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AHHOTALUNA

BBepeHue. ViccnenosaHue TennoobmeHa B oxnaxgaeMblx Kamepax CropaHus v nsyvyeHue BNUsHUS Ha ero MIHTEHCMBHOCTb
pa3nuyHbIX (KaKTOPOB SBMSAETCS CIOXHON M akTyanbHoW 3aaaden. M3 aHannsa TeopeTuyecknx 1 aKCnepuMeHTarbHbIX AaH-
HbIX NO TENI006MeHy B Kamepax CropaHusi pasnuyHbIX YCTAaHOBOK CriedyeT, YTO CyLecTBYloLWMe METOAbl He YYUTbIBalOT
0cobeHHOCTV TennoobMeHa B TOMKax MarblX reOMeTPUYECKUX pasmepoB 1 He MOTyT GbITb MCMOMNb30BaHb! A5 UX TENSIOBOTO
pacyeTa.

MaTepuanbi u metoAbl. [peacTaBneHsl OnbIThl U pe3ynbTaThl X 00606LLEHNS KpUTEpPUAnbHBIM ypaBHEHNEM, MMELoLLne
BaXXHOe 3HaYyeHue Npu aHannse NPoLLeCCoB TennonepeHoca 1 TENMOBbIX pacyeTax oxnaXxaaeMblX Kamep CropaHusi Tenno-
reHepaTopoB Marnol mowHocTh. C nomoLblo 06o6LatoLLelt 3aBUCMMOCTN OLIEHNBAETCA BKNaA paanaLoHHON U KOHBEK-
TUBHOW COCTaBIAOLLMX B CIOXHbIN TENNOOOMEH Ans Kamep CropaHusi KOTI0B Manon MolHocTh. OnpeaeneHa kadecTBeH-
Hasi U KONMYEeCTBEHHasi 3aBMCMMOCTb MHTErpanbHOro paanaLnoHHO-KOHBEKTUBHOIO TennoobmeHa OT OCHOBHbIX hakTopoB
paboTbl TONOYHBIX KaMep Maroro obbema.

Pesynbrathbl. [onyyeHa obobLuatollas kputepmnanbHas 3aBUCMMOCTb, KOTOPas NO3BOMNSET OLEHWUTb BKNaA paanaumnoHHoOM
1 KOHBEKTVBHOIN COCTaBMAOLLMX B CNOXHbIV TENI00OMEH ANS KaMep CropaHvs KOTI0B Manon MOLLHOCTY.

BbiBoabl. [pyBeneHHas obobLiatowas kputepmanbHas 3aBUCMMOCTb AAET BO3MOXHOCTb BbISIBUTb KAYECTBEHHYIO U KO-
NIMYECTBEHHYIO 3aBUCUMMOCTb MHTErpPanbHOro pagvaLMoHHO-KOHBEKTUBHOIO TennoobMeHa OT OCHOBHbIX FEOMETPUYECKMX,
PU3NYECKMX U PEXMMHBIX (HaKTOPOB PaboTbl TOMOYHBLIX kKamep mMarnoro obbema. OueHka [OCTOBEPHOCTM MOMYYEHHbIX 3KC-
nepvMeHTarnbHbIX AaHHbIX NoKa3ana, YTo BenMyuHa npeaenbHol cpeaHekBaapaTUYHOM MOrpeLlHOCTN ONpeaeneHns yucna
UHTErpasnbHoro TennonepeHoca K. coctasut 3,24 %. [N BCeX OMNbITOB OTKMOHEHWE PacyeTHbIX AaHHbIX OT pesynsTaTtos
3KCneprMeHTa ¢ BeposiTHOCTbIO 95 % He BbIXOAUT 3a Npeaenbl AoBepuTensHOro nHTepaana 9,52 %.

KIMKOYEBBIE CITOBA: TennoobmeH, TennoreHepaTop Marnow MOLLHOCTW, TOMoYHasi kaMmepa, 3hEKTUBHOCTb, KOTeN, Ka-
Mepa cropaHusi, Tennonepegava
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ABSTRACT

Introduction. The study of heat exchange in cooled combustion chambers and the influence of various factors on its
intensity is a complex and relevant task. The analysis of theoretical and experimental data on heat exchange in combustion
chambers of various plants has proven that current methods fail to take into account features of heat exchange in furnaces,
having small geometric dimensions and, therefore, they cannot be used for their thermal calculation.

Materials and methods. The author presents the experiments and the results of their generalization performed using
the criterial equation. Generalization results are of great importance for analyzing heat transfer processes and the thermal
analysis of cooled combustion chambers of small capacity heat generators. The contribution of radiative and convective
components to complex heat exchange processes in combustion chambers of low-capacity boilers is evaluated using
this generalized dependence. The author has identified qualitative and quantitative dependence of integral radiative and
convective heat exchange on the main factors of operation of small combustion chambers.

Results. The author has obtained generalizing criterial dependence that makes it possible to evaluate the contribution of
radiative and convective components to complex heat exchange in combustion chambers of low-capacity boilers.
Conclusions. The generalized criterial dependence, obtained by the author, can be used to identify the qualitative and
quantitative dependence of integral radiative and convective heat transfer on the main geometric, physical and performance
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factors of operation of small capacity furnace chambers. The assessment of reliability of the experimental data, obtained by
the author, has shown that the value of the limiting mean square error of determining the value of integral heat transfer K, ,
will be 3.24 %. For all experiments, the deviation of the calculated data from the experimental results with a 95 % probability

does not go beyond the confidence interval of £9.52 %.
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BBEJEHHUE

HccnenoBanne TermioodMeHa B OXJIAXK1aeMbIX
KamMepax CTOpaHUs M U3ydeHUE BIUAHHUS Ha €ro
WHTCHCUBHOCTh Pa3JIUYHBIX (AKTOPOB SIBISAETCS
CIIOKHOW W aKTyallbHOM 3a/1a4ei.

