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The paper deals with the 3-D modeling of natural gas
combustion and, particularly, with the development of
submodels which will allow to determine radiative
characteristics of combustion gases. The analysis of
radiative heat transfer has been performed, and a submodel
for the determination of mean linear absorption coefficient is
presented. This submodel takes into consideration a mean
value of combustion gases absorptivity based upon
calculation of the spectral fraction of black body irradiation.
A CFX model of the methane combustion in the cylindrical
burner has been developed. The model incorporates the
mentioned above spectral absorptivity submodel. The results
of the calculations, carried out within the 3-D CFX model,
were compared with the available in the literature
experimental results that had been obtained within the same
working parameters and operative condition. The
comparison shows a close conformity of the results which
proves the validity of the proposed optical submodel for the
determination of mean linear absorption coefficients of
combustion gases and its applicability for the practical 3-D
modeling of the combustion processes.

AHANI3, PO3POBKA |1 BANIAALIA CNEKTPAJIbHUX
PARIALIMHUX MOOENEMX NPU 3-D MOQENIOBAHHI
rOPIHHA NPUPOOAHOI'O rA3y

IL.51. 3acaabko, M.O. [Ipsiako, S1.1. 3acaabko
Hayionanvnuii ynieepcumem xapuogux mexmonozit

Y cmammi posensnymo numanmns 3-D moodentoganmns npoyecie cnamo8amHs npu-
POOHO20 2a3y, 30KpemMa NUMAaHHs po3podKu niomooenel s GU3HA4eHHs padiayii-
HUX XApakmepucmux HpoOYKMI8 cnamosanus. Buxonano ananiz npomenesozo
MENIONEePeHecentss ma 3anponoHOBAHO NIOMOOenb O BU3HAYEHMS JIHIUHUX
Koeqiyicnmie NOSAUHAHHA, WO BKIIOYAE DPO3PAXYHOK YACMKU GUNPOMIHIOBAHHSL
AbCOTOMHO YOPHO20 MIAA HA CNEKMPATbHUX CMY2aX GURPOMIHIOBAHHS OUMOBUX
easzie. Pospooneno CFX modenv cnanosanms memany 8 YuriHOPUUHOMY NATbHUKY.
3aznauena modenv exOYae NiOMOOENb CHEKMPATLHO2O BUNPOMIHIO8ANHS. Pe3yib-
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mamu po3paxyukie, suxounani ¢ pamxax 3-D CFX moodeni, nopieHANHO i3 HAAGHUMU Y
aimepamypi OaGHUMU, OMPUMAHUMYU NPU AHATOSIYHUX POOOYUX | PeHCUMHUX NaApa-
mempax npoyecy. IlopisHanus ceiouums npo O61U3bKy 8i0ON0GIOHICMb Pe3yIbmamis,
Wo niomeepodcye a0eK8amHuicmob 3anponoHO8aHOI ONMUYHOI niomoodeni O 8U3HA-
YEHHSL CepeOHbO20 NIHIUH020 KOe@IYIEHMa NOSTUHAHHS MA BUSHAYAE MONCIUBICID
3acmocysanis ii npu po3pooyi 3-D mooeneti peanbHux npoyecis.

Knrouoei cnosa: 2opinns, abconiomno wopHe mino, URPOMIHIOBAHHS, NOSTUHAHHSL,
cnexkmp, eanioayis, padiayiuHull menioooMiH.

IMocTanoBka npo6Jemu. [Ipyu MopenoBaHHI CKIIaJJHUX B3a€EMHO PETyIIOI0YHX 1
3aJIeKHHUX TPOIECiB, J0 SKUX HaICKUTh MPOIeC TOpiHHS, Bamijamis (miarBep-
JDKEHHS aJIeKBaTHOCTI) MOJIENi € CKIIaJIHUM 3aBJIaHHSM, OCKUIbKH Oe3rocepenHe
BHU3HAYEHHS MEBHOTO JOMIHAHTHOTO MPOIECY 1 CTYIEHs HOro BIUIMBY 13 CKIIaJHOT
CYKYITHOCTI JIIF0OYMX TPOIIECIB € HEMOXKIMBUM. Pa3oM i3 MIMPOKKUM 3aCTOCYBaHHIM
MeroaiB 3-D monemoBanHs (ocobmuBo mporpamuux nakeriB FLUENT Tta CFX)
JUISL TIOCITIJDKEHHS! TIPOIECiB TOPIHHS Y TIPOMHUCIIOBUX 1 eKCTIEPUMEHTAIBbHHUX yCTa-
HOBKax yce OLIbIIOI aKTyaJdbHOCTI HaOyBae mpoOjeMaThKa Bamigaiii po3po0iiro-
BaHuX Moxene [1—S].

AHaniTHYHHii orJsig JitepaTypu i TeopeTuuHi 3acaam. Sk BigomMo, piBHSIHHS
nepenecenns nmpomenenoi eneprii (PIIIE) mae Burnsn [1, 3, 5]:

ﬂ——(K +K ), +K, 1 +K“T4jnq>(:'—
dS an sAMEN ent b 4TC 00

- ’ ’ _z ’ ’
sA =ML(s)d -, (1)

ne I, ;I,, — cnekTpalbHa pafiariiiHa iHTEHCHBHICTb Ta3y i aOCOIIOTHO YOPHOTO BU-
npoMiHioBaya, BiMoBiIHO; K, ;K , ;K, — creKkTpanbHuil KoedillieHT MOTIMHAHHS,

. . . . . . ’
BUIIPOMIHIOBAHHS Ta PO3CITHHS CEPEIOBHILIA, BIIMOBIIHO, HA JIOBXKHMHI XBHII A .
Yci BenmnuuHu OepyThes MPHU TOBKUHI XBUJIL A 1 BOHH € TIOCTIHHUMHU Ha TEBHIN

- -
cMy3i HOBXKHH XBHIb A+dh; O(s'— s;k'—k)-l& -dQ'-dh/4n — BpaxoBye
-2 >

IMOBIpHICTb TOr0, 110 BUIIPOMIHIOBAHHS BiIOYBAEThCA Y MEXAX HANPAMKY § — s,
Ha JOBXHUHI XBWIi A y Jiamna3oHi TOBKHH XBHJIb P , Y ME&Xax TIJIeCHOro Kyra
aqQ’; —(K, +K; )], — Bu3Haya€ 3HMKECHHS IHTEHCUBHOCTI BHUIIPOMIHIOBaHHS,
10 HAIXOAWUTh 1O KOHTPOJBHOrO 00’€My, BHACHIJOK IIOTJIMHAHHS YacTUHHU
BUITPOMIHIOBaHHS B 00’€Mi Ta PO3CISIHHI YaCTHMHU €HEprii mpH MPOXOKEHHI
MPOMEHSAMH BIATUHKY IUIAXY ds ; I;» =K, 1, — BinoOpaxae IHTEHCHBHICTb
BJIACHOTO BUIIPOMIHIOBaHHSI KOHTPOIBLHUM 00’ €MOM.

