned Tube Heat Exchanger. International Journal of Heat and Mass Transfer, 109, 378-392.
https://doi.org/10.1016/j.ijheatmasstransfer.2017.01.122.


http://www.sciencedirect.com/science/journal/12900729
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/00262714
https://doi.org/10.1016/j.microrel
http://www.sciencedirect.com/science/article/pii/0094454876900576#!
http://www.sciencedirect.com/science/journal/00944548
http://www.sciencedirect.com/science/journal/00944548
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/00179310/109/supp/C

A. B. Sukhotskii, G. S. Marshalova
Intensified Convection Heat Transfer of Single-Row Bunch of Finned Tubes in an Air Stream... 563

13.

14.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

Yogesh J. (1976) On the Introduction of Disturbances in a Natural Convection Flow. Interna-
tional Journal of Heat and Mass Transfer, 19, 1057-1063. https://doi.org/10.1016/0017-
9310(76)90189-7.

Senapati J. R., Dash S. K., Roy S. (2017) Numerical Investigation of Natural Convection Heat
Transfer from Vertical Cylinder with Annular Fins. International Journal of Thermal Sciences,
111, 146-159. https://doi.org/10.1016/j.ijthermalsci.2016.08.019.

. Hiiseyin A., Cemal N. S. (2016) Investigation of Passive Residual Heat Removal System for

VVERs: Effects of Finned Type Heat Exchanger Tubes. Applied Thermal Engineering, 108,
466-474. https://doi.org/10.1016/j.applthermaleng.2016.07.128.

Andrzejczyk R., Muszynski T. (2017) Thermodynamic and Geometrical Characteristics
of Mixed Convection Heat Transfer in the Shell and Coil Tube Heat Exchanger with Baf-
fles. Applied Thermal Engineering, 121, 115-125. https://doi.org/10.1016/j.applthermaleng.
2017.04.053.

Kuntysh V. B., Samorodov A. V., Bessonnyi A. N. (2008) Experimental Investigation of Free-
Convection Heat Exchange Between Multiple-Row Staggered Banks of Tubes with Spi-
ral Fins. Chemical and Petroleum Engineering, 44 (3—4), 113-120. https://doi.org/10.1007/
$10556-008-9021-y.

Kuntysh V. B., Sukhotskii A. B., Samorodov A. V. (2014) Engineering Method for Thermal
Analysis of an Air Cooler in a Regime of Free-Convective Heat Exchange. Chemical and Pe-
troleum Engineering, 49 (11-12), 773-779. https://doi.org/10.1007/s10556-014-9834-9.
Jaluria Y. (1980) Natural Convection: Heat and Mass Transfer. NY, Pergamon Press.

Gebhart B., Jaluria Y., Mahajan R. L., Sammakia B. (1988) Buoyancy-Induced Flows and
Transport. New York, Hemisphere Publishing Corp., 678.

Kuntysh V. B., Samorodov A. V., Samylov A. I. (1998) Experimental Unit and Methods of
Research of Heat Transfer of Bundles of Finned Tubes in Mixed Air Convection. Okhrana
Okruzhayushchei Sredy i Ratsional'noe Ispol’zovanie Prirodnykh Resursov: Sb. Nauch. Tr.
[Environmental Protection and Rational Use of Natural Resources: Collected Research
Works]. Arkhangelsk, (4), 139-149 (in Russian).

Sukhotskii A. B., Farafontov V. N., Filatov S. O., Sidorik G. S. (2017) Development of the
Stand and Investigation of Free Convection Finned Single Tubes at Different Inclination
Angles. Trudy BGTU. Ser. I. Lesnoe Khozyaistvo, Prirodopol’zovanie i Pererabotka Vozob-
novlyaemykh Resursov = Proceedings of BSTU. Ser. 1. Forestry, Environmental Management
and Recycling Renewable Resources. Minsk, Belarusian State Technological University, (1),
169175 (in Russian).

Sidorik G. S. (2018) Experimental Stand for the Investigations of Thermal and Aerodynamic
Processes of Mixed-Convective Heat Transfer of Round-Ribbed Tubes and Bundles. Trudy
BGTU. Ser. 1. Lesnoe Khozyaistvo, Prirodopol'zovanie i Pererabotka Vozobnovlyaemykh Re-
sursov = Proceedings of BSTU. Ser. I. Forestry, Environmental management and Recyc-
ling Renewable Resources. Minsk, Belarusian State Technological University, (I), 85-93 (in
Russian).

Samorodov A. V. (1999) Improving the Methods of Thermal Calculation and Design of Air
Coolers with Staggered Finned Bundles. Arkhangelsk. 172 (in Russian).

Sukhotskii A. B., Sidorik G. S. (2017) Intensification of Free Convection in a Single-Row
Finned Bundle in Air-Cooling Devices. Trudy BGTU. Ser. 2. Khimicheskie Tekhnologii, Bio-
tekhnologiya, Geoekologiya = Proceedings of BSTU. Ser. 2: Chemical Technologies. Bio-
technology. Geoecology. Minsk, Belarusian State Technological University, (1), 68-74 (in
Russian).

Kuntysh V. B., Bessonnyi A. N. (ed.) (2000) Examples of Calculations of Non-Standardized
Efficient Heat Exchangers. St.-Petersburg, Nedra. 300 (in Russian).

Received: 14 May 2018 Accepted: 18 July 2018 Published online: 28 November 2018


http://www.sciencedirect.com/science/article/pii/0094454876900576#!
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/00179310
http://www.sciencedirect.com/science/journal/12900729
http://www.sciencedirect.com/science/article/pii/S1359431116312595#!
http://www.sciencedirect.com/science/journal/13594311
http://www.sciencedirect.com/science/article/pii/S1359431116339060#!
http://www.sciencedirect.com/science/journal/13594311
http://www.sciencedirect.com/science/journal/13594311/121/supp/C
https://doi.org/10.1016/j.applthermaleng
https://doi.org/10.1007/%20%0bs10556-008-
https://doi.org/10.1007/%20%0bs10556-008-

DOueprerurka. M3B. BbicI. yue. 3aBeienuii u sHepr. oobequHenuit CHI'. T. 61, Ne 6 (2018), c. 564-578
564 Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. V. 61, No 6 (2018), pp. 564578