W3 aHanm3a TeOpeTUYECKUX U IKCTIEPUMEHTATb-
HBIX JAHHBIX 10 TEIIO0OMEHY B KaMepax CrOpaHus
pPa3IUYHBIX YCTaHOBOK CJIEAYET, YTO CYLIECTBY-
IOIIIE METOJIbI HE YUNUTHIBAIOT OCOOCHHOCTH TETLIO-
00MEHa B TOIIKAaX MaJIbIX TEOMETPHUECKIX Pa3MEPOB
Y HE MOTYT OBITh MCIOJIB30BaHbI JUISl UX TEIIOBOTO
pacuera.

TemnonepeHoC B TONMKax OT HM3IYyYarOIIEro
MTOTOKA MIPOJYKTOB CTOPAHUS ONPEACISICTCS HHTCH-
CHUBHOCTBIO KOHBEKTUBHOTO, MOJICKYJISIPHOTO H JTY4H-
CTOTO TIEPEHOCOB, 3aBUCSIINX OT yCIOBUI BBOIA,
BOCIUIAMECHEHHUS M TOPEHHUs TOILUIMBOBO3IYIIHON
CMeCH, UBMECHEHUST (PU3UKO-XMMUYCCKUX CBOMCTB
cpenbl, TUAPOJAMHAMUYECKUX YCIIOBUM MPOTEKa-
HUs mpolecca u Apyrux gaxtopos. KoHBeKTHBHAs
TEIJI00TAaua, U3yUYeHHEe U MOJICKYJISIpHAS TETLIO-
MIPOBOHOCTH, KaK COCTABIISIOIINE CIIOKHOTO TETLIO-
MepeHoca, B 3aBUCUMOCTHU OT YCJOBUU Pa3BUTHS
Y TPOTEKAHMS BHOCST PA3IMYHbIN KOJTUYEeCTBCHHBIN
BKJIQJl B pe3ylbTUpyomuil Temionepenoc. Ilpene-
OpexeHre KaKoW-JIH0O0 M3 ATUX COCTABISAIONINX 0e3
JIETaTbHOTO aHalin3a MpoIecca MOXKET MPUBECTH
K UCKaXEHUIO JNEUCTBUTENBHON (pu3nueckoi cTo-
POHBI TEILIONIEPEHOCA U, CIEeI0BATENIbHO, K Hellpa-
BIWJIBHBIM KOJIMYECTBEHHBIM CBS3SIM B 3TOM IPO-
necce. K Takomy e pe3ynbrary IpUBOANT U aHATN3
VHJIMBUIYaJbHOTO BKJIaJla K0 COCTABIISIIONIEH
0e3 yuyera ux B3auMHOro BiusiHus [1-3].

MATEPHAJIBI U METO/JAbI

AHann3 MPOIECCOB MEepPEeHOCa TEIJIOTH KOH-
BEKIMEH, MOJICKYJISIPHOW M TYpOYJIEHTHOHN TeIio-
IPOBOJHOCTBIO U M3IyYEHHEM NpU TEUEHHUH Trasza
HPUBOJUT K cHcTeMe Au(depeHIanbHbIX U HHTETPO-
nuddepeHInaIbHbIX YPAaBHEHUH, KOTOPBIE CIEAyeT
pemaTrs coBMecTHO. MareMaTndeckrue TPyIHOCTH,
BO3HUKAIOIINE MPU PELIEHUU ITOH CUCTEMBI, BbI3bI-
BalOT HEOOXOAUMOCTh IOUCKOB METOAOB MpUOIH-
’KEHHOTO permieHns. OCHOBHOE JOIYIICHUE MIPU 3TOM
CBS3aHO C HCKIIOYCHHEM HHTETPANbHBIX UYJICHOB

U3 YpaBHEHHS [EPEHOCA SHEPTUH, KOTOPBIC BBOASATCS
B HEro BCJICACTBUC HAJINYINA U3TYUCHUA. OHepaHI/IIO
HCKITIOUSHHUS TIPOIIIE BCETO OCYMICCTBUTD B MPEICIIhb-
HBIX ClIy4asaXx OIITUYECKOH TOJIIIUHBI U3TYyYaromiero
CJIOS: OYEHB OOJNBIION U OYEHb MAJIOH.

NHTEHCUBHOCTH MEPEeHOCa TEIUIOThI U3Jyde-
HUEM B KaMepax CrOpaHHs Majoro oobemMa U TOmKax
MaporeHepaTopoOB M TEXHOJOTHUECKHX TMeYSH MOXKET
OBITH PA3TMYHON JaXke TPHU OJMHAKOBBIX TeMIIEpa-
TYPHBIX YCJIOBHSIX, TIOCKOJIBKY OIITUYECKUE CBOMCTBA
CJIOSI M3ITyYArOIUX MPOMYKTOB CTOPAHUS B KaMepax
0OJIBIIIOTO0 ¥ MAJIOr0 00beMa CHIIBHO OTJINYAIOTCS
10 CBOMM YMCJIECHHBIM 3HAUYEHUsIM. B ¢BsI3U ¢ 3TUM
B TOIIOYHBIX KaMepax Majioro oobemMa pu GopMyJu-
POBaHMH 33J]a4¥ UCCIICIOBAHMS TEIUIOOOMEHa BaX-
HOE 3HAUCHHE MPHOOPETAET BOMPOC O JAUANa3oHe
W3MEHEHHUS ONTHYECKUX CBOWCTB TOMIOYHOMN CPEIbI,
TaK Kak M3BECTHO, UuTO (HU3UUYecKass MOJAEIb MPo-
ecca Juisl ONpeIeCHusl IePEeHOCca YHEPTHH U3ITyYe-
HUEM U KOHEYHBIC PE3YJIbTAThl 3aBUCAT OT ONITHUYC-
CKOM TUTOTHOCTH CpPeZibl B OOIBIION CTEIICHH.

PacueTHO€ HCCIeIOBaHME ONTHYSCKUX CBONCTB
cpenpl [4—-6] B TOMOYHBIX KaMepax MaJloro pasMepa
M0Ka3ajio, YTO HE3aBUCHMO OT METOJOB pacyera
YCPEIHEHHOTO KO3 (UIIMEHTA MOTIONIICHUS U3ITY-
qarolas cpeia He SIBISCTCS HU ONTHYCCKH TOHKOM,
HHU ONTHYECKH TOJICTOM.

