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NCCIEJOBAHUE MEXAHU3MOB OBPA30BAHUSA OKCHUJIOB A30TA
B KAMEPE CTOPAHUS T'A3OTYPEBMHHOM YCTAHOBKH THIIA «BOJOJIEM»

PaCCMOTpeHI)I BOIIPOCHI MOJCIMPOBAHUS 3aIpA3HAIOIINX BECHICCTB B KAMEPE CropaHust CTaHHOHapHOﬁ FTY, pa-
60Ta10me171 Ha l"a3006pa3HOM TOILIXUBE. HpoaHaHI/BI/IpOBaHH MCXaHHU3MbI 06p8.30BaHI/IH OKCH OB a30Ta C y4€TOM
BIIPBICKA SKOJIOTUYCCKOT'O U SHEPIETUYCCKOTIO BOASIHOIO Iapa.

KaMepa cropanuvsi, MojaeJimpoBaHnue, Fa30Typ6PIHHBII7] ABUTaTE/Ib, OKCHUAbLI a30Ta, TOPEHUE, MOJd€JIMPOBa-

HHeE

BBenenune

[Ipobnema cHMXEHHS BBIOPOCOB OKCHIOB a30Ta B
KaMepax cropaHusi ra3oTypOuHHBIX ycraHOBOK (I'TY)
CTaHOBUTCSI Bce Ooliee aKTyaJbHOH B CBSI3H C Y)KECTO-
YEHHEM OKOJOTMYECKHUX 3aKOHOAATEIbCTB MHOTHX
CTpaH.

B nacrosiee Bpemst B YKpauHe HOPMBI BHIOPOCOB
OKCHIOB a30Ta Ui CTal[MOHAPHBIX Ta30TypPOMHHBIX
neurareneii (I'T/I) ycranasnusarorcst mo 'OCT 29328-
92 1 cocTaBsIOT 50 MI/HM IS YCTAHOBOK, PaGoTaro-
IMX Ha ra3ooOpasHoM Ttorutuee, U 100 Mr/HM° — Ha
xuaKoM [1]. CooTBeTCTBHE ITUM HOpMaM 00ecCIIevHBa-
€T KOHKYPEHTHOCIIOCOOHOCTh oTeuecTBeHHBIX [ T/] kak
Ha BHYTPEHHEM, TaK M Ha MEXIYHAPOIHOM PHIHKE.

®opmynupoBanue npodaembl. OKCUABI a30Ta CO-
CTOST W3 psAla XMMHUYECKHX COCIMHEHHMH, TakuX Kak
NO, N,0O, NO,. X xoHIIEHTpaIlii B BBIXJIOMHBIX T'a3ax
I'TH npuBomstcst k 00o0meHHoN KoHIeHTparmu NO,,
kotopas u HopMmupyercs 'OCTom.

[IporHo3upoBanre ypoBHEW BBHIOPOCOB OKCHIIOB
a30Ta Ha CTaJMU MPOCKTUPOBAHUS IO3BOJSIET CYIIECT-
BEHHO COKpAaTUTh BPEMsi Ha W3TOTOBJICHHE M JIOBOJKY
MPUHIUIHAIBHO HOBBIX MaJIOTOKCHYHBIX KOHCTPYKIIMH
kamep cropanus I'T/L.