https://doi.org/10.21122/1029-7448-2018-61-6-564-578
YK 66.047

JKCNepUMeHTATbHbIEC HCCIEI0BAHNS TENJI0BJIAroo0MeHa
B IIpolecce KOHBEKTUBHOM CYIIKHU
TOHKHUX BJIAJKHBIX MaTepHAJI0B
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Pedepar. M3noxens! HOBbIE cIOCOOBI 00paOOTKU 3KCIEPUMEHTAIBHBIX JaHHBIX 0000IEHHBIMU
KOMILICKCHBIMU IIEPEMEHHBIMU, XapaKTePHbIMU AT Ipoliecca cymku. IIpeacTaBieHsl pe3ynbTaTbl
HCCIIeI0OBaHUs TEMJIOBIAarooOMeHa MpH KOHBEKTUBHOM CYIIIKE TOHKMX IUIOCKHX BIQXKHBIX KAl
JSIPHO-TIOPUCTBIX MaTepuasoB. JlaHbl SKCIEPUMEHTANbHBIE YPABHEHUs ISl ONPEAENEHUs IIOT-
HOCTEHl TEeMIOBBIX MOTOKOB, CPETHEHHTETPANbHBIX TEMIIEpaTyp, MIHUTEIbHOCTH CYHIKH, HHTEH-
CHBHOCTHU HCIIAPEHUsI BIAaT BO BTOPOM IEPUOJIE CYHIKH. Y CTAHOBJIEHA CBSA3b IUNIOTHOCTEH TerIo-
BBIX IIOTOKOB B IIEPBOM M BTOPOM HEPUOJAX C U3MEHEHHEM TEMIIEpaTyphl BO BTOPOM IEPHUOJE.
Haiinena 3aBHCHMOCTD AJIs1 BEIYUCICHUS TEMIIEPATYphl B IEPHOAE MaJaoel CKOPOCTU CYLIKH C
Y4E€TOM TEIUIOTHI Ha HarpeBaHUE BIIAXKHOTO Tela. [Toka3zaHbl ypaBHEHUs Ul OIpeesIeHHs TeMIIe-
paTypel BO BTOPOM HEpHOJE IO TeMIepaTypHOMY KO3((GHIUEHTy CYIIKH, CKOPOCTH Harpesa
BIIQ)KHOTO MaTepHalla ¥ TEMITy HarpeBa BIa)XKHOTo Tena. JlaHo ypaBHEHHE ISl ONpeAeNICHuUs! M-
TENBHOCTH CYIIKH 110 3HAYEHHUIO TEMMa yOBUIH BIArocoAep KaHMs MaTepuana. Y CTAHOBIEHO BBI-
paXkeHHe AT BBIYHMCICHNS] HHTEHCUBHOCTH HCIAPEHHs BIard B IIEPBOM U BTOPOM IEPUOIAX CYII-
KU B 3aBUCHMOCTH OT OTHOIIEHHUS BIArocOJEp>KaHUi B IEPBOM MEPHOAE U TEKYILIETO BO BTOPOM.
OmpeneneHsl yCIOBUSL PETYISIPHOTO peXHMa IO TEIIO- M BIArooOMEHY Ui BTOPOTO IepHoja
cymku. PaccMOTpeHbl BO3MOKHOCTb OIpPEEICHUs TEMIIa HarpeBa BIa)KHOIO Tela IO CKOPOCTH
HarpeBa C HCIIOJb30BaHUEM TIpadudeckoro auddepeHIpoBaHus KPHBOH 3aBHCHMOCTH TeMIIe-
paTtypsl OT BpeMEHH BO BTOPOM IEpPUOJE CYIIKH, BOIPOCHI HCIOJIb30BAHMS IMPU HUCCIEIOBAHUN
mpolecca CyIIKH METOAOB TEOPHH DPEryIspHOTO pEeXMMa HarpeBa BIaXHBIX Tell. IIpuBemeHb
(dhopMyITBI IS OTIpEeNeHNs] TEMIIAa HarpeBa Tella U Temma yObumn Brarocoaepxkanus. [IpencTas-
JIeHa TIPOBEPKa TOYHOCTH 0OPaOOTKU OIBITHBIX JAHHBIX U JOCTOBEPHOCTH MOTYYEHHBIX SKCHEPH-
MEHTAJIbHBIX YPAaBHEHUH IS BCEX HCCIIelyeMbIX MaTepuaoB. B pesymbraTe uccnenoBanuii onpe-
JeTIeHBl OCHOBHBIE KHHETHIECKHE XapaKTEPUCTUKH, HEOOXOJUMBIE IS pacueTa TEeIIOBIarooome-
Ha B MIPOLIECCE CYIIKH.

KuroueBble cji0Ba: cpelHEHHTErpalibHas TEMIIEpATypa, TEMIIEpaTypa MOKPOro TEpMOMETpa, Bia-
rocojepxanue, Ko3QGUIMSHT CYIIKH, TEMII HAarpeBa BJIAXKHOTO Tella, TeMH YOBUIH BJIArocojep-
JKaHUs, CKOPOCTh CYILIKH, Kputepuii buo, uncno Pebunnepa
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Experimental Studies of Heat and Moisture Exchange
in the Process of Convective Drying of Thin Wet Materials

A. L OP’shanskii”, S. V. Zhernosek”, A. M. Gusarov”
DVitebsk State Technological University (Vitebsk, Republic of Belarus)

Abstract. New ways of experimental data processing by generalized complex variables that are
characteristic of the drying process are presented. The authors presented the results of a study of
heat and moisture exchange in the convective drying of thin flat moist capillary-porous materials.
As a result of the processing of the experimental data, equations were obtained for determining
the densities of heat fluxes, average integral temperatures, drying time and moisture evaporation
rate in the second drying period. The relationship between the densities of heat fluxes in the first
and second periods and the temperature change in the second period is revealed. The dependence
for calculating the temperature of the material in the period of the falling drying rate taking into
account the heat that is expended to heat the wet body is presented. The equations for determining
the temperature in the second period by the temperature coefficient of drying, the rate of heating
of the wet material and the rate of heating of the wet body are presented as well. An equation for
determining the drying time by the value of the rate of loss of moisture content of the material
is given. A mathematical expression for calculating the intensity of moisture evaporation in the
first and second drying periods depending on the ratio of moisture content in the first period and
the current in the second moisture content one is set. The conditions of a regular regime for heat
and moisture exchange for a second drying period are adduced. The authors consider the possibi-
lity of determining the rate of heating of wet material by the heating rate using the graphical dif-
ferentiation of the temperature function, which is described by the curve, as a function of time
in the second drying period. The problems of using the methods of the theory of the regular regime
for heating wet bodies during the investigation of the drying process are considered. The formulas
for determining the rate of heating of the body and the rate of loss of moisture content are given.
The accuracy of the experimental data processing and the reliability of the experimental equations
obtained for all the materials under study are verified. As a result of the research, all the basic
kinetic characteristics necessary for the calculation of heat and moisture exchange in the drying
process have been determined.

Keywords: average integrated temperature, temperature a moistened thermometer, moisture con-
tent, drying ratio, rate of heating the wet body, rate of decrease in moisture content, Bi criterion,
Rebinder number

For citation: Ol’shanskii A. I., Zhernosek S. V., Gusarov A. M. (2018) Experimental Studies of
Heat and Moisture Exchange in the Process of Convective Drying of Thin Wet Materials.
Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 61 (6) 564-578. https://doi.org/10.
21122/1029-7448-2018-61-6-564-578 (in Russian)

BBeaenue

VHTEHCHBHOCTh TETUTOBJIAr00OMEHa TPU CYIIKE CYIIECTBEHHO 3aBHUCHT OT
PEKHUMHBIX NTapaMETPOB TEIJIOHOCUTEIS: TEMIIEPATypbl CpPeAbl, CKOPOCTH JIBH-
JKEHUS W OTHOCHUTEIIPHOW BIIAXKHOCTH. JTH XapaKTEPUCTUKH BIUSIIOT HA JJIH-
TENBHOCTh CYIIKU U TEXHOJIOTHYECKUE CBOMCTBA BHICYIIIMBAEMOT0 MaTepuarna.