[pu mpOMEKYTOUHBIX 3HAUCHHUSIX OMTUYCCKUX
TOJIIIMH U3JyYaIOIero CJIOs ISl BBISIBICHUS 3aKO-
HOMEPHOCTEH TpoIlecca HEOOXOMUMO MPOBEICHHUE
JIOTIOJTHUTEIIBHBIX AKCTIEPUMEHTAIBHBIX HCCIENO-
BaHHM, TaK KaK B HEKOTOPHIX CIIy4asX BO3MOXKHO
HCT0JIb30BaHHE KOI(POUIHMESHTOB MOTIOIICHHUS,
ycpenHeHHbIX 1o [lnanky (mpuOankeHue onTude-
CKH TOHKOTO cJios1) minu Poccenanny (mpubnimkenue
ONTHYECKH TOJICTOTO ciiost) [7-9].

AHaIu3 OMBITHBIX TAHHBIX TIOKA3aJ, YTO B pac-
cCMaTpuBaeMOM OUANa30HE OMNTHUYCCKHUX TOJIINH
00001eHne YKCIEPUMEHTANBHBIX JTaHHBIX, [1OJY-
YEHHBIX Ha OTMHMCHIBAEMOW HIDKE YCTaHOBKE, MOXKET
MPOU3BOANTHCS Ha OCHOBE KOA((UIIMEHTOB TOTJIO-
NICHHUs, YCPEIHSHHBIX 110 Poccenanmy.

HHTerpanbHBIH TEIIONEPEHOC MOXKHO OIpe-
JEMUTh (DYHKIIMOHAIBHBIM YUCIIOM HHTErPAIbLHOTO
TEIJI000MEHa:
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e [, — SHTAIbIIHS NPOIYKTOB CrOPAHMs MPH TEO-
peTHdecKkoil TemnepaTrype ropeHus, KJx/Kr; ]yX —
SHTAJBINS MPOIYKTOB CTOPAHUS MPH TEMIIEparype
YXOISAIIMX ra30B, KJK/Kr; I — SHTanbIUs MPOIyK-
TOB CTOpaHUsI P TEMIEPaType CTEHKH, KJK/KT.

B stom cydae K onpenenser 5GpeKTHBHOCTD
paboTHI KaMepsl CropaHus W ABIsAeTcS (QyHKIHEH
TEIUI000MEeHa MEeXy IBIDKYIIMMCS H3TY4aroluM
MIOTOKOM Ta3a M MOBEPXHOCTHIO HArpeBa Kamephl
cropanus [10, 11].

[lepeHoc TemnoTs! U3 00BEMa KaMEPhI CrOPaHUs
K €€ CTEHKaM OCYIIECTBIISIETCS yepe3 NOrpaHUYHBbIH
CJIOM 3a CUeT U3ITyueHHUs U TypOylIeHTHOH Tuddys3uu
(MoOneKyIsIpHBIM MEPEHOCOM B paccMaTpUBAEMOM
Cllyyae MOXKHO IIpeHeOpeys).

Ha rpanunie morpaHUYHOTO CIOS U CTCHKH
TEIUIONEPEHOC K CTCHKE IPOUCXOIUT MOJIEKYIISIPHOM
TEIUTOIPOBOAHOCTBIO U PE3yIBTUPYIOIINM H3ITyde-
HHEM CpeJibl K TOBEPXHOCTH Harpesa.

VYpaBHeHHe OanaHca TeIula Ha MOBEPXHOCTH,
COOTBETCTBYIOIIEH eIWHHIE AIUHBI HHIHHIPUIE-
CKOW KaMephbl, IPY HCIIONb30BaHUU Au((y3noHHOTO
IpUONMKEHNS JUIA [IePeHOCca SHEPTHH N3ITyIeHHEM
3alMCHIBACTCS B CIIEIYIOIIEM BUJIE:

d(pc,T)  ar on’(T'-T) L 4T
M4, e, L1 a
S, 2
meD . — ko3 ¢urmeHT TypOyeHTHOM muddy3un,

M?/C; p — IUIOTHOCTH HPOAYKTOB CrOpaHHusi, KI/M>;
¢, — 1300apHasi TCIIOEMKOCTh IPOJYKTOB CrOPaHHs,
k/x/(xr-K); kﬂyq — KO3 PULIUEHT TyYUCTOH Terio-
nposozHoctH 1o Poccenanny, Br/(m°K); 6, — nocro-
sanast Credana — Bonbimana, Bt/(m?-K*); n — moka-
3areNib MPENOMIICHHS CPENbL; A — KO3 UIHEHT
MOJIEKYIISIPHOH TeruionpoBoanocTu, Br/(mK); d —
JMAMETP TOPENIOYHOTO YCTPONCTBA, M; §_ — CTETIEHb
YEPHOTHI TOBEPXHOCTH.

YpaBHenue (1) 3anmmcano 11 MOBEPXHOCTEH,
NOAYMHSIOMUXCS 3akoHy Kupxroda.

W3 moixydeHHOro ypaBHEHHUS OajaHca TeTUIOTHI
Ha TPAHMIIE CTCHKU M MOTPAHUYHOTO CJOS MOXKHO
COCTaBUTH CIIEIYIOIIHE KPUTSPHUH.

1. Kpurepwuii paguanrioHHOTO MOI00HS:

de TCT TCT ’ TCT ’
pr_—i_l 1+ T +( Tj +...+( Tj , (2)

S5, 2

cT

e k — K03 PUIUEHT MOTIOMIEHUS; dK — JMaMeTp
KaMepbl CTOPaHUs, M.
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Ha ocHoBe aHanu3a BXOASIIUX B BeIpakeHHe (2)
BEJIMYUH U C Y4€TOM OCOOCHHOCTEH TeIuionepeHoca
B MaJIbIX TOTIOYHBIX KaMepax KpUTepuil paauainoH-
HOTO TIOA00OHS MOXET OBITh MPE0Opa3oBaH K BULY

Kpa:l = f(kd’a) = f(’[o,(l),

e o — K03 GUIMEeHT H30bITKa BO3IyXa,; T,= kd —
OIITHYECKAsI TONIINHA, M.