VYpoBeHb pPa3BUTHSI COBPEMEHHOI'O IPOrPAaMMHOIO

obecrieueHnsi MO3BOJSET (OPMYIUPOBATH ITONOOHBIE

3aJadu gaxe B HH)KeHepHOﬁ IIOCTAaHOBKEC, HO IJIA HUX

KOJIMYECTBEHHOT'O PelleHHs1 HeoOXoauMo Ooree Tay0o-
KO€ M3Yy4eHHE MEXaHW3MOB OOpa30BaHMSI COEIWHEHUIM
a30Ta U MX BJIMSHUS Ha OOIIMH YPOBEHb SMHUCCHU BpE[-
HBIX BEUIECTB C IEJbI0 MICHTHU(PUKAMH MaTeMaTHde-
CKUX MOJIeNIel pacuera MPOCTPAHCTBEHHBIX ITOTOKOB C
XMMHUYECKUMH peakiusmMu. B Hactosee BpeMs 1momo0-
HBIE MOJIEJIH pa3pabaThIBalOTCS PSAAOM HCCIIeNOBaTeNeH
[2 — 5], onHako uUX BHEIpEHHUE B MPAKTUKY MPOEKTHPO-
BaHus Kamep cropanusi I TY cnepkuBaercst LenbiM psi-
oM (akTopoB. Cpein HUX BBIJIEIMM HEOJHO3HAYHOCTD
caMHX Mojeiell 00pa3oBaHHMs TOKCHYHBIX BEIIECTB,
3aBHCHMOCTh UX OT KOHKPETHBIX OCOOEHHOCTEW opra-
HHU3alUHU TPOIECCOB TOPEHHs, CIOKHOCTh ydeTa Ipo-
MEXYTOYHBIX PEAKIUH XMMHYECKOTO B3aUMOJIEHCTBUS
TOIUIUBA C OKUCJIMTENEM, HEyCTONYMBOCTH YHCIEHHBIX
METOJIOB PEelICHHsT ypaBHEHUH.

Leanio padorsl sBisercss uaeHTH(UKALNS MOJIe-
neid oOpa3oBaHUsI OKCHJOB a30Ta B KaMepe CrOopaHus
SHEPreTUYECKON Ta30TYpOMHHON YCTaHOBKH C BIIPHI-
CKOM BOJSHOI'O Tapa ¥ WX anpoOamus B YCIOBHSX
TPEXMEpHOHM 3aJaud pacyera MPOCTPAHCTBEHHOTO MO-

TOKa ¢ XUMHNYCCKUMU PCAKIUAMU.

1. MaTtemaTu4yeckasi MoJe/b 00pa3oBaHus
OKCH/IOB 230TAa B KamMepe CropaHus

HpI/I MAaTEMAaTUYCCKOM MOACINPOBAHUN IIPOLICCCOB

B kamepax cropanust I'TY HeoOXomumo pemiath ciie-
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IyIOIMe OCHOBHBIE () (epeHInalbHbIe YpaBHEHUS:
COXpaHeHHs] KOJMYECTBA JBM)KEHHs, NEpEeHOca Xapak-
TEPUCTUK TYPOYIEHTHOCTH M XMMHUYECKHX KOMIIOHEH-
TOB pearupymomeil cMecu, a TalkKe COXpaHEHUS dHep-
THH.

Jlns HaXoXKAeHHsT KOHLEHTPALMM OKCHJOB a30Ta
JIOTIOTHUTENEHO HEOOXOMUMO pellaTh ypaBHEHHE Mac-
COBOTO TEPEHOCa, YYUTHIBAIONIEEe KOHBEKLUIO, TUPDY-
3110, a TaKXKe oOpazoBaHue U paznoxenue NO u poacrt-
BEHHBIX COeNUHEHHH. [yl TepMUYecKHX M OBICTPBIX
OKCHJIOB a30Ta BO3MOXKHO MCIIOJIB30BATh TOJIBKO ypaB-

HCHUC ICpCHOCa JIA NO, 3allMCaHHOC B BEKTOpHOﬁ

dopme [2]:

0 -
5(9YNO)+V'(9‘)YNO)= V-(pDVYno )+ Sno-

rjie p — IJIOTHOCTh OKCHJIA a30Ta;
YNo — MaccoBas KoHueHTpanus NO ;

D — xkospdunment quddysuu;

U — BEKTOP CKOPOCTH;
SNO — HCTOYHMKOBEBIN 4JIEH, ONPENENAEMBIN B

3aBHCUMOCTH OT MeXxaHu3Ma oopasoanus NO.