OueBuIHO, 110 IHTETPYBAHHS TAKOTO IHTETPO-IH(epeHIIaTbHOTO PIBHIHHS HE €
MOXIIUBUM 0€3 MEBHUX MpPUNYIIEHb. Tak, 3araJlbHONPUHHATHAM € TPUITYIICHHS
PO JIOKATTBHY TEPMOANHAMIUHY PIBHOBAry BHIIPOMiHIOBAIBHO-TIOTTTMHAIIBHOTO Ce-
peloBHUIIa, y MeKaX SIKOTO po3risiaacThes piBHIHHEA (1). Y 1IbOMY BUITAJIKy, 3TiIHO
i3 3akoHoMm Kipxroda, asi meBHOI 4acTOTH BUIIPOMIHIOBAHHS (JIOBXKHHU XBFLII)
KoedillieHTH BUIIPOMiHIOBaHHS Ta MOIIMHAHHSA piBHI Mk coboro K, =K, . Illo
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CTOCYETBCSI TPOIYKTIB 3rOPSHHS, TO CIIPABEIIHNBUM € TPUITYIIECHHS I10JI0 MOXKJIIH-
BOCTI HEXTYBaHHSIM HE3HAYHHM PO3CIIOBAHHSM I1aJ]al0u0r0 BUIIPOMIiHIOBaHHS
(K, =0), To6TO MOABIMHUM iHTErpanoM y piBHsHHI (1) MOXKHA 3HEXTYBaTH, TOII
piBHsHHA (1) TTicHs iHTErpyBaHHS 11O BCHOMY JIiaIia3oHi JOBXHH XBHIIb 1 32 TIPUITY-
meHHs, mo K, Ta K, € nocTilHMMM B yChOMY Aiala3oHi JOBKHUH XBHIb (K),
HaOyie BUTIISIY:

4
dt =—KI+ K(GOT—), a0o0 110 TeX caMe — dt =—KI+KI,, 2)

ds T ds

ne o, — nocriiiHa Credana-bonbiMana; /, — IHTEHCHBHICTh BHIIPOMiHIOBAHHS
a0COJIIOTHO YOPHOI'0 BUITPOMIHIOBAYa.

PiBHsiHHS (2) IHTErpyeThcs y MeKaxX KOHTPOJIBHOrO 00’eMy V Ta y Mexax
HEeBHOro TinecHoro kyra AQ, [1]:

dl, A
LQJMQEdVFin=hQJM{—K]+KXcT Im)]-dV-dQ,. 3)
[Ticns 3acrocyBanHs TeopeMu ['ayca-OcTporpaachbkoro OTpUMAaeMO:
- -
Lo ditsrm)-ad-aQ = [ [\ [-KI+K(1,)]-dV -dQ;, @)

Jie Ipyruil iHTerpan y JiBiid YacTHHI PIBHIHHS Nependadac iHTerpyBaHHs y MeKax
noBepxHi A4 BUALICHOTO MU(EpeHIIHHOrO KIHIIEBOr0 00’ €My, JI0 SIKOTO 3aCTOCO-
ByeThest piBHSHHA (1, 2). 3aramom, piBHSHHS (4) € OCHOBOIO ISl TUCKpETH3AIlil
PIBHSHHS pajiallifHOTo MepeHeceHHs eHeprii.

3Bakarouy Ha MPUHHSTI MPUMYIIEHHS, 1[0 CYTTEBO CHPOILYIOTH 3a1ady, Gop-
ManbHe BupimenHs piBHsHHS PIIIIE iHTerpyBaHHsIM Ha Bifpi3Ky HUIAXY IIPOMEHS
0—s HaOyxme Buramy [6, 7]:

%5:;%mpq—Krdg+jKQ{mpc{Krd¥ﬂwﬁﬂ (5)
0 0 s

A€ nepuuii 10JaHOK BU3HAYA€ YACTKY BUIPOMIHIOBAHHS, 110 3 IHTEHCUBHICTIO [
HaAIAIIIO Ipu s =0 JO KOHTPOILHOTO 00’ €MY Ta MOTJIMHYJIOCS Ha JOBXKHHI IIUIAXY
S, a Pyl — BPaXOBYE YaCTKy BIACHOTO BHIIPOMIHIOBaHHS Y MEXaX KOHTPOJIb-
HOTO 06’€MYy JIOBKHHOIO 0—s' Ta IOMIMHYTOr0 Ha MOAAJIBIIOMY BiIPi3Ky y MeXax

’ o .

s —s. SIKIO MPUMYCTUTH, 10 KOHTPOIBHUN 00’€M 3HAXOIUTHCS Yy CTaHi TEPMO-
JMHAMIYHOI PIBHOBarW, a PO3MOALT ONTHYHUX MapaMerpiB Mo3JoBk 0—s €
Oe3rpaZiieHTHHM, TO piBHIHHSA (5) HaOyae BUIIISY:

ol
I,=Ie " +2—(1-e*). (6)
i
3 iHmoro 60Ky, piBHAHHS (5) MpencTaBieHe y BUTIISIL
oT?
I,—I,=I,(1-e %) ——,(1-e %), (7)
s
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MOXE TPaKTyBaTHCS SK OajaHCOBE CHIBBIAHOIIEGHHS MK YacTKOIO IaJIal0uoro
BUITPOMIHIOBaHHSI, MIOTJIMHYTOTO Y KOHTPOJIBHOMY 00’ €Mi Ha JIOBXKHHI §, 1 YaCTKOIO
BJIACHOTO BUIIPOMIHIOBaHHS IPOAYKTIB 3rOpsIHHS MpH TemnepaTypi T, , sSKa IMOIH-
1a€ KOHTPOJIbHUN 00’eM. TakuM YHMHOM BCTAHOBIIOETHCS 3B’ 30K MiX MOBEpPXHE-
BHUMH Ta JIIHIHHAMH ONITHYHUMHE XapaKTePUCTHKAMH, a caMe:

(1 (T.pipyhas)-dh [, [1-exp(=K,)]-d)

: w = : ®)
[1,dn [1,dn
0 0

m
Il

Bennunna moBepxHeBoro koedillieHTa IMOIVIMHAHHS €& BHM3HAYAE€ThCS SIK CIIIB-
BiJJHOILICHHSI MPOMEHEBOI €Heprii, BUIPOMIHIOBAHOI KOHTPOIBHUM 00’€MOM, 10
MIPOMEHEBOI €Heprii, 0 BUIPOMIHIOEThCSI A0COTIOTHO YOPHUM TiioM. PiBHsHHS (8)
3alMcaHe y HalOUIbII 3araibHOMY BHUIJISI, OCKUIBKH Tepe0ayae 3aIeKHICTh € Bij
yCiX TapaMeTpiB CepeloBUIN, SIKi y TOW UM IHIIMH CIOCIO BU3HAYAKOTH XapakTep
B3a€MO/IIT (POTOHIB 3 MOJICKYJIAMHU ra30BOI'0 CEPEOBUIIA, a caMe: TeMIIepaTypa rasy,
THCK Ta3y (SIK 3arajibHUM p;, TaK 1 MaplialbHAN THCK KOMITOHEHTIB CyMIllli T'a3iB p;),
YaCcTOTY BHITPOMIHIOBAHHS A, @ TAKOX JOBKHHY IepeMillleHHs] POTOHIB § y Mexax
KOHTPOIIBHOTO 00’ €MY.

Cnix 3a3Ha4YMTH, MO BHU3HAYEHHS ONTHYHHUX XapaKTEPUCTHK CEPEOBHINA TIPH
MO/ICTFOBaHH1 CKJIAJHUX TPOLICCIB TEIJIOOOMIHY, Y SKUX PaialliiHUi TSIUIOOOMIH Ma€e
JOMIHAHTHUH XapakTep, € HaJ3BHYAHO CKIagHUM 3aBaaHHsM [5—10], a mani Ta
MOJIeNTi, HAaBEZICH1 Y JITEpaTypHHUX JPKEperax, CYTTEBO PI3HAThCA. BpaxoByroun Haji-
3BUYAHHO CKIaJHUH XapakTep 3aJeKHOCTI B3aemomii (OTOHA 3 IMOrJIMHAIOYHAM
CEPEIOBHILICM, HABITh BU3HAYCHHS OCEPEAHEHOr0 3HAYCHHS KoeillieHTa MOrIMHAHHS
He € omHo3HauHMM. Tak, y [10] HaBemeHO Ta MMPOaHANI30BaHO TaKi PEKOMEHIOBaHi
OcepelHeHI 3HAUeHHS JHIHHUX Koe]illieHTIB MornuHaHHA. PiBHsHHS (9) Xapak-
Tepu3ye ceperHe Kg,os 32 Pycenenaom (Rooseland), sike BpaxoBye npodhisib iHTEHCHB-
HOCTI MOTJIMHAHHS y MeXaX CIIEKTPaJbHUX cMyT. HaToMicTh cepenHiii liHIAHNI

ij‘a;{]]’}dk
1
K == 7 ©)

Roos Ad?\.
odTl

koedinient nornuaanHs 3a [Imankom (Planck) (10) cmiBBimHOCHTH cymapHy
IHTCHCHBHICTh TIOTJIMHAHHS HAa BCIX CHEKTPAILHUX CMYrax 3 YpaxyBaHHSIM
3aleKHOCTI K (M) y MeKaX CMyT Ta IHTEHCHUBHICTh BHIIPOMIHIOBaHHS aOCOJIFOTHO
YOpPHOT'O TiJa:

[ K, 1, -d\
__J0
Kplanck - 6- T4 . (10)

Cepenniii koedinieHT nornuHanHs y ceHci [Terua (Patch) [11] 3icraBnse yacTky
MOTJIMHYTOI €Heprii 3 TaKor, MO MPOXOAUThH Kpi3h IIap ra3y, Ta iHTEHCHBHICTbH
BHUIIPOMIHIOBAaHHS, 1110 MPOXOUTH KPi3h HIap rasy:
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IR
[ 1™

P (11)

at

MeTor IOCHIIGKEHHsI € po3po0Ka MiaAMOIENl JJjI BH3HAUCHHS ONTHYHUX
XapaKTePUCTUK MPOAYKTIB 3rOpsHHSA Ta iHKopropamis ii 1o po3pobmoBaHoi 3-D
MOJIENTi CTIATFOBAHHS METaHy B IWIIHAPUYHOMY MATBHUKY.

Marepiaau i Metoan nocaimxeHHs. [Ipu po3poOii pamiaiiHuX miaMoaenei
st 3acrocyBanHs y mnakerax FLUENT abo CFX onrTuuHi XapaKTepHCTHKH
MOJICTThOBAHOI'O CEPEOBUINA 33/IAI0ThCsl 00 HA OCHOBI «Cipoi» MOZEN IMTOTIMHAHHS
ta i Mmomudikaiii WSGG [11] (cepenabo3BaXkeHol CyMH CipuX Ta3iB), a00 Ha OCHOBI
CHPOILIEHUX CHEKTpaJbHUX Mojenei mornmuHaHHs [2, 9, 10]. IIporpamuuii maker
CFX mnepenbdavae MOXKJIMBICTh MPOrpaMyBaTH HU3KY CMYT TOTJIMHAHHS-BHUIIPOMi-
HIOBAHHS 3 ypaxyBaHHSIM 3MiH MEX OKPEMHX CMYT i3 3MIHOIO Temmeparypu. [lpu
IbOMY KOC(II[IEHT MOTTIMHAHHS, KUK MO)KEe TPOrpaMyBaTHCS SIK TIOCTIHHWM, Tak i
3aJIeKHUM BiJ TEMIEpaTypu, 3a[JacTbCsi OJHAKOBUM M BCIX CMyT. SIKIo &,
NITPAKTYBATH SIK YACTKY €HEPTii, [0 BUIIPOMIHIOETHCSI aOCONIOTHO YOPHUM TLIOM Y
JianasoHi JOBKUHUA XBHIb A =0...00, Ta BU3HAYUTH €HEPTi0, 1110 BUIPOMIHIOETHCS
nurdepeHIianbHIM eJIeMEHTOM ra3y B N-CMyTax, TO OTPUMAaEMO:

soT? = z;’:ljgj:;(l —exp(—K; 8))- 1), -cos0-dQ-dh .