2. Kpurepuii TypOyIeHTHO-MOJIEKYISIPHOTO
nepeHoca:

Doy (Lreop 1)
xMM(T T,)’

Teop cr

™™

KOTOpPBIA B pacCMaTpUBAE€MBIX YCIOBUSIX MOXKET
OBITh BBIpAYKEH

KT—M :-fi (Renﬂ dl‘/dK’ l/dK)7

e Re — uucio Pelinonbca; / — maivHa KaMepsl, M.
3. Kpurtepuil paauallHOHHO-MOJIEKYJIIPHOTO

nepeHoca:

_ o n’'T’

kA

Mot

K

B paccmaTpuBaeMBbIX yCIOBHUAX Kp_M HE OKas3bl-
BaeT BIMSHUA Ha TEIIOOOMEH B KaMepe CrOpaHHsI.

111 TOMOTeHHBIX peaKIuii TOPEHsI BIUSHIECM
PEaKIHOHHO-KUHETHIECKUX (aKTOPOB HA TEILIO-
00MeH MOKHO TIpeHeOpedb 5] mwin cunuTaTh UX HICH-
TUYHBIMH AJI51 TOJOOHBIX KaMep CropaHus ¢ moao0-
HBIMHU YCJIOBUSIMHU BBOJIa PEArupyromux Macc.

Takum 00pazoM, ypaBHEHUE MOAOOHS AJIS OTpe-
JIeNIeHUs TEeTJI000MEeHa JJIsl JAHHOTO CIIy4ast MOXKET
OBITH IPE/ICTABIICHO B CJICAYIONIEM BUE!

K, =®(Re,; t,; a; d,./d; 1/d,). (3)

OyHKIHOHATRHAS 3aBUCHMOCTh YHCIA MHTE-
TPaJIBHOTO TIEPEeHOca OT KPUTEPHANBHBIX YHCEN-
apryMeHTOB Hambojiee HaJCkKHO MOXKET OBITh
YCTaHOBJIEHAa Ha OCHOBE JKCIIEPHUMEHTAJIBHOTO
HCCIIEIOBAHISI CJIOKHOTO TEIIOOOMEHA Ha MOJEISX
U peasbHBIX YCTAaHOBKAX.

OKCIEepUMEHTAIBHOE MCCIIEA0BAHUE CIOKHOTO
paaualnoOHHO-KOHBEKTUBHOTO TEII0OOMeHa Mpo-
BOJUJIOCH Ha MOJHOCTBIO KaJOPHUMETPHUPYEMBIX
KaMepax CrOpaHHs, BHIIOJHEHHBIX B pealbHOM
Macmrtabe (puc. 1). YcTaHOBKA COCTOUT M3 OXJIaX-
JlaeMbIX BOJOW CEKLIMOHHBIX KaMep cropaHus I,
TOPETIOYHBIX YCTPONUCTB Ha JKUIKOM U Ta3000pa3HOM
TOIIJIMBE C PA3IMYHBIMU YCIIOBUSIMHU BBOJIA M CXKHTa-
HUS TOTUTMBHO-BO3IYIITHOM cMecH 2, yCTPOMCTB st
MOJIaYH ¥ PETYJIMPOBAHMSI Pacxojia BO31yXa, TOTUINBA
U OXJIAXJAlomeld BOABI, a TakKe KOHTPOJBHHO-
M3MEPHUTENBHBIX IPHOOPOB IS OIPEeIeIICHHS TaBIIe-
HISI, pacxo/ia BOABI, TEMIIEPaTyp ¥ COCTaBa TOTLIHBA
U TIPOIyKTOB CTOPAHUSI.
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Kamepsl cropanus nNpencTaBIisoT co00i BepTH-
KaJIbHbIC MUJIUHAPUYECKUE TEIJI00OMECHHUKHU JHa-
merpom d_— 0,18; 0,24; 0,3; 0,36 M, cobupaembie
M3 CEKIMHA Pa3IMYHON JUTHHBI C MBI MOJyYeHHUs
CPEIHUX 30HAJBHBIX TEIUIOBBIX MTOTOKOB Ha MOBEPX-
HOCTHX, COOTBeTCTByIOHI,I/IX OTHOCHTGHLHOﬁ JJIUHE
cekuuu, l/d =1/3, pacCUUTHIBAEMBIX Ha OCHOBE
OTIpe/ICNICHUs] TEeMITepaTyphl U pacxojia TETIOHOCH-
Tens B TOYKax B.

Jns vccaeqoBaHus BIMSHUS Ha TEIJIOOOMEH
JUTMHBI KaMepbl CTOPaHUs MPH HEM3MEHHBIX TEILIO-
BBIX HAIPSUKEHHAX TOMOYHOrO 00bEMa g IKCIEepH-
MEHTAJILHO ONPEAEIISIICA HHTErPATILHBIN TeTuIonepe-
HOC B KaMepax JIMHOM

l/d =1, ll; 2; 21.
3 3

B BepxHell yacTu KaMepbl CropaHusl yCcTaHaB-
JINBAJICA BLIXOI[HOﬁ KaHOpHMeTp B BUJAC II0JOTO
OXJIAXKJIA€MOT0 BOJIOM JMHCKa C JBIMOTApHBIMHU
TpyOaMu 7, pacupejeeHHbIMH Ha MOBEPXHOCTH
TakuM 00pa3oM, 4YTOOBI COOTHOIIECHUE TUIOMIAIH
MOIMEPEYHOr0 CEYCHUS KaMepbl CTOPAHUS H TLIO-
I[aJad BBIXOJIHOTO CEYEHHS ABIMOTAPHBIX TPYOOK
COXPaHSIIOCH MTOCTOSTHHBIM ISl KAMEp Pa3THIHOTO
JIMaMeTpa.