TemnepaTypa TENIOHOCUTEN — BAXKHENIIMN NIapaMETpP, OTBEUYAIOIIMM 3a Ka-
YeCTBO TOTOBOTO MpoaykTa. OMHAKO WHTCHCU(DUKAIHS CYIIKH 32 CUET yBeInde-
HUS TEMIEPATYPhl TSIUIOHOCUTEISI, 0COOSHHO ISl TEPMOYYBCTBUTENIBHBIX MaTe-
pHAJIOB, HE BCETZIa BO3MOKHA, MOCKOJIBKY BO BJIA)KHOM TEJIE MOT'YT BO3HHMKATh
3HAUUTEIIbHBIE TPAJMEHTHl BJIArOCONCPXKAHUS M TEMIEpPaTypbl, NPUBOISALINE
K pa3pyLICHUIO CTPYKTYpPbl MaTepHaa.
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OCHOBHOE YCIIOBHE PaITMOHAILHON CYIIKH — TaKOW pPEeXUM, KOTOPHIH TOJ-
JKEH CO3[aBaTb OJarompHsATHBIE YCIOBUS IS UCTIAPEHUs BIard MpH BBICOKHX
TEXHOJIOTHYECKHX CBOMCTBaxX 00pabaThIBaEMOro Marepualia U MHHUMAaJbHON
JUINTENILHOCTH CYIIKH. BBIOOP palMOHANBHOIO pekKuMa CYHIKHM KOHKPETHOIO
MaTepuaja CBA3aH C HCCIEIOBAaHUEM KHMHETHKH CYIIKH, M3y4YeHHUEM Hauloiee
0o0MIMX 3aKOHOMEPHOCTEH MpoTekaHus mpouecca. DPPEKTUBHBIMHU SIBISIOTCS
Takue NPUOIMKEHHbIE METO/ABI pacueTa KUHETHUKHU CYIIKH, KOTOphle OCHOBAHBI
Ha 00paboTKe OMBITHBIX JAHHBIX HamOollee YCTOWIMBHIMU OOOOIIEHHBIMHA KOM-
IUIEKCHBIMHU NI€PEMEHHBIMH, XapaKTEePHBIMHU ISl IPOLIECCA CYIIKH KOHKPETHOTO
Marepuaia.

IlocTanoBKka 3agaun

J7s TEXHOJIOTHH CYIIKH MPAaKTUYECKOe 3HAUYSHNE NMEET KOHTPOIIb TeMIepa-
TYpBI B IIPOLIECCE U BpEMSI €€ BO3AEHCTBUS Ha BiIayKHbIM Matepuall. [Ipu koHBek-
TUBHOM CYyIIIKE TOHKUX MaTE€pPHaJIOB TEIJIOMAacCOOOMEHHBIE KpuTeprun bro maisr
U B pPeaJbHBIX YCIOBHSIX CYIIKH UMCIOT NPUOIMKEHHO OJIMHAKOBBIC YHCICHHBIC
3HaueHus [1]. [maBHBIM QaKTOPOM 3/1€Ch SIBJIICTCSI BHEIITHHIA TEILJIOBIAr000OMEH
MMOBEPXHOCTH MaTepHaja ¢ OKpPYXarollel cpeaoi, U CKOPOCTh CYIIKH CJ1abo 3a-
BHCHUT OT BHyTpeHHero Mmaccorepernoca [1-3]. CymiecTBeHHO MHTEHCHUHUITUPO-
BaTh BHEIIHUHM TEIIOMACCONEPEHOC MOXHO 3a CUET aKTUBU3AIlMU TUAPOJIUHA-
MHUYECKOT0 PeKUMa CYyIIKH [3, 4].

IKCHepUMEHT

Jlnst ucciienoBanus ObUTA TIOATOTOBICHBI 00pa3Ibl U3 TUIMYHBIX KaIMILISP-
HO-TIOPHUCTBIX MATEPHUAJIOB: MOPHUCTON KepaMUKH TOJIIHHON O =5 MM, IIOTHO-
¢TI0 Py = 1860 Kr/™M’, IOpHCTOCTBIO 28 %; IMCTOBOrO achecTa TOMIIMHOMN & =
= 6 MM, IUIOTHOCTBIO po=770 KI/M’; IIEPCTAHOrO CTPOMTENBHOIO BOMIOKA
TOJIIIMHON O = 8 MM, TUIOTHOCTBIO Py = 200 kr/M’. Bee 00pasifsl, MOATOTOBJICH-
HBIC K 3KCIIEPUMEHTY, MIPEIBAPUTEIHHO BBIICPKUBAINCH B SKCUKATOPE JIJIS BHI-
paBHUBAHUS BIArOCOEPKAHUS 110 00BEMY.

Kpusbie cymku # = f(t) 1 TeMeparypHble KpUBBIE { = f{T) I POIIECCOB

CYUIKHM TIpeJCTaBleHbl Ha puc. 1. BuaHo, uTo Bech Iporecc CYIIKH YCIOBHO
MOYKHO Pa3JeNIuTh Ha TP y4acTKa: IPorpeBa MaTepuaia, IOCTOSHHON CKOPOCTH
Cymkd (TIepBBIM MEpUOJ) M Majaromeil ckopocTu (BTopoi mepuon). B cramuu
Iporpesa MoJBOUMAs TEIJIOTa PacX0LyeTcsl Ha IPOrpeB MaTepuala OT Hayallb-
HOH TeMIlepaTypbl A0 TeMIEpaTypbl MOKPOTO TEPMOMETPA f,,, IPUOIIKECHHO
NPUHIMAaeMON PaBHOM TeMmIleparype NMOBEPXHOCTH MaTepHuala f, B IIEpBOM Ie-
puoze. Ilpu cymike TOHKMX MaTepHajOB CTaius HpOrpeBa OOBIYHO OYECHb He-
IPONOJDKUTENIbHA, U W3MEHEHUEM BJIATOCOAEP)KAaHUsS B 3TOH CTalud MOXKHO
npeHeOpeyb [4]. CKOPOCTh CYIIKH BO3pAacTaeT OT HYJIS IO CKOPOCTH CYLIKH
B nepBoM mepuoje N. [ns OonpIMHCTBa TOHKUX KaNWISIPHO-TIOPUCTBIX MaTe-
pHaJIOB, KOrja JMMUTHPYIOUIYIO POJb UIPAeT BHEIIHUI TelJIOBJIarornepeHoc,
HAOJIONAIOTCSI W TIEPHOJ MOCTOSHHOW CKOPOCTH CYIIKH, W TIEPHOJ TOCTO-
SHHOW TeMIIepaTyphl, MPOTEKAIoUIMe 1O 3HAYCHUS KPUTUYECKOTO BIIAroco-
AepXKaHua U, (puc.l)[2, 4, 5]. C ymeHblIEHHEM BIIArocoAepKaHUs MaTe-
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puana u <, HaYMHAETCSA NEPUOJ yOBIBAIOLIEH CKOPOCTH CYyHIKH C HEIPEPBIB-

HBIM YBEJIHYEHHEM TEeMIIepaTyphl MaTepuaia A0 TeMIIEpaTypbl Cpeldbl f, MpH
BpPEMEHM CYIIKH T — 0. B mepuose nagaromen cCKOpOoCTH CYIIKH HacCTyIaeT pe-
T'YJISPHBII PEXUM IO TEIUIO- U BIarooOMEHY, U OTCYET BPEMEHH CYIIKHU YAOOHO
MIPOU3BOANTD OT HYJIS, @ TEMIEPATYPHI OT 4, [1, 2].