bepyun no yparu, mo y npuitHaTiit Mmomeni K, =K, € HOCTIHHUM y Mexax
CMYTH Ta OJJHAKOBUM JUIS yCiX CMYT, OTPHUMAEMO:
h=i

goT" =n(l-exp(-K;8)- 21 [~ 1, -dh. (12)
"L
Ockinbkn m—™ X:’;Albx € BupazoM s [LI1aHKOBOI YacTKH aGCOJIOTHO
c

qyopHoro BurnpominoBanus F(A,T), oTpEMaeMO CITiBBITHOIICHHS Il BU3HAYCHHS
Koe(ilieHTa BUIPOMIHIOBAHHSI (TIOTJIMHAHHS) Y CIIEKTPATBHUX CMYTax:

e(T)=(1-exp(-K,s)- F(L,T) . (13)

Takum unHOM, BU3HAUCHHS K; MOTpeOYe MONEpeaHbOro po3paxyHky &(7) 3a HasB-
HUMH «CIPHMID» MOJICNISIMU Ta CIIEKTPAIBHOI YaCTKH MOTOKY BUTIPOMIHIOBAHHS Ha CMY-
rax JoBKuH XBwib F(A,T), XapakTepHUX Uil JaHOTO CKIIAIy MPOMYKTIB 3rOpSHHS,
TXHIX MOJIBHMX KOHIICHTpAIIiH, THCKY i XapaKTepHOro JIIHIHHOTO PO3MIpY CHCTEMH.

Sx Bimomo [9, 12], BenWyMHA CHIEKTPANIBHOTO IOTOKY €Heprii abCOIOTHO
YOpHOI'0 TiJIa BU3HAYAETHCS HA OcHOBI (pyHkmii [Tnanka:

2
2nhe” dr ) , (14)

3 he
ex ol
P (W
ne h — mocriiina [Tanka, 6,62617-10°* JIx ¢; ¢ — mBuakicTs citia —2,998-10° m/c;
k — noctiiina bonbnmana 1,38 107 /K.

Ey, (T)dh=
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3acTOCOBYIOYM METONUKY, BHKIJeHYy Yy [9], Jis 4YacTKd BUNPOMIHIOBAHHS
a0COJIFOTHO YOPHOI'O TiIa y CHEKTPaJIbHIM CMY31 JJOBXKHHHU XBUJIb A...00 OTPHUMAEMO:

&5
FO.T)= ISJQQ ‘flf (15)

c . . .
ne (=—%c =£=14387,69MKM'K. Chig 3a3HayMTH, IO BHACIIJOK 3aMiHU
"7k

3MiHHUX Mexi iHTerpyBaHHa (15) C, /AT BiINOBiNAIOTh CHEKTpalbHIM cMy3i

0..A . InterpyBanns (15) y kBagpatypax HEMOXKJIMBE, ajie YMCEIbHE IHTEIPyBaHHS
MOKe OyTH BHKOHaHe y cepefoBuil Mathcad. Haromicth, oTpuMaTh 4ucelbHI
pe3yibTaTH MOXKHA, MPEACTABUBINM MiAIHTETPaIbHAN BHUpa3 PAIOM, TOUICHHO
MPOIHTErpyBaTH WOro Ta MOAATH y BUTIISIL PI3HUIL JUISI MEX CIIEKTPaIbHUX CMYT

A=Ay

—ncy

o AT 3 —nS2| AL 3
F(\, —kz,T)=%ze—2 [—CZ j l-e T[}”'M](ﬁJ +
2

oo n |(\A,T A

2 o A 2 o An
+g[c_2j 1_;”72(@] (ﬁ} +£(C_zj 1_;”72[@ (ﬁ)
n\ AT A, n*\n? A,

Sk MOKa3yroTh PO3paxyHKH Ta 3iCTaBJICHHS 3 Pe3yJbTaTaMU YHCENBHOTO iHTe-
rpyBanHs (15), psn (16) MBUAKO CXOOUTHCS NpU OyAb-KuX A, a ipu T > 600K
pSL CXOMUTBCs BKe mpH n>5. [Ipu MojentoBaHHI MPOIECIB TOPIHHS METaHy B
MajdbHUKaX, SKi MPOBOAMIIMCSH Ha Kadeapl TeIIOCHEpreTHKH Ta XOJOMMIbHOL
TexHikn HaiioHaabHOTO YHIBEPCUTETY XapUOBHUX TEXHOJIOTIH 3a JOTOMOTOI0 MaKe-
1iB FLUENT Tta CFX (Jlinensis Ne 1023420) 3nauyenHs koedirientis &(7) pos-
paxoByBaJIMCSl 3a TOMIHOMIiaJbHUMH alpPOKCHMYIOUUMH CHIBBiJIHOIICHHSME [6],
SK1 OYJIO OTpUMAaHO JUIS CyMilllell TPHaTOMHUX Ta3iB MpoxykrtiB 3ropstaas CO, Ta
H,O 3a pi3HMX MONBHMX KOHILIEHTpAllii KOMIIOHEHTIB NpH Bapiaiii TOBIIMHHU
MOTJIMHAIOYOTO Mapy ¥ 3arallbHOr0 THCKY IUISIXOM IHTETPYBAHHS CIIEKTPaIbHUX
npodinie mornmuHanus razie HITEMP (Ba3a manmx 3 BucokoremmeparypHOi
Mmonekymsapaoi crnekrpockomii CIHIA) Ta HITRAN (Ba3a maHux 3 BHCOKO-
pe3odoniiHol MosiekyspHoi abcopOitii CLIIA).