Temmneparypa IpOAYKTOB CTOPaHUs Ha BBIXOC
M3 [WIHHAPUYECKON YacTH ompeesnach mo JAaH-
HBIM H3MEpPEHHUs TeMIlepaTyphbl Tra30B B TOUKe A,
PACIIONIOXKEHHON MEXKAY dKpaHaMu 8§ U MO BeJH-
YIHE TEIUIOBOCIPHUATHS BHIXOIHOTO KaJIOpUMETpa.

f

A 8
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B 2
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- 1
CrnuB f
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3 } g B0371yX
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Puc. 1. Cxema sKcIIepUMEHTAJIHON YCTaHOBKU

B onHoit u3 cepuil ONBITOB KaMephl CTOPAHUS
OCHAIIAJIICH TOPEJIKOH MTOJHOTO MPEABAPUTEIHLHOTO
CMEIIMBaHMS BO3IyXa C MPUPOJHEIM ra3oM. [opernka
cocTosIa U3 Kopiryca 4, CMeCUTENs 5, CJI0sl KepaMu-
YECKOU KPOIIKH 3, MPEeIHA3HAYCHHOTO IS BHIPaB-
HUBAaHUS IOJSA CKOPOCTEH TOILIHMBO-BO3IYIIHOM
CMECH M HarpeBa 3TOH CMECH, HUXPOMOBOH CETKH 2,
Ha KOTOPOH OCYIIECTBISIIOCH KHHETUIECKOE COKUTA-
HUe raza ¢ kodpPuiIrueHToM U30bITKa BO3AyXa O =
=1,05-2,0.

[TonyuenHoe ypaBHeHue (3) mo3BOIAET
Ha OCHOBaHHH OOOOIICHHUS IKCIECPUMEHTAIbHBIX
JTAaHHBIX MPOBECTH aHAJIN3 BO3ACUCTBUS PEKUMHBIX
U reOMEeTPUYCeCKUX (aKTOPOB, a TaKKE CBONCTB
MOTYIONTAOIIEH Cpebl Ha TEINIOOOMEH B OXJIaX1ae-
MO Kamepe CTOpaHus IpU WICHTUIHBIX YCIOBUAX
BBOJIA.

HccnenoBanue, NpoBEIEHHOE B HACTOSMIEH
nyOimkanuu U B padorax [12—15], mokasbIBaet, 4To
K03 pHIMEHT TOTIOMEHHS POIYKTOB CTOPAHHUS K,
PacCUHUTHIBAEMBINA 10 AU(PPY3HOHHOMY TpHOIHIKE-
Huto Poccenanna, sBIseTCS BETUYHHOHN, 0OpaTHO
MPOMOPIHOHATBHON KOA(PPUIMEHTY N30BITKA BO3-
nyxa. B sToMm ciydyae kpurepuil paaHanHoOHHOTO
OO0 MOXKET OBITh IPENICTABIICH TAK:

K ="

pan
o

Koa¢pumuent nornomenus NpoxyKToB cropa-
Hug npu o = 1,0 cocTaBnseT Ajig TPUPOAHOTO Tasza
k,=3,34 M nana mazyra k = 3,92 M.

Kosdduuuent n30biTka BO3ayXa OKa3bIBaeT
pa3IMyHOE BIMSHUE HA OTACIBHBIC COCTABIISBIINE
CII0)KHOTO TeruioBoro notoka [16, 17]. C yBennue-
HUEM KO3 PUIIMEHTa U30BITKA BO3yXa MPOUCXOIHT
MHTCHCH(UKAINS KOHBEKTHBHOTO ITEPEHOCA TeIlIa
BCIEACTBUE Bo3pacTanusi kpurepus Re [18-20].
OaHOBPEMEHHO YMEHbBIIAETCA TEOPETUYECKAs TEM-
neparypa ropeHus TOIUIMBa U NaplUuajbHbIe J1aBie-
HISI TPEXaTOMHBIX T'a30B, T.€. KOA(PQHUIUCHT H30bITKA
BO3/1yXa BIUSET Ha BEIMYMHY ONTUYECKOH TOIILMNHBI
Cpenbl.

Beenenne xodddunneHta u3ObITKa BO3IyXa
B Ka4eCTBE apryMEHTa He UCKIIIOUaeT U3 paccMoTpe-
Hus Kputepuil Re, HECMOTps Ha UMEIOIYI0 MECTO
3aBHCHMOCTH 3TOTO KPUTEPHS OT 0. DTO OOBSICHS-
€TCsl TeM, YTO IIPU HOCTOSHHBIX 3HAYCHUSX oL U //d,
u3MeHeHue Re ompenenser pexuM TEUEHUs U3IY-
yarollel cpeabl, T.e. HHTEHCUBHOCTh KOHBEKTHUB-
HOTO nepeHoca TemnoThl. OJHOBPEMEHHO KPUTEPHi
SIBJISIETCSI (PYHKIIHEH TEIUTOBOTO HANPSDKEHHS 00beMa
KaMepbl CTOpaHusl.

Kosddpuuuent nzbbiTka BO3nyxa NpH HEU3-
MEHHBIX 3HaueHMsIX Re u //d,_, HO mpy pasmu4HbIX
YIAENBHBIX SHEPTOBBIJCICHUIX B 00bEME KaMephl,
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XapaKTECpU3yeT UBMCHCHHUC paZ[I/IaI_II/IOHHOﬁ CcoCTaB-
JISIFOIIEH B CJIIOKHOM TEIUIOOOMCHE.

PE3VYJIBTATHBI HCCJIEJOBAHUA

OnbITHEIE TaHHBIE 00padaTHIBAIMCH IO METO-
JIUKe, TO3BOJIAIOUIEH yCTaHOBUTb 3aBHCUMOCTD
paauanMoOHHONW W KOHBEKTUBHOUW COCTaBISIIONIMX
oT k03¢ duiueHTa n30bITKa BO3yXa.

B pesynbrare 06paboTKH SKCIIEPUMEHTATbHBIX
CBEJICHUU MOJYy4YEHBI CIENyIoIlHe 3aBUCUMOCTH,
OTpakarolre BIUsHIE KodQuineHTa n30bITKa BO3-
Jlyxa o Ha TeINIOOOMEH B KaMepe CrOpaHUs:

kd 0,47
K, = A( < j npu Re = const; //d_ = const;
a )

K, =BRe,"” npu o= const; //d_ = const.

B kauecTBe ompeaensonied CKOPOCTH ra3oB
MpUHUMAJACh CKOPOCTh, OTHECEHHAA K €IMHULIC
TETUIOBOCIIPUHUMAIOLIEH MOBEPXHOCTH, 3a ONpe-
JIEJISIONINI pa3Mep MPUHUMAJCS AUAMETP Kamephl,
3a OMPEACTISAIONIYIO TEMIIEPATy Py — TeOpeTHUYECKas
TeMIlepaTrypa ropeHus.

