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IIpoTUBOTOYHOE TJIeHHE FOPIOYUX PACTUTEILHBIX MATEPHAJIOB

Hccneoosan cmayuoHaphblil pexcum pacnpocmpanenus 60Hbl MieHUss N0 NOPUCBIM 00-
pazyam OUCNEPCHbIX pacmumenvHulx coproyux mamepuanoé (PI'M). Ilokasano, umo npu
NPOMUBOMOYHOM MJIEHUU, 8 VCI08UAX PUILMPAYUOHHO20 NOOB0O0A OKUCIUMENS, 3A68UCUMO-
Ccmu CKOpOCMU MJIeHUsl U MeMNepamypsl 8 30He MieHUsL OM CKOPOCMU 8X00AULe20 8 PeaKmop
nomoxa 8030yxa umerom maxcumym npu V, ~ 20 cm/c. I[lodobue 3agucumocmetl ceudemev-
cmeyem 0 NPeuMyujecmeeHHoM GIUSHUU HA NPOYecC MAeHUsI KUHeMUKU XUMUYECKUX PeaKyull
oxucnenus eoprouezo. Ilonazas, umo macumad cemepoceHHOCU Bewecmea Man U 2iyOuHa
npespaujenus NOIHAs, peuleHa 3a0a4d O HAXOHNCOEeHUU CKOPOCMU PACNPOCMPAHEHUs. GOJIHbL
MeHUsL.

BBenenne. 3aKOHOMEPHOCTH PACHPOCTPAHECHUS! BOJHBI TJAEHUS MPU BBIHYKICH-
HOM (PrIIBTpaAIIK OKUCIIHTENS TI0 AUCTIEPCHOMY BEIIECTBY M3Y4YCHBI B MEHBIIICH CTe-
MIEHH, YEM BOJTHOBOE TOPEHUE FOMOTEHHBIX CUCTEM. DTO CBSI3aHO, MPEXKIE BCErO, CO
CTaJAMNHOCTBIO TIICHUS U CJIOKHOCTBIO y4eTa BCeX (DU3UKO-XMMHUYECKUX MPOIIECCOB,
MPOTEKAIOIIMX B BOJIHE TJEHUA. TeopeThyecKue MOJEIU BBIHYXIECHHOTO TJICHUS
pa3IMYaOTCAd KaK TUIIOM U KOJMYECTBOM XMUMHUUYECKUX PEaKIui, Tak U YCIOBHUSIMU
TETJI0-MacCOOOMEHa MEXIy YaCTUIAMU TOPIOYEro W (QUIBTPYIOMMMCS Yepe3 oOpa-
3en okuciaomumM razom [1-3]. Kak npaBumino, 3T0 YMCICHHBIE MOJIECNIN, YTO 3aTPYy-
HSET KOJIMYECTBEHHOE COTOCTAaBJICHUE PE3yJIbTAaTOB JKCIEPUMEHTOB C TEOpeTHYe-
CKHMH BBIBOJIAMH.

[lenbro HacTosAMIEeH PabOTHI ObLIO M3YYEHHE 3aKOHOMEPHOCTEH MMPOTUBOTOYHOTO
TJICHUS JUCIIEPCHOTO PACTUTEIHLHOTO TOPIOYEro U pa3paboTka aHAIUTHYECKON MOJIe-
JIU TIpoliecca.

JKCNePpUMEHTAIbHbIE HCCIAEeI0BAHMS. ODKCIEPUMEHTAIbHBIE HUCCIEAOBAHUS
MPOBOJIMJINCH HA YCTAHOBKE, CXE€Ma KOTOPOM IpUBEAEHA Ha puC. 1.