(16)

Tabnuya 1. CMyTd NOTJIMHAHHSA NPOAYKTIB 3rOPSIHHSA

g Co, H,0

=

@) A, MKM A,MKM A\, MKM A, MKM A, MKM AN, MKM

1 2,4 3,0 0,6 1,02 1,21 0,19

2 4,0 4,8 0,8 1,32 1,42 0,10

3 12,5 16,5 4,0 1,70 2,00 0,30

4 - - - 2,20 3,00 0,80

5 - - - 4,80 8,50 3,70

6 - - - 12,0 30,0 18,0
174 Hayxosi npayi HYXT 2015. Tom 21, N 3
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Cmyru BunpomiHioBanHs — noriuHanHs CO, Ta H,O Bu3HaYaamMcs Ha OCHOBI
aHami3y nanux [7, 12, 14].

Ha puc. 1 HaBeneHO pe3yibTaTH PO3PaxXyHKIB CIEKTPAIbHOTO TMOTOKY €Heprii
BUITPOMIHIOBaHHS a0COIFOTHO YOPHOT'O TiJla MIPH 3MiHI HOTO TeMIIepaTypH 3a CIIiB-
BinHomeHHsM i E,, (L) npu T =var (14) y nianasoni 1200...2400 K, to6T0 y

MeKaxX TeMITepaTypH, sSKa XapaKTepHa JUIs POIIECiB TOPIHHS OPTaHIYHUX TaHB.

12 E+12 —

Eb)\)Bm
1 E+12 L= l— T'=2400 K[|
\ - T=2200K
8 E+11 — T'=2000 K}
TTT=1200K
6 E+11 41
4 E+11 i
2 E+11H4] \\:,\\
N A M
] >

0 L « ==
0,00 2,00 4,00 6,00 8,00 10,00
Puc. 1. 3ayekHicTh CIEKTPATBLHOIO NOTOKY eHeprii BUIPOMiHIOBAHHS BiJl AOB:KUHM XBMJI

TyT ke HAaHECEHO TPU CMYTH BUIIPOMIHIOBAHHS — MOTVIMHAHHS (IuB. Ta0m. 1).
Sx BumHO 3 puc.l, BHecok cMmyru y Mexax 1,02...1,42 MKM y cyMapHHUH MOTiK
BUITPOMIHIOBaHHS OyJle CYTTEBO 3MIHIOBATHCS 13 3MIHOIO TeMmepaTypu. Tak, SKIIo
P TEMIIEpaTypi BUIPOMiHIOBaYa YacTKa Ii€l cMyru Oyne Mi3epHOIO (Ha KpHUBiif
7=1200 K), To mpu 7=2000 K wyactka mOTOKY eHeprii, epeHeceHol Ha I ke
CMy31 JIOBJKHH XBHUJIb, Oy/e 3Ha4HO OLIbII0K. CTOCOBHO CMYTH JIOBKMHU XBHJIb
4,0...8,5 MkMm, sxa € 00’eqnannsm cmyr CO, ta H,O, To odeBuaHO, 1110 YacTKa ii
MOTOKY BHITPOMIHIOBaHHs (IIOTJIMHAHHS) 13 3pOCTaHHSAM TeMIepaTypu majgae. Taka
TEHICHIIIA IIIJIKOM BIAMOBITa€ 3aKOHAM BUIIPOMIHIOBaHHS, 30KpeMa 3aKOHY 3Millie-
HHs BiHa, sSIKMil TOCTyIO€ 3MIIlEHHS MAaKCUMYMIiB BHIIPOMIHIOBAHOTO MOTOKY
eHeprii y 6iK KOpOTKUX XBUJIb.

0,1 \E. n "ig;
0,01 . . ==
A —1,02... 1,21 mkm
1 == 1,32 . 1,42 mkm
0,001 t== —— 2,2 ... 3,0 mkm
7 ==4,0...8,5 mkm
H =+-12,0 ... 30 mkm
- - Total
0,0001 ol

500 1000 1500 2000 2500 7, K

Puc. 2. YacTka IOTOKY BUIIPOMiHIOBAHHSA 20COJII0THO YOPHOIO Tijla HA CMYIaX JOBKHH
XBHJIb 32JIe;KHO BiJl TeMIIlepaTypu
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Pesynbratn pospaxynkis 3a (15;16) mist cmyr, 3a3HaueHuX y Tabia. 1, HaBeaeHO
Ha puc. 2. JlaHi MOBHICTIO MIATBEPIXKYIOTh BUIIICHABEICHI BUCHOBKU. Tak, MOYKHA
BiZI3HAYUTH Pi3Ke 3POCTAaHHS YaCTOK KOPOTKOXBHJILOBHX cMyr. Hampukmnan, mist
HaKopoTmmXx XBWIb y cMy3i 1,02...1,21 MKM 4YacTKa BHUIPOMIHEHOTO NOTOKY B
miarna3oni temmeparyp 800...2400 K 3pocrae Bin BenuumH mopsaky 0,0001 mo
noMmiTaux 0,1, a Ui HalgOBIIMX XBUIb y cMy3i 12,0...30,0 MKM criocTepiraerhbest
MPOTWIICKHA TEHIEHIISI — iXHS 4vacTtka 3MeHinyerbes Big 0,108 mo 0,008.
OueBHIHO, 10 B TAKUX YMOBAaX BIUIMB IHIAMBIAyaJbHUX KOC(DIIIEHTIB MOTJIMHAHHS
Mo cMyrax Ha (OpMYyBaHHS 3arajbHOrO IOTOKY MOTIMHYTOr'0 BUIIPOMIHIOBAHHS B
00’€eMi MPOIYKTIB 3rOPSHHS HE BPAXOBYETHCS. Y PEaIbHOCTI CUTYAIIS € IIe OLIbIII
CKJIaJIHOK0, OCKITBKH BiJOYBA€ThCS HE JIMINIC 3MiHA 1HIUBIAyaJIbHHUX KOe(]Iilli€EHTIB
MOTJIMHAHHSA 110 CMyTaX, a i 3MiHa MPOTSHKHOCTI CMYT, SIKY HA CHOTOAHIIIHIN JICHb
ckiIagHo omiHuTH. Tomy piBHsHHS (13) 1 BUBHAYae € — YacTKy BHUIIPOMIHIOBAHHS
a0COJTFOTHO YOPHOT'O TiJla — SIK Pe3yJIbTAT CyMapHOTrO BUIPOMIHIOBAHHSI IT0 CMYyTaX
3 ypaxyBaHHsIM [OTOYHOI YaCTKH BUIPOMIHIOBAHHS Y JaHili cMmy3i Bij
BHIIPOMIHIOBaHHS a0COIIOTHO YOpHOTo Tijla. Ha OCHOBI TaHUX, MPEACTaBICHUX Ha
puc. 1 Ta puc. 2, a TaKOXX PO3paxyHKIB € 32 METOJUKOIO [6] OyI0 BU3HAYEHO:

K.(T)=—Ln UGN (17)
s F(\T)

Banmipamiss po3pobsieHoi momemi Ta pesyabtariB 3-D CFD  MonenmtoBaHHS
moTpedye HAasIBHOCTI HaIIHHUX €KCIICPUMEHTAIBHUX JaHUX IPO TMOJIS IIBUIKOCTEH,
KOHIIGHTpAI[il, THCKU TemriepaTyp Tomo. OTpuMaHHS TakUX JaHAX B yMOBAaX,
XapaKTepHHX JUIsl TOPIHHS OpraHIYHKUX MaINB, € HA/I3BUYANHO CKIIaJJHUM 3aBJIaHHsIM,
xo4a 0 yepe3 pi3KOrpajicHTHHH XapakKTep CaMHX TOINIB, KOJW PO3MIPH 30HJIB €
crmiBcTaBHUMHU 3 Macmrabom TtypOynentaux 7, K mynbcaniid. [lomo Bumipis
JIOKAJIbHUX 3HaueHb TemrepaTypu, To y [17—20] 3a3HavaeTbes, 110 3aCTOCYBaHHS
TepMoInap OB’ A3aHe 13 3HAYHUMH ITOXHOKaMU Yepe3 Te, 10 KOPOIbOK TEPMOIIapH €
YYACHUKOM CKJIQJIHOTO TEIUIOOOMIHY, BKIIOYAIOYM TAKOXK 1 MEpEeBUIPOMIHIOBAHHS
BiJl KOPOJIbKA JI0 OXOJIOJDKYBAHUX CTIHOK KaHANY, a OTXKe, IIOKa3ye He TeMIIepaTypy
CEepeIOBUINA, Y SIKE € 3aHYyPEHHM, a CBOIO BJIACHY TeMIiepaTypy. BumiproBaHHsS KOH-
LIEHTpalii KOMIIOHECHTIB 3a JIOIOMOrOK 30HIiB-POOOBIIOIPHUKIB OOTKYETHCS
MOXUOKaMHU BHACTIIOK TOTO, IO NIPH BUMIpax BiZICMOKTYIOThCS HEPIBHOBaXKHI KOM-
IMOHEHTH, fAKiI pearyoTh. TOOTO Ha BXOJI JI0 BHUMIPIOBAJIBLHOIO IMPHJIAaNy KOHIICH-
TpaIisi KOMITOHEHTIB MOYKE TIOMITHO BiIPI3HATHCS BiJ] TAKOI Y MICTi BiI0OpY NPOOH.

VY mpargix [11, 15, 16,] HaBeneHO OpHUriHAIBHI JaHI 3 €KCIIEPUMEHTAILHOTO JIOCITi-
JDKEHHS TIPOIECy TOPIHHS METaHy B MPOCTOMY HWJIIHIPHYHOMY NaJbHUKY. Y TpoIieci
JIOCITI/DKEHb OYJIO TIPOBENICHO BHMIPIOBAHHS TEMIIEpATypyd Ta KOHIIGHTpAIi KOM-
MOHEHTIB SIK 110 OCi MaJbHUKA, TaK i B pa/lialbkHOMY HANpPsIMKY Y YOTUPHOX Mepepizax.
Oco0nuBY yBary aBTOpH JIOCIiKEHb TP TOYHOCTI BUMIPIOBaHb TEMITEPATypH.
Tak, 3acrocoByBayvcsi HaATOHKI (55 MKM) IDIaTHHO-TUTATHHOPOMIIEBI TepMOIapH 3
MO/IBIfHUM €KpaHyBaHHSM Ta 3 BiJICMOKTYBaHHSIM TPOAYKTIB 3ropsiHHs. Taki TepmMo-
30HAW JO3BOJISIIOTH, 3 OIHOrO OOKY, CYTTE€BO 3HHM3UTH IPOMEHEBHH TOTIK BiJ
TEepMONapH, a 3 IHIIOro — 30UTBIIMTH KOHBEKTUBHHUN TEIJIOOOMIH MDK KOPOJILKOM
TEPMOIIapH Ta JIOKAJIbHUM CEpPEIOBHINEM, HAOIU3UBIIM TaKUM YHMHOM TEMIIEPaTypy
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KOpOITbKa JI0 MicIieBoi TeMnepatypy. OnyOmiKoBaHi TepBICHI JOCIIIHI IaHi 3aCTOCO-
BYIOTBCS SIK €TAJIOHHI A1 BatiAarii 3-D Moerneit Ta po3paxyHKiB 3a HUM.

3-D CFX moodenv chamosanns memary. Ha puc. 3 (a, 0) mokazani cxeMaTH4IHO
pO3MipH, KOMITOHOBKa i TeMmIepaTypHi TpaHHYHI yMOBHM Ha 30BHINIHIA CTiHII
PO3paxyHKOBOTO JIoOMeHa puc. 3 (a) Ta HECTPYKTYpOBaHy MipaMilanbHy CITKY 3
THQIAIE0 (3MEHIIEHHIM) KOMIPOK PO30OHUTTS y HANPSIMKY 10 CTIHOK TMaJlbHUKA Ta
BXIJIHMX OTBOPIB, OCKLIBKH CaM€ y I[MX 30HAX CIOCTEPIra€ThCs 3POCTAaHHS Ipa-
IIEHTHOCTI MOJIIB.