B naHHOl paboTe MCIONB30BaH MOCTIIPOICCCOPHBIN
METOJI MOZIETUPOBAHHUS OKCHJIOB a30Ta, Pean30BaHHbIH
B nporpaMMHoM Komiuiekce Fluent. OcHOBHO# ero oco-
OEHHOCTBIO SBJISIETCS TIPENIOIOKEHHE O TOM, 4TO (op-
MHUpOBaHHE OKCHIOB a30Ta HE BJIMSET HU Ha THIPOIU-
HAMHYECKYIO CTPYKTYpY TeueHHsi pabovero Teia, HA Ha
TeMIlepaTypHOe Tojie B kKamepe cropanusi. Takum oOpa-
30M, pElIMB BCE BBINICYKa3aHHBIE YpPaBHEHHUS, MOXKHO
MIOJIYYUTh HEOOXOAUMBIE MCXOIHBIE NAHHBIC IS MPO-
THO3UPOBAHMS KOHLIEHTpAIMi OKCHIOB a3oTa. OmHaKo
OT KOJMYECTBEHHOI'O COOTBETCTBHUSI PAcUETHBIX U IKC-
MEpUMEHTAIBHBIX JIaHHBIX, B OCOOEHHOCTH pacrpese-
JICHUsI TEMIIepaTyp IO CEYCHUSIM KaMepbl, 3aBUCUT H

TOYHOCTh pe3yabTaToB MoaenupoBanus NOy.

2. MexaHu3Mbl 00pa30BaHUsI OKCHI0B a30Ta
B KaMepe CropaHMs, HCIO0JIb3yeMble
NPU MOJAEJIMPOBAHUU

B 06H_ICM BUIC B Typ6yHeHTHI)IX IJIaME€Hax pasiin-

YaroT Y€ThIpE MEXaHMU3Ma 06pa3OBaHI/IfI OKCHIOB a3oTa

[2, 3]. Bo-niepBbIX, 3TO TEPMUUECKUE OKCHIBI, KOTOPHIE
00pa3yloTcsl BCIENCTBUE OKHCIEHHs aTMoc(epHOro
a3oTa IIpU BBICOKUX TeMIiepaTypax. Bo-BTOpbIX, ObICT-
pBIE OKCHJIBI a30Ta, MOTyYaeMble B pe3yJIbTaTe BHICOKO-
CKOPOCTHBIX XMMHUYECKUX PEaKIHH, NPOTEKAIOUIUX BO
¢ponTe 1iamMenn. B Tperbux, oOpa3oBaHHE OKHCIOB
azora 4epe3 npoMexyrouHoe coenuuenue N,O. U, Ha-
KOHEII, TOIUIMBHBIE OKCHABI a30Ta, KOTOpble 00pa3yloT-
¢Sl U3 a30Ta, COJIEPKAILErocs B TOIUIHBE.

Tepmudeckuit  MexaHu3M  ObUT  TNIPEIJIOKEH
S1.B. 3enpaoruuem [4]. M ObLIO MOKa3aHo, 4TO 0Opa-
30BaHHE OKCHJIOB a30Ta HE CBSA3aHO HENOCPEICTBEHHO C
peakuuell TOpeHus1, a HIEeT Yepe3 AUCCOLUAINI0 MOoJIe-
KyJSIPHOTO KHCJOpoJa TIIpH TEMIIEpaTypax BIIIe
1800K. [laHHBIII MeXaHHU3M COCTOMT M3 CIEAYIOIIUX

3JIeMEHTapHBIX peaKluii:

O+ N, <& N+NO;
N+O, & 0+ NO;

N+OH < H+ NO.

Mexanusm Obictporo odpazoBanusi NO mpezioxeH
DeHUMOpOM MO pe3yabTaTaM H3MEpPEHUN KOHIIEHTpa-
uuu NO HaJl IJI0CKUM YTJIEBOJOPOIHBIM TUIaMeHeM [6].
JleficTBUTENIEHBI MEXaHU3M O00pa30BaHHUs OKCHIIOB
a3zoTa BO (ppOHTE IUTAMEHH OOJIee CIIOKHBIH, MOCKOIBKY
B HEM YUYaCTBYIOT yIJIeBOAOpOAHbIE paaukansl CH:

CH+N, <> HCN+N;
N+O, & NO+O;
HCN+OH <> CN+H,0;

CN+ 0O, <> NO+CO.

Mexanusm obpazoBanust NO u3 3akucu azora N,O
aHAJIOTMYEH TEPMHUYECKOMY MeEXaHH3MY, B KOTOPOM
atoM kuciopoga O pearupyer ¢ MOJEKYJIOH a3ora.
OpnHako B NPUCYTCTBHU TpeThed "acTHIsl M B 3TOH
peakiuu obpasyercsa Tarke Monekyiaa N,O (BrnepBbie
9Ta peakiys OblIa NpeaokeHa B padore [7]):

N,+O0+M = N,O+M.

