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1. 1 BU»E

75 X< (Plasna)k WS BRINTE L XEOLE2E CHREY 2
RERANZOFETCHIERLZELLR S>> I 27 (I.Langnuir) it &
STRBER., BREEFKBERATOKEEZH AR, TRVAH
SAEATERBORABEER T OIERABRILZDERIIDIEST
-8R, XEZHEEER2ETII LS E2RVWEL. Ch
RS Aew 388252k, Dk, 75 AXOHFRIERKE
EHLVWINSIVARALKED ORI IR, BERUEIK,
A—0SEHRKRXFTHEEDEDI.I U LRSS AKETH B L
BRI, BRYPEZPRXAXLFZONIBFEBOVIHLSISATRKET S
HRiEDORT-. 10 FEREABZESA2R,. ATABEBE
hWEOBEBAENHEELZIORAEHZ2AT. HRAOHF L THHEETDLR
o 10ERIEBEBBADEZHOEDIZ. PS5 AW REEEVE
BHRLEEBRICDLDE>D THEDORD LABI., HID BREX 5 X<
Ty b ¥E¥FSATRBEITIRANADITDRE. TLTHES
SATUHBREDPOLS] XHEHOMERIZVEZIETRVEE TH
%, RAMLER TV S,
ToAXA<eEbHBRTEETARE TERN KB TERETHER
BREAHBI i3, ¥k, PS5 AxUEL4oHEDRE. BR
THEOYEDIEREODERLLEDILEKE., RV Z UL TERN
BIYWSIS A< R3, T BRERZIODEHASDE, . kD
KEBLURZLEZELKDEATERDETHETDILOTH S,
TISAXATEROCEIVIR2BEHID S, BBETLAVORDIXI R
TSATREELBERKEL2ERBLEDDO T, BERE S 5 X < (Fully
ionized plasma) Vv, VU —HKBR XD TETEZS S ATRE
BERAEVEFOHEAIDTROTCARED»IRERFoOBEREAETZE
H., BEHE S S5 X< (Weakly ionized plasma) 2 HEHRTWVWDBH. 7



—VRBETOSSATRUIOMBTHY, BHERS S5 X < (Part-
jally ionized plasma) LA TCW 5,
Fig.1-1 HEH LB E

PDEBEERLEHBDTS 0 —TT
T .
3 . EHBET Torr e EERE
10" T,
BFCREFEEEET | | T | —
7 wrEE [T | .
(RFE®SF)e0ERE /|
KL EvEd, ETR - |
HARE
BREZIBEBRTIR Oa—ade—r———7 1%
KBHECEEDORET = |
EEL., Thik. REK Fig.1-1 ®EXEAORK

REEREDO TS AT THY, BRFTSATLBERS. TD&KS
RTPSATRERI 0 —KEPEETCOBTAR. <170 KkE2

CHOTRAETEE:. EHZ2HMEETCE, #100Torr B ETRE

THRE, ShETOREBRLCILRS3. ChRETFLRAKN T
DEEHEBEZELINSODBHOIRINF—PHE—BRERDIEDT
9. BIEARATLERER RS, COEI 7S5 ATRBASTSIATL
BRiEh T3,
COBRTSATORBEIE. (1) 75 A2 kPR TRERZLNK
L BRPEETERSMATEIZIZL, (2) EHEHETHBEIS TN
WOEBEBRBETHY Ch2ERISAATESZZ L, 3) B8R
SBTHI0TERBIEDTHARTRTHZ L, (4) 75X
THHARAEZ2EXRBILTCARENE. Bx. BLFHAREFaHE
BRBEZE. REBHY SR B,
B7SATDREFHELLUIRFERER 7 - IBBEHVWSC
LBV, P I/RERBEEBLrOBRB I Lo (HEXH, B
10~% +V. BHEIX100~1000A 2 2 3. EBEOBELEE2RLTLY
CFEEBESEAERERAVCIASIS A2 RETZIFELHY. 7
U= B FS AT RO TCHELERIGATEHAL TV B, o,
BRESDL—F -V -2l IoTHBRSS A ERETEIILH

- 2-



TZ 5.

1.2 BRISATECETZHEEOHSR

ECRUENBER DB SATRYPEORIERPLLERE R ER
FHEELATEY, BHLULTRASSA<E, BSS5 Aoty
Y MATOB, Chicl. 75 ACABER 7S A< UBREMT
wHOWEY, a2kl ogine. BEOBVWESIY I X%
2-FA4VTUHAE. HEREZENMIETEI S SACBHLZELEHE
BENAHFTCTREHAHEZR TR Z, — /., BS/S A2 88
ECERBIHOCBE Yy — 22 LT, 7TEFL Uy RPBAEAERRLEDEK
RENERREDODEESIVvIADERUTORAERENSD S, TR
CORMBSSATBEORAER. CZBEXRFEHLOBE®S
ERPARTDOLRBEI LS TE .

SHASS AT ZOMBERGLIREAFZTILSDO7TEFL V&
BEEEBAEBINRNTOVE, ¥, GHAEFOERBETFLITH
- 7= 19614 iz Leutner 52’ B7 NIy 7S5 APy PE2HWTH
2o hoT7EFLUEEGRLEERAZRL. CHhEEHLLTX
DB, BTPS5 A< 2AVELZEREAERRBREBL Y. £ L
THERWEZETT7T7EEFLUVERIEBET S IDHOLEULT, A XY
DRR, - AA2 Uy PKELPODEKS 'Y, ZOHD
BlEAkFRoHBR 12, FROSE 2, EHonKY REH
L OPFRBTFbhE. CRhOLEFTUTEBLEDOZIEBPEK
bHBEEhE. ERDBTRA0EER. Y7 E&EH25 27, &0
fEBEH2Y, V29 BLAERISPNVNDERPTrEZTE R
BIEREF VOB EYDH B, —FH. 2R HrEBOSE .
FEYTFUHEOHRY, Ya 7ol R, BHFEY BPFX
V2 pEKREREBBTORD., EL-EETR. 533y 7 A EHR
BT o& R (Tic* ) ,8i3N 42 ,SiC* )R ¥4 ¥y Y FREREBBR DL
AV REBHREATY S,

COESEBEVABTAMBRIS AT EFRFRE IR T 5N,



ChOoDBELAEPEBRZGPEELR R EOEROBHDPETH
3. BHRUEZBET>TVE230 5238, T3P EH:2D
CWRLEHDTHd. Chik. B SATDEERIEERLELSLRD
EERPFEOCFDODIIEEHEKEBELTESLSR3LEL6h, ¥E-T—4
DZLVWRIEEERBRDLERCEDTHS 5. AHBTSIAU
FRPOVCEEHRLZ2AOCEIHA GRS A 2HE T2 0 #Y 2T #
THY., VAVLARRIBRR2VTERHFLTWBHS 4T % 3,
LA, BSSAR2HOCERBILBEROSEHR Y IR EROLERK
‘O CREHMR LS THRATERCERERBORTHS Y, HE
HERRHABLBLIRTETCVWS, ZERFHRRIE R V=7
VBRIV AODHE BIEBEREROESHK2--1 . HEOEK
19 FHELULTHEDLRTOEE., WTFRAHBIKAETNVTORIETSH
D, ¥EREEREFAVBI IV EEEEZY. —BREBRTSTSA<%
HoREBREBOY TR, KBEELREDEBEKZZ XL L HLLE
HELOMERKERBEEREYP DD, THhE X2 TEKYDOEES
MAaKHREL B, HHFAOHRDIKAREFIVTORITTTREAT
ATHY. W, LEFHFHOAHEEE UK 2K%EE FILTORK
FEELOE, BREOBEEEICHAEDLIZREE2EERVES
TORMISSVPBONDIBRETD 5.

ERSACRIZ3EBBETHETE., AHPORNFIEREH
ZLEXORTVEIN, COEKOBBILELTR, =70vyNro
AHTCOPR VRRKEZONFTOTTHROP RS2 8 REHR
38, TS5 A2HOCEEEOWMBES SVREFRLR>THED S
RTVEZOBBEKTH 3.

AT, BMSAS AT oA B0 TR, D FEREKER
H3-DEETh2RATIBR. TdbBb I F Uy THBEER
SR RERBEDLDY 2ED-00.60  wnwh xBE, JTUF
VBB IO THEKDPOMKREEHBINE, LRUEHROPR
DIV FUTBBEDVWTIERMBRH 2T >TVE3H09H
V., COBBOEEHEEZRRTVEIN, ChbEEHLERISLV,



ZDOH CAmnann b4 @, BUEBROERIZBWT 2oy F0 70
BERIELCRIIEXZIEEERFL TV 5.

EBRE Iy FUOTETIFERFiIg. -2 ERT LI AREL2
SbIbhB. 1DHRPEHEIFIHFETHY., BREESLT
Y TUFUTERTSRBIZVFLT, BRABEEZFMAEL. ZHok
PO RHERL LTTANF -2 RMOETHBRE IV F O T 5D
5, BB IV FOTOFELLTHRKEE. HBE. FXIF>
VY. Uy FALLARBERHBTFORTEBVZTRTHhOBHAED
BRHFXARTVWSE62-83), BERHILVFUFBELIREI—EY
FHAVCEIFEFRERXATVLSE2Y . WHH IV F Y TRBES
T3 LR & TREEE*BFEE IV F U T 2FSHE
THY. AEEEORERRBERT B,
= F. B3 10O FEREFRE IO F T ETSIHFBETH Y,
CHUERERRESYEEMAKEE2HALEISI LT E3HDTH 3.
DD, EFEHIIVFUIEREAGBEEOBEHEERELT I
VFUTEREFIFETCHDZ. WEH I VFUOITTR, BEEL%
BUTHEEER 2., LIrbEXRGEEELDETFXR3OLH L.
k@I Fr FRBEAOHARL XY, —FORBEEZKT
XTI F U T RT3, ¥, U —FORBEEZH RS HE
TEWMERYONHFE2 LB AETHY. ChotBD Tk

B IFUY
KiE
wEhE
— PEWIFOT U¥y FXFL—
HAIFO VYT

eI yF T
BEEEOMAE

— {eEW Iz FUY
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ZHITVFUTEEZEIRE., COFEDODHRIAREV2LHEXR
3. ¥ EHICOFUOTLOBBAREY., ¥RV VFUY
DHFEEEHDI LB FHRENRS, UL L. LEWIZVFUITI
BI2ERBEVITRDODRTEST, A 64243 ® Reactive
QuenchingBP T HIZEEFh s L Bbh B,

D&, B S5 Ao X, iR SIS A{ELS
WTI Ly F Uy THBOEEBERHRBERIAW LB EHEM LT ES
ZL, COBBROPVTIHEERLRIB bR 220,

1. 3 ABEOHHBLXTHER
COMRDHBER, BRI SAYHOILERLBPIZVF TR
TRESIIDEY, LEHHBHR L2 TZIBIHRETO>VTOM
RE2B3LTHD. TITCRSITSATEH o Ao KEHLRE
BEDL1IDTCHBIRATSATDEARBTCORE, TR HFARKBIED
WT, REEFEREBRREYDF— A PEETHIABEHORRA 2 E
FIWVIERLT, 2B PO0BILFIL L I2EE2ERY. HEHL2RE
EITVEZELE. DTRAHREOHBER DL TRAS,
BOBTRAMBETCHVEEREEXR S SAHREEE. &K
BORHHEEZDVTRRS, |
SPART>T U HHEHFHBHREL DV IEHEH T S5. B3IETHCL, RS
SARBBRIGDEEFIVREBLL, PYEHAHETHIAH IV F
VI BBPONOBRLLER S AIBBE2ERALBRHE TR L DT,
1K7x. 2RARETNVIELDBELOBERIT 2TV, COBBDOK
BNDOHREERTZ. BL4ETRESTIVRIBRELTINOA S S X
TERERHVWTHRZERH 2T 5.
PARTDOTCHRALZHHBIZ OV TIHKFFT 2. E5HEWECC.0RTSS
AT RBEBEBVWTHEEHOAAEZRMULCCOO~NOELEORE S
Ret32. ok, BEBRTIL X TEMAADLEHGRIZ DOV
TEEBT 35, E6EUCHL,ONEIZES LRSS ATERKKE
EFRHIcED, LAAENOMAEFAGREI>OTRIL, T3 04K,



BREBBERDERIGOBERNET > EERE>0VTRRE, %
FRAHELTEMOEZITY, (kOB RLHELR2T 5.
<PART3> TR I VFUITBRBEODVIZEET S, ETETRH
Iz F U JTHBRBOEMBLULUT. 20 Fy7HERPRHOEH
HEZ2BRBL., COFHEDEHHIZ>OVTEET S, B8ETH
<PART2> OKR2S3EXTHENIZI LV F L ITREDVTXEDEXS
LABERDVIERT S,
BOETCRIOWMROBRREBET 5.

b, Fig. 1 3 EEOHILHEEERT.
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#lE R

CDETRAFERACEEREER O R LOHE. ERDO
fE. BHBERE OO TAERS,

2. 1 ZB%EE
EFREBOEBME % Fig.2-1ix. EHDEH %Fig.2-2(a)it " ¥,
UBABBEBLXVBR SIS ARED. REB. 75T,
BHBOADEIVBERENDE. £/, fFHEITIEBELLTERT17
n7 4 —¥—, HAy7o2 s 57, Nx 7534 F—. RER
YEDHDZ. BT thooFHMI>0THRRS,

2.1.1. B8/ S A REKE

BFSATHEORERN EABESmOEHE ) X )VKBEHE & HZ6mD
¥ TAFVRBLOMTOBERT ~ 7 RBEEHVE, ZOBS%
Fig.2-3Wm¥. SFHF AR T HVIHA(HE 99.993 0 )2 EH
L. O— R XA —X—%3EBLIHEREOAAEKBEB~HAZ E I
FNTVHARBLKEE IR EEEB3I L& T. BB/ X
VORI T000~ 14000k R 2B 3 LT 5. FRUELEY
EERBRTIATHEBOAZILPRERXA TR NI VHEEL
KEENTH k. BE. BEL LRI ORETEEDLAB SR
Tw 3.