Ha puc. 2 npoaeMOHCTPUPOBAaHO BIHS-
HHe Kod3pdunmeHTa o Ha paJUAIUOHHYIO COC-
TaBISIONIYI0 NPH HEM3MEHHOW BENWYHMHE KOH-
BEKTHBHOT'O TepeHoca Terya. YpaBHeHHe (4)
OTHMCHIBACT 3aBUCUMOCTH KOHBEKTUBHOU COCTaB-
Jsouen nepeHoca TemorTel o1 Re, = f(g,) npu
MaJioM U3MEHEHHH MHTEHCHUBHOCTH TEIUIOOTIAuH
U3ITy4YeHUEM:

1) I/d, =713, Re, = 67,1-80,1;

2) I/d_=17/3, Re, =299,1-315,2;
3) I/d, =713, Re, =121,1-137,1;
4) I/d =173, Re, =120,6—144, 4;
5) 1/d, =4/3, Re, =189,9-211,3.

O6001IeHne pe3ynpTaToB 00paOdOTKH OMBITHBIX
JAQHHBIX CTENEHHON (yHKIHMEH MO3BOJHIO MOJY-
YUTb YaCTHBIC 3aBUCUMOCTH YUCJIa UHTCTPAJIbHOTO
nepeHoca K 0T KpUTEPUAIbHBIX YHCEI-apTyMeH-
TOB, BXOJISIINX B ypaBHEHHE monoous (3).

Pesynbrarel 00paboOTKH OMBITOB B TOTOYHBIX
kamepax auameTpom d = 0,18-0,36 M, o6opymo-
BaHHBIX TOPEIKAMH MOJTHOTO M HEMOIHOTO IIpeBa-
PUTENBHOTO CMEIICHHUS TOIUIHBA C BO3AYXOM, IIPU
pacupeeIeHHOM 110 CEYCHHIO BBOJIE TOILTUBOBO3-
JIyITHOW cMecH 0000IIEHBI 3aBUCUMOCTbHIO:

1
KT = 0,55 —0,86 0,75 '
1+0,1016-Re™™ (K d /a) "™ (I/d.)

©)
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KT
8
.
6 =
/,/ ~3
. //;/ /4
rad
// L’ _
b 5
/4/
N ~d
. \’// Kd
210! o
2 4 6 8 1-10!

Puc. 2. 3aBUCHMOCTb YHCIIA HHTEIPAIBLHOTO TEIIONEPEHOCa
ot kputepus K d/o.

B omblTax Harpyska KaMepsl CTOpaHHs
10 TOILIMBY M3MEHsIach B mpepenaax 1,5 - 1074
17,5 - 10 kr/c, koadduueHT H30bITKA BO3AYyXa
o = 1,05-2,0, rTemmnepaTypa Ha BBIXOIE M3 TOIKHU
Ha BXOJIE B BbIXOHOM Kanopumertp 7, = 1011-1752 K,
ycnoBHoe yncio Peiinonbaca Re, = 66-359, otHOCH-
TeJIbHAasl JJTHHA KaMepbl:

1
ld =1-2—,
/K 3

KpUTEpHuil paavanuoHHOrOo moxobus kd/o =
=0,301-1,145, uncno uHTErpaIbHOTO TEIIONEPEHOCa
K = 0,15-0,67, ynenbHOe >HEProBBIACIECHUE
B Kamepe ¢, = 0,76-1,73 MBT1/™M>.

3AKJIIOYEHUE U OBCYXJIEHUE

[Monyuennast obobmaromas KpUTEpHUATb-
Hasi 3aBUCUMOCTH (5) MO3BOJSIET OIEHUTh BKJIA]
panualMOHHONW M KOHBEKTHMBHOM COCTAaBISIOLINX
B CIOXHBIA TEIIOOOMEH JJIs Kamep CropaHwus
KOTJIOB MaJIOH MOIIHOCTH U BBISIBUTH KaueCTBCH-
HYIO ¥ KOJIMYECTBEHHYIO 3aBUCUMOCTHh WHTETPAIIb-
HOTO PaJiuallMOHHO-KOHBEKTHBHOTO TETI000MEHa
OT OCHOBHBIX T'€OMETPHYCCKHX, (PU3UYCCKUX
U PEXKUMHBIX (PaKTOPOB pabOTHI TOMOYHEIX KaMep
MaJIoro oorema.

O1eHKa JTOCTOBEPHOCTHU MOJTYyYEHHBIX JKCIIE-
pI/IMeHTaHLHLIX JaHHBIX ITOKa3ajia, 4TO BCIMYHHA
MpeeIbHON CpEeIHEKBaIPATUIHON MOTPEITHOCTH
OTpeeICHUs] YUCTIa HHTErPaJbHOTO TEIIonepe-
Hoca K COCTaBHUT 3,24 %. KoppemsiimonHast oreHka
coOTBeTCTBUsI 0000mIaromei 3aBucumMoctu (5) Obuia
MIPOM3BEICHA 10 YUCITY HHTETPATBHOTO TEIJIONepe-
HOca K ¥ TeMIleparype ra3oB Ha BBIXOJE U3 TONKH
T2. J1nst BCeX OMBITOB OTKJIOHEHUE PACUYETHBIX JIaH-
HBIX OT PE3YJIbTAaTOB DKCIIEPUMEHTA C BEPOSITHO-
cTbI0 95 % He BBIXOAMT 3a NpPEJENbl JOBEPUTEIIb-
HOTrO MHTepBana £9,52 %.
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INTRODUCTION

The study of heat exchange in cooled combus-
tion chambers and the influence of various factors on
its intensity is a complex and relevant task.

The analysis of theoretical and experimental data
on heat exchange in combustion chambers of various
plants has proven that current methods fail to take into
account features of heat exchange in furnaces, having
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small geometric dimensions and, therefore, they can-
not be used for their thermal calculation.