Monexyna N,O MoxeT 3aTeM HpopearupoBaTh ¢
atomoM kuciopona O u o6pazosats NO:

N,0+0 — NO+ NO.
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[IpeBpalieHre TOIIMBHOIO a30Ta, KOTOPBIA WHOIA
HA3bIBACTCS TOILIMBHO-CBSI3aHHBIM a30ToM, B NO Ha-
OJrofaeTcsl TJIABHBIM O0pa3oM MpPU TOPSHHH TBEPIBIX
toruB. J{ns sHeprernyeckux ['TY, ucnonb3yeMbIx Ha
OOJIBIIIMHCTBE TEIIOBBIX CTaHIMMU, B KAUYECTBE TOILIMBA,
KaK MpaBUJIO, UCIIONB3YIOT MpHUpOAHbIM ra3. Comepka-
HHC a30Ta B Ta3000pa3HOM TOIUIUBE HE3HAYUTEIBHO,
ITOTOMY B NPECTABICHHON paboTe 3TOT MEXaHU3M He

YUYUTBIBAJICA.

3. Pe3yabTarhbl YMCJIEHHOTO
U HATYPHOI'0 IKCIIEPUMEHTOB

MateMaTtudeckass MOJIENIb UCIIOIb30BaHA ATl UCCIIe-
JoBaHMsI pabouero mporecca B KaMepe CropaHus Cra-
unoHapHoi I'TY tumna «Bomosnei» ¢ BOPHICKOM 3KOJI0-
THYECKOTO M 3HEPreTHYECcKOro BOASHOro mapa [8] mms
JIEBATH e¢ peKUMOB (Tadi. 1).

OcobeHHOCTRIO Kamephl cropanust [T/ sBasercs
pas3zenbHasl mojaya TOILIMBA W OKUCIHTENS M BIIPBICK
BOJISTHOT'O TIapa B IIPOCTPAHCTBO JKapoBoi TpyObl. OqHa
YacTh napa (IKOJOTMYECKHA) TTOABOTUTCS HEMTOCPEACT-
BEHHOM B 30HY TOpPEHHUs, a Jpyras (SHEPreTUICCKUA) -
pa30aBisieT TpoAyKThI cropanusi. COOTHOIIEHHS pacxo-
JIOB 3KOJIOTHYECKOTO M HEPreTMYecKOoro mapa Bapbu-

POBAINCH COTJIACHO AaHHBIM Tabm. 1.

PacuerHast cerka cocrosa u3 3,8 MIIH. TeTpasi-
paNbHBIX 31eMeHTOB. [lpu MozpenupoBaHus oOpa3oBa-
HUSI OKCHJIOB a30Ta YUUTHIBAIMCH TPU OCHOBHBIX MeXa-
HU3Ma, PACCMOTPEHHBIE BBIIIIE.

Jls pacdera paboumx IPOIIECCOB B Kamepe cropa-
wus I'T]] ucnonb3oBanach MpocTeiinas ABycTaauiHas
peakuus OKUCIICHUSI MeTaHa

CH,4+1,50, - CO+2H,0;
C0+0,50, <> CO,

coBMecTHO ¢ RNG pa3HOBUIHOCTBIO £ - € -MOJeNH
TypOyaeHTHOCTH [9], KOTOpasi B YCIOBHUSIX aHU30TPOII-
HOCTH IIOTOKOB 3apeKOMEHOBasia ce0sl 3HAYUTENHHO
ayqmie [10] mo cpaBHEHHIO €O CTaHIAPTHOW K -¢-
MOJETBIO.

Ha puc. 1 npuBenens! rpaduueckue 3aBUCUMOCTH
sKcriepuMeHTanbHbIX (nonydeHHblXx B HIIKT «3opsi»-
«MalmpoeKkT») M pacyeTHBIX KOHIIGHTpalWi OKchiaa

azora oT oTHocurenbHON Momuoctu I'TI N, . Buano,

YTO TIOJBOJ| DHEPreTHYECKOr0 Iapa HE3HAYUTEILHO
BIUsieT Ha BBIOpockl NO, Torza Kak BIPBICK YKOJIOTHYe-
CKOTO Tapa B 30HY TOPCHHS CYIIECTBCHHO CHHXKET
smuccuto. Ha pexumax, OIM3KHX K HOMHHAIBHOMY,
BBIOPOCHI OKCHJIOB a30Ta He MpeBbImaioT 35 ppm. Ort-