Fig.2-20)kmF &S5k, KEZR 77U NERETT VI A
AEABO ) ANVEROM T oA TS, £, BEE2IHTIE
SrREBEEZOEER. BEAONECRBEE S TEMY MY
BEERKER2B VTV S,

BF S AT HREH B (Fig.2-1) . BHEERCERE K H 5%
Hxh. BEN27 AL LTH3. KREERLKEEEULZAT
hEHN. BESTHELTVS. ¥, HEHNROLDIEAR



Rotameter

—-Plasma Generator Rotameter
—
i
lo
- Reacting ~
‘Section 7 — Y&
. \
Microfeeder Reactéﬁt and
S ‘ - Quenching Gas
" Quenching ‘
/ Section |O
Cooling o ' | —
Section
NOX Gas
, Chromato-
Analyzerxr graph Aspirator
..
Z N
Exhaust
Fig.2-1 = Experimental apparatus.
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Cathode
Anode \\\\\\ '
i
B
ater —{___
Plasma Generator ——= ' —% Water
1
eactant and
uenching Gas — )
]
- 2ed
Water Jacket — |
: kl\ .
Reacting . \\“-Reacting Zone
Section ____}
\ ]
1
| L.
2 cm
Queriching |
Section ! [~
| T Quenching Zone
19
Water Jacket’/////
N MS~—
Fig.2-3 Sectional diagram of plasma generator and

reacting tube.
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BEEZFAHULEAZT-—Z—-—%2HMH#RAATH S,

2.1.2. RIGE, Jx o+ V. BHE

RIEBIrRAE8m, EX50mm oHEAA__ES2HL., H A4
HME—RABRBIATCTSAYREEEO THICW Y 4487 (Fig. 2-
3) B E—ARBASSATHRLBEILRISETIA BB T 5.
05D F A ERAER OEBEAART Oy VEHEH LTS, ¥ I,
COHBALEN U BEEL2EE T 2 DREHSIRYV LT TS
320HHY, ERULLXVRBRUCERLE. b, 25727
BrogEsEIHESm. EX10m 0HBYaA Y FPE2HVWTVLWBD
CTRIBBOERXE60me i 5.

J T FUTBEEX0m OHBAKRS_EEFTHY., nHAEE
PEAXESLIE-DHIZ. AF 4,6,8,10nn D4 BEHO_EEFZH VI
(Fig.2-2(c)). 22 b. BEHEHOBB2HDIDILHEBRAF LR
EObObHEL k.

HHBR. REBERTAB IV F Uy T EDBETHESABERS
COTRHATIEDER T EHOT. £ X250mm WEISmn o 8%
WHEMMD KBNS T2 HEBLRICELEZHHAETSD 5.

TOWMOHBEEHBLLT, 47074 —-X—-BHKERIEBI
KT E2-DDBDTHB. HA2ux b rFS7%onmEECHE
LTRRIZARS,

2. 2 HBPORPWHEHEBESICHNF&
EBEPREICAATHY., BEETARRZICGILEKOBE SO HHE
KTCHBTTOEEBHFORTE, TITCH. ChoERDDODITE
D2WTHRARB,

2.2.1. HRARYu< vy 357

CO, AR (B3H, WO BB LUTCGILAK(BEE6E)TOHADH
FRECHAIOR IS TTHORE. PEASARLHEWEOSS
RS UBFNWNEELFa5—v—T1X %, BHEOBERITAFN

- 14~



HIWAPIF(DHF) 27 VI F s E-boLElLFas—v
-~ 713 BT hTHEARLTEAL. dlEVFRLLEbO%
Auolk. BooeERk Y- JER2HEL. FHHELTCHB3HH
ENBELIOPOCHEELU ., Fig. 2-5BC. 0B TRMA AL L TH, %
MiBE4(BSE)ODHAIux bV 70—-HTH DB,

2.2.2. NOx7 F 5 14 HF —

NOx7F 54 F—BNEHOEE (B4 E) THAFHEBRLLT
HHUE. COEBREZRAOBEIVEE2HETLIHETD
D, THIZEK-T. NONxOBEFEGERHRKHAETE 5,

2.2.3. H ABEE

FARMERBEC AROBELNET5HETHY. Chikd
LK LT BRAAAAORME I — 2R, KIELERA A% EL
TETCXTDLEDLELBRORIDPSBERKRKDB LD TH D (dL
RBEE). ChiE. HFAIZOTRFSTRNT F5 4 F—THE
TEROCRHOBENZLH L.

2.2.4. % Dt D
CLAROER(BE6B)0BERTHITTOLBBHEAX .,
CRAEDVTHRAHEE. BE. BRETRTAAEIN. XEEH
S, PENEFEMESEGE). ZHNETEHAE S E (TENDK
TaH U=, '

2. 3 ERFEBIUVTCEREXHE

B, FT7NI VAR FHERER LUESHAECRERZHEL S
2. REXREULECL2RABULLE. RIBAAPEMS X &2
BT 5. BAMCOREOEETHB, TOBRRZERIRARY VT
Y7 L. M E DL . |
Table 2-1 WEBREzHE2RT. THOGRBIRERESLTVRYIANT
DEBRREZHULTEBETHY., KILHAODHREZRKBELTITREEE2S
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Table 2-1 Experimental conditions (common)

discharge current 200 A
discharge voltage 16-18 V

Ar jet gas flow rate 10 1/min
| (7.4x10 3mol/s)

Reacting tube length 50 mm

inner diameter 8 mm
Quenching tube length 400 mm

- 17~
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<PARTI1>
B2 Lix D By BE A5 B 8
-8B F Y-

COBTRBISAvHobERIBHEL T, C0, K% (3 %)
ENMEBR(BAR)ZETIWVRIBEUTRYE, Ch6ORIEXDAEY
FHERRT IR I F U TR EHDTEDODRLREELXRT BN
2EBRY. BEMRITHBERHF L. ChooRIZ>VWTHRRS,
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38 B/9AxL8C0,00F

COBTCRTNWNIAVEATSTSATE2HOTCL, 0BRSS EIT V.
BHEEP»ZE{IEAI LI THRH I VF Uy THEBPIO~ND
BRI EI3EER2RIL. COBBOBBIZI>DVTEREL -,

3. 1 EHEMK

B AR HOCELZERETR, B/ ATPEROEHIIR
LEEPEBLREVOT. RER2HBETI0 L FHHRELAEH
LB, T, 0, RBEPUIBERLHTIEHHERZTEL
7= |
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PcoP
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Pcoz
p 2
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Po2
PcPo

CO =C+0 Kps = (3-5)
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C2c =C+¢C Kps = — (3-8)

ZFLT2E%2P 3T hif
Par * Pco2 * Pco * Po + Po2 * Pc + pc2 =P (3-71)

B, ThODREZEABETEDVTRLSZLIRESDTEER DS
EXK®»oh, BAR KDY
X, == (3-8)
P .
ENDEEKRKD OGN D,
T, PEEBKOFEERROBEEZH W,

AG

In K, = - — (3-9)
RT -

-AG = 2 v iG; (3'10)

Gi = Hi - TS, (3'11)

By = Hiirs + 0 CpidT (3-12)

Si = Siirs + [ Cpi/TdI (3-13)
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Fig.3-1 Thermal equilibrium for CO,.
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LI B, A—HBETHC), DEEFSZVLELERLIEK. Th
. CO.o0 BRI %
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W HFcos, 0/Faro DB R B 200,00 R EHRML. D& E.
FEEELBHUBLESFH S,
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Fig.3-2 Thermal equilibrium conversions into CoO.
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Table 3-1 Experimental conditions (C02 decomposition)

Ar jet gas flow rate 10 1/min
(7.4x1073mol/s)
CO, flow rate 0.3-1.5 1/min

(0.22-1.1x10"3mol/s)

Reacting tube length 50 mm
inner diameter 8 mm

Quenching tube length 400 mm
inner diameter 4,6,8,10 mm

Discharge power 1.9-4.9 kW
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Fig.3-3 Concentrations of products with CO,
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Conversion

Fig.3-4
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Experimental'results of conversions into

CO with CO2 flow rate.
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Fig.3-5 Experimental results of conversions into
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7,

(2) EAR—BUAE)ITSH 5.

s 2o20rEEB VI,
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. dT, T dh,
’me.b—dX = xla (Tb'Tw)dx + — D2ub__‘dX (3'16)
dx 4 dx
dhb - ZH;dC;,b (3'17)
_ dx
dCi.s = Ri.p— (3-18)
Uy

ZZT. LWREBOTYEIWNE—, CLH,R kTR FThEEEI O
ENBE. ENVIEYVOT A NE—, RIHEETHD. Eq.(3-
IRTFNVF—rETIRERTHY. B.S-1TNRBELT V%
WE—L oKX, £LTE(3-18) REBEELLEEL OB ER
Th B

3.3.2. RIG#EE

RitBEETB R S2E LU THE. Ar,C0,,C0,0,0, 05 8E %% X I-.
Chit, ERTH—FUBERIATORVWIL, C REHHKT
W TOKR ETRELRB P OHRELE. ZBRIANERIERY
—~RIEOH T, BCORY—FREREODVIRBARTORERERN
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Table

3-2 Kinetics for CO, decomposition
: . . a
in one-dimensional model

(R1)

(R2)

(R3)

C02 +

COZ +

M= CO+ 0O+ M

= 1x1077"1+Sexp(-20900/RT) 65,66)
0= €O+ O,

= 1.6x107exp(-171000/RT) 67-69)
M= 0O + 0+ M

= 1.9%10'exp(7500/RT) 65,70)

Aynits:J,mol,m”3,s,K
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RIGHEER, i&.

Rcoz = - 11 - T (3-19)
Rco = ry + 12 (3-20)
Ro = ry - T, + 2r3 (3-21)
Roe = 12 - T3 (3-22)

&b, T T,

r1 = k1¢CuCco2 - kIrCnCcpCo (3-23)

ro = k2¢Cco2Co - k2rCcoCo2 ' (3-24)

r3 = k3rCnCo2 - k3rCuCoCo (3-25)
TH 5.

3.3.3. PHESILTCEREER
FHEEALE-DEMER, BEo. HBCEZBEBLTH

.= TN.C; (3-26)

)
1

M

)

C, = ———— (3-27)
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BEHADODBEHEKZ. BEp 7> IVEPr& Y

k = (3-30)
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Fig.3-6 Flow chart for numerical calculations in
' one-dimensional model.
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He? = 0y - @ (3-31)
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Fig.3-7 Calculated profiles of mole fractions;
Dq=8mm, CO, flow rate = 0.5
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Fig.3-10 Calculated profiles of conversions and
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Table

3-3 Kinetics for €O, decomposition
in two-dimenSional model?

(R1)

(R2)

(R3)

(R4)

C02 +

C02 +

M= CO+ 0+ M
1x1077"1+5exp(-20900/RT)
0= CO + O,
1.6x107exp(-171000/RT)

= 0 + 0+ M
1.9%101exp(7500/RT)

= C 4+ 0+ M

= 7.0x10]

=

=

65,66)

67-69)

65,70)

76,77)

aynits:J,mol,m 3,s,K
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Reoz = (-r1 -r2)Mco2 (3-37)

( r1 #ro - r4)Mco (3-38)

Reo =
Re = (r1 -T2 +2r3 +r4)Ho (3-39)
Re2 = (-r3 +r2)Hoe ' (3-40)
Re = ( rq)Mc (3-41)
Z T,
re = katCnCco - karCnCcCo L (342
TH 5.
3.4.3. M

FHIEBVEDEHEI IR TR RDE S KU .

1) BiEMR HHER ArkDow TR LIEREELIBY. 20
IREToOfi Corrected Simple Kinetic Theoryit k> TCHEEODOH
BEeULTEHEAZSRTWARHE™ Z2HVE, T LT, Ar7S5 A< HR
LREAAONMBEHERAT I55THB L CArALRS &%
. BEAAORGER, BERI >V TR EROAOMEREL
7z.

2) BEEE BEGEEDVWTRDCEARZEBEHI GATEHNT
2B BEBEZL. ABEPFEHRILESOEHAEKL™ »o6k®
= |

3) k# - o — Ariz U THRLIET®
O EHOE, MMORDW D2 T IANAFD Table®*’ XKV B H U 7,
RELU, BRTBEUTRAHNSESHEARATFL TKD K.

1) BE AR OV THEEDEKYVLIE ToOEZHVTVS, f
ODRAWBELTREBIB LR TKkD I,

P, BEYOHE, =230 — BEE. EH2ODHEME
TOHEEARLOROBM LU .
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3.4.4. HREEGEBITCHHEFR

HFHEEARLLTR IV F Uy 7EAE B A, TbbEE
ME CH&ESmn, EX460m& L. FARZREREFHLEL & L.
Arix 102 /nin(7.4x10 %*nol/s)—E T. C0,.0HEZEL X H /=,

BREZEE, WHEHEFig.3-1bk T &5V TH3. WHEHER
DOVTRHEFHER O Z2ZRBLT. Ar 7S AREE. FELXD
BHBEE L. %ﬂ{:‘ﬂ’bt.‘/ﬁ'—f“o)‘ﬁ‘ilom)ox‘ 121n/s& U=, %
FRIBHAARIOKT, x=0TH—-KRBEXTHDZ LU .

WIEBREEEgs. (3-32~30)0 ERFEBIN L2 EBRLL. REFHH%
Tok. TOHEFRFIERARAISATDIS>SRBELLOFHB LVHEK
@ﬁg‘:*(ﬂ@‘ oH 5 SIMPLER# ®%-%!'? (Semi-Implicit Method
for Pressure-Linked Equations Revised)®2 ffio /., Chix. #HE
DREENFTRBALENBEFEARAREEBL. ChozHOVTHEE
FEXOBEZEELLRIONERERD TS FETHB, T T,
EABTRRAOHEEZMP LEASHMBHTFLL, X5, #
ERACHETIEABTIRES. BE. RAOBTLEMCBET
BStaggered Meshk LT W3, MHEEBF M0, 8FH M40k
LUz,

3.4.5. HERED LU ER

Fig.3-16R COEF NI KBty XA —TOHFHBERHZRT.
RIEHAASBERE COL.OPBRIRINF - BHBEETREEDI.
ABEBLBOE AR EBAENTHE> TS, ¥z, FADHEE
BEZOEYYEEODTHEVHAE W, Fig.3-1THArH 1082 /nind # T
RIbHAZHEK L v E S, Pig.3-181C0,%20.592 /ninft$i§ L 1= 5%
EOERUMFANBILPYBIXBRFHOEENIRHTH D, LY.
REAAZHAHLTHHERARZDLST. LREFAOSAHR T HO
NEBETCHOBEEELEC A EZR>D>TWS LD DS,
BFEITHLT, BiFfmEEwRkxiMtEBELEBERELERL
(Fig.3-19). rFAK b BELABL KD B BE S A 2B OHE
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COp Flow Rate 2-D Cal.
(l/min)
0

0 mm [K]

Tr:

| _Reacting

V// Tube =

Quenching Tube (D _=8mm)

0 ! 12

0 150 300
X [mm]

Fig.3-16 Axial distributions of center-line
temperature.
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x10

1
|ar=10 1/min]
x=0mm 2-D Cal.