In furnaces, heat transfer, triggered by the radi-
ating flow of combustion products, is determined
by the intensity of convective, molecular and radi-
ant transfers, depending on conditions of addition,
ignition and combustion of the fuel-air mixture,
changes in the physical and chemical properties of
the medium, hydrodynamic conditions of the process
and other factors. Convective heat transfer, radiation,
and molecular heat conduction, being components of
complex heat transfer, make different quantitative
contributions to the resulting heat transfer. Neglec-
ting any of these components without a detailed ana-
lysis of the process can lead to a distortion of the real
physical nature of heat transfer and, consequently, to
incorrect quantitative relationships typical for this
process. The analysis of individual contributions
made by each component without taking into account
their mutual influence leads to the same result [1-3].

MATERIALS AND METHODS

The analysis of heat transfer processes by con-
vection, molecular and turbulent heat conduction and
radiation leads to a system of differential and integro-
differential equations, which should be solved
together. Mathematical difficulties in solving this
system make it necessary to search for approximate
solutions. In this case, the main assumption is related
to the exclusion of integral terms from the energy
transfer equation, which are introduced into it due to
the presence of radiation. The operation of exclusion
is easiest to perform in the limiting cases of the opti-
cal thickness of the radiating layer, which can be both
very large and very small.

The intensity of heat transfer by radiation in
small combustion chambers and furnaces of steam
generators and process furnaces can be diffe-
rent even at the same temperature, since the opti-
cal properties of the radiating layer of combustion
products in large and small chambers differ greatly
in their numerical values. Hence, when formulating
the problem of investigating heat exchange in small
furnace chambers, the issue of the range of variation
of optical properties of the furnace medium becomes
important, since we know that the physical model of
the process, used for determining the energy transfer
by radiation, and the final results depend to a large
extent on the optical density of the medium.

A computational study of the optical properties
of the medium [4-6] in small furnace chambers has
shown that, regardless of the methods for calcula-
ting the average absorption coefficient, the emitting
medium is neither optically thin nor optically thick.

For intermediate values of optical thicknesses
of the emitting layer, additional experimental studies
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are necessary to reveal the regularities of the process,
since in some cases it is possible to use absorption
coefficients averaged by Planck (approximation of
an optically thin layer) or Rosseland (approximation
of an optically thick layer) [7-9].

The analysis of the experimental data shows
that, in the range of optical thicknesses under con-
sideration, generalization of the experimental data
obtained using the unit described below can be made
using the absorption coefficients averaged by Ros-
seland.

The integral heat transfer can be defined by
the integral heat transfer functional number:

]theor - ]out.g

pC

theor — tw

where [, is the enthalpy of combustion products at
the theoretical combustion temperature, kJ/kg; I " is
the enthalpy of combustion products at the temperature
of outgoing gases, kJ/kg; [ is the enthalpy of combus-
tion products at the temperature of the wall, kJ/kg.

In this case, K, , determines the efficiency of
the combustion chamber and is a function of heat
exchange between the radiating gas flow in motion
and the combustion chamber heating surface [10, 11].

The transfer of heat from the combustion cham-
ber’s inner space to its walls is carried out through
the boundary layer due to radiation and turbulent diffu-
sion (molecular transfer can be neglected in this case).

At the boundary layer — wall interface, heat is
transferred to the wall by molecular thermal conduc-
tion and the resulting radiation of the medium onto
the heating surface.

The heat balance equation on the surface, corre-
sponding to a unit of length of the cylindrical cham-
ber, is written in the following form:

d(pcpT) dr o,n’ (TS4 fTb‘,‘)

b ~ Mrade -
d, d,

dT
T fxmo,d—b, Q)
5, 2
where D b is the turbulent diffusion coefficient,
m?/s; p is the density of combustion products, kg/m?;
¢, is the isobaric heat capacity of combustion pro-
ducts, kJ/(kg'K); &, is the radiant thermal con-
ductivity coefficient by Rosseland, W/(m'K); o is
the Stefan — Boltzmann constant, W/(m?-K*); n is
the refractive index of the medium; A, is the mole-
cular thermal conductivity coefficient, W/(m-K); d, is
the burner diameter, m; §,, is the surface blackness
degree.

Equation (1) is written for the surfaces obeying
the Kirchhoff law.

The following criteria can be derived from
the obtained equation of the balance of heat at
the boundary of the wall and the boundary layer.
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1. The radiation similarity criterion:
_ kdc Tbl Tbl ’ Tb/ ’
Kmd—L 1{1+ T +(T +o+ 7 2)

where £ is the absorption coefficient; d_ is the com-
bustion chamber diameter, m.

Given the analysis of the values included in
expression (2) and taking into account the peculiarities
of heat transfer in small furnace chambers, the radia-
tion similarity criterion can be transformed to

Ki =/ (kdsa)=f (1, 0),

where a is excess air ratio; T, = kd is optical thick-
ness, m.
2. The turbulent-molecular transfer criterion:

K — Dturl)p(]fheor _[b/)

o 7\’mol (T - Tbl)

theor
which, under the conditions in question, can be
expressed in terms of

thm :fl (Ren; db/dk ;l/dk)’

where Re is Reynolds number; / is chamber length, m.
3. Radiation-molecular transfer criterion:

2773

T
K., =22
K

mol

Under the considered conditions, K, has no
effect on heat exchange in the combustion chamber.

For homogeneous combustion reactions,
the influence of reactional-kinetic factors on heat
exchange can be neglected [5] or considered iden-
tical for similar combustion chambers with similar
conditions of reacting masses.

Thus, in this case the similarity equation for
determining heat exchange can be presented as fol-
lows:

K, =®(Re,;t,; 05d,/d ;1/d,). 3)

The functional dependence of the integral
transfer number on the criterial numbers-arguments
can be most reliably identified in an experimental
study of complex heat transfer using models and
real units.

The experimental study of complex radiative-
convective heat transfer was carried out in fully
measurable real-size combustion chambers (Fig. 1).
The unit consists of water-cooled sectional combus-
tion chambers /, burners for liquid and gaseous fuel
with different conditions of input and combustion of
fuel-air mixture 2, devices for supplying and control-

f
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Fig. 1. Unit layout

ling air, fuel and cooling water consumption, as well
as instruments for measuring pressure, water con-
sumption, temperatures and composition of fuel and
combustion products.