i 1 0
1.00 =" 100
' o
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0.80 i \ kp - > el P
| T 1 S L A
E | /
m
0,60 | Il M, /”\/‘ F 60
S| N 4 —
—
0.40 T e ;QCH 40
RV.dl ~ c
| [
0.20 ; ; ™ 20
15 | I
| | |
| | 0
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i I i 7,°C
ﬁn /’J’ﬁ 7 100
02 i L1 80
2 g
i b b
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Bl | e
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0.40= 751\/ = / — 80
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|
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Puc. 1. Kpusble cymuku u = f(T) U TeMepaTypHble KPUBbIE ¢ = f{T) 15l IPOLIECCOB CYILIKU
JMCTOBOTO achecTa (a), moprcToil kepaMukH (b) ¥ MIEPCTSIHOTO BOWIOKA (C) IPH PEXKMUMAX CYIITKH:
a—1,=120°C;v=3 M/c; b—120°C; 5 m/c; c— 120 °C; 3 m/c
Fig. 1. Curves of drying u = f(1) and temperature curves ¢ = f{t) for drying processes

of sheet asbestos (a), porous ceramics (b) and wool felt (c) under the following drying conditions:
a—t,=120°C;v=3m/s; b—120 °C; 5 m/s; c — 120 °C; 3 m/s
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O0padoTka IkcnepumMenTa. BoiBoa ypaBHeHmii

OCHOBHOE ypaBHEHHE KUHETHKH CYIIKH [2-5]
qu _
—=N (1+Rb), )
qr

TA€ g1, ¢ — TWIOTHOCTH TEIUIOBOTO IOTOKA B IEPBOM M BTOPOM IIEPHUOJAX CYILIKH;
*
Rb — uncno Pebunzaepa; N — oTHOCHTENbHAs CKOPOCTh CYILIKH,

« 1 |du
v o L] o
Nl\dr
N — CKOPOCTB CYIIKH B TIEPBOM TIEPHO/IE.
dir
CKOpOCTh CYIIKH d—u =K(u —u,), rae koobpuuunent cymku K [2—4]
T
k=—"_, 3)
Up —Up
TI€ Uy, , Uy — KPUTHUECKOE M PABHOBECHOE BJIar0COJEPKaHUE MaTepHaa.
Ha ocnoBanuu (1)—(3) MoxHO 3anucaTh
9u | 2 |(1+Rb). (4)

611 u](p

IIpu TemriepaTypax cymuiabHOTO arenra Boimie 90 °C paBHOBECHOE BIJIaroco-
nepxanue u, = 0 [2, 5].

Jlis MHOTHX KalWJUIIPHO-TIOPHCTBIX BJIAXKHBIX MaTEPHAJIOB 3aBUCHMOCTb
yricina PeOuHiepa OT BlIarocojepaHusi BBIPAKACTCS IMITUPUIECKON (opmy-
now [2-5]

Cunb

Rb = = Aexp(—m(u —u,)), ®)
r

rne b=dt /du — temueparypHbiii KO3QPUIHUEHT CYNIKU; 7 — yIeIbHAS TEIUIOTa
apooOpa3OBaHMUS; Cy, — YACTbHAS TEIUIOEMKOCTh BIAKHOTO MaTepHaia, oIpe-
JiessieMast TI0 COOTHOIIICHHUEO [3]

Co+Cxll
Cpn = N
l1+u

Co, Cx — YACIbHAS TEINIOEMKOCTh CYXOT'0 TeJa U KUIKOCTH.

ITocTostHable A ¥ m B ypaBHEHWH (5) OMPENENSIFOTCS SKCIEPUMEHTAILHO
U 3aBUCAT OT BHUJA BIAXKHOIO Marepuaina. 3HaueHus 4 U m ISl IOPUCTON Ke-
paMuKH, JUCTOBOTO acOecrta M MIEPCTIHOrO BOWIoKa paBHBI 0,5; MOCTOSH-
Has m — cooTBeTcTBeHHO 20; 151 6 [6, 7].
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Uncno Rb mo3Bosser mpoBOoaWTh pacyeT TeriooOMeHa MO JaHHBIM BIIaro-
oOMeHa, He mpuberas Kk omnpezaeiacHuo Ko3dduireHTa TermooOMeHa Mo Kpure-
pHAIBHBIM ypaBHEHUAM [2-5].

YcranoBieHo, 4To KOd(D(UIIMEHT TeriooOMeHa O BO BTOPOM IEPHOIE
YMEHBILAETCS 110 SMIINPUUECKOMN 3aBUCUMOCTH [2—5]

= = . (6)

A xp Uxp

Koaddumuent n He 3aBUCUT OT peXHMMa CYIIKH U OMPEACISETCS TOJIBKO
BUJIOM BJIaXHOTO0 Marepuaya. [locTosHHAas 7 MO AKCHEPUMEHTAIBHBIM JIaH-
HEIM [6, 7] TIpH CyIIIKe paccMaTpUBaeMbIX MaTepruaioB pasHa (,5.

OTHoIIEHHE TUIOTHOCTEH TEIIOBBIX MOTOKOB JJISl TPOIlecca CYIIKH C y4e-
TOM (6)

qu__0t=1) _ _i ﬂ, (7)
q1 aKp(tC_tM.T.) ul(p At[
rzae At;, At — pa3HOCTh TEMIEpPATyp B IEPBOM M BTOPOM MEPHOAAX CYLIKH.
U3 paBenctBa ypaBaenuii (4) u (7) momydum
Au [ Z 1 (14 Ro), (8)
Atl Ugp

rane nyg=1-n.
BenuunHa KPUTUYECKOTO BJIATOCOAEPIKAHMS Uy, UL MHOTMX MAaTEpPUAJIOB

IIPY U3MEHEHUH PEXXHUMa CYIIKH MEHSETCSl HE3HAUYUTENbHO, U TUM U3MEHEHUEM
MOXHO TIpeHeOpeds [2, 5].

OO6paboTKa OMBITHBIX JAHHBIX MO CYIIKE MOPHCTONH KEPaMHUKH, JTHCTOBOTO
acOecTa W BOWIOKA B HHTEpBaJe H3MEHCHHUS PEXKHMOB CyIku f. =90 °C
u t.= 120 °C, ckopoctu Bo3ayxa L =3 M/c U L= 5 M/c s 3aBUcUMOCTH (&)
MIpEACTaBJICHA Ha pHC. 2a.