10

x=1.25mm

x=22.5mm

[ K1

T

rrmm]l

Fig.3-17 Radial distributions of temperature;
no injection of reactant.
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x]O3

X=0mm C0,=0.5 1/min|_

x=1.25mm
2-D Cal.

10

x=22.5mm

T [K]

Fig.3-18 Radial distributions of temperature;
CO, flow rate = 0.5 1/min.
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Ar=10 1/min

CO., Flow Rate
2 (l/mln) 2-D Cal.

100 i
w
~
=

= 50 ]
T
} ]
-

, Reacting
l/// Tube
< Quenching Tube(Dq=8mm) >
0 | ] |
0 : 150 300 450

X [ mm 1]

Fig.3-19 Axial distributions of center-line
axial velocity.
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(Figs.3-20,21) B oh k. PEBEFHEEBEVRKIEAATH 5C0,0
BEBSELL RB3LvVEAOEL CRBu/s 28R ¥EoRZ. Ch
REEOREHREDRTOELEX OGNS, 5. AENIBOS
EXHMONBETRELAE) THhol. COXSIRE. FELH
LTCArEF 0BG HRRNTREREAEBHFORATOVWRVOR, ArD
HELHLULEBRARAODREBE ARV EDEE XGRS,
Figs.3-22~25 B E TR ULEEEAULU &G ToH imDEMEK
BUIEBRAPOFXBRIFHOEESR A TH D, BB 1R ET
WTCORBETH B, Fig.3-220C00 A &Y., BREAAEKERT
., HLoMHET COLBEBZ2BLOBER IR TVWEI I DR
Z. FLTHERLEZCORSPBIZATHLAEOSEFEABTHODE
ENERHIE2HEHLTEY. TLEEFBEVEEHTS (0.0
DBEFEFTTEIDT, TOER. x OREVEIATRPERELTAK
RAERPHEBHOATORY, ¥, BRTCHFLELRRET IV
DKERLOERDBNIOVILEbI B, C0ik COLRH D EE %R
U(Fig.3-23). CRIBLAYEERXAROVERTH >, 0024 K.
C0, DHRBHRIFTHLHhIAQEL TRHLTEL. 2B I Tbhzy
BEETELS LY, BEFELIFFRLRELLBEOTRELZAEICR
-7 (Fig.3-24), OB UTHRERTALRETH Y., BEHETR
C0, DRABBITLbhLEVOT, FLEYVALENERERILLIST
F— 7 BH6h TS, LPrLIBIEEOHERBRIIRSI LY —~IZk>
Tw 3 (Fig.3-25).

RWBERPONRNN I ENVHER.

Rt
F;, = fﬂZEI‘p uW; /N, dr (3-43)

TR, "W IDENZHEE
Xi.p = — (3-44)

TEHRLZOWMFHOERERLEDHDP Figs.3-26,27 TH 5.
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1

x=0mm lAr=10 l/minl
2-D Cal.

- x=1.5mm

100

[ m/s 1

50

u

Fig.3-20 Radial distributions of axial velocity;
no injection of reactant.
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CO2=O.5 1/min
x=0mm  5_p cal.
x=1.5mm
100 E i
X=25mm
w
~
=
- X=100mm
50 |- |
-
x=180mm
0 |
r0mm]l

Fig.3-21 Radial distributions of_axial velocity;
Cco, flow rate = 0.5 1/min.

- 57-



AU

A
X=450mm
0 : { '
2:“""""""‘““""""""'""”"_
x=290mm
Op— T
2L —_— 1
x=170mm
0 . ——— frmmmmmen
2k T ]
T Xx=90mm
— 0 ; : :
;8 __________  [x=225mn|
2— \
0 } : }
x=1.25mm
2k _
0 , ;
2 5 2-D —_—025mm|
1-D
IR N
0 . .

0 1 2 3 4
r [mm]

Fig.3-22 Radial distributions of weight fraction of
Co.
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Fig.3-23 Radial distributions of weight fraction of
Cco
2.
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Fig.3-24 Radial distributions of weight fraction of
0.
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Fig.3-25 Radial distributions of weiéht fraction of
0]
2.
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Fig.3-26 Calculated profiles of mole fractions;
CO, flow rate = 0.5 1/min.
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Fig.3-27 Calculated profiles of mole fractions;

Co, flow rate = 1.0 1/min.
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1%k FI (Figs.3-7,8) L H BRI CO B9 LCO,0,0, LK E &,
. BRIENEFULCOL,0ERAL TV BT DL B,

1ERAEFHV(AFA-DNET3) 2%k EF NV (BTFQE-DET
B)COBFHMOBELRELER U EH Figs.3-28,29TH 3. A
OFET (I-DOESAELRZBZH, (1-D)2(2-D)TCRXEZE
CRBELATHEERBTWEZ 2 R¥bd B, TRIEFigs.3-22,23T
xR ES . G0 COLOEMEARREEF AL AE RN A £
ST EhobEBMER B,

hE. COMPBPHBLEELIY., CORBEBZAVESEOD
wzﬁ%?@%%&&xy¢yiﬁ§u%m$mﬁxmtéﬁﬁ,
S D60 ETHBZLEX BN B,

Fig.3-30i Co,o#ErHystOcoBERRoEERL L.
HEBLERARIVC-HBHFORTHL S,

Fig.3-3] RWHA&H 2 LZEL LS AOKERTHB. (I-D)OKXR
. (2-D) OMBAKELOMBALIREERDP T Oy PLED
@?&60ﬁg&Mtﬂb<£ﬁ%%aﬁ§wﬁ?%twﬁﬁ%®
EHERETWS. (1-D2Q-D)TRUBMEEIBCEEEFHF
?55,:nm%ﬁﬁﬁ%ﬁﬁﬁgwﬁﬁuﬁwrwékw‘Nw
y YT B LERBERS BV RIENET LS 23D EERXSGH
5.

BE. COLORFSATABIEBVTQNEHOKRELREAL
Bo—Hrml. HEEFVORLELRAT I LB TER, ¥
. I-DORLBIBREANTHZILEDbR O,

3. 5 HE#
AT AZOHNEEL2ENT S,

(1) COL,DBT I AHBEFY., BRIV F Y THBREHFO ~O
BRI 5L EERAF L .

(2) Py s  FEBOMNXVHEORYE, TabERAREE (7T
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Quenching Tube
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§ 050 - _
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< _ |
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0 E R E—
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Fig.3-28 Calculated profiles of conversions;
CO, flow rate = 0.5 1/min.
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0.75F Tube i
A 2-D |
0,501 N _
= 10 1/min Quenching Tube
0.25 = 1.0 1/min Diameter -
8 mm
0 & | ] L
0 150 300 450
X (. mm ]

Fig.3-29 Calculated profiles of conversions;
CO, flow rate = 1.0 1/min.
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Fig.3-30 Calculated and experimental results of
conversions with CO, flow rate.
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Fig.3-31 Calculated results of conversions with
initial temperature.
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(3)

(4)

(5)

vFE U VBEE)REOCBYEBVEAREE O .

1KREFIN., 2RAEF VR EBEBOBMEAHEZITOER
BErUBLEER. 2RAEFVCORIMEREILIC—HEH
bh. BohE-HHRBEUTHEIILEbI O, 1RAET
NWTOBRWEREDEBRBMLUBERN IV —HEFSREFIVOH
SHEIER IR,

chooBEHREIY., 0 EIFHFGELRL2RETIEBRMFE
(key specie)2 & X 6 f T,

%enkﬁg‘%Eﬁﬁ&nwemﬁfafvﬁﬁﬁmﬁﬁﬁ
ﬁﬁtﬁbnrwécaﬁb#otoik,:@%ﬁ%mwt
%é@%ﬁt&:ﬁ‘/%yﬁﬁiﬁ%ﬁw}éz:é:zbi’c"%f:c
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g4k #7IATLLEN00LR

Co)ﬁf‘ﬁ7)b:i‘3/#:7"‘31'7%59"(N2c‘:02J2DNO’&%F&'.%'&
ZREIEEFY. B IV F U TBBEPN~DOBELRLEXDIEE
EREHLU .

4. 1 TEERK

CORBATOLEH MUK E2ZE X 5. RARBFEIT B IHZ2E LT, N
N,NO,0,0,,N0,,N,0,Ar D 8 A% % x1-. FTHWHBEOE B KXW
ERBTHY. EBREFIHLT

N AP
- = (4-1)
AI‘ FQr.B
0 2Fo .
S 02.8 (4-2)
Ar Far.o
DEGBHFEELL. ERDSLIEEEROBRK. 2ELOBHR
po?
0, =0 +0 Koo = — (3-4)
Poz
py2
No =N + N Kps = — (4-3)
. Pnz
PnPo
NO =N+0 Kes = (4-14)
Pno
PnP
N02 = N + 02 Kp'r = b (4'5)
Pno2
PnoP
N2O = Np + 0 Kpo = —— (4-6)
Pnzo
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Par * Pn2 * Py * Pno + Po * Poz + Pnoz * Pn2o = P (4-7)

rhB. CHOEERETE DO TEVWIEHMRERD 3.

& B ARFig. A-1TH 5. NORII00KCHAMEELY., THU LD
EETCHBULTULES. 0,30006< 50 5. N ik 6000K< & v
SHEAEMES. SRIZHIEL TO 000K kT, Nk 6000KM kT
R 2B THY. EFHOROVTRCL.OBELALERSRS
RT3, NO2,N0 RCOBEBBCRBESNE<HkEbRE
wo BB, ARBHREREAFLEBAITY B,

NO~DELEEZNX— AT

xNO

GNO = ) (4'8)
Xno + 2Xn2 + Xn + Xno2 + 2Xn2o

PEEL. BERY T AVEBLROBBEERL LD DN Fig -2
tH5. FPTHURETNBRAEE Lo XDk, BLEH3000~
500kCE -2 2B o TWB bbbz, N, OfEE—RELT
CBED. LOKENSRIBELEHBERELEALT VS, ¥
FP— s R 2RERGOREF S RIECERNEB TV 3,
COk>i. N0 3000KMECRAMELZOTHT S X %
WTNDERRAETHE EHBER B,

4. 2 £BER

BRIV FTERE 4,6,8,10mn DABEHEHV TV,
AHEESELXET N~NOBLROB B2 B RREH%
Table 4-1 WR¥. ERE2TOLER. BERRKPERBEN X H T,
NOLF FSAF— P HRABRMECERFRENHLEE B, NO®
N0 DEKRBO bhhdhok, $EITVFUTEEAFY LR
OO R EXTHEREREZD ST, BTCORBBIbATO R
PHBX R, ST, Eq.(4-8) T OBALE (Xnos,Xnaoik 0) TER
ERPEHTEILRT 5.
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Fig.4-1 Thermal equilibrium for N5+05.
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Conversion

><10"2
10.0

w
o
I

N
ul

ArO:N2,O:02,O

10:0.3:0.4
10:0.3:0.3
10:0.3:0.2
10:0.3:0.1

|

2

Temperature

Thermal equilibrium

- 73-

3 4 X103
{ K1

conversions into NO.



Table 4-1 Experimental conditions (NO synthesis)

Ar jet gas flow rate 10 1/min
. (7.4X1O'3mol/s)

N, flow rate 0.3 1/min
(2.2x10"%mol/s)
0, flow rate 0.05-0.4 1/min

(0.37-3.0x10 %mol/s)

Reacting tube length 50 mm
inner diameter 8 mm

Quenching tube length 400 mm
inner diameter 4,6,8,10 mm

Discharge power 1.4-4.1 kW
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Fig.4-3 NEBRERTH 3. EEPITARRBRETOLHER
LEERT. ChE&b. C0, PBOBEELARRITVFUVITED
MobORY., TobbRAEEORERVLIOREEENEFV O L
Bbhd. EL. CO ABROBLEDESNITVF VT EDOER
HoZxPLTVREY, LOEERODVTREHEHERLARIZK =L
BT B EARREELTWS., 18560 &R XHI600K
ODEEHELEROBEZELL, L,OEBERLHEVHEEKELRV,

RREHE2ELIEL S LR 2Fig. -4k T. C.2RO%
LLERVBRBRENERLIFE TV LEBEARRI-—EELERL. v
THELTBL VI KRS/ ORE. Th&Y, NORT I IaRK
HEEE THDRATLBIEHEFRIND.

4. 3 1H%aB M
mwﬁf%fvé&towf‘%ﬁﬂﬁ,1&i%¥wm§6%
FREEDRMAREZRE L RAFERZT OEHEREODVTERSD,

1.3.1. EF WL EBR
EF). EEBEXR3I3ILAHTH 5,

4.3.2. RIGEE

AREET IR ORERE R P LT EHEMARDL» 5% X T, Ar, N0,
N2,N,0,0, 06 i %% X 7o ZRLULERIGLEORBEEER %2
Table 4-2IZ" 9. CCTAH—RIERCLABOGELARREH
heBALE. CThEVEBERERW

Raog = - I's - 'y + rg + 2re (4-9)
Ryz = - Ts + T7 - Tg | (4-10)
Ry = 2rs + rg - 'y - Te (4-11)
Ro = 2r; + Tg + T7 *+ Ty (4-12)
Roo = - T's - T's - Tg | (4-13)
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Conversion
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T T T 7
— - 3200K_ =~
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2800K
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| 0, Flow Rate [ 1/min 1

Fig.4-3 Experimental results of conversions into
NO with O, flow rate.
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Conversion

x10
] 1 1 ]
6.0 ﬁz = 0.3 1/min | -
O2 = 0.3 1/min
& o
o/ A
) O
u.ok A 4 <j7 A O —
O 0737 e3 O
v o7 ‘ov
O
CD Quenching Tube
= Diameter _
2.0 O 4o
A 6 m
C) 8 mm
‘7 10 mn
0 ! » ! ] ]
1.0 ' 2.0 3,0 4.0

Input Power [ kW 1

Fig.4-4 Experimental results of conversions into
NO with input power.
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Table 4-2 Kinetics for NO synthesis

a

O + 0 + M

(R3) 05, + M =
| kg, = 1.9x107exp(7500/RT) 65,70)

(R5) Ny + M = N + N+ M

ki = 1.15%105770+837 65,82)
(R6) NO+M = N + 0+ M

kpe = 2.3x101 1271 -Sexp(-622200/RT) 65:70)
(R7) NO + N = Ny + O

kyp = 7x107exp(-315600/RT) 48)
(R8) 05, + N = NO + O

kgp = 3.2x103Texp(-163400/RT) 48)
(R9) Ny + 05 = NO + NO

kgy = 1x107exp(-317700/RT) 65,83)