Perynupyemblii TOTOK BO3/AyXa MOJABAJICS [0 MAaruCTpaiyd Ha BXOJ KaMepbl, Te
YCTaHABIMBAJICS LMJIMHAPUYECKUI KBApLEBBIM peakTop AuaMmeTpoM 25 MMm. Moens-
HOE Toprodee — TabakK, IPEBECHBIC OMIIIKN — YIUIOTHSIJIUCH B PEAKTOPE /10 TIOPUCTOCTH
I1=0,7. Anuna o6pa3ios coctarisiia 40-50 mm. [Topxur ocyiecTBisIIcsS B BepXHEH
yacTu oOpa3la BHEIIHUM IutameHeM. Toria 30Ha TIeHUsl paclpoCTPaAHsIIACh CBEPXY
BHH3, a IOTOK BO3[lyXa CHU3Y BBEpX. Takoi peuM TIEHHUS HA3bIBAIOT MIPOTUBOTOY-
HbIM. B KauecTBe CKOpOCTH MOTOKa BO3ayxa V), Opaiau CpenHiol CKOPOCTh MO IIIO-
maau MONEPEYHOr0 CEYEHUs Ha BXOJE peakTopa. s perucrpauuu TemmnepaTypbl
oOpaslia npu pacrnpoCTpaHEHUHU BOJHBI TIECHUS Y€pe3 OTBEPCTUE B KOPITYCE PeaKTopa
B 00pasel] BBOAMWJIACh TEpMoIIapa, BKJIOUeHHas B 1enb camonucia win [1K. Xapak-
TE€pHas TepMOrpamMMa MpuBeAcHa Ha puC. 2.

60 © B.B. I'onoBko



dusnka aypoaucnepcHbix cucteM. — 2014. — Ne 51. — C. 60-66

Camonucey
HcxodHoe seujecmeo
\ Tepmonapa
®poHm mnexus - /
Peakmop
Pacxodomep
Bo30yX wmt=se
Puc. 1. Cxema yCTaHOBKHU.
T.'ch
1000 4
Ocmbiearua
OKkucnenue ___ e
m E —_— P -
m -
400 T
200 1 fupanus
o . . R . -
T T T L) L) il
0 " 2 g & & L, i

Puc. 2. Tepmorpamma npoiiecca pacipoCTpaHEHHUsI TICHUS.
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Puc. 3. 3aBUCUMOCTb TeMIIepaTyphl 30HbI TICHHS Tabaka OT CKOPOCTH IMOTOKA BO3AyXa.
Kpusas 1 — annpokcuMupyroias 3aBUCUMOCTb.

Kak mokazanu pe3ynbTaThl TepMorpapupoBaHHs Ipoliecca TICHHUS, a TaKkKe
AKCIIEpUMEHTAJIbHBIE JJaHHbIEe, TPUBEJCHHBIC B padoTax [1, 4], TiieHue sBIseTCS CTa-
JTUUHBIM TIpolieccoM. B cTpyKType BOJIHBI TJIIEHHS] MOKHO BBIJICIIUTh TPU 30HBI XUMU-
YECKUX MPEBpALICHUMN: 30HA SHIOTEPMHUUECKOTO WJIU CJIa00 HK30TEPMUUYECKOro MH-
poJin3a KJIeTYaTKU, 30Ha HK30TEPMUUYECKON pEaKIIMN OKUCIEHUSI MPOAYKTOB MUPOJIU-
32 M TETEPOT€HHOI0 OKUCIIEHHS YIIIUCTOro octarka (kokca). Kaxxnasa cranus npouec-
ca TJICHUSI IPOTEKAET B CBOEM TEMIIEPaTypHOM MHTEpPBAJIC U B CBOEU MPOCTPAHCT-
BEHHOI1 oOnactu. BiusiHue oTAeNbHBIX cTauil (30H) APYT HA JApyra CBOAUTCS K U3-
MEHEHUIO MOTOKOB PEareHTOB U KOHBEPCHH TeIla.

O6paTtuMcs K pe3yabTaraMm 3KcnepuMeHToB. Ha puc. 3 nmpuBeieHa 3aBUCUMOCTD
TeMIiepaTypsl (pOHTA TIICHHs Tabaka OT CKOPOCTH BHEIITHETO TIOTOKA Ha BXOJIE B pe-
aKkTop.