N300paskeHHbIe Ha pHC. 2a KPUBBIE MPEACTABIAIOT YKCIIOHCHIUATIbHBIE 3a-
BUCUMOCTH, IPUOJIIKEHHO alllIPOKCUMHUPYEMbIE TS JaHHBIX MaTepHaJIOB ypas-
HEHHEM

N0
%onexp 335/ 2| (1+Rb) |, )
t

1 uxp

rac Ao — JUHEUHas (byHKL[I/IH KPUTHUYCCKOTO BJIAroCOJACp:KaHus, ompcaciacMan
HpI/I6J'II/DK€HHO BBIPA’KCHUEM

Ay =0,036+0,0611,,.
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In(r, -7)
Ay A
]
Aty \'\\.Q\ A
R

7

0.8 b g ot

e .
— 2 L7,
” ; 8 16 [t Mun -‘—T: .. '. d /
0.4 N b - <
5 . \ /)'
02| e
14 4 \.0.,8 i /g,

P

0 01 02 03 04 05 06 (@ /i15)"* (1+Rb)

Puc. 2. 3aBucumocTu: oTHomeHHs: Aty /At; oT kommuiekca (u/ ﬁxp)o’s(l + Rb) mns nporeccos
cymku kepamuki (1), acGecra (2), Boitoka (3) B HHTepBaje pexxuMoB cymku £, = 90 u 120 °C,
U ckopocTH Bo3ayxa v =3 u 5 m/c (a); In(t. —¢) = f(t) st cymku noprcroit kepamuku (b) mpu pe-
xumax: 1 —90 °C;2-120;3-150°C;v=5wm/c; Z = f(u/u,,) BTporeccax
CYIIKU KepaMUKHU U BOWIJIOKa (C) TIpU pexuMax cymkd £, = 90-120 °C; ckopocTs Bo3ayxa v = 3—5 m/c
Fig. 2. Dependencies: Relationships At/ At; on the complex (u /ﬁKp)°’5(1+ Rb) for drying
processes of ceramics (1), asbestos (2), felt (3) in the interval of drying regimes ¢, 0of 90 and 120 °C
and air velocity v of 3 and 5 m/s (a); In(¢, —¢) = f(t) — for drying porous ceramics (b) under
the conditions of: 1 — 90 °C; 2 —120;3 - 150 °C; v =5m/s; Z = f(u/u,,) — in the processes
of drying ceramics and felt (c) under drying conditions of ¢, = 90-120 °C; air velocity v = 3—5 m/s

CpenHenHTerpanbHas TEMIEpaTypa MaTepHaia C y4eTOM TEIUIOTH Ha HarpeB
BJIQ)KHOTO TeJla B TIEPHO/IE MANAIOIIEi CKOPOCTH CYIIKH OHPENeIseTCs] PeIIeH -
eM ypaBHeHus (8)

t_ztc_(tc_tM.T)(D’ (10)

05
e @ = 4y exp 3,35(4} -(1+Rb) |.

U

CpenHeuHTerpangbHas TeMIIEpaTypa MaTepyana BO BTOPOM IIEpHOE OIpese-
JsIeTCs. U3 DKCIEpUMEHTa Ha OCHOBE TEMIIEPaTYpHOro Ko3(Q(HUIMEHTa CyIl-
xu b=dt /du, xoropslii Haxogutcs rpaduueckuM qupPepeHIUPOBAHUEM TEM-
niepatypHoi KpuBoi ¢ = f(u) [2].

B mepuome MOCTOSHHOM CKOPOCTH CYIIKH TeMIEpaTypHbIA Kod(hduiu-
edt b =0. 3aBucumocts b= f(u) 11 psiga BIaXHBIX MaTepHajoB, Kak u (5),
BBIpa)kaeTCs SMIIMPUIECKUM ypaBHEHHUEM [2, 6, 7]

b=£t_=D0 exp(—mg (i —uy)). (11)
du

ITocTosiHHas m, ompenemnseTcss BUAOM BIaXHOTO MaTepuania, a Kodhdumm-
eHT D, sBigercs GyHKIMEH TeMIepaTypsl TETTIOHOCHTEISL.
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Jlnst cpemHeit TeMrepaTypbl MOXKHO 3aIucaTh [5]

T()=t, - j (@) d (i), i <. (12)

Up

IMoxcrasmsst B (12) dpopmyny (11) 1 uHTErpUpys B 3aJaHHBIX Hpeieiiax, Mmo-
JIYYUM ypaBHEHUE TEeMIIEPaTypHON KPUBOM

7(@) =t — 21— exp(omo (@ —uy))] (13)

my

rae my — MOCTOSIHHAs, Ul KepaMUKu mo = 16; it acOecta my= 14; mist Boino-
Ka my=28,5[6,7].

PesynpTaTel 00pabOTKH OMBITHBIX JaHHBIX s 3aBUCUMOCTH Igh = f(u) (a)
u xo3ddunmenta Dy = f(¢.) (b) mpu cymike kepamuku (1), acoecra (2) u Bo¥-
noka (3) mpeacTaBieHsl Ha puc. 3. 3aBUCUMOCTh Dy = f'(¢.) TpHOIIKEHHO BHI-
pakaercs Kak
le

- (14)
0,084 +0,15,,

Dy

1gh,°C 0,1 02 03 04 05 06 075-u

D, :
355 1600 b 1 |
~ 1200 )
3 i 0 \-\ 200 /ﬁﬁ/"-’:—;d—.
T~ . i1 1.°C
25 ~ T
- T | T
2.0 . : ' Sal 2,\
L5 I~
3 -
1.0 T~

0 0,02 0,04 0,06 0,08 010 0,12 0,147-u,

Puc. 3. 3aBucuMocTb TemreparypHoro kodddurimenra cymku 1gh = f(u) (a)
unoctosHHBIX Dy = f'(¢.) (b) /s mporiecca CyIIKH MOprcToit kepaMmuki (1), mictoBoro acoecta (2)
U LEPCTSIHOTO BOWIOKa (3) mpH pexkuMax, yKa3aHHBIX Ha puc. 2a
Fig. 3. Dependence of temperature coefficient of drying 1gbh = f(u) (a)
and constant values Dy = f(¢.) (b) for the drying process of porous ceramics (1),
sheet asbestos (2) and wool felt (3) under the conditions indicated in fig. 2a

[Toactasmsis (14) B (13), OKOHYATENBHO TTOTYIUM

le

t=t,—
my (0,084 +0,15,,)

[1-exp(-mq (it —u,)) | (15)
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Bo BTOpOM mepuojae CYIIKH HACTyIMaeT PEeTryJspHBIA pexxum [1, 2], u mis
BTOPOTO MEPUOJIa MOXKHO 3aIlUCaTh I CPETHEHHTETPAIbHON TeMIepaTyphl CO-
oTtHoueHue [1, 8]

1 dt
—— =m, =const, (16)
t.—t dt

/i€ M, — TEMIT HarpeBa BIAYKHOTO Tea.
Ecnu 0603Ha4HMTh CKOPOCTH HAarpeBa Tejla BO BTOPOM IEPHOE Yepe3
b'=dt /dt, 1o (16) mpumer Buj

b =m,(t. — 7). (17)

Koodpdunuent b’ sBusercs (QyHKIHESH TeMIEpaTyphl, BIAroCOACPIKAHUS
U BPEMCHH CYIIKA W Onpeaensercs rpaduieckuM auddepeHIMpPOBaHUEM TeM-
niepaTypHOi KpuBOH ¢ = f{(t1). BriepBbie Takoit MeTos ObLT Hcionb3oBaH A. B. JIbl-
KOBBIM [9].