(a)
1,7
IMosiTps “ |
Tw=393K o

g Sy g“ " Z;IBHinl

o P> U Bt —p

l'a3 C;T

[SEN Q
(6)
0.700 (m) I_‘, X

0525

Nodes -52939
Tetrahedrons-257652

Puc. 3. (a) — cxema i po3mipu naisHuKa, (6) — pospaxynkosa citka 20” cexropa
IMaJbHHUKA

Citka reHepyBanacs y nporpamaomy nakeri Workbench ANSYS 15 i3 3acrocy-
BaHHAM MaKCUMaJIbHO MOITHBUX PEKOMEHIOBAHUX PiBHIB MPHUCTIHHOI THQIIALIT 17151
3a0e3eueHHs] MAKCUMAIBLHOI TOYHOCTI po3paxyHkiB [20]. Sk BumHO 3 puc. 3 (0),
6yno pospobiieno citky Ha 20° ceKTOpi MaTbHHUKA, IO € MOXIMBHM, OCKUTBKH CaM
MATBHAK € OCECHMETPHYHUM 00’€KTOM, 110, Y CBOIO Yepry, JI03BOJISIE MOJICITIOBATH
MPOIIEC Y CEKTOpi, 33/IaF0UM TPAHUYHI YMOBH Ha OIYHHX TPaHSIX K YMOBH CUMETPIi.
Takuii mpuiioM HaJa€ MOXKIMBICTh 3a0€3MIEUUTH HANAPIOHIIIE PO3OHUTTS y CEKTOpi
U IPUHHATHOTO 4Yacy po3paxyHKy KOMII'IOTepa mpu HasBHiA emHocti O3Y T1a
MOTY>KHOCTI Tporiecopa. SIk BUaHO 3 puc. 3 (0), 3reHepoBaHa CiTKa I CEKTOpa Mae
52939 ByzmiB mpu 257652 TpUKYTHHX MipaMifiaX, IO MPH MOJETIOBAHHI BCHOTO
HUTIHAPUYHOrO TaJbHUKA Aajd0 O Onu3bko 1 MinmbiioHA BY3JIiB Ta OULIBIIE HIX
4,6 MinbiioHa mipamigoK. MozIentoBaHHS MTPOBOAMIIOCS Y IIPOrPAMHOMY CEPEAOBHIII
CFX-15. IporpamyBaHHs Tpe-TIpoiiecopa BUKOHYBAJIOCS Y MOBHIN BiAMOBIAHOCTI 3
YMOBaMH MPOBENICHHS ekcriepuMenTiB [11, 15, 16].

3a yMmOBaMU JIOCIily BUTpATH KOMIIOHEHTIB ckiananu: nanmusa — 0,01453 kr/c
npu temnepatypi 313,15 K ta noBitpst 3 macoBoto Butparoro — 0,1988 kr/c mpu
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323,15 K. Ilpu po3mipax BXiJHHX OTBODIB, SIK TIOKa3aHO Ha puc. 3 (a), MIs razy
niamerpom 0,06 M Ta KibIleBOro OTBOPY 3 mmpuHOo0 0,02 M MIBUIKOCTI MaiuBa Ta
OKHCITIOBaYa CKIaaTUMyTh 7,23 m/c uia razy ta 36,29 ans nositps. [lanuBHuit
ra3z MaB y cBoemy ckiagi 90 % merany ta 10 % HiTporeHy, a moBiTps ckiaaanocs 3
23 % kucHto, 76 % HiTporeny ta 1 % BoasHOI Mapu 3a Macoro. [Ipu Takux BUTpaT-
HUX MapaMeTpax NaJbHUK MaB TeIoBy NoTyxHicTh 600KBT, a motik noBitps MaB
sHaueHHs Re=18000, ToOTO Ha BXOAiI MOTIK OyB TypOYJISHTHHUM 13 CTYIEHEM
TypOynentHocti 5 %. KiHeTnka ropiHHs MeTaHy B yMOBax TypOyJIEHTHOCTI Mojie-
JOBaNAcs Ha OCHOBI BpaxXyBaHHsS CHUIBHOI Jii MeXaHI3MiB XIMIYHOI KIHETHKH Ta
nmucunarii TypoynentHocri (Finite Rate Chemistry and Eddy Dissipation). Peakitiro
TOpPiHHS METaHy MPOrpamMyBalId y ABOCTYIIEHEBOMY BapiaHTi:

1. CHy +1,5 O, = CO + 2H,0;

2.2CO + 02 = 2C02 .

KoncranTu piBHSHHS AppeHiyca sl IUX peakxilii 0yino NpuiHHATO 32 PEeKOMEH-
nmamismu [11, 15, 16].

Tabauus 2. Koncrantu Appeniyca i nopsiiok peakuii

Crym. E, ITx/mon A (c-1) vy H,O vy CH, vy O, vy CO
1 2,03E8 2,8E12 — 0,3 1,3 —
2 1,67E8 2691E12 — — 0,25 1

OCHOBHOIO MOJICIUTIO pajianifHOro nepenocy Oyno npuitHsaTo Mozaens P-1 mpu
ONITUYHUX TIapaMeTpax MPOAYKTIB 3TOPsIHHS, BU3HaueHUX 3a (17).

Pe3yabTatn i o6rosopenns. OTpuMaHi B pe3ysbTaTi MOJICIIOBAHHS OIS TEM-
nepaTypy MBUIKOCTI y MANBHUKY HaBelleHi Ha puc. 4.

Puc. 4. ITons TeMnepaTyp i IIBUAKOCTI y IVIOLIMHI Nepepi3y NajJbHUKA 3 BilNOBiIHUMH
IIKAJTAMH KOHTYPHHUX CMYT

[NopiBHSIHHS pe3ynabTATiB MOJICIIOBAHHS Ta CKCIIEPUMEHTANBHUX JaHUX HaBe-
JIeHOo Ha puc. 5—9.
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Puc. 8. Po3noaiin MacoBoi 4aCTKH KHCHIO
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Puc. 9. Po3noainn MacoBoi 4aCcTKH ABOOKHUCY BYIJIELIO 10 OCi NATBHUKA

Pe3ynbratu po3paxyHKIB 3a MOAEIUIIO OyJI0O OTPUMAHO y IMPOrPaMHOMY ITaKeTi

CFX Postprocessor ta Oe3nocepenubo immoproBano y mporpamy EXCEL, a
eKCIIepUMEHTANIbHI TOYKH oOTpuMaHo 3 [11,