MCTHUM XOpOLIYIO KOPPEIALNNUIO OKCIICPUMCHTAJIBHBIX U

Tabmuma 1  PacYETHBIX JaHHBIX.
CooTHoeHUs Pacxoa0B 3KOJIOTHICCKOT O [NO]
U SHEPreTUYecKOro napa ppm o
Pacxon axormo- Pacxon anepr 80
Pexnm MOH_IHOCTL THYECKOI'O I1a- TUYECKOI'o ma
pa, Kr/c Kr/c 60 u
1 0,250 N, 0 0 40 l/‘
2 0,265N, 0 2,131 20 .
3 0,425 N, 0 2,869 /
4 0,488 N, 0
¢ 0 3,142 0 02 0.4 0.6 08  YNe
5 0’487 Ne 0,558 2,567 € - pexuM 0e3 mojauy napa, SKCepUMeHT;
6 0.589 N B - [0/a4a YHEPTeTHYECKOT 0 Mapa, IKCIEPUMEHT;
> _e 0’703 2’819 A - 110242 DHEPTETUYECKOT O U DKOJOTHYECKOT O Mapa, IKCIEPUMEHT;
7 0,740 Ne 0’828 3’153 O - pexuM 6e3 moja4yu napa, pacuer;
3 p— - [10Jia4a YHEPTreTHIECKOTo [apa, pacyer;
0’866 Ne 0,858 3a564 - 1101a4a YHEPTETHUECKOr0 M HKOJOTHYECKOro napa, pacyer
9 0,868 N, 0,774 3,606 .|

1. 3aBUCUMOCTH KOHIIEHTPAIUi OKCHUJIOB a30Ta
Ha BBIXJIONE KaMephl CrOPaHUs

e,
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Bes mogauu BomsHOrO Mapa (puc. 2, a) pacnpenerne-
HHUE KOHIIEHTPALUi OKCHIOB a30Ta B 00bEeMe JKapOBOii
TpyOBI ocTaToyHO paBHOMEpHOe. [lomaua sHepreTuye-
ckoro mapa (puc. 2, 0) BbI3bIBaET 3HAUYUTEIBHBIE HEOI-
HOPOIHOCTH TEMIIEpaTyp B CEUYEHHsX KaMephl (BCien-
CTBHE HEPaBHOMEPHOCTH €TI0 pa3/iadd MO paJualibHBIM
OTBEpPCTHSIM) M, KaK CIEJICTBUE, — CYIIECTBEHHBIE Ipa-
nueHTbl koHneHTparuii NO. BOpbIck 3KOIOTrHYECcKOro
napa (puc. 2, B) cMelaeT 30Hy aKkTHBHOT'O 00pa3oBaHUs
OKCHIOB a30Ta U YMEHBIIAET UX CyMMapHbIe BEIOPOCH

B2 —2,5 pasa.

5.00e-04
4.758-04
4508-04
4.250-04
4.00e-04
3.75e-04
3508-04
3.250-04
3.00e-04
2.75e-04
B 250004
2.250-04
2.008-04
1.75e-04
150e-04
1.25e-04
1.008-04
750e-05
500e-05 ¥
250e0-057
0.002+00

500804
475804

5.00e-04
4.752-04
4508-04
4.250-04
4.00e-04
3.750-04

3.00e-04
275e-04
‘ ‘ 250e-04
2.25e-04
2.00e-04
1.75e-04
1502-04
1.25e-04
1.00e-04
750e-05
500e-08 Y
2505—0514

0.00e+00

8

Puc. 2. Pacnpenenenne MonbHbIX noneit NO:
a — pexuM 1; 6 — pexxuM 3; ¢ — pexum 7

Onpe;leneHo BJIMAHUC KaXAO0ro M3 TpEX pacCMoT-
PCHHBIX BBIIEC MEXaHU3MOB Ha CKOPOCTb 06pa3OBaHI/IH

OKCHUJIIOB a30Ta Wyg. BbIACHEHO, YTO B YCIOBHAX Ka-

MCPBI CTOpaHusd € IMOABOAOM BOASAHOI'O Iapa CKOPOCTb

WNoO COTNIaCHO TEPMUYECKOMY MEXAHU3MY Ha IOPSJIOK

BBIIIIE €€ 3HAYEHMS| COINIACHO MEXaHH3MY IOJIydeHHs
okcuaoB azora uepe3 N,O. Haumenbiuit BKJIaa B CyM-
MapHYIO0 SMHCCHIO OKCHJIOB a30Ta BHOCHT CXeMa ObICT-
poro obpazoBanust NO.