Aynits:J,mol,m 3,s,K
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b, T ITT,

rs = kstCnCn2 - ks CnCyCy ~ (4-14)
re = kerCnCno - kerCnCnCo (4-15)
re = k7¢CnoCy - k7, Cn2Co (4-16)
re = kerCo2Cx - kerCnoCo (4-17)
re = KorCn2Co2 - ksrCnoCno (4-18)

‘(‘:ééo &8; rs‘iEq-(g'ZS)‘:J:éo

1.3.3. BEAS X CEBREK
3.3.3. L HBMO BB THHAL k.

1.3.4. HELXBESXCHESM

Chob3.3.4.LARTHINHEBAEATHIRLAOEERELK
DEGTHELZ?REXEILOKE. ABBER COLA2BOHEX V10
ML UTHELE (Ax=0.001~0.0lmn), HAREREREH
CEHLTH B,

1.3.5. HHEKRBIUZE

Figs.4-5,6 B HF M OEKPOLELTH D, THREVNORREEA
AR ER. AP ERLImHETCBERE—-2220, TO®R
AHERALT 100miAETEE—-—EQOHE L3, 0PN EDEE
RE2E-DIEHEAL, ORPNOBEESGRL I THURE XML T3,
FEL, PEHEBE P DDDLBEIT0LEVN 0B BXYVEERT
NABIT DD MOBEZREAZL, CRAEHNELTINORER
B Ao dibhrb. D.=inn OHEELRECMEEL B B H.
Smnk YV HNODBALABEH I SAIOBEIES R-2TWV S,

Fig.4-T HBMF HOBELELEONAERLEDDOTH S. K
HE AN THFigs.4-5,6TH# oh - KD BAERERE T R 6 B &,
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O : -
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Fig.4-5 Calculated profiles of mole fractions;

Pq

=8mm, O, flow rate = 0.3 1/min.
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Mole Fraction
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ur _
0]
Nz\\
\
\ \
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0 ﬂi\\\\L - | |
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Fig.4-6 Calculated profiles of mole fractions;
Dq=4mm, 0, flow rate = 0.3 1/min.
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Fig.4-7 Calculated profiles of conversions and

temperature; 02 flow rate = 0.3 1l/min.
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Conversion

6.0

4.0

N2 = 0.3 1/min

Quenching Tube
Diameter

4 mm
6 mm
8 mm
10 mm

Joyrdn

4mm E} vd

1 | ]

0 0.1

0.2 0.3 0.4

02 Flow Rate [ 1/min 1

Fig.4-8 Calculated and experimental results of
conversions with O, flow rate.
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Conversion

x1072

-

] ] 1
N2=0.3 1/min Quenchinb
B . Tube Dia -
02=O.3 1/min {
4 !
1-D Cal. ;
6 mm

8

4.0 5.0 - 6.0

x10°
Ty o [ K]

Fig.4-9 Calculated results of conversions with

initial bulk temperature.
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Tr= 0 mm [K]

x1O3

10

Ar=1 i ]
Flow Rate(l/min) zr_DO Clirlmn
: (Nz,Oz) |
(0,0)
(0.3,0.1)
5} -
(0.3,0.3)
| _Reacting
Tube
P//// Quenching Tube (D_=8mm) ——>
0 ] ] 4 i
0 100 200 300
x [mm]
Fig.4-10 Axial distributions of center-line

temperature.
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x103

X:Omm N2=O.3 l/mJ:.n
02=O.3 1/min

x=1.25mm
2-D Cal.

10

x=125mm

T [K]

X=475mm

x=170mm

Fig.4-11 Radial distributions of temperature;
0, flow rate = 0.3 1/min.
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Fig.4-12 Axial distributions of center-line
axial velocity.
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N2=O.3 1/min
02=O.3 1/min
x=1.5mm x=0mm
2-D Cal.
100 i
X=15mm
: Xx=50mm
p=
50 + -
> x=180mm
O Sm—— ]
0 2 4
r [ mm]

Fig.4-13 Radial distributions of axial velocity;
0, flow rate = 0.3 1/min.
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Fig.4-14 Radial distributions of weight fraction of
NO.
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Fig.4-15 Radial distributions of weight fraction of
' N
2.
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Fig.4-16 Radial distributions of weight fraction of
N.
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Fig.4-17 Radial distributions of weight fraction of
0]
2.

-~ 94-



Wo
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Fig.4-18 Radial distributions of weight fraction of
o.

- 952



W ETREESNBEOEDIZNIRNEIC 2B ULTLEY, BELOR
RTFHS. —F. BRI TEHLIDBBEEBEOEZHENEY - <
D2AEEEh, EE2ROBEDALARVOT. §RLEUTNOESE
AROBERECRINBEREFAA~BHT I3LEZx 605, 0m E
THREERPLT KL TRV REEEDE D, EEHL R 2
BBHILEHEIR TV S, LEBEXTZIEVLEIB3TOFDENRN
FTLbhdkEd., HLOFETAOELK TEESRBUTEIRAAOMNE
THRLAE—EHTHY. WHEIE LY (Fig.4-15). FiTNE
NORBERIMNETHEZBI OB ZTHABEAETVHETHRRL., 20
MOMNEBETCHRELAY 0ThHhh, 2EBEHFIEBIBIZSVIEE2RLT
W3 (Fig.4-168). 2B, (1-DTCH NEITNTONEBETELALIT
B, BurgERbhToibv, —F., GLENEIYISBIRLPT O
HDRNIVEBEBHTABIATEY, 2P HFRAOEL OBME
TELHLEETEVSE, EORELRZENABN R A2H 2R
27 (Fig.4-17). £ ORCh LRFK., AOELTRHLTE
BFEHETHECRY, BOTRBLALZHEL 20 (Fig.4-18). T h
6XY. LUAADEARED>OCTREREFBREREVSHERH>TH
VD, BB TRLEUDEDECHEETCLDESLIDAZTLT
. Bb B, N ,

Fig A-19B @M HF MO NNV I ENDELHETH D, HHE W KEgs. (3
43,40 V. 1 REEF IV (Fig 4-5) L B §5 &, NOXKHE &
REY—-J 2T, N@Eﬁﬁiz’ﬁ%(, 0B OB TARLSEST
w3,

HiROH HF AL EFig.4-200"F. (1-DD&(2-D)THDH K
KELBERDTVWSE, ChoDEVWE., Figs.4-14~18 TEEF W
&:j(%tﬁ}ifﬁﬁ?}étpfzcc‘:#B%i’ﬁﬁﬂ‘éh. (2-D) WEBIBEE
FTHAHEOERIZLLDIERTHS5. £k, (2-D) oKR%Z2HB L
P F T EOANELHOTETREEBABRELL TV,
COHER IV F U TEEPSMOEBETHY, inn0H O E X
FEE., XHGRGAHEENELZ2Z2DT Sk YV HEKPEFH I

- 96—



(

Mole Fraction

ro

x10
léf ! Quenching Tube' !
“\\\\ (Dq=8mm) N, = 0.3 1/min
B AN 0, = 0.3 l/min| -
Reacting
Tube 2-D Cal.
N
\\\\\ /2
7
NO (x10)
P
O
N (x10)
| L ‘
0 100 200 300
X [ mm 1]

Fig.4-19 Calculated profiles of mole fractions;

0, flow rate = 0.3 1/min.
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Conversion

Ar=10 1/min
N2=O.3 1/min

02=O.3 1/min

Quenching Tube

b//<%< Tube

|

Quenching Tube

Diameter
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\ 2-D
\\ \
\\
\\
//Reacting T

Fig.4-20

100
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200

Calcﬁlated profiles of conversions and
temperature; O, flow rate = 0.3 1/min.
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Conversion [—]

x10
] 1 ! |
61 [Ar=10 /min
No=0.3 l/min
Quenching Tube
Diameter
8 mm
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2| O
O . _ ’ O ‘|-D -;-‘
e 2D —
0 ~ L | | |
0 0.1 02 0.3 0.4

O, Flow Rate [l/min]

Fig.4-21 Calculated and experimental results of
conversions with O, flow rate.
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x10™?

Conversion

Th,0 [ K1
x10°
4 5 6 7
] o r ,
B N,=0.3 1/min Quenching Tube 4
02=0,3 1/min Diameter
8 mm
3
Ty [ K1 x10

Fig.4-22 Calculated results of conversions with

initial temperature.
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Re = kaCa - kyCp (4-22)
Re = ksCs (4-23)
Ry = ﬁi"i (4-19)

%3, COKIREERER2ERZL. NEKOBERNLR0L,5K%
A. NOBE S B. KD 0XRACRHHEL. COLHMTI COHRA.
COXB. C® 0RCRHBT B2 EX 603, 22T, Eq.(4-20)0
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HorlwSRHKiE., COHETOHRAOBEBBMEE X% 10-250
A —H—rZZzoRh30T. 1/kHL02sk VML BBZBEL L k.
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ZrExohd. KEEABE. (a) ODBARERFHIZKE RS
HEBORBORHML., DOBERAESA TR Y (Fig.4-23).
£, (1-DLOZELEMTRAIV. ARDOTHEKEFZEL BHAE
CiETcHAI3oTCRHLEEBEAEAZAON TS (Fig.4-24), ¥7-. Ri#
ERRECEDARBLA RS RSoTULES, Cik. () THrF
HMiBLHABRAEZRAERZSA(1-DEoEBEREVH, (BT
HEREAAROIEBHEHE, (I-DLOERTRELFTHREY
(Fig.4-25),

Fig.4-26 WHiF Mo RNV I ENVHREERT. (A)OESE. B®C
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; x=450mm)] - (a) (b)
bl T )
2F | 1t ]
5
EgD

x=0.25mm

r o [mm)

Fig.4-23 Radial d%stributions of weight fraction of B.
(a)k,=10%exp(-10000/T),
kp=10%exp(-40000/T) .
(b)k,=10%xp(-10000/T),
ky,=107exp(-40000/T).
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— 0 : } el ; ; ——— |
4 | [x=3. 75mm] 1t |
3“:
2 F

Fig.4-24 Radial d%stributions of weight fraction of
(a)k, =10 exp(-10000/T),
k;=10%exp(-40000/T).
(b)k,=10%exp(-10000/T),
kp=10"exp(-40000/T) .
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_________________ 1-D 2-D
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\ e — ]
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Fig.4-25 Radial d%stributions of weight fraction of C.
(a)k,=10%exp(-10000/T),
kp,=10%exp(-40000/T).
(b)k,=102exp(~10000/T),
kp,=10"exp(-40000/T) .
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Mole Fraction

B k_=10°exp (~10000/T);
k, =10 exp (~40000/T)
(b)
2-D
| Reacting
P//,/’ Tube
Quenching Tube(Dq=8mm) —_—
A
______________ L e o o — — -

b\\\\‘> B
l
k_=10°exp (~10000/T)
106 0wn (-
(0) kb—lO exp (-40000/T)
2 -
A\
c
b e ]
,/
A
0 ' . !
0 150 300 450
X [ mm ]
Fig.4-26 Calculatgd profiles of mole fractions.

(a)k,=10%exp(-10000/T),
kb=106exp(—40000/T).
(b)k-=10%exp(-10000/T),

kp=109exp(-40000/T).
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Conversion [-]

1.0p==—ee—— ——
T
2-D 1-D
0.75F | .
0.50F ka=106exp(—10000/'1‘) ]
1 (b) ky =10 exp (-40000/T)
O"I‘ y | 0:;
1&)_ J 1
s 1'D
R L
0.75 /Z'D .
0.50F i
//’Reacting
Tube .
025 < 1/‘ Quenching Tube (Dq=8mm) —
(a) k_=10"exp (-10000/T)
0 k,=10°exp (~40000/7)
{ I }
0 150 300 450
X [mm)]

Fig.4-27 Calculatgd profiles of conversions.
(a)ka=106exp(—1OOOO/T),
k=10 2exp(-40000/T).
(b)k,=10%exp(-10000/T),
kp=10exp(-40000/T).
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Conversion
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Fig.5-1
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Temperature { K]

Thermal equilibrium conversions into CO.
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Table 5-1 Experimental conditions (O, addition)

Ar jet gas flow rate 10 1/min
(7.4x1073mol/s)
CO, flow rate 1.0 1/min
(7.4x10 %mol/s)
0, flow rate 0-0.3 1/min

(0.-2.2x10"%4mo1/s)

Reacting tube length 50 mm
inner diameter 8 mm
Quenching tube length 400 mm

inner diameter 4,6,8,10 mm
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Concentration of Products

1.0 ‘ ,
CO, Flow Rate O co,
1.0 1/min () co
Quenching Tube FAN o,
Diameter
0.75F 8 mm
0 O
o 0o O
o O
0.50 F
O o A
Q o O A
A O
0.25 F A ©
' A A A
O i {
0 0.1 0.2 0.3
O2 Flow Rate [ 1/min 1]

Fig.5-2 Concentrations of products with O,
flow rate.
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Conversion

1.0

CO2 Flow Rate Quenching Tube
1.0 1/min Diameter
O 4 mm
[& 6 mm
3200K O 8m
0.75 F VYV 10 mm 7
3
0.50 -0 —g-0 2800K -
la = T |
(? o A é} O 0
\% A
AV @) |
0.25 ;\\\\\‘;;%\;;~“-“h~\“‘ﬁﬁkh‘"‘r“~—-é§_~
' ‘ v 2600K O
\V4
\\v
Equilibrium 2400K
0 ] ] i
-0 0.1 0.2 0.3
0, Flow Rate [ 1/min |
Fig.5-3 Experimental results of conversions into

CO with 02 flow rate.
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Mole Fraction

]

[

Mole Fraction

x10
k: < Quenching Tubel :
N (D_=8mm) ‘ ;
\\Reacting q co, : 1.0 1/min
8.0 F Tube 0, 0.3 1/min H
(a) 1-o cal.
co,,
/*
qlo |/
CO
N e
-2
x10
] 1 T
8.0 R
QIO -
0 o
0 150 300 450
X [ mm 1
Fig.5-4 Calculated profiles of mole fractions;

0, flow rate = 0.3 1/min.
(a) one-dimensional model
(b) two-dimensional model
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Conversion
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Conversion
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Fig.5-5 Calculated profiles of conversions and
temperature; D

150

300
X [ mml

8 mm.