Combustion chambers are vertical cylindri-
cal heat exchangers having diameter d, — 0.18;
0.24; 0.3; 0.36 m, assembled from sections of dif-
ferent length for the purpose of obtaining average
zonal thermal flows on the surfaces corresponding
to the relative length of section //d =1/3, calculated
by determining the temperature and the heat carrying
agent in points B.

To investigate the influence of the length of
a combustion chamber on heat exchange at constant
thermal stresses of furnace volume q,, an experiment
was conducted to find the integral heat transfer in
the chambers having lengths

l/d, =1, ll; 2; 21.
3 3

An outlet calorimeter, having the shape of
a hollow water-cooled disk with distributed smoke
tubes 7, was installed on the surface in the upper
part of the combustion chamber, so that the ratio of
the cross sectional area of the combustion chamber
to the outlet cross sectional area of the smoke tubes
remained constant for chambers of different dia-
meters.

The temperature of combustion products at
the outlet of the cylindrical part was determined by
measuring the gas temperature at point 4 located
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between screens § and by the heat absorption value
of the outlet calorimeter.

In one series of experiments, combustion cham-
bers were equipped with a burner that featured com-
pletely premixed air and natural gas. The burner
consisted of body 4, mixer 5, the layer of ceramic
crumbs 3 designed to equalize the velocity field of
the fuel-air mixture and heat this mixture, nichrome
mesh 2, where the kinetic combustion of gas with
excess air ratio o = 1.05-2.0 was performed.

The obtained equation (3) makes it possible to ana-
lyze the effect of the combustion mode and geometry-
related factors, as well as the properties of the absorbing
medium on the heat exchange in the cooled combus-
tion chamber under identical input conditions based on
the generalization of experimental data.

The study, described in this article and in works
[12—-15], shows that combustion products absorption
coefficient k, calculated using the Rosseland diffu-
sion approximation, is a value inversely proportional
to the excess air ratio. In this case, the radiation simi-
larity criterion can be represented as follows:

Krad = kdf .
(04

The combustion products absorption coeffi-
cient at a = 1.0 is k, = 3.34 m™' for natural gas and
k, =3.92m™" for fuel oil.

The excess air coefficient has a different effect
on individual components of the complex heat flow
[16, 17]. An increase in the excess air ratio intensi-
fies convective heat transfer due to an increase in
the Re criterion [18-20]. Simultaneously, the theo-
retical combustion temperature and partial pressures
of triatomic gases decrease, i.e. the excess air coef-
ficient affects the value of the optical thickness of
the medium.

The introduction of the excess air coefficient
as an argument does not exclude criterion Re from
consideration, despite the dependence of this cri-
terion on a. This is explained by the fact that at
constant values of o and //d, change in Re deter-
mines the flow mode of the radiating medium, i.e.
the intensity of convective heat transfer. At the same
time, the criterion is a function of thermal stress in
the combustion chamber.

The excess air coefficient at constant values of
Re and //d_, but at different specific energy releases
in the chamber volume characterizes the change
in the radiation component in the complex heat
exchange.

RESEARCH RESULTS

The experimental data were processed accor-
ding to the method that allows identifying the depen-
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dence of radiative and convective components on
the excess air ratio.

As a result of processing the experimental data,
the following dependences, reflecting the influence
of excess air coefficient o on the heat exchange in
the combustion chamber, were obtained:

0.47
K, = A(—”] when Re = const; //d_ = const;
o

(4)

K,, = BRe,” when o= const; //d, = const.

The velocity, attributed to the unit of heat
absorbing surface, was taken as the defining velo-
city of gases, the chamber diameter was taken as
the defining size, and the theoretical combustion
temperature was taken as the defining temperature.

Fig. 2 shows the influence of coefficient o on
the radiation component when the value of con-
vective heat transfer is unchanged. Equation (4)
describes the dependence of the convective com-
ponent of the heat transfer on Re, :f(qv) with
a little change in the intensity of heat transfer by
radiation:

1) 1/d.=7/3, Re, =67.1-80.1;

2)1/d. =7/3, Re, =299.1-315.2;
3) 1/d.=7/3, Re, =121.1-137.1;
4y 1/d =17/3, Re,=120.6 — 144.4;
5)1/d =4/3, Re,=189.9-211.3,

Generalization of the processed results of experi-
ments, performed using the power function, allowed
to obtain partial dependences of integral transfer num-
ber K, , on the criterial numbers-arguments included in
the similarity equation (3).

Processed experimental results, obtained in
furnace chambers with diameter d = 0.18-0.36 m,
equipped with burners consuming completely and
incompletely premixed fuel and air, distributed over
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Fig. 2. Dependence of the integral heat transfer number
on criterion K d/a



Heat exchange in cooled combustion chambers of low-power heat generators

P. 104-114

the cross section, are generalized by the following
dependence:

1
= 1+0'1016.ReS,SS(KOd/a)fo.XG (l/dc )0,75 .

)

h.t

In the experiments, the combustion chamber
fuel load varied between 1.5 - 10#-17.5 - 10 kg/s,
excess air ratio a = 1.05-2.0, temperature at the out-
let of the furnace and at the inlet to the outlet calo-
rimeter 7, = 1,011-1,752 K, conditional Reynolds
number Re = 66-359, relative chamber length

1
I)d,=1-2,
/C 3

radiation similarity criterion k,d/a = 0.301-1.145,
integral heat transfer number K, = 0.15-0.67, spe-
cific energy release in the chamber ¢, = 0.76-1.73
MW/m?.

CONCLUSION AND DISCUSSION

The resulting generalized criterial dependence (5)
makes it possible to assess the contribution of radia-
tive and convective components to the complex heat
exchange for combustion chambers of small capacity
boilers, and to identify the qualitative and quantitative
dependence of integral radiative and convective heat
exchange on the main geometrical, physical and com-
bustion mode factors of small furnace chambers.

The evaluated reliability of the experimental data
shows that the value of the limiting mean square error
in determining the number of integral heat transfer X, ,
will be 3.24 %. The correlative assessment of the com-
pliance of the generalized dependence (5) was based on
the number of integral heat transfer K, , and the temper-
ature of gases at furnace outlet 72. For all experiments,
the deviation of calculated data from the experimen-
tal results with 95 % probability does not go beyond
the confidence interval of +9.52 %.
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