Temn HarpeBa Tena onpenensieTcs dKCIepUMEHTAIbHBIM H3MEPEHHEM TeM-
nepaTyp B JIt00O0 TOYKE Tela IS IBYX MOCIEA0BATEIEHBIX MOMEHTOB BPEMCHH
perymsipHoro pexxuMa [1, 8, 10]

b =m=—tc"b (18)

To—T

Ha puc. 2b nana 3aBucumocts In(f, —7) = f(t) I mpolecca CymKH Mopu-
CTOW KEepaMHKH TPU Pa3HBIX PEKHMax CYIIKH. BHIHO, 4TO HJIS PEryisipHOTO
peXruMma Takas TemIepaTypHas (DYHKIOHS ONHCHIBACTCS ypPaBHEHHUEM MPIMOI
B Jsorapumuueckux koopauHatax [1, 8, 10]. 3Hauenus b’ nans ycrpaHe-
HUsI OIIMOOK, BO3HHMKAIOUIMX MpH TpaduyueckoM IudQepeHInpOBaHUN KpH-
BOH ¢ = f(1), onpenesumch Takxke 1o (16).

PesynbTaTel 00paOOTKM SKCIEPUMEHTa JUIs 3aBHCUMOCTH b' = f(u/u,)

npuBeNieHBl Ha puc. 4. BuaHO, 4TO AN JAaHHBIX MaTepHajoB OOpa3yIOTCs JKC-
MOHEHIIMANbHBIE KpPWBbIE, KOTOPBIE MPUOIMKEHHO aIlPOKCHUMHUPYIOTCS ypaB-
HEHUEM

dt u
b'Z—zSCXp Z_— . (19)
dt Uyp
[ocrosHHas S sBRsieTcs IMHEWHON (QYHKLIUEH TeMIlepaTyphbl TEIUIOHOCHTE-
1 ¢, U ONpEAETAeTCS ypaBHEHUEM

S~2,2-10"%,. (20)

ITocne mpocTeix mpeodpazoBanuit Ha ocHoBauuu (17), (19) u (20) mns cpen-
HEUHTETPATHHON TEMITePATyPhI ITOJIYIUM

4 —
—%exp 72 <l Q1)
my; Ukp

=t
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Puc. 4. 3aBucuMoCTH: TeMIepaTypHoOro ko3 uipenTa In(Wy — W)
cymku b'= f (it /i) (a) B npoueccax cymky nopuctoi ,+ °C 123 4577
kepamuki (1), mucrosoro ac6ecra (II) 1 mepcrsHoro (; 1c4 : o ; S o—L N
Boiinoka (III) mpu pexumax: 7, = 90 u 120 °C; ’ 12 37“\i}n \‘J
CKOpOCTh Bo3myxa L =3 u 5 m/c; In(Wy—W)= f(1) (b) 0.12 ‘

JUIS TIpoTIecca CYIIKY JIncToBoro acoecta (1) u mopucToit .
kepamukd (I1). Pexxumsr cymku: [ — 1 — £, =90 °C; 0.10 I /

v=5wm/c;2-120;3;3-120;5;4-120;10; 5150 °C; / .
Swm/c; I1-1-90;5;2-120;3;3—-120°C; 5 m/c 0.08 /'}//

e
Fig. 4. Dependencies: temperature coefficient / < | I /
o ‘; . o

of drying ' = f(u/uy,) (a) in the drying processes 0,06 / :

of porous ceramics (1), sheet asbestos (II) and wool VL
felt (I1T) under the following conditions: #, =90 and 120 °C; 0,04 . pZ0n
air velocity v =3 and 5 m/s; In(Wy—-W)= f(7) (b) ///
for the drying process of sheet asbestos (1)
and porous ceramics (II). Drying conditions:
I—l—l‘C:90 OC;UZSH]/S;Z—IZO; 3;3—120;5; 0 0,2 0,4 0,6 0,87 /7,
4-120;10; 5150 °C; S m/s; IT— 1 —90; 5; 2 — 120; 3;
3-120°C; 5 m/s

0,02

Benmnuwnna Z sBnsiercs TUHEHHOW (QYHKITMEH OTHOIICHHSI BJIATOCOICPIKAHMIMA
Y JJI TIOPUCTOM KepaMUKH, M ISl TUCTOBOTO acOecTa B yKa3aHHOM WHTepBaje
M3MEHEHUS [apaMeTpoB CYIIKU. B pe3ynbrare 00paboTKU IKCIIEPUMEHTAIBHBIX
JTAHHBIX TIOJTy9eHa 3aBUCUMOCTS (pHC. 2¢C)

1
0,59 /1T +0,23

[epcTsHOM BOMIOK MO CBOMM TEIUIOPHU3MYECKHM M CTPYKTYPHO-MEXaHUYe-
CKHM CBOICTBaM 3HA4YMTEJILHO OTJIMYAETCS OT KePaMHUKHU U acOecTa: IIIOTHOCTh
U TEIUIONPOBOAHOCTh B HECKOJIBKO pa3 HUXKE, a yIEeIbHasl TEIUIOEMKOCTb B /1B
pasza BbIlE, U BEIMUMHA Z JUIA CYLLIKH BOMIOKa

Z =0,375u/u, —0,05.

Ecnu noctpouth rpadyky 3aBUCHMOCTH MEXIY CKOPOCTBIO HarpeBa b’ U TeM-
HepaTypoil BIaXHOTO MaTepHana { IO JBYM MPOH3BOJBHBIM 3HAYCHHSM TEM-
nepaTyphl, TO Takue TpaduKu MPeaCcTaBISIIOT cOO0H NpsMbIE, MPOJOIKEHHE KO-
TOpBIX OyAET OTCeKaTh Ha OCSIX KOOPAMHAT OTPE3KM, PaBHBbIE IO OCHU abcuucc
TeMIeparype cpelbl /., a M0 OCH OpAMHAT — BenuuuHe mt. [9]. I'paduku mns
MPOIIECCOB CYIIKH JUCTOBOrO acOecta (a) u mopucroii kepamuku (b) npusene-
HBI Ha puC. 3.

OTtpe3ku, oTcekaeMmble To ocsM koopauHat: OB =t., OA=mt. (puc. 5).
TaHreHc yriia HakJlIoHa TakUX MPSAMBIX [9]
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Puc. 5. 3aBucumMocTb ckOpocTH Harpesa b' = f (tc) JUTS IPOLIECCOB CYILKH JIICTOBOTO acoecTa (a)
1 nopuctoii kepamukd (b). Pexxumpl cymku: 1 —z, = 90 °C; v =3 m/c; 2 — 120; 5; 3 — 150 °C; 10 m/c
Fig. 5. Dependence of heating rate »' = f° (tc) for drying processes of sheet asbestos (a)
and porous ceramics (b). Drying conditions: 1 —#, =90 °C; v =3 m/s; 2 — 120; 5; 3 — 150 °C; 10 m/s

CrieoBaTeNnbHO, 3aBUCUMOCTL b’ = f(f) MO OJHOMY PEKUMY CYIIKH TI03BO-

JISET 1O JBYM 3HAYEHHSAM TEMIIEPATYPhl { ONPENETUTh TEMIT HATPEBA BIAKHOTO
MaTepuana Juis pa3HbIX PEKUMOB.