(a) one—dimensgonal model
(b) two-dimensional model
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Conversion
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Fig.5-6 Calculated profiles of conversions and

temperature; D
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EERNFRZIOURIINL,OBRBOZRINVF - EB3LBbh 3, &
LREZO2OVTR. OBNMREENZVELECRLEATLAET, %
DR, BROBLERBUBELI LS. REAEELI I LEER(ER)
B OohEEALBOELAR CL.20BOBEARARRDLTHEY., 0
CEEVN0LZREMUTHIEETHEHNTHEIILEEZ XN D,

Fig.5-7 REBRBMLOKBETH S, ImEI TV F Y TEFREDV
THREALZBHOABIN. E2EHE B LTV 3,

T30 2HKMULER. THEIVFH IS CHEAER
BRAL2L, REhZBEEBFohddhrolk. CHEKIIBHREZUTHE:
EFERMUTCHREREBEREZERABEZWEDEZZ 60, REUVEZEZER
WERAREE- TR LIRS,

5. 2 CO#Hmm

CZTRLDOPDLDYRWEZEMUESEOERE2ERDS. C0ER
MUEDOR., #HBELECOBBERr 2Y I BEL2EEIEICLE2HMEFL
- THhd.

5.2.1. FHEMK
Fig.5-8 W EHH{LEE2 R T. CCTHAEFRCOZMATYSD
CE+DCOEEHT

Xco Fcoz.etFco. 0

(5-1)

O0co =
Xco + Xcoz + X¢ + 2X¢o» Fcoz.e

Lk, CTHhHEY BEq.(5-1DRBEH L ECOLEHLTH SR CO
(BmMULER2%280)okehd. COEHZEAVIRVELRLL
%@ié%%%&éoﬁﬁﬁ&$ﬂm%%%?6&ﬁMLTW6ﬁ
CHhRIZCOEZEMATVE-HTHY. EHEBIHBZL C0.rpo0EL
THEBRLE CODERBE-O-TVS. BRETELERF-ETHIOR
COLBPBUELKTHEMLUE COREET IO THY., ERTI
PEIXI2OBCOLELMBUL, XS BMUEOBENMDEILHTH 5.
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Conversion
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Fig.5-7

Calculated and experimental resuylts of
conversions with O, flow rate,

-121-



Conversion
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Ar . :CO :CO
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Fig.5-8 Thermal equilibrium
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ZZTCOLPO0ERLECCZE>EYVTIEHEHI

Xco Fco2.e+Fco. o Fco.a
68 = . - - (5-2)

Xco * Xcoz + X¢ + 2X¢o» Fcoz.0 Fcoz.0

DESRBEORTEZCORVEMUZCOZZLIVWTIBEL-HBAERS
KO TR UEEHBFig.5-9CHd. ChIVCO0EHFEMIHL00:005
T ICORBLTEIEE DI DB,

5.2.2. ERESR

ZRIE L,LHABI C0,E CORBAELEDOBRIEBE~HERL .
Table 5-2K EBREHERT.

Pig.5-10i CORMOBEOERY 2R T. HHEXELRL -0k
HTBERDPOENHETH B, CODHEEZHPFT LCORBMU T v
BH, COLEHMMULTOII L, SC0EMARVEELVC0DE
ERTwRVWILBEDPE. OFFEMULTOIOREML DX
ERTOELHTH B, o

Ba.(5-)TRBLEABLETEREBEL £ b O KFig.5-11T 5
3. BITVFUTELLOOEFHE IS LHELRRIMAMUL TV S
B, EEMICE Fig.5-10CL,0EREL S bHLBEIKC0,0%
BEVERLEOORRBRMOB LI VB> TEY., .088H
BUBELEDERB ook, £/, THEBELRLOBEEDR
Myt s TORRRLEMOBALARTHBCLEDD B,

5.2.3. HERRBXTHH

L,HBRELOBRBEFER T o E R 2Figs.5-12~15KK R 7,
RO FEEL (Fig.5-12) >V T k& m (Figs.3-8,27) &
HET 2L 0¥ L,OERBREAEZZVEZFSALZ VR, C0LKR
AFEERARBRXTCEORBEERIATOE L Ebr 3. (1-D)
L(2-DOEHBMECOEMOBEL (I-DNEHOEHELE VX 3,
BELBLROMSE MDA (Figs.5-13,14) Tk, BERCOEEM
LTbREAEELERG, Chid. COR0.0K S KBENTFDR
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Modified Conversion
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0.75 | ArO:
10
10
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0.50 L
0.25 L
0 |
1 2 3 4

x103
Temperature [ K1 '

Fig.5-9 Modified conversions into CO in thermal
equilibrium.
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Table 5-2 Experimental conditions (CO addition)

Ar jet gas flow rate
CO, flow rate

CO flow rate

Reacting tube length

inner diameter

Quenching tube length

inner diameter

10 1/min
(7.4x10=>mol/s)
1.0 1/min

(7.4x10 %mol/s)
0-0.3 1/min
(0.-2.2x10"%mol/s)

50 mm

8 mm

400 mm
4,6,8,10 mm
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Concentration of Products

1.0

C02 F'low Rate O co
1.0 1/min 2.
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O
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0 O
50 ©
0 : .
OO O
O O
0.25 _
A A A A A
A
0 i |
0 0.1 0.2 0.3

CO Flow Rate . [ I/min 1

Fig.5-10 Concentrations of products with CO

flow rate.
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Conversion

2
1.0 1/min

' /l l
CO, Flow Rate 3200K

0.75 D/'
O
2800K
g 0OH
= A
A O A
0502 A D A i
| o O v
O 2600K
O O - |
Quenching Tube
‘Diameter
Z& 6 mm
Equilibrium @) 8 mm
—_— VYV 10mm
O - 1 | 1
0 0.1 0.2 0.3
CO Flow Rate [ 1/min 1]
Fig.5-11 Experimental results of conversions into

CO with CO flow rate.
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Mole Fraction

]

{

Mole Fraction

x10
< ' Quenching ! >
\\\\ Tube - Jco, = 1.0 1/min
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8.0 L Tube 4 CoO : 0.3 1/min| A
/CO
~N
_____._,,.__—————"“"”'———V 0,
4.0 =
/02
—_— o
0 | ] < —————
x10™2
1 i 1§
( b ) 2-D Cal.
8.0 | 7
\ cO
Z
N\
CO2
4.0 | 7
0 2
O | - /‘—h_n
0 150 300 450
X { mm ]
Fig.5-12 Calculated profiles of mole fractions;

CO flow rate = 0.3 1/min.
(a) one-dimensional model
(b) two-dimensional model
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Conversion

]

Conversion

6.0 F Quenching Tube =
\\\Reacting (Dq=8mm)
Tube CO Flow Rate
4.0 1,3 (1/min) ]
1: 0
: 2: 0.1
3: 0.3
2.0 1 \,
0 . '(Q)l-D Cal. 1
1.0 , - :
(@) 1-p cal.
A e
0.75
0.50
A
W T e e e e e e e e e
0.25 } N ]
»xi? L
N\
\/f: __________________
0 il 1 |
1.0 B ! i !
(b) 2-p ca1.
0.75 } \/3 i
0.50 } \ ]
N
1
0.25 F i
0 4 ] .
0 150 300 450
X ([ mm 1]
Fig.5-13 Calculated profiles of conversions and

temperature; D_ = 8 mm.
(a) one—dimens%onal model
(b) two-dimensional model
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Conversion
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Fig.5-14 Calculated profiles of conversions and

=4m.

temperature; Dq
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Conversion

1.0

! ! T

C02 Flow Rate Calculation
1.0 1/min 1-D —— ==
2-D
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0.25 F O 4 mm -
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0 L ! ! i
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CO Flow Rate ( 1/min 1

Fig.5-15 Calculated and experimental results of
conversions with CO flow rate.
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RLEMOEESEED>TVEW,

Fig. 5-15HERBRLHAEERLORETHS. HEFZL L
ZTCERBO0NB3DbOOLHARERARIBTVEIILEDDI S,
Bk, CORZEBMUNLERE. BLARIREPT ERETSIHEEHD C0
ORABERBY. BEXREFSRERZoh P>k, CHhBERBR
YLTIC-ORTELREVWEDTHRILEEZIONRDS.

5. 3 H.&M _
CCTHRILAAXBMUREAEZC-ORPSEC-O0O-HRLE
AEBEON~NOBLEROBE LR, LERALERL ULTR,
COFARDBIREOTHELS 0R0,2HEX. TRAEZXVEAR
OLEEFHBEEINIZDTHS.

5.3.1. EHEM K

COgi:HQ%DﬂiT:%‘S(’)iliﬁ#ﬁﬁiﬂ’& Fig.5-16lkc ™ ¥. ET&HN
FESREIERLLTHC O -HARZBOTRREET SRS
&L TH. Ar,COe,CO,O,OQ,H,HQ,OH,H.QO,CG’) 10BHEHE2Z X"
BaFEROCTR 3. ESEEREY, H&KY., RLEBEMT 3
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BEXnTTEROR0LABELSGAT WS I L Bb S, 3000KAE
COHR 0L, OBEREKRER D, FhU LB ETHC,LINEESR
C2EE s, BHTBAE 2500kBFTHY. LEMXZVWES
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FolRfcholBBLAYPERIARVWERTH . FIC(S)
HCO D EFELSHTELEL,
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Thermal equilibrium for COy+H, .

-133-

xlO3



(Fig.3-1) W RTELZ Y., OBEXH>IBEFEVHZERL T
53ETH D

Fig.5-1TR HIL.BMiR X2 LW BLBROLE/MLERLE. TITH
LROHEER Eq. -1 EHVE., THBEALRIMBEML 2V
25X ERLTVS. THEREH

COQ + H = C0 + H20 (5'3)

DESIEDERBZET B L, LASXBLPEERERES DL
ExoNB. L2mxikl it K3ELE 22000AFTHFET, ¥
ﬁ*ﬁﬁ@(Fig-S-lﬁ)‘?J}Bnkxil:ﬁﬂ:*@i lick 263, 3
Br#EBLTEY. COBERBMARBERRKEHALTLS. LU,
COREDELETRZABEERERELTHFER TRV,
:0)4’.5i:Hzéﬁ'simé-é'éz:26:4:0‘($ﬁ%ﬁb=6ti&ﬂ:$%_b
BExgzriTeEieEXOND.

5.3.2. EREE

EEE W% Table 5-3R R T ERLFEZUS.IHRELEHETD
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mEkchkpHlLTHEMLTHS. C HEERXhZOERTHY., BHHE
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5. METHSREESKEDITYF YT EEACTHELER.
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Fig.5-17 Thermal equilibrium conversions into CO.

-135-



Table 5-3 Experimental conditions (H, addition)

Ar jet gas flow rate 10 1/min
(7.4x10 3mol/s)
CO, flow rate 1.0 1/min
(7.4x10 %mol/s)
H, flow rate 0-0.2 1/min

(O.—1.5x10"4mol/s)

Reacting tube length 50 mm
inner diameter 8 mm

Quenching tube length 400 mm
inner diameter 4,6,8,10 mm
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Fig.5-18 Concentrations of products with H,

flow rate.
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Conversion
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Quenching Tube
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CO2 Flow Rate
1.0 1/min

4 mm 3000K
6 mm
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Fig.5-19 Experimental results of conversions into
CO with Hy flow rate.
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BRVAEEBL2ROVLEREVEEOH L —-HT B8, <3k
HEEDEVEEODHLRZYY, ZhARC-ORATOESITH#ONT
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BE ZREBVTHL2EMIE I3 BLEREIFH XA ELIS
RERET., SR RELSBLITEERE o 1=,

5.3.3. HEKERBP LU ES

ERTHAEBRS RSB LEC L2 EBT 2D, (1-D) T
DEBORBHEEFT o, REHAERISHTU-DOZ SERR
HFERTEY, ¥7=(2-DToifHoEEELXZLTIZITR(1-D)
TOREHE 2T . REEBEETIKRZ2LLTR CERBRVEIK
£ (Ar,C0,,C0,0,0,,H,H,,00,H,0) 2 L. ZRT <& KHE KGR
B 52 W% Table 5-4iz 3 2.

HEF#E 33 CRREEYV THEIOTCIITHRERT S, 4
BEAXRREEOMES 50.001~0.0lank L i,

Fig.5-0R MiF HOERHO XA 2w LE. Ch&kY, REER
T HOHLHEL08EREATOEILEbrd, £, CORCOLRY T
YFUTENTALTFOBENEMRLL T 3.

Figs.5-21,228 2 =z Vo F UV EE P8l imo BE LB O
FHELE2RLEBDOTCHS. F56088bL,2MxR2vBal
JIUFUTEATHEEROERRARVE, LEMx3L7 Ty
FUIEATRIEHERL, BLERETHE-> TS, Thik. RS
EEFSGEXDL. COOBERIETHZ RIBERTHEREEE

‘CH0Z ZRU-HED 1 LBV TH-2H-. COBES. CHOX S
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Table 5-4 Kinetics for H, addition?

(R1) C02 + M = CO + O + M

kqp = 1x107771+Sexp(-20900/RT) 65,66)
(R2) CO, + O = CO + O,

kyp = 1.6x107exp(-171000/RT) 67-69)
(R3) 0, +M= 0 +0+M

k3p = 1.9x10"exp(7500/RT) 65,70)
(R10) O + H, = OH + H

kigg = 1.8x10%17-Oexp(-37200/RT) 65,70,84)
(R11) H + 0, = OH + O

kqq¢ = 1.42x10%xp(-68600/RT) 65,84,85)

~(R12) OH + Hy, = H + Hy0

~ ki2f = 1.17x10371 +3exp(-15300/rT)  ©65,86)
;(R13) 0O + Hzo = OH + OH

Ki3p = 6.3x10%exp(-4560/RT) 65,70)

(R14) H2 + M = H+ H+ M
| - 6p-1.2 65,85
Kqap = 3.24x10°T ,85)

(R15) H,0 + M = OH + H + M
—_ 10 —2.0' 65 85
kigp = 1.6x1010T ,85)

(R16) CO + OH = CO, + H
kige = 3.1x10%exp(-2510/RT) 69,87)
Aynits:J,mol,m3,s,K
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Calculated profiles of mole fractlons,
H, flow rate = 0.2 1/min.
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Calculated profiles of conversions and
temperature; D = 8 mm.
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Fig.5-23 Calculated and experimental results of
conversions with H, flow rate.
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Fig.5-24 Thermal equilibrium for CO,+CH,.
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Fig.5-25 Thermal equilibrium conversions into CO.
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BXY. CHy, 2BmMT 3L BAEBEELEELTVWS., ¥/, BZED
ZVEYEERXKEW., ThBHERZ

3C0, + CH, = 4C0 + 2H,0 ‘ (5-5)
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ATWBCL2LALAETHE CLOSFBELEEFBCETS 5.
RECHL b oHCO0RERXh. EXTrUREEKSK CHs1 € TCO:
SENWNLEKBITDIEHDTH 5.