BunHo, 4yTOo ¢ yBenMUYEHUEM CKOPOCTH IMOTOKa BO3JyXa TemIeparypa B 30HE
TJICHUS TUJIABHO YBEJIIMYMBAETCS M JOCTUTaeT MAaKCUMyMa IMPU CKOPOCTH MOTOKA ~
20 cM/c. JlanpHeliee yBeTu4eHUE CKOPOCTH MOTOKA MPUBOIUT K CHUKEHUIO TEMIIe-
paTyphl 30HbI TieHUS. Takod X0/ 3aBUCUMOCTHU TEMIEPATYpPhl TIEHUS OT CKOPOCTU
MOTOKa OKHUCJISIIOUIETO ra3za V, MOXXHO 00BSICHUTH cienyromuM oopazom. [lpu npotu-
BOTOYHOM TJICHMM B IPOrPETOM CJIO€ BOJIHBI TJIEHUS MUMEIOTCA 00a HEOOXOJMMBIX
JUISl peaKIMU OKUCIICHHS peareHTa, M03TOMY CJIEAYET 0XKHUAaTh, YTO MPOLECC TICHUS
JTUMHUTHPYET KHHETUKA XUMUYECKUX PEAKIIU OKUCIIEHUs roproyero. B reteporeHHomn
pEeaKuy OKUCIICHHS YaCTHUI] TOPIOYEr0 CKOPOCTh XUMHUECKON pEeaKIUK MPOMOPIHO-
HaJlbHa KOHLIEHTpalMu Kuciopoga. [loaTomy mpu yBeIWUYE€HHHM CKOPOCTH IMOJBOJA
BO3/yXa YBEINYUBAETCS CKOPOCTh XUMUYECKOW PEAKIIMH, a 3HAYUT U CKOPOCTh TEIl-
JOBbIACICHUH B 30HE TiieHUs1. COOTBETCTBEHHO PACTET U TeMIepaTypa TIAEHUs, 4To, B
CBOIO 0Yepe/lb, YBEIMUMBAET CKOPOCTh PACIIPOCTPAHEHUS BOJIHBI TiieHHs. [I0CKOIbKY

62



dusnka aypoaucnepcHbix cucteM. — 2014. — Ne 51. — C. 60-66

u, MMm/c

0,175 ,/-\
0,15 /

/]
0125
/ P
0.1
/ . o
0075 |/

0,05

0 5 10 15 20 Vi, cmfe

Puc. 4. 3aBEUCHMOCTH CKOPOCTH PacpoOCTpaHeHus! PpOHTA TICHUS
OT CKOPOCTH ITOTOKA BO3/1yXa. ® — TabaK; O — IPEBECHBIC OIMIIKHU; — PACUET.

MPOJYKThl peakuuu (memnein) sBISITCS XOPOIIUM TEIIoU30JATopoM [1], TO oTBOA
Teruia, GUIBTPYIOMIMMCS Yepe3 30HYy PEaKIMH ra3oM B JAHAra30He CKOPOCTEH BHEII-
Hero mortoka 1o 20 cM/c, He3HauuTeneH. OAHAKO, MpU JAaNbHEHIIEM YBETUYCHUU
CKOPOCTH TOTOKa BO3/1yXa HAaYMHAIOT CKa3bIBaThCS 3aTPaThl TEIJla HA HAarpeB H30bI-
TOYHOI'O KOJMYECTBA XOJOJHOIO BO3yXa U TEIJIONOTEPH, CBA3aHHBIE C OTBOJOM Te-
IU1a U3 30HBI TIIEHUS B aTMocdepy GuinbTpyrommumcs razoM. B pesynbrare Temmepa-
Typa 30HbI TJIICHUSI YMEHBIIAETCS, U TIPOLECC TICHHS 3aTyXaeT.

Takum oOpa3om, OJIMH U TOT K€ BHEIMIHUM (pakTop (MOTOK BO3AyXxa, PUILTPYIO-
muiics yepes oOpaszelr) Mpu HU3KUX CKOPOCTSAX MOTOKA — YBETUYMBAET CKOPOCTH Tell-
JIOBBIJICJICHUH B 30HE TJICHUS 32 CUET MHTEHCU(PUKAMK XUMHUYECKOW peakluu OKHUC-
JICHUSI TOPIOYETO, a PU BBICOKUX — MOBBIIIAET CKOPOCTh TEIJIONOTEPH B PE3YJIbTATE
BBIHY)KJICHHOM KOHBEKUMHU. [IOHATHO, 4TO IJIsi CTAaMOHAPHOIO PaCIpPOCTPAHEHHUS
BOJIHBI TJIEHUSI HEOOXOIUMO, YTOOBI CKOPOCTh TEIUIONOTEPh HE MPEBbIIIaNa CKOPOCTH
TETUIOBBIICIICHUN.