W3 penieHus ypaBHEHMIA TEIUIO- U MacCONEPEHOCA TPU MAJIbIX 3HAYCHUSIX
TETIOMAacCOOOMEHHBIX KPUTEpUEB BHO /i TOHKMX MaTepHaoB, KOTAa Ipajiu-
EHTBl TEMIICPATyphl IO CCYCHUIO HE3HAYUTENBHBI, a TEPMHUYECKUM IEPECHO-
COM BEIIeCTBa MOXKHO ITPEHEOPEYb, CIEAYET, YTO JUIsi OTHOCUTEIBHOHN TeMIepa-
TYphl ¥ OTHOCHTEIBHOTO BJIArOCOJICPXaHUsI MOXHO BOCIOJB30BaThes (Hop-
mynamu [1, 10]:

0= ttc;t =exp(—BiFo) = exp(—m; ty); (22)
—  u-—u, .
U=——= exp(_Blm Fo m) = eXp(_mu T), (23)
Ug —Up

rae my, m, — TEMII HarpeBa BJIa)KHOTO TeJla U TEMI YObUIU BJIarOCOAEpKaHMUS.

[Ipu skciepuMeHTaIbHOM 00pabOTKe psila TOHKHX MaTepHalioB (TOpUCTast
KepaMHKa, JIICTOBOMW acOecT, IMEepCTSIHON BOMIOK, TEXHUYECKUN KapTOH, TIIa-
CTHHBI TTUHBI, O ~ 10—12 MM) noiydeHa mpuONMKEHHasl SMIUpHYEcKas 3aBU-
CHMOCTH JIJIsI TeMTia Harpesa mi, [10]

m, =0,115exp(~0,02W,,). (24)

Temn yObUTH Biarocofep:KaHus m, SIBISETCA CIOXHOH (yHKUMEH pexumMa
CYUIKH, HAa4aJIbHOT'O BJIAroCOACPKaHUS M CKOPOCTH CYIIKH B IIEPBOM IEPUOJE.
AHanu3 pe3ysIbTaToB 00pabOTKH ONBITHBIX AAHHBIX Ul YKa3aHHBIX MAaTEPUAJIOB
MO3BOJIMJ YCTAaHOBUTH MPUOIMKEHHYIO 3aBUcUMOCTS [7, 10, 11]
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m, =0,087N exp(—0,0217,). (25)

Ha puc. 4b nmansr 3aBucumoctu 1g(W, —W)= f(t) 0e3 yuera KpaTKoBpe-
MEHHOH CTaauy MporpeBa MaTepuana. BumHo, 9To Takue 3aBUCHMOCTH HadWHa-
10TCs OT Wy 1 00pa3yloT CHUCTEMY MPSAMBIX, HAPABICHHE KOTOPHIX OMpPECIIsieT-
cs pexxumoM cymku [7, 10, 11].

W3 (22) u (23) BBIYUCISAIOTCS CPEAHEUHTErpalbHas TEMIEpaTypa [ W JUId-
TEeNbHOCTH cyuiku [7, 10]:
te—tyr

t=t,————; (26)
exp(m, Ty)
1 w
T=——1In— mpu W, =0. 27
m, W()
Bpewms cymiku Bo BTOpOM IepUo/Ie
1 w
Ty =———In—— npu W, =0. (28)
m, Kp
dopmyny (22) MOXKHO YIIPOCTHTH, €CIIH BOCIIOIB30BATHCS PABEHCTBOM
te—t 7Y
O=———=exp(-m, Tn)=| — | , (29)
tc “imr qu
rze 3 — noxasarenb CTENEHH, OIPEeNsieTCsl 3aBUCUMOCThIO
___MTu
In(u /)
Torna cpenHenHTErpagbHas TEMIIEPATYpa HAXOUTCS U3 BBIPAXKEHUS
—_\P
— u
t=te—(t.—tys)| — | - (30)

Uxp

Perynspuzanus mporecca CyImky BO BTOPOM MEPUOJIE TPOUCXOIUT TIO Tel-
JIOBBIM TTOTOKaM [ 1, 8], 1 MOKHO 3amucath

qu =q1exp(—m; ty) =rpoRy N exp(—m, ty). (1)

VHTEHCHBHOCTh MCHApEHMS BIAard W3 MaTepuanga B IMEPHOJE TOCTOSHHOM
CKOPOCTH CYIIKW OMpPEIENACTCS M3 ypaBHEHUs OanaHca TEIUIOThI, KOTJa BCS
TEIUIOTa, MOABEACHHAS K Tely, UJIET TOJBKO Ha UcnapeHue Biard [1, 3, 4]

. g1 _rpoRyN

Ji=—=——"""—"=poRyN. (32)
r r

I/IHTeHCI/IBHOCTL I/ICHapeHI/I}I BJIaru BO BTOpOM HepHoz[e, y‘II/ITLIBa}I TOJBKO

TEIUIOTY Ha WCIIapeHHe BJard U3 MaTrepuaia, OnpeesseTcsl ypaBHEHHEM
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. qn du

Ju :_IPORV —. (33)
r dt

Ha ocnoBanuu (4) npu Rb = 0 n u;, = 0 momy4nm

Ju ZPORVN_szI(LJ- (34)

Uyp Ugp

Pe3ynbraThl pacueToB OCHOBHBIX MapaMeTPOB KUHETHKHU CYIIKH JJI Mate-
pHAJIOB U COTIOCTABIICHUE C DKCIIEPUMEHTaMH TIPUBEICHBI B Ta0m. 1, 2.

Tabauya 1
PacueTHble 3HAYEHHSI VIMTETLHOCTH CYIIKH, IJIOTHOCTEN TEIIOBBIX MIOTOKOB,
WHTEHCHBHOCTH HCMAPEHHUS BJIATH U COMOCTABJIEHHE C IKCIEPUMEHTOM
no gpopmyaam (27), (28), (4), (31) u (34) 115 cylmIKM NOPUCTOI KepaMHUKH, acdecTa U BOHJI0Ka

Computation of the calculated values of drying time, heat flux densities,
moisture evaporation intensity and comparison with the experiment fulfilled in accordance
with formulas (27), (28), (4), (31) and (34) for drying porous ceramics, asbestos and felt

opucras kepamuka: po = 1860 kr/m>; 8=5-10" m.
Pexum cymku: £, = 120 °C; v =3 M/c; 4y =0,2; U, =0,1; N =2,55- 107* ¢
q1 =5030 Br/m%;, m, =0,089 mun"'; m, =0,094 mua"'; J1= 2,08-107° KF/(MZ-C)