15,

rpadivHUX JaHUX 1 Takox iMmopToBaHo y nporpamy EXCEL.
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OueBuHOW0 € (puc. 5—9) OGnu3bKa BiAIOBIAHICTh PE3YNIBTATIB MOJCIIOBAHHS
MPOIIECY TOPIHHSA METaHy y JIa0OpaTOPHOMY JOCIITHOMY IaJbHUKY CEKCIepH-
MEHTAJIBHUM JAHUM BHMIpPIiB PO3IOALTY TEeMIEpaTypyd Ta KOHIICHTpaIlil KOMIIO-
HEHTIB SIK MTaJIMBa Ta OKUCIIIOBayYa, TOOTO PEareHTIB, TaK 1 MPOMYKTIB 3rOPSHHS, 1110
CBIAYUTH TPO BiIMOBIAHICTS MOJIENICH KIHETHKHU IIPOIIECY TOPiHHSA, Mojelieit TypOy-
JICHTHOTO TEepPEHECeHHsS IMIYJIbCY Ta PO3pOOJICHOT aBTOpaMU MOJENI ONTHYHHUX
napaMerpiB MPOAYKTIB 3rOpsSHHSL.

BucHOBKM

Po3pobiieHo Monens BH3HAYEHHSI ONTHYHUX XapaKTEPUCTHK MPOIYKTIB 3ropsi-
HHSI OpTraHIYHUX TAJIMB Ha OCHOBI ypaxyBaHHSI BHUIIPOMIHIOBAaHHS Y MEXKaxX CMYT
BJIACHOTO BHIIPOMIHIOBAHHSI TPHATOMHHX Ta3iB K YaCTKU BiJl BUIIPOMIHIOBAHHS
aOCOJIOTHO YOpHOTO TiMa Ta KOe(Dil[iEHTIB TOTJIMHAHHS y paMKax Mojenel
«ciporoy» BunpomintoBauus (13, 17).

Pospobneno 3-D monens TopiHHS MeTaHy y HWIIHIPUYHOMY IMalbHUKY, SKa
BIJINIOBIJIa€ YMOBaM EKCIEPUMEHTAJIBLHOIO JOCTIKEHHS W OTPUMMAaHHS €TaJIOHHHX
JaHUX 3 PO3MOJUTY OCHOBHHX PEXHMHHUX MapaMeTpiB KOMIIOHECHTIB TOpPIHHS Ta
MPONYKTIB 3TOPSIHHS Yy MalbHHUKY. [IpoBeneHo 3icTaBieHHS pe3yibTaTiB po3pa-
XYHKY TIONIiB TEeMIIepaTypH Ta KOHIICHTpAIlii KOMIIOHEHTIB TOTOKY i3 JaHUMH
JIOKaJIBHUX BUMIpIB BiJMIOBIIHUX MApaMeTPiB y MATbHUKY.

Bru3pka BIAMOBITHICTE MOJEIBHUX Ta EKCIECPUMEHTANBHUX JaHUX JO3BOJISE
CTBEpKYBaTH, 10 po3po0iieHa MOJIENb € aJeKBaTHOIO PEeaTbHOMY IPOIIeCy, a Mifl-
MOJIeTIb BU3HAYCHHS ONITUYHUX ITapaMeTpiB MPOIYKTIB 3TOPSHHS MOXKe OYTH BUKO-
pUCTaHa MPH KOMII FOTEPHOMY MOJICIIOBAHHI MPOIECIB CIIAJIFOBAHHS OPTraHIYHUX
namue CFX 1 FLUENT y yacTiHI MOJIE/TIOBaHHS IPOMEHEBOI0 TEIIONEPEHOCY.
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AHANU3, PAPABOTKA U BANNUOALIUA
CMEKTPAJbHbIX PAQUALIMOHHLIX MOAEJIEMA NPU
3-D MOAENIMPOBAHUM FOPEHUA NPUPOAHOIO rA3A

IL.51. 3acaabko, M.O. [psiako, SI.U. 3acsabko
Hayuonanvnuii ynusepcumem nuyeguix mexuonio2uil

B cmamve paccmompen eonpoc 3-D molenuposanust npoyeccog coucucanus npu-
POOHO20 2a3a, 8 YACMHOCHU G0NPOC Pa3pabomKu noomooenel Oas OnpeoeneHus.
PAOUAYUOHHBIX XAPAKMEPUCIUK NPOOYKMOE ceopanust. Bvinonnen ananuz nyuegozo
MENIONEPEHOCa U NPEONONCEHA NOOMOOENb O/ ONPEOeNeHUs. TUHEUHbIX Ko3pgu-
YUEHMO8 NO2TOWEHUsl, BKII0YAs pacyem 00U U3TYYeHUsT AOCOIOMHO YepHO20 med
HA CHeKMPATbHBIX NOAOCAX USTYYeHUsl ObiMosblx 2a308. Pazpabomana CFX modens
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CoICULAHUSL MEMAHA 6 YUTUHOpU4ecKol copenxe. [annas moodens 6KIioYaem noomo-
denb CneKmpanvho2o usiydenust. Pesyismamul pacuemos, 6bINOIHEHHbIE 8 PAMKAX
3-D CFX mooenu, cpasHeHvl ¢ UMEIOWUMUCS 8 Aumepamype OAHHbIMU, NOJYYeH-
HbIMU NPU QHATOSUYHBIX PAOOYUX U PelCUMHbIX napamempax npoyecca. Cpasuenue
ceudemenbcmeyem o OAU3KOM COOMBEMCMEUU  Pe3yIbmanmos, Noomeepicoaem
A0eK8amHoOCmb NPEONONCEHHOU ONMUYECKOU noOMoOenu OJisl onpedeielus CpeoHe20
JUHEUH020 KOIDPUYUEHMA NO2TOWeHUs. U Onpedersient 603MONCHOCHIb NPUMEHEHUS.
ee npu paspabomie 3-D mooenetl peaibHbix NPOYeccos.

Knrouesvie cnosa: copenue, abconomno ueproe meio, uziyyeHue, Ho2loujeHue,
cnekmp, 8anuoayust, paOuayUOHHbLI Menio00MeH.
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