JInsl IpakTUYECKUX NPHIIOKEHUH [S] MpeAcTaBIsIET HHTEPEC 3aBUCUMOCTh CKO-
POCTH TJICHUS ¥ OT CKOPOCTH BHEIIHETO MOTOKA BO3AyXa V,, UIbTpyIOLIEerocs yepes
oOpazerr PI'M. CooTBETCTBYIOIINE 3KCHEPUMEHTAIBHBIE JaHHBIE TPU PacHpOCTpaHe-
HUU TJIeHUs 1o oOpa3iam Tabaka U APEBECHBIX OMUIOK MPUBEIEHBI Ha puc. 4.

CKOpOCTh pacnpoCTpaHEeHUs BOJHBI TICHUS, TAKKE, KAaK U TEMIEpaTypa B 30HE
TJICHUS, YBEJIUYUBAECTCS C POCTOM CKOPOCTHM TIOTOKA, 3aTeM NpH 3HAYCHUSX
V, ~20 cM/c mpoxXoAUT yepe3 MaKCUMyM M HauMHAEeT CHMXKaThcs mpu V), > 20 cm/c.
AHAJIOTHYHBIN, ¢ AKCTPEMYMOM, XapaKTep 3aBUCUMOCTH Habmomayics B padote [6]
IIpU TJICHUHM COCHOBBIX onmuiiok. [Togobue 3aBucumocteit 7=AV,) u u=f(V,), a Tak-
K€ XOpolllee KayeCTBEHHOE COIJIaCOBAHUE JIaHHBIX MO CKOPOCTAM TJICHMs Tabaka U
IPEBECHBIX OMWIOK (pHUC. 4) MO3BOJSAET YTBEPKAATH, YTO CKOPOCTh PACIIPOCTPAHECHHUS
BOJIHBI TJIEHUS B MPOTHBOTOYHOM PEKHUME OIPEAEISIETCS KHHETHKOM XMMHYECKOU
peakiuu OKUCICHHs YIVIUCTOTO OCTaTKa, 00eCeurBaoIiell OCHOBHOE TEILJIOBbIeIIe-
HUE B 30HE TJICHUS.
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Jlist pacdeTa CKOPOCTH PacHpOCTpPaHEHHUS! BOJIHBI TICHHUS B YCIOBUSX BBIHYX-
JIEHHOW (UIBTPALIMKM OKHUCIAIONIETO Ta3a OTPAHUYMMCS TOJIBKO T€TepOTreHHON peak-
I[Mel OKUCIICHMS YTIIMCTOTrO ocTaTtka. byneM cuutarh, 4TO peaiu3yercs pekuM IMoJ-
HOTO TMPEBpAIICHUS] UCXOJHOTO BEIIECTBA, a TUJPOJMHAMUYECKass 0OCTaHOBKA IOJ-
HOCTBIO OIpeneNsieTcs 3ajaHueM pacxoja ra3a B BepxHem (110 ¢ppoHTa) ceueHuu. To-
r71a CKOPOCTh paclpOCTpaHeHusl (HPOHTA TIICHHUS MOXKHO OINPEIEIUTh WHTErPUPOBa-
HUEM ypaBHEHHI TEIUIOBOTO OallaHca M KMHETHKU BBITOPaHUSI TOPIOYEro METOJO0M
A.b. 3enpaoBuya — J[.A. @pank-KameHnenkoro.