Fig.5-26 CORMOBEEER, COLp0ERLIECIDEEZH & H
Ky 3-dic.
Xco .Fcoz.a"'ch.a Fcua.o

- (5-6)

Xco + Xcoz + Xc + Xcua Fcoz.a Fcoz.o

DE3EBoh COMGEMUECH D SERT 5C0EE LA Wi
BEBLEERLEDBDOTHE. CCT CLOSERT 3000 %%
CHeOEMEBELZLVWELTVWEOHR., COBEBBETECKS2 KCO
RCOL,OBODHFTEELTEY., CRPCE)TREELTOLRVODT,
CHLOCHT AT k2B EXx6NEEHTHE, HE RSB LCH,
S EMT B L 0P oEERTECOORGHMLT WSS EXbbh 3.

5.4.2. ER&ER

EEEM#HES Table 5-5k - d. ERIBZFRIRNATHEAEALTSH
B,
CHEBAADOERE %S Fig.5-2TRRT. MEBEEH L0 EHT S
ERLFERDOENVKETHZ. LEMERABEARA 0 TCRHZ
hEBERLAAOHBEIVCLILIOENRDODONDS., ERTRT
F % CHy,Colln,Col, B P UBHEREPDE. CHhECHL, ORMHE=
BAohowrEdrEbhs, HERI3LLOSALARLREREES
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Fig.5-26 Modified conversions into CO in thermal
equilibrium,
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Table 5-5 Experimental conditions (CH, addition)

Ar jet gas flow rate
CO, flow rate
CH, flow rate
Reacting tube length
inner diameter

Quenching tube length

inner diameter

10 1/min

(7.4x10 3mol/s)
1.0 1/min

(7.4%x10 %mol/s)
0-0.11 1/min
(0.-8.2x10""mol/s)

50 mm

8 mm

400 mm
4,6,8,10 mm
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Fig.5-27 Concentrations of products with CHy

flow rate.
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RhTHEY, BEROTVBREARALKECHET S L K02 C0D %K
EXSVETHS. CRHIBELUEREPE.(5-5)THB3LZih
EimTx 3.

CHhiiZER M T B2EER% Fig.5-28tm¥. WIALRIZEQ.(5-4)TE
ZLEBbDERHOE., Y020 F 0 ELbBERE-EXREL
BALZELTHNTI3REZRLTIVS., Uy F U0 T EDEDR
BOSPRWLIBZTHONINS BBy, FHELRYL
PHBEHPEMNMULESELLRVERLTREBEEEODEZERH# SN B,
B I VF VO RBPEIELARTHY., ThoRTATH
BEMOBELALTHS. E5SRRELROEEL N TH5HEETH
D, CiBEMOBEDERETH S. ChPCH,oBEREEHNRE
WEDTH S S5.
COEOSCFALEIESEIOR. Cl, BRISKOBLEETS
RARLENOBE LDV ERVEDLEL OB,

5.4.3. #HEREB LT ZE
L.&moS4A&. (1-D) TORKBOKMEHE 2T > . #RK
BT, ZRBFETHIR2LLTIR LoB4& 09 #(Ar,C0,,00,0,
O02,H,H2,0H,H,0) W2 X, CH 2 Z DM THEUDILEE LR S CH;,
CHo b CHO 2B T1 3 W2 EZE X1z, ZRITNERIREZORIEE %
Table 5-6iZirT. S HOAFHWAxE0.002~0.0050nT H 5.
Fig.5-28 B MO ERKPDORHFTH 5. CL.kBEMBEEB
DB, COH,OH, Ho, Hp O BR X R T W B, F =, CHs,CHp,CHIXIE
CAPHBEIRBOVERTH . @MHBLOEELEKTH B,
Figs.5-30,31 BELELEDPATHIHN., ThHH. 058
ARoEREZFSRhTWD, £k, 2RVEETHHEAKTRLEE
BRIZETOTEY, ChAR1DFIHEVOHOENCLDFHS L.
ThIEFORBREENR LA T IO EEDR S,

Fig.5-320 XRMLolkE2Ry. HELKREHKBEDOL RV EL
ATOEDHE—BLTHY., BILEEFLABM EZ2EODREEDRORN
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Fig.5-28 Experimental results of conversions into
CO with CH, flow rate.
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Table 5-6 Kinetics for CH,; or C,yHg addition?

(R1) CO, + M= CO + 0O + M

k1r = 1x1O7T"1'5exp(—20900/RT) 65,66)
(R2) CO, + O = CO + O,

kyy = 1.6x107exp(-171000/RT) 67-69)
(R3) 0 +M= O +0+M

k3p = 1.9x107exp(7500/RT) 65,70)
(R10) O + H = OH + H

kKigf = 1-8X104T1'Oexp(-37200/RT) 65,70,84)
(R11) H+ O, = OH + O

kyqg = 1.42x108exp(-68600/RT)  65/84,85)
(R12) OH + Hy, = H + Hy0

kqpe = 1.17x1037" -3exp(-15300/RT)  65/86)
(R13) O + H,0 = OH + OH

ki3p = 6.3x106exp(—4560/RT) 65,70)
(R14) Hy, +M = H+H+ M

kq4p = 3.24x100777.2 65,85)
(R15) H,0 + M = OH + H + M

Kisy = 1.6x1010p=2.0 65,85)
(R16) CO + OH = CO, + H

kigg = 3.1x10%exp(-2510/RT) 69,87)
(R17) CHy + M = CH3 + H+ M

ki7¢ = 1x10" Texp(-368000/RT) ©89,90)
(R18) CH, + OH = CH3 + Hy0

kige = 3.5x107373+08exp(-8360/rT)  89/,91)
(R19) CHy + O = CH3 + OH

kigf = 1.2x10172+086xp(-31900/RT) 89,92)
(R20) CHy + H = CHy + Hy

kygge = 2.2x1072T3exp(-35800/RT) 89,93)
(R21) CH3 + H = CHy + Hy

kyqg = 9%x107exp(-63100/RT) 89,94)
(R22) CH3 + OH = CH, + Hy0

koog = 1.5%107exp(-20900/RT) 89)

-155-



Table 5-6 Continued.

Ky3g = 6.9%10%exp(-2090/RT) 89,95)
(R24) CHy + O = CH, + OH

kogg = 5%107exp(-50200/RT) 89)
(R25) CHy + 0 = CO + H + H ,

kysg = 3x107 89,96,97)
(R26) CH, + O = CO + H,

kygg = 5x107 89,96,97)
(R27) CH, + OH = CH + Hy0

ky7¢ = 4.5x107exp(-12500/RT) 89)
(R28) CH, + O = CH + OH

kKoge = 5x10exp(-50200/RT) 89)
(R29) CH, + O, = CO, + H + H

kyge = 1.6x10%exp(-4180/RT) 89,95)
(R30) CH, + O, = CO + H,0 ;

kygg = 1-9x10%exp(4180/RT) 89,95)
(R31) CHy + O5 = CO + OH + H

k31¢ = 8.6x10%exp(2090/RT) 89,95)
(R32) CH + O = CO + H

Kypg = 5.7x107 89,98)
(R33) CHy; + M = CHy, + H + M

ky3s = 1.9%10"%exp(-383000/RT) 89,99)
(R34) CH, + H = CH + Hy

k3gg = 7.3x1011p-1.56 89)

aUnits:J,mol,m‘3,5,K
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Fig.5-29 Calculated profiles of mole fractions;
CHy flow rate = 0.1 1/min.
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Fig.5-30 Calculated profiles of conversions and

temperature; Dq = 8 mm.
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Fig.5-31 Calculated profiles of conversions

temperature; D
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Fig.5-32 Calculated and experimental results of
conversions with CHy flow rate.
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Twd. COZOEELLTHANEATONDORLEIFIF XSRS,
coOES5i ClL,2BEMUESeRLANEARCELEFIBNE
pBoOBERBoRE. Ch, Cl, BERTREESKARLT
LES0T. LENMOBELFETIRARALEZZLDTES
5. FELEMKEXRTELRFEER> O Chidr 55 C0FEK
xh. ER1ATHEVOBRRORBEERSVEDTHELEHRS
n5. Ch, BEMOBAELRERRKERPBREXLLVIRTH
hEwBRREAEIOELVR B,

5. 5 CHs®MN

::TuéétC%l?ﬁ%bkﬁﬂﬁﬁ#%?&éhh@ﬁm
DEBRHODVWIBRHT 5.

5.5.1. 8 # K

Fu£43kim%émﬁﬁﬁ&%ﬁ?o%Kﬁ&?éﬁﬁﬂw4
@%g?ﬁﬂ.:%(‘:zlis‘:gif:lOﬁiﬁ}(AP,COQ,CO,O,Oe,H,HQ,OH,HQO
,C,Collg)2 L4 HERBDL Hg‘%CH:;@%%&ﬁﬁ’Iﬁ%'@zﬁé
b h b iT:CQHG‘i%'IOOK'G%%;:%ﬁbT:o

O~ ELEECLAEMOBEABK, HBLECLEHFLTIRS
hiClolke 2B KK

Xco ‘Fcoz.at2Fcens. 0

Bco = y (5-7)

Xco + Xcoz + Xc + 2Xcans Fcoz.o

?i%b.%@ﬁﬁﬁmﬁﬁsﬁp&wtﬁ?o:n%h$Mh%$
mUui-S45rRACERHBH bhTwd, REIIRL T 8L B K
BV, BEoORK %

A, i, CH E % & F &R, CHO,C,Hs0,CoH,CoH2,C2,CH20,CH,
CHQ,CH3,02001122:/\:Eiﬁiéhtfhﬁ%?ﬁ')ku ¥ C(S)H
CORERBEIFHL BV
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Fig.5-33 Thermal equilibrium for CO,+CyHg.
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Fig.5-34 Thermal equilibrium conversions into CO.
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5C0, + CoHsg = 7C0 + 3H,0 (5-8)

CEZNRE,. Colls L ENWTCOL 5 BN ERRTEIREDTHLA S,
Fig.5-35ik Cﬂ4ﬁm®%‘%ﬁ§ﬁc02ﬁ‘ SCHEEKTAC0DE 28 &5 »
I 5

o = Xco Fcoz2.0+2Fcons. 0 2Fcons.a
8o = . -
Xco + Xcoa + Xc + 2Xceous Fcoo.o Fcoz.a
(5-9)

DESk. BonCOLKDC e AERULCOEZELI W& FRK
ERERLEDDOTH S, SZTH CHLEMELERZEH » & Col,
DCRTRTCORRBEEZX, 21D C.HeDBEMEE XL B v 1=,
CHhEY, CHe2BEM T 3L COp0EEKTICO0EHMI 32 &M
bhrr 5,

5.5.2. ERER

Table 5- T EB FZx#H 257 ¥. T U T Fig.5-36k4E Yo i
mF. BHHBRCL2BMEARTH S, COERIEBVTHT T%CH,
yCoHo , Colls, Colls B E R BRI PR HRERL®CI,0ES8 L
BLERATHIZEHEDH 3. |

Figs.5-37TWEq.(5-NTEB L EBLEOEEETT. LRCH,D
BAELAULKBLEREBIEEZ2HFO TV, TOo IV 3 7%
DE. EPHELRLOBEER, BAH IV F U TOHELRETATCH
CEATHE. BEAROEBELHN T IMEIREIORETHY, Ch
HEq. 5-8)DRIE 2 Z AN ERPTEZITH S5,

SO Cl,RAUCEAPHFONDIDD, CoOHRBEMER
ABL., BETIRD2RL,CL,EMOBELEALLERE-HL £
oh b, '

5.5.3. #HHEKRBPIUEH
WS EARI (I-D)TCORKEDODEEHHZTo L.

E‘L‘

HitH VI
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Modified conversions into CO in thermal
equilibrium.
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Table 5-7 Experimental conditions (C,Hg addition)

Ar jet gas flow rate 10 1/min
(7.4x10 3mol/s)

CO, flow rate | 1.0 1/min
(7.4x10"4mo1/s)

C,oHg flow rate 0-0.05 1/min

(0.-3.7x10"°mol/s)

- Reacting tube length 50 mm

inner diameter 8 mm

Quenching tube length 400 mm
inner diameter 4,6,8,10 mm
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Fig.5-36 Concentrations of products with CoHg

flow rate.
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Conversion
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Fig.5-37 Experimental results of conversions into
CO with C,H, flow rate.
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KR, RBBRI_XTCH,0EELHUTHSB. L T,
CoHe - CH; + CH;, (5-10)

ODEBEBERERTIHEEILELIRY, R EDI AR ZEER
MPLULELSTREST. $LCLENOSSOHETSE. CL I
LACEMBEEBIERBULTILEY. CGHLOBARISISEL
RFVILEEXT, Eq.(5-10) ORBAEUBBALEREL .
U889 Tet Bk, Ar,C0,,Cl. 03RO KV REZZLIZ % 3.

Fig.5-38BERIHHTH 3. LHEYiR LPCLOBELALT
H D CHs,CHo, CHIRIEZ A X¥0TH > Je. Figs.5-39,405581 5 I 0 &
LRLBEOAETHSE. Chd LRXLOSELALEELRS S
RTWB, Fig.5- 4l CH B BN N T3 ERMLABHEOKETH
3, HtEERREEDA ROV IAPUH—BELTH B,

e, CQE2BMUESER LYCI,0EMEARCBLERELIE
MNEEBOBERBORE. ChBCUIREMBTSEIBL. #
ETBRDPELRCLEMOSELALRE R3O THS 5. kI
CHR1IDFHEVOBREOHEEN CLIVBESVEDR. X5
RBEERREE S . QI EMOSEbRIEANAELBEE5X
REOS HCREZHBRERAE LoV XX,

5.5.4. Hy,CH4,CoHe 3 im0 Hh 8

HoCHy b Colle &R 2B MU THELLRORETIRR2MER 2 R
¥, THhHRRRECEBEETIER2PRALRER2IDLEXORTE. £ C
TChE2RET B, ChoDHABMOEREROKE 2T
o BIMHAATHS H,CHy,CoHeik. Eqs(5-3,5,8)TRLU &KX
FhEFR1EIN, 3FEN, SEND L, EERBRTILEXONRDOD
THADHEK %
(5-11)
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Fig.5-38 Calculated profiles of mole fractions;
CyHg flow rate = 0.05 1/min.
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Fig.5-39 Calculated profiles of conversions and
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Fig.5-40 Calculated profiles of conversions and

temperature; Dq = 4 mm,
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Calculated and experimental results of
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Fig.5-42 Comparison of additional gases; Dq = 4mm.