T, . -
m T, MMH T,;’/I;/IH T, MEH qu, BT/M2 qn, BT/M2 ]II,KF/(MZ'C),XIO 3 1+Rb
Ore) | Q) wm | ogy | (4 31) (34)
0,08 10,2 10,35 2,8 |2,52 4286 3930 1,66 1,09
0,06| 13,8 13,60 56 | 57 3280 2986 1,25 1,12
0,04| 18,5 18,20 9,7 (10,35 2214 1935 0,83 1,20
0,02| 26,6 26,10 17,6 | 18,20 1248 1130 0,42 1,34
JIucroBoit acGect: po =770 krim>; §=5-10"" M.
Pexum cymxu: . = 120 °C; v =5 m/c; g =0,46; i,y =0,2; N = 2,4-10’2 c";
g1 =5300 Br/m?; m, =0,098 mun"'; m, =0,077 mun"'; j; =2,19-107 xr/(m>-c)
0,16| 10,2 10,7 1,25 | 1,85 4400 4580 1,75 1,045
0,14| 11,8 12,1 2,42 | 3,10 3932 4140 1,53 1,065
0,12 13,2 13,7 3,82 | 4,60 3435 3520 1,32 1,096
0,10| 14,7 15,3 5,80 | 6,45 2915 3200 1,09 1,110
0,08 16,9 17,8 7,70 | 8,30 2376 2600 0,87 1,120
0,06 19,5 20,7 9,95 (10,70 1828 2236 0,66 1,125
0,04| 23,8 24,6 12,20 [ 14,50 1325 1570 0,44 1,280
0,02| 31,6 31,9 |20,85(22,10 710 960 0,22 1,320
IlepcTsiHoit BOMIOK: po =200 kr/m’; 8=8-107° M.
Pexum cymku: £, = 120 °C; v =3 m/c; ug =1,14;; 1, =0,75, N = 8,6-107* c¢7';
¢1=3680 Br/M?; m, =0,075 mun"'; m, =0,0256 mun"'; j; =1,51-10 kr/(mM>-c)

0,6 9,0 8,50 2,7 |29 2985 3245 1,20 1,014
0,5 11,2 10,95 52 | 54 2514 2770 1,00 1,025
041 142 13,93 7.8 | 8,3 2051 2280 0,80 1,046
0,3 17,2 17,70 10,6 | 11,9 1593 - 0,60 1,083
021 224 23,10 14,7 | 15,8 1130 - 0,40 1,152
0,11 285 - 195 | - 628 - 0,12 1,270
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Tabauya 2

CpaBHeHHE PacYeTHBIX 3HAYECHHI CPelHEHHTErPAIbHBIX TEMIIEPATYP
¢ IKCIePpUMeEHTAIbHBIMHU 10 (popmy.am (10), (15), (21), (26) u (30)
JIJISl IPOLECCOB CYIIKH IOPUCTOI KepaMHUKH, JTHCTOBOI0 ac0ecTa H MEePCTAHOI0 BOiiI1oka

Comparison of the calculated values of the average integrated temperatures
with the experimental ones using the formulas (10), (15), (21), (26) and (30)
for the drying processes of porous ceramics, sheet asbestos and wool felt

opucras kepamuka: po = 1860 kr/m®; §=5-107 M
Pexum cymku: ¢, = 120 °C; v =3 M/c; 4y =0,2; U, =0,1; N = 2,55-10* ¢c7L;
q1 =5030 Br/m%;, m, =0,089 mun'; m, =0,094 mua~';; J1 =2,08-107° KI‘/(MZ-C)

— | ymum | 7, °C 7,°C | 7,°Cc | 7,°C 7, °C 7, °C
- , 1+Rb
(3ke) (3kc) (10) (15) @1 (26) (30)
0,08 2.8 64 64,7 60,5 64,0 64,6 62,7 1,09
0,06| 4,6 72 70,7 73,2 74,5 72,6 742 1,12
0,04| 8,7 82 79,5 80,4 85,5 85,6 86,5 1,20
0,02| 156 96 93,0 92,6 98,0 98,0 99,0 1,34

JIucroBoii acbect: py =770 kr/M3; 8=6-107 M
Pesknm cyuiku: £, = 120 °C; v =5 m/c; 1y =0,46; #,, =0,2; N =2,4-107c';
g1 =5300 Br/m?; m, =0,098 mun"'; m, =0,077 mun"'; j; =2,19-10 kr/(m?-¢)

0,16 1,25 51 52,6 52,6 542 49,5 49,5 1,045
0,14 242 53 554 55,0 52,5 54,6 54,6 1,065
0,12 382 58 58,5 58,8 59,0 60,5 60,5 1,096
0,10 5,80 62 62,5 62,4 58,5 64,8 65,8 1,121
0,08| 7,70 68 65,6 69,2 64,5 72,5 67,4 1,152
0,06 9,25 72 69,5 73,8 74,5 76,5 76,5 1,210
0,04| 12,20 82 83,0 83,0 83,5 85,5 84,5 1,260
0,02| 20,80 92 94,0 94,0 95,0 99,0 96,0 1,320

IlepcTsiHoit BOMIOK: po =200 kr/m’; §=8-107 M
Pexum cymku: ¢, = 120 °C; v =3 m/c; ug =1,14;; u,, =0,75; N =8,6- 1074 ¢}
g1 =3680 Br/mM?; m, =0,075 Mmun"'; m, =0,0256 mur"'; j; =1,51-107 kr/(M>-c)

06| 27 45 44,8 46,0 45,0 43,5 43,6 1,014
05| 52 48 47,5 46,3 49,0 474 472 1,025
04| 78 52 52,5 50,6 52,5 52,0 52,3 1,046
03| 106 56 554 54,6 55,0 56,5 56,5 1,083
02| 147 60 60,5 60,5 582 61,5 62,5 1,152
0,1 | 195 65 67,5 - 64,0 67,5 66,8 1,270

W3 Tabmui BHOHO, YTO C YMEHBIICHHEM BIAroCOACp’KaHUS IMOTPELIHOCTD
HECOBIMAJICHUS 3HaueHUIl yBenuuuBaeTcs. KpuBbIE CYIIKM U TeMIIEpaTypHBIE
KpHUBBIE BO BTOPOM MEPHUOAE, KaK MPaBUIIO0, OMUCHIBAIOTCS IBYMs CONPSKEHHBI-
MU 3KCTIOHEHTaMHU [2, 4, 5], 1 annpoKCUMHUPOBATh 3TU CIIOXKHBIE KPHUBbIE OJTHOU
(GyHKUIMEH MPaKTUIeCKH HEBO3MOXKHO.

BBIBO/I

[Tomygennsie 00pabOTKON IKCIIEPUMEHTA KOMIUIEKCHBIMHA 00O0OIEHHBIMH
MEPEMEHHBIMU YPABHEHUS TTO3BOJISIIOT PacieT TEIUI00OMEHa B MpoIieccax CYIIKH
MIPOBOJIUTH IO JAaHHBIM BiIaroobmena Oe3 ompeaeneHus KodhHUIMEHTOB TeIl-
noodmena. [IpuMeHeHne ypaBHEHUH TpeOyeT TOJNHKO 3HAHUS KPUTHICCKOTO
BJIATOCOJIEPKAHUS, CKOPOCTH CYIIKH W TEMIepaTypbl Marepuana B TEpBOM
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nepuosae. Hapsay ¢ apyrumu nmpuOIMKeHHBIMU SKCTIEPUMEHTAIBHBIMU METO/1a-
MU pacyeTa KMHETHKHU CYIIKU MOJTYYCHHBIC YPABHEHHUS MOTYT UCIOJb30BAaThCS
JUTSL pacyeTa CYIIKH TOHKHUX TUIOCKHUX MaTepHalioB MPY 3HAYCHUIX TEII000OMEH-
HOT0 KpuTepusi b1o, MEHbIIIE eAMHUIIBI, ¥ MAJIBIX TPAJUCHTAX TEMIIEPATYPHI IO
CEUYEHUIO BIAXKHOTO Tefa.
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