B cucreme koopauHat, CBA3aHHOW ¢ (DPOHTOM TIICHHS, YPAaBHEHUS, OMHICHIBAIO-
IIUE CTAIIMOHAPHOE PACTIPOCTPAHECHHUE BOJHBI TICHUS, B OJJHOMEPHOM MPUOIMKCHUH
UMEIOT BUI:

2
L. 4T dT 0

—u-—+—-W(T,a)=0; 1
dx’ dx pc (T, a) M
—u@+l-W(T,a)=0; (2)
dx p
W({T,a)=k,-(1—a)-p-ex (—ij 3)
) 0 p-exp RT )
['paHn4HBIC YCIOBUS:
x— —0; T="T; a=0.
x —> too; T=T,; a=1; d—T=O, T5=T0+Q.
dx c

3nmech: x — MPOCTPAHCTBEHHAs! KOOpAWHATA; 1 — TemmepaTrypa; a — OTHOCUTEIb-
Has KOHIIEHTpAIUs MPOAYKTa; & — KOdhOUIIMEHT TeMITepaTypOpOBOJHOCTH; C — Te-
MI0EMKOCTh; P — TUIOTHOCTB; E, ko, O — dHEprus aKTHBAIUU, MPEIIKCIIOHEHIUAb-
HBI MHOKUTENb, TETUIOBOH 3(DPEKT peakinu OKUCICHHUS.

UcknrounB u3 ypapHenuit (1), (2) ckopocth xumuueckoit peakiuu W(T, a) u
VYHUTHIBASI TPAHUYHBIC YCIOBUS TIPH X —> —00, TOJYYUM TEPBBI HHTETPAN ITUX YPaB-
HEHUU

e Ty r-my+*C.a-0. (4)
dx c

N3-3a CUJIBHOW 3aBUCUMOCTH CKOPOCTH XMMHUYECKOW PEAKIHUU OT TEMIIEPATYPHI
MaKCHUMaJIbHOE TEIJIOBBIJICTICHUE OyJeT Ha0t0AaThCsl B Y3KOM HMHTEpBaJe TeMIepa-
Typ BOMU3u T,. [ToaToMy mi1s1 30HBI TieHUs B ypaBHeHHH (4) monoxum T = T,. B pe-
3yJbTaTe MOJYYUM COOTHOIIEHHUE, ONPEICISAIONIEE B 3TOM 30HE CBSI3b MEXKY TEMIIE-
paTypou U KOHLIEHTpALMEN

& - d—T:u-g-(l—a).
dx c

Ha nepenneii rpanuiie 30HbI Ta€HUA, Korga a = 0, MOJIy4YnM yCIOBHE HA 3HaYe-

HHE TPAIMEHTA TEMIIEPATYPBl B MOMEHT Havala XUMHYECKOU PEAKIINU

ar _ u9
dx cae

)
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JUyis 30HBI XMMHYECKOM Peakuu (30Ha TIEHHs), TAKXKE, KaK M B TEOPUH Pacipo-
CTPaHEHHUs IUIAMEHM IO Ta30BOM CHCTEME, BTOPBIM ClaraeMbiM B ypaBHeHuu (1)
MOHO 1peHeOpeun. Torna ypasuenue (1) 6ymeT UMeTh BUL:

2
. d TZQ.W(T).
dx*  pc

YUuTEIBas, 4TO TEIIO, TEHEPUPYEMOE PEaKIMel OKUCIEHHS YIIIMCTOTO OCTATKa,

OTBOJUTCA B 00JACTh HU3KHUX TEMIIEPATYP, HAXOIUM

d_T_k_O.R_Yf.e*E/RT« (6)
dx u FE .
CpaBnauBas (5) u (6), mOJy4UM BBIpaKEHHUE ISl JIMHEHHON CKOPOCTH PacIpo-
CTPAHCHHMS BOJIHBI TIICHHS

Aok, -RT?
u? = 0 6 .o EIRT, (7)
O-p-E
Takxe, kak u B padote [7], npu GUIBTPAIIMOHHOM IOJABOJEC OKHMCIISIIONIETO raza
B HpOTI/IBOTO‘lHOM pe)KI/IMe TICHMUA, TeMnepaTypa B 30HC TJICHUA 6y,ZI€T onpez[eJmec;I
BLIpEDKCHI/IeM

7;=To+—=To+—F, (8)

C C,

¢ + —

pu

TJIe Co, C,, I — TEIOEMKOCTH BEIIECTBA, TETUIOEMKOCTh OKHCIISIONIETO Ta3a, IUIOoT-
HOCTh TIOTOKA rasa.