-175-~

Hy
CH,
Colg



[

Modified Conversion
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Fig.5-43 Comparison of additional gases; Dq = 6mm.
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Modified Conversion
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Fig.5-44 Comparison of additional gases; Dq = 8mm.
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AFllk. ¥, AW ULTAEHOSBREXBZ3CCL.0EKKED
T, ClL,oRBEHE LU I-.

6. 1 SE#HEK
Rk z2HEBEI 2D FEHHMBEE2HEBELE. C-HRZDE AWK
., BIHERBCS)IPEKT I2ZDRDIXSKULTKD -,
gy, C,C,,CH,CH,,CHs3,CHy ,H,Ho,CoH,CoH,,C0H4,CoH6,C(S)
ArD 1492 x26-. BBHREFEHLU T,

C Fcuas.o

— = ' (6-1)

Ar Far.a

H_ _ 4Fcns.e + 2Fh2.0 (6-2)

AI’ Fnr.ﬂ

LY, BERHDOLE. EREOHER

C»o = €+ C Kp4 = ‘E"‘ (3"6)
Pce
PcP

CH = C+H Kpo = —— (6-3)
PcH
PcPu?

CH2 = C + 2H Kp1e = (6'4)

' ' PcHe2

PcPn’®

CH3 = c + 3H Kp11 = (6‘5)
Pcus
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PcPH4

CH; = C + 41 KP12 = (6"6)
PcHs
I-"l-l2

Ho = H + H Kp1z = — (6-7)
Puo2
P02PH

C.H = 2C + 1 KP14 = (6'8)
Pc2Hx
Pcipu?

C2H2 = 2C + 2H Kp15 = (6‘9)
Pc2ue
P(:2PH4

CoHy = 2C + 4H prs = (6'10)
Pcoua
Pc2PH6

C.Hsg = 2C + 6H Kp17 = (6‘11)
Pcaus

Par * Pc + Pc2 * Pcu + Pcuz * Pcus + Pcua + P

+ pu2 + Pc2nw + Pcauwe + Pcans * Pca2us = P (6-12)
Ehd., TUT, COLEpcHBPUTTH Y.,
c(s) = ¢ Kp1s = Pc ‘ (6-13)

TRDORBMEVBAEL L EBERREBRREBFELS 30
T. TOBERE.(6-13) 2EHTM L ikn . HETREMK
BROKBRIZEAL -, |
BHAFELESS. 2%9 E.(B-13)0REXRTHAES VWL E
AohABAORREE Fig.6-1ik. BRSEELRVEBAE. D%y
Eq. (6-13) 0 REFEVLEXORBEEOMEEFie.6-2 7T,
¥B 5% CS)FERTRTWEWEER (32000 LA LERT
53. ChoOEED300KHETCHANEXAERY. ThAUELOS
Brhs bt RECLIBEE RS, COVAERTAR S XEEH
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Fig.6-1 Thermal equilibrium for CHy with
solid carbon formation.
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Fig.6-2 - Thermal equilibrium for CH, without

solid carbon formation.
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THEBIIORT CHECH i ZEH Y 1000k~ 2500k C R CoH P H B &K
EhitEBER B, —FH. C(S) PERETHBIBER Cl.DE KU
CR)DELELBDPIEETHY., BEFNTIHIZIL CIPCHLEEH
wERLL, 2DV E CS)® L. BRDOELALE:R2 5D H. CH,CHs,
CHRAEBECEHREREZDR TRV,

CoHo~DEEHERECN—RT

Ocone =
2Xcon2
XC+XCH+XCH2+XCH3+XCH4+XC(S)+2(XC2+XC2H+XCQH2+XC2H4+XC2H6)

(6-14)

LEBELELEDOEHE{L ¥ H Pigs.6-3,4I5R"F. T TTC)DFE
ELROEHEMKIZB W TCHIKC B Dprecursor E X 6R S5 DT,
EHEEBELEELLT

0 conascon =
2(Xcona*Xcon) v
XC+XCH+XCH2+XCH3+XCH4+XC(S)+2(Xc2+xc2H+XC2H2+XC2H4+XC2H6)

(6-15)

CHRELELEZOEHBELRLRT. Fig.6-3RCLEELZ2EMRTE
FBAOKETH L. QL ~OGELRRERNBSFELRTRERE
BEXRBEODRTEL RV ERBR 1008E< 23 (A#%). LaL
C(S) AEET IBEH. BLREEELHD 54 3200k E) TH
A ULORAEPS (EH). —FH. CH+CIOBLRREMSEELR
DBETHEEINSTHS (LEER). ChRALFET SRR
BrAY CGLYGIOBTHEELTVWEZL2EKT 5. T LTA
EXATHEZE, BHEFELZVREZOHEEERL. BEET L
BconsEALROEEHDS. CHLOREBELRESIBATHIOEMKE—
BLTW3, REASVEEAREEOCORBHMRB VARV,
CLERE G CDRETHILERBL
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AR c(s)) o
RN
0175 L C_.H \ \\ \ —
272 NNy .
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'
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—
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o
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Fig.6-3 Thermal equilibrium conversions into C,H,

and C2H2+CZH with CH4 flow rate.
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Conversion

N
s\§ I 1 1 \
NI
NN
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v
\
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0.25
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Temperature [ K1

Fig.6-4 Thermal equilibrium conversions into CZHZ
and C2H2+C2H with Hy flow rate.
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1 .
c + H = ’Z‘CQHQ (6“16)

TEDINEIFEREHRETIILIEED, REBZLS2B3IL2h C
RUDDPEFREL L3 - DR EHEIFAERHLLExHAERE LD L,
V-0 BERBESRROMEEBEEEZERLTEY, EHRETE L
T3 (Fig.6-138H).,

L2FZMUESE0 PHEHEALESY Fig.6-4xRT. 2 n
HZEbohoH, I, 2EMT L CLOBELEBREI Y, ¥
CSPDHBBEDLBTHED»TVSE. Thd LL2MXAS3LH09ERE
K B EZEZhhifEq.(6-16)THBE X H D,

CODESRFEHEHERPORBBREONEEFELEBVWVESIIRK
T HRERCGILOAERPTFbh, T U THLoBMIEX> TCH.0E{k
RELTFB3ILBETEILHPZHD.

6. 2 ER¥E

Table 6-1R ER &M 27 T. CORRTRI TV F ¥ ¥ % ikt
Lomm D2BWEAEABHOCTERLE, 1. 73092 7Y ¥ Vi,
AHERPRTUICHAARARLCE T2 EEHELED D, K
EEEHBELEbD, AHBTCHELELDOO3BETIT 1.
Figs.6-5,6 RERPOKE R 2" T. SHWMEHKB L EHT B
ERLERDPOENKTH . EREBVTERATABEBLAESR
Ho%® Collo T&H V. CHy,Collg,Coli B PR S HERB XD R HFHE
HEBHAOERETH o F. TTREODOVIHBRAT EIRFLITK
KVRBEASCRVBRERTE Y. CS)OEBBB L I2H,,CH &
VEETEBZSLic B, Fig.6-5&k Y CH, O FEZizx L TC,CHe,
LOLtRERXEE—-—CTOHETHY, Chik CLLOKEKREX->THR
PREFREDOTVEVWILERT. LEH-T. REHZVEE
5L DCILBERXRTWBILick 3. Fig.6-6ik H2BWM U &
BOOERTHIHN, I, OBMENHXBLERLE CHLEHX
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Table 6-1 Experimental conditions
(CH, decomposition)

Ar jet gas flow rate 10 1/min
(7.4x10’3mol/s)

CH, flow rate 0.2-0.8 1/min
(1.5-6.0x10"%mol/s)

H, flow rate 0-2.0 1/min

(0.-1.5%10"3mol/s)

Reacting tube length 50 mm
inner diameter 8 mm
Quenching tube length 400 mm
inner diameter 4,8 mm
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Concentration of Products

] !
Quenching Tube O C,H,
Daiameter
2.0r 8 mm Oc
Vv H2
vVVvVvVvVVV
1.0 F
O o © 0 00O
o O g O O o o
O | |
0 0.4 0.8

CHq Flow Rate [ 1/min 1

Fig.6-5 Concentrations of products with CHy
flow rate.
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Concentration of Products

I I
CH, Flow Rate A\V4
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Di t
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4 v ]
\V4
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v O c,H,
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L Vv _
v Y5
O o0 0o OO O O
38 000 m| O
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Fig.6-6 Concentrations of products with H,

flow rate.
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CSYBEALTOVLBRZI DI B,

Eq.(6-14) TEEZEULUCCH,~OEBIEETHEREZ2EHEL - BFigs.
6-7,8CH 5. Fig.6-5 o b3 LS5 CHHEERHNL TEALR
OELRDEYD Y (Fig.6-7) ERIxF U TEDE, D%
BYH Iy F T oEBHDEYVE>EVLTLRY, TULT. £R
TOBRALEETW2500~ 2600k DC(S)BELEL RV D ~DFE
BELtEELZELOIEI DI B. 5, C(S)Q#ET&%%(DCQHa
~OEEBELABE CRBELEECHEEZREZ 2 (Fig.6-3).

Ho 2 MU B E(Fig.6-3) ik lL.oFEMEL b HBLR LN
MLTV3. TOSEEBBH IV FrToBR MV LEDR
5. £, 2400~ 2600k Colo~D EHEIEFOMIZZEL L,
CLLOBDERERLAETRBEVRE WV, |

RiERLETTOoORHERIDVWTHME T 5. Fig.6-9 BB A
BRUHEBEULET T D SENEETHD. EBRMIPVEFIPOTET
WBZ bbb, Figb-10BFARRABEEHRTEI-NTF O TENE
ET»3. SEN ZSERBREIFFCHIPVOVHATTEBRIRTED,
DEHEHR IV FOEEBERBELE 10~100mS 60V THB 2 HED
hB, KB EHOFEEE2RT. Fig.6-11CH, D&, Fig.6-12K
LEENULESEOERTHEIBLEBLbBR-»EVLLEE—-I R
BATENTZ7ARLTFHE I B, Table 6-2 R xRLoWOERT
2. L2EMXETCH, o7 NVOERMIE>THREREVR
B, BEAYCOLSLTETVWEI b B. 28, TableTHM
B 2o VvORBEFEFEFR TV I0LANERZOILDTD
5.

Bk, EBEREZSDOVTHBEULUEYE, GLOBERIFEEHFT W
DRCES)DERBBEET, TOPOLDIRELETHICLBERKZTH
31-rExzohB., £, CIik2BEBVT L.OFEMKCH,DE
L2 LRI B30T RHREBDIZLVRS.

6. 3 EHHAEILOOHK
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Fig.6-7 Experimental results of conversions into
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1
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Fig.6-8 Experimental results of conversions into

C2H2 with H2 flow rate.
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1000nm

Fig.6-9 SEM micrographs of soot at quenching tube
wall; CHy flow rate = 0.5 1 min.
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Fig.6-10 TEM micrographs of soot entrained with
reactant gas; CH, flow rate = 0.5 1/min.
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Table 6-2 Results of elementary analysis of soot
in CH, decomposition

D CH4 H2 Position
(m@) (1/min) (1/8in)
8 0.5 0 entrain.
R.Tube
Q.Tube
8 0.5 1.0 entrain.
R.Tube
Q.TUbe

Results(wt.g)

C H N Ash
96.44 0.44 0.12 0.64
94.34 0.67 0.00 0.32
96.16 1.39 0.00 0.00
99.60 -0.48 0.00 0.60
97.47 0.38 0.00 3.07
97.93 -0.21 0.00 1.76
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. IMTRREELSIZC-—HRIZBEWTHIS0KAE TikCHoH,,
H,CoHB X TH o/, £ UL TFigs.6-3,4p 6 CIMEBREMNETH
ROCERDRCEILPCGIEUTEHEELTWE, T LT, CO)BEET
ZEAIRCIEARR) £S5 Thidhifl1008 2ok, £Z T,
COFEIBRTICHNkey specieTH D L EX. CHBC(SINELT
BPCGILAELT I TCERAEBRDOMBEPREZNRDILLTKD
K5 REFNEMNT .

CoH»
H, Ho —
CoH
€C,C2,CoH2,CoH
c(s)

CDEFITR, CHEIPH L HIT % &CHic &Y. C,C2,CoH2,
Gl LEGTALEAKRRACZELERS . AEORGHERM
CrTELHAUBREEILKETE0T. BEOCHLR

Xconz=Xconz.et

Xu.etXuz.e -Xcznz.e
Xcon.e (6-17)

Xcouz.e*2-Xcon.otXn.otXuz.etXc.etXc2. e

kR B. ATFR CLOFEBEI PR T ZORCHBCHLEREL
TCS)BERL GLAZSR3EHTHY. 2HOCHOHSE 2
 XRTVBI3ORCGCIAEEREUVESERE2200GIF R R L
 BTHB., TITCE)FHAELZVEETREHFHARNZEOTVS
CERELT. FTHBEORERCOIHEREZAVE. CHEZOD
BEDLTTCRUDTCO)IBERELRLILDTH D,

Fig.6-13kx C(S)oHf HBEERT. CLLORBHFS <RI H

 CICH,CH R P REBHRTHEOLDEAL .
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Fig.6-13 Deposition temperature with gas flow rate.
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BERESRY, H, 2Mx3:EL< 3. Chit. CH, B2 2 3
CCORERELSRY, H, Z2MAB3LELIRB3-DTHB. 2h o
DREDEHEHMBE2H O TEq.(6-17) TEDOXhI3HHEEFoOLE
R%ZFigs.6-14,15 7. HERE RS CL, 0B B X THEL L
€T, LOBRMRE>TELEELTEY, EREEOER2F WL
T3 eibh s,

CHDES BB RBEEITL> TREREOEROSR B TE -,

6. 4 1XKABHEHE
BI3ETRR: (I-DTOREBEORBEHEEFT . CLILA2KROE

C BEODVTIRHULE. #HRRCS)OER. RESBLZRL. ©

DEBITEHL T Jensen*>VoRBLEEFNVESZRLE. BT
EChOSEDVWTBHET B,
R UREBARTINTIZNLARTHD. R EETIRS
2 UTi. C,Co,CH,CHy,ClHa,CHy,H,HayColl,Colla,C(S),Ar @1 2 5
P THB. ERLEAHTORELTOREEN % Table 6-3ic 7
. AMEROBYBROKOWTR. 3.3.2., AL THB0T. &
I TRCG)OEK. BE#MBIZODVWTORIMT 3.
GO TORBEEBME Table -4 RT LRI FABT &
 F3. LEE-T. ERTIRERFRCASOVTFRADY 52
 KEFBCrik%B. TLTIRGOMFOERMMIE Table 6-5
C RFRTBBTHDRS., EF. BAORT PUHERBC. AP KRG
CEDXRBZREBIEEC,C,, CIBRIBT SR EDERER B,
REL. COERBCGOAANERLOBERS Y B0(s) 2 0 EH
 EXVBEVSARREDbRROEEE Lk, KiP,OKT BP0
KNI RETIBLR2EYBS. 1OHUERELLEG KXP, 0K
 FERIELTP . KRB ATHS. 2OHUP,ONTRP,OKT
 BEEUTCHELD. BERTEEATH S,
- NFoRE®2
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Fig.6-14 Estimated and experimental results of
conversions into CyH,y with CH, flow rate.
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Conversion
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CH, Flow Rate O 5 mn
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Fig.6-15 Estimated and experimental results of
conversions into CZHZ with H2 flow rate.
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Table 6-3 Kinetics for CHy decomposition?®
<Gas Phase Reactions>