DKOJIOrMYeCKuil ap, NOIaBaeMbli B 30Hy TOPEHWUS,
CHIDKAET TEMIIEPaTypy CMECH, TeM CaMbIM, IPErsTCT-
Bys 00Opa3oBaHMIO TEPMHUUYECKHX OKCHAOB a30Ta. JTa
TEHJISHIUSI YEeTKO MPOCIeKHUBAETCS HA pUC. 3, IIe y4a-
CTKM aKTHBHOTO 00Opa30BaHUSI TEPMHUYECKHX OKCHIIOB

asora (c Gompmiell ckopocTeio Wy ) Ipu Hogade 3Ko-

JIOTUYCCKOT'O IMapa MnepepacrnpeacidroTca MEXAy 30Ha-

MU T'OpCHUA U CMCIICHUS.

3.00e+00
285e+00
270e+00
2.55e+00
240e+00
2.250+00

2.108+0(
195e+00
180e+00 \
1.85e+00
N 160e+00

135e+00
1.20e+00
1.05e+00
9.00e-01
7.508-01
6.00e-01
4.50e-01
3.00e-01 ¥
150e-01z
0.00e+00

3.00e+00
2.35e+00
2.70e+00
2552400
2.406+00
2.26e+00
2.10e+00
185400
1.80e+00
1852400
1600400
135400
1208400
1052400

0.00e01
7.80e01
6.00e01
250e01

-

2.00e01
180801 7
0.00e+00

3.00e+00
2.88e+00
2.70e+00
2.56e+00
240e+00
2.258+00

| 1.60e+00
1.36e+00
1.20e+00
1.05e+00
9.00e-01
7.50e-01
6.00e-01
4.50e-01
3.00e-01 ¥

1 50ermz4

0.00e+00

8

Puc. 3. CxopocTh 00pa30BaHUS TEPMHUYCCKUX OKCHIOB
a30Ta, KMOJIB/(M-C):
a — pexuM 1; 6 — pexum 3; 6 — pexKuM 7
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3akjaoueHue

Pe3ysibpraThl TpeXMEpHOrO MOJETUPOBAHMS JIOCTa-
TOYHO XOPOIIO COOTHOCSATCSI C 3KCIHEPHUMEHTAIbHBIMU
JMAHHBIMH, YTO MO3BOJSET MPUMEHSThH MPEI0KEHHbIH
METO/I TIPH NPOEKTUPOBAHUH KaMep CropaHHs Ta3oTyp-
OVHHBIX JIBUraTENEH C BIPBHICKOM I1apa.

OnpeneneHbl OCHOBHBIE JIOKaJIbHBIE YH4aCTKA WHTEH-
CHBHOTO 00Opa30BaHUsI OKCHIOB a30Ta B JKapOBOH TpyoOe
0e3 mofaYy M C rojaveil SKOJIOrHIecKOro U SHEpreTH-
YECKOro mapa.

HawuGonpmmit Bknag B oOpa3oBaHue OKCHIOB a30Ta
BHOCHUT TEPMHUUYECKHH MEXaHW3M. YMEHBIICHHE TeMIIe-
patypbl B 30HE TOPEHHUS ITyTEM BIIPHICKa HKOJIOTUYECKO-
IO Mapa CyIecTBEHHO CHIkaeT BEIOpockl NO,.

CyIIecTBYIOT BO3MOXKHOCTH JIaJIbHEHINIETO CHIDKE-
HUSI SMUCCHH OKCHIOB a30Ta IyTeM Iepepacrpesesne-
HUS TIOTOKOB JHEPreTUYECKOro Iapa M BTOPUYHOTO

BO3ayXa B 30HC CMCILICHU.
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