N3 cootnomenuii (7) u (8) cineayer, yTo TemmepaTrypa B 30HE TIIEHHUS U CKO-
POCTh PACIPOCTPAHCHUSI BOJHBI TJIICHUS JOCTUTHYB MaKCUMyMa, TIPH JadbHEHIIIEM
YBEJIMYCHUN CKOPOCTU MOTOKA BO3AyXa HAYMHAIOT YMEHbIIAThes. [lomoxkeHne mak-

F-a
0

CUMYyMa TEMIIEPATYphl OMpPEAEISIETCA YCIOBUEM — =1 M, KaK MOKa3bIBAET OIICH-
pu

Ka, COOTBETCTBYET CKOPOCTH MoTOKa ~20 cm/c.

Ha puc. 4 npuBenena pacuetHas 3aBUCUMOCTb u(V,), MOdy4YEeHHas: MO BbIpaXe-
HUIO (7) ¢ UCMOJB30BAHUEM ONBITHBIX 3HAUEHHUI TEMIIEpaTyp 30HbI TICHUS MpPU pas-
JMYHBIX CKOPOCTSX IMOTOKA BO3/yXa (pUC. 3) U KHHETUYECKUX KOHCTAHT paboThI [§].
Kak BugHO, HaOmMOAaeTCA XOpollee KaUueCTBEHHOE COTJIaCOBAHUE pacdéra M JKCIe-
PUMEHTA, YTO CBHUJETENBCTBYET O JOMYCTUMOCTH HPUOIMKEHUH, MPUHATBHIX IPU
pacuére CKOPOCTH paclpOCTPAHEHUS BOJIHBI TICHHUS.

Takum 06pazom, Ipu NPOTUBOTOYHOM TiIeHUHU aucnepcHelx PI'M ckopocTs pac-
IPOCTPAHEHUsI BOJIHBI TJIECHMS ONPENENIeTC] KHHETUKOM TIEeTEepPOreHHOM peaklnuu
OKHUCJIEHUSI YIraucTOoro ocrarka. Hamwume skctpemyma Ha 3aBucumoctsax u(V,) u
1(V,) 00yca0BIE€HO KOHKYPEHIMEH MPOIIECCOB TEIJIOBBIACICHUS B 30HE TICHUS U Te-
IJIOTIOTEPH 32 CUET BHIHYKJACHHOW KOHBEKLIUU.
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TI'onosxo B.B.
IIpoTuTOoYHE TJNiHHA rOPHOYUX POCTHMHHUX MaTepialiB

AHOTAIA

Locniooceno cmayionaprutl pesxcum nowUpeHHs Xeuni MIIHHA N0 NOPUCTIUM 3DA3KAM OUC-
nepcHux pocaunnux oprouux mamepianie (PI'M). Iloxazawno, wo npu npomumounomy maiHHi,
8 yM08ax Qinbmpayilinoco nid8e0eHHs: OKUCTI8AYA, 3ANeHCHOCIIT WEUOKOCMI MIiHHA 1 meM-
nepamypu 6 30Hi MIiHHA 610 WEUOKOCMI 8XIOH020 8 PeaKmop NOMOK)Y NOGIMPs MAmMb MAK-
cumym npu V, ~ 20 cm/c. Ilodibnicmo 3anexicHocmeti c8iouums npo nepesadcHull 6Nau8 Ha
npoyec miiHHA KIHeMUuKY XIMIYHUX peakyiil OKUCIeHHs naibHo20. Beajicaiouu, wo macumad
2emepoceHHOCMI pedosuHU Malul i 21uOUHa NnepemeopeHHs NO6HA, BUpiulena 3a0ava npo
3HAXOO0CEHHS WBUOKOCTT NOWUPEHHS X8UJLT MIITHHSL.

Golovko V.V.
Counterflow smoldering of combustible biomaterials

SUMMARY

Smoldering wave propagation stationary regime via porous samples of dispersed biomate-
rials was investigated. It was shown, that at counterflow smoldering, under filtration oxidant
supplement conditions, smoldering velocity and smoldering zone temperature dependences via
incoming into reactor air flow speed have a maximum at V, ~ 20 cm/s. Similarity of these de-
pendences shows the fuel oxidation chemical reactions kinetics primary influence on smolder-
ing process. Assuming that the heterogeneous substance scale is small and the conversion
depth is complete, the problem of smoldering wave propagation velocity definition was solved.
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