(R14) H, + M = H + H + M

Kigp = 3.24x1007°1-2 65,85)
(R17) CHy + M = CHy + H + M

kq7¢ = 1x10" exp(-368000/RT) 89,90)
(R20) CHy + H = CH3 + H,

koof = 2.2x1072T3exp(-35800/rT)  89,93)
(R21) CH; + H = CH, + H,

kore = 9%x107exp(-63100/RT) 89,94)
(R33) CH; + M = CHy + H + M

k33¢ = 1.9x%10"0exp(-383000/RT) 89,99)
(R34) CH, + H = CH + H,

k3g¢ = 7.3x1011p-1.56 - 89)
(R35) CH, + CH = C,H, + H

kygs = 4.0x107 89,100)
(R36) CH2 + CH2 =~C2H2 + H,y
| k3gg = 3.2x107 89,100)
(R37) CH + H = C + H,

k3g¢ = 1.5%x108 89)
(R38) C + CHy = CH + CHg

k3gg = 5-0x107eXp(-100000/RT) 89)
(R39) C + CH3 = CyH, + H

k3g¢ = 5.0x107 89)
(R40) C + CHy = CoH + H

kgof = 5-0x107 89)
(R41) C; + M =C + C + M

Kg1r = 3.98x1072T3exp(108000/RT) 101)
(R42) CoHy + M = CoH + H + M

kgp¢ = 3.6x101%exp(-445000/RT) 102)
(R43) C,H, + H = C,H + H,

Kaze = 7.7x108exp (-109000/RT) 102)
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Table 6-3 Continued.

(R44) CoH + H = Cy + H,

Kyg¢ = 6.0x107exp(-75200/RT)
(R45) CoH + M = Cr + H+ M

kgs¢ = 3.0x10%exp(-476000/RT)

54)

102)

aUnits:J,mol,m'3,s,K
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Table 6-4 Characteristics of discrete particle

size classes

Class of C Atoms Particle Radius(nm)
ni rp,i
A 4 0.2
B 23 0.38
c 360 0.95
D 5080 2.3
E 7.80x10% 5.7
F 1.44x%100 15.0
G 1.32x107 32.0
H 1.06x108 63.0
I 1.47x109 150.0
J 2.32x1010 380.0

-206-



Table 6-5 Kinetics for CHy decompositionb
<Particle Formations>

1. Initial growth

B = (np-ny;)/ng
— -18
kig = 1.0x10
2. Growth
Pj + BG = Pj+1 (+ BH) . G=C,C2,C2H
= (ny,1-ny)/ng
= 1x1073
3. Coagulation
Pj + BPi = Pj+1
B = (nj+1—nj)/ni
y =1

bUnits:J,m'3,s,K
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Pj + ﬁ P; = PJ+1 (6'18)
B = (nj+1-n;)/n; (6-19)

DEIREZBADERTRBEIIRERNZIAHEARIGEALCESICTY
B> CERTE,

dP;

— = -f;;P;P; (6-20)
dt
dP;
= -f;;P:iP; /8B (6-21)
dt
dP; .4
= fiJPiPJ/ﬂ . (6'22)
dt

LB, ST BUBREEEECERTHY, Jensen®* Y ORRUL I E
FIEHBRR., COHER22DORFOERFELEEER Y LY

fis =
y (NkgTv/2)%-50(rp. i3+, ;) (rp. i4rp. )%, i 7%, 7301000

(6-23)

TELEBIEHEL I-.
—HEHTBILYSAD oK FITBEL TRRKDKS Rk, Bk
Bhd. £RiCE

Pc + G =Py

Pc + 1180P, = Py

P + 205Ps = Pp

Pc + 13Pc = PD
CTHH, HERKE

Pp + BG = Pg
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PD + 18230?9 = PE
Pp + 3170?3 = Pg

Pp + 203Pc = P¢
Py + 14P; = Pg
Pe + 268P, = P¢
Pr +  2315P, = P
Pe + 18268P, = P,
Py + 268504P, = P,

P; + 4277559P, = P,

rus,

UEDXSUEHHEEZASIN., COLEEERBYy LUK EHE
kic OHI2rRHER DI ORVOT., EBRHARESI IS 6D
L X E . £ O HTable 6-51 7 F.

WHBERELCR3.3.3.LAREEE LE, /. CS)OKER
MU L. HEEE. FHEZEUTRTHELELOLARTS B,
HETCOMBWAxIE5x10°4~0.00200C % 3.

B DE R DA R Figs.6-16,1Ti " ¥. CH D # D% & (Fig.
B-16) TR CH T < AMEh. LVCILAERXABHE BET
HBRERTCH,CH R 3. £/, H10mTCS)OERIBES. I
BB 4R HLRCHiZELLTw<, 2L C100mABETRAR S %
DELEB W, 25, BREDRTORVERARELAY 0CH o
Fo N2 BMUEBE (Fig.6-17) HEHEZ DS RVHE, CRC0
ERBEHEARL, TOPDIRE CoH PR ERIATH 3. 2L
T. BLR3LOEREERSEDRCS)DEALRIEBZLED
o5, FRhoDHIXY, RIEWHTRERRDCE DB CHPCHD
WTHEL., GIERBK DR TCGLYC(S)EMMLTEY. 6.34
DEEH AP 6D RBEETOEF L LHIEL T B,

BELEAB(O c2v)OM ML % Figs.6-18,19 " ¥ . Fig.
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Fig.6-16 Calculated profiles of mole fractions;

CH, flow rate = 0.5 1/min.
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Fig.6~18 Calculated profiles of conversions into C.H

and temperature; CHy flow rate =

0.5 1/min.
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Fig.6-19 Calculated profiles of conversions into C,H
and temperature; H, flow rate = 1.0 1/min.
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Fig.6-20 Calculated and experimental results of
conversions into CyH, with CHy flow rate.
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Fig.6-21 Calculated and experimental results of
conversions into CoHy, with H, flow rate.
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Fig.6-22 Concentration profiles of particle classes;

CHy flow rate = 0.5 1/min, Dq = 8 mm.
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Fig.6-23 Concentration profiles of particle classes;
CHy flow rate = 0.5 1l/min, Dq = 4 mm.
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Fig.6-24 Concentration profiles of particle classes;

CHy flow rate = 0.2 1/min, D, = 8 mm.
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Table 6-6 Properties of A-heavy oil

Elementary analysis c: 87.0
(wt.%) Hs: 12.6

N : 0.4

Average molecular weight 226
Specific gravity 0.8667
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Fig.6-27 Thermal equilibrium conversions intO,CQH dar
and CyH,+C,H with heavy oil flow rate‘¢¢‘ ¥ff
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Table 6-7 Experimental conditions
' (heavy oil decomposition)

Ar jet gas flow rate 10 1/min

(7.4x10”3mol/s)
A-heavy oil feed rate 0.39,0.78 ml/min
H, flow rate 0-2.0 1/min

(0.-1.5x10"3mol/s)

Reacting tube length 50 mm
inner diameter 8 mm
Quenching tube length 400 mm
inner diameter 4,8 mm
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Fig.6-28 Concentrations of products with heavy oil
feed rate.

-226-



1.0

Heavy 0il
Feed Rate(l/min)’
Ouenching Tube | | O  0.39x1073
Diameter -3 U
8 mm ) [ ) 0.78x10

-
A
[72]
| -
2
- 3000K
O
(@) -~
- - ® Equilibrium
- O
e o e — — —-
e /
/ .
0.4 ] ]
0 1.0 2.0

H2 Flow Rate [ 1/min 1

Fig.6-29 Experimental results of conversions into
Cy;H, with heavy oil feed rate.
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500nm

Fig.6-30 SEM micrographs of soot at quenching tube
wall; heavy oil feed rate = 0.39 ml/min,
Hy, flow rate = 1.0 1/min.
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Table 6-8 Results of elementary analysis of soot
in heavy oil decomposition

D H.V. Hy Position Resdlts(wt.%)
(mﬁ)(ml/min)(l/min) C H N Ash

8 0.39 1.0 entrain. 97.85 0.10 0.00 0.00
R.Tube 98.66 0.24 0.00 0.00
Q.Tube 96.11 0.78 0.00 5.60
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Fig.6-33 Estimated and experimental results of

conversions into CyoHy with heavy oil feed
rate.
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~kot (Cco2.etlco2)(Co.etdo)tka, (Cco.etdco) (Coz.etdo2)
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k2tCco2.¢Co.e = karCco.eCo2.¢ (7-11)
dC .e
22t s (7-12)
dt

V., Eq.(7-9) i

ddcoz
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= [-kitCh.e-korCo.eldco2 + [ki Cn.eCo.etkarCo2.01dco
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- ddo
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(7-21)

(7-22)
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(7'13’
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at2 = -LkirCco.eCn.eo katCco2.etbr12(kirCn.eCo.e
+korCo2.e)*bazkarCeo.c] (7-27)
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+bay (k2. Cco.e*+2ksrCn.o)] (7-28)
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Fig.7-5 Estimated and experimental results of
conversions with O, flow rate.
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conversions with 02
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Fig.7-9 Estimated and experimental results of
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Estimated and experimental results of
conversions with H, flow rate.
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Fig.7-12 Reaction-rate and cooling-rate time constants

for CH4 addition.

-256-



(

Conversion

0.75

]
|
| 1.0 1/min
i Quenching Tube
0 | Diameter
l O 4 mm
ZEN\\-f"6mm JAN 6 mm
0.50 ‘ O sm | _
[ i VY 10 mm
|

CO2 Flow Rate

yd
v 8mm
T iz
Vi l /////
\\%—T—1~10mm gg
1 P
0,25 0 1! i
' ‘01 8
oy - Eg
LI E]
by ! H é§/lga Estimation
4>i'lk é}/’ with Q.Temp.
Q107
|
V//
] L
0
0 0,05 0.1
CHq Flow Rate [ 1/min 1]
Fig.7-13

Estimated and experimental results of
conversions with CHy flow rate.
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Fig.7-14 Reaction-rate and cooling-rate time constants
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Fig.7-15 Estimated and experimental results of
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Fig.7-16 Comparisons of experimental, calculated, and
estimated results of conversions with co,

flow rate; Dq = 8mm.
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Fig.7-17 Comparisons of experimental, calculated, and
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Fig.7-18 Comparisons of experimental, calculated, and
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X COLDRBMEBRBOTSEEHOI A RN A ILEMLETOEER
BR. ERECGLOSEREBEPVT. LEMOLEZHIRIEDWT
ERY., BHROILBHLE, 2L, JxvF Uy THBEOERLEL
T. BT VF U BROFMELRREL, T oRtZEHI
FUITRODOTOELF TN RBERLDVTEERL .

LT AMEOEHFZ2ARNS,

B1EMHE] TR, BREOWME2EHEL. AWREOHEHBZEHSL
»»EEU k.

CPARRTD (RGO BDEGHE BY I TV F> 7 -] TROEHH
HTHIBMIZTUVF UV ITREDVTIRHE L I

CORAMOEE. 7T VvF U IHFEREVEBY CONDELEFERE
S hZERBEBORE, £, NEREBPVWTHBHRBKETHY., 7
VFUVITHEEDODECHODEEN~NDEAFRIE LS o .

1AREFNVPBIC2RRET VR IBARLOBIERBINET - I-
ER., 2RAESNVCREREOSALPERALO BB Hoh.,
BohlERAERRETHEIIBibdok. 1LRXRTETFTNVTORN
HEWE CLAMOBEERBRERBE LB BB bh. EFNVORLHE
BHAXAERE, NVERTCR—BBPHEORT. CORKTRA+2
CHBZ bk, BEAREEERBALEBETRKEST, 1
KA EFVORYHRENERYO SRBREEORERERILL DD
nDEEZXORI,

CHhODBEBIFIZEY., BH IV F Uy IBREBTIERD
ZLEPRISHBEBEEYH O REY., CThS 200G FEREHHET
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bhTwadzedbhok, ¥, CORBLrIIIEELRY >
FUOITMNBDODRETDIENTEI-,

SPART2> TRISED{EFHHE -FMAAOHE-I Tk, b¥HH
Bizo0wT, FAOEMRXB3E2HGRE2BRHL -,

CODPBIZBVT., 0LP02FEMLESARENLLEVE S
CONDBIERIZIEI AT RERRL., EZ2HYRER IR Pbo k. Ho®
BMUEEE, BoREO~OBELRERENMARLL b 1EAS
SEAPULER, IMTd2038EE2RL. CEZHFIRIZ ORI,
CHa® CoHeZHRMU-BE D LEBLERPBORE. 1 KRE
FVREIRBEOBERBITOER., COFBRRBRARELET S 1
FFrdlbbhok. ¥LOREBTPEREZORKBI XV,
HoyCHy,Colly RMMOERDPEAB BN EZ R I ORE KO BERRE
BT 3 EZSRIT-.

CoHoDERIZBE TR 2B MT BLCCIL~0EBELEHI LR L.
LEZHIRBPHFORT. BHEKREBCOS)OERK. KEBBZ2EZRTV
Rl RAEFVEEXERBORBHEEIToLER. ThEC(S)
DBRERDICOERPILBEMIIEXVIAHXHhDI-DE2EZ NI,
FERCOHEREDTHITOREDYHEY., LEHICHBA IR DI .
#HHEh. TR Z2IDORIEHZADEE 2 FE (key specie)
ELULTHYBEFHRLEESTSVERHOCTERERR2BHTE -, ‘

SPRRTD> T2 x>Fr7HBE] TR, PEAB LT ENI =~
FUOTBRBIZDODVTESEL .

BRI F U 7oFqMEE LT, REBEREAHBEREY
EHXhB I F Uy THRERPHORLHEEEER2RELE. TOER.
HARMODEGEDLDED T, ORH® NDERKDOVTHhDEED.
RESERERBOMALRY L. COMBEOENEERBL L.

Fh, LEH I FUOTEOVT, <PRRTD> OKER25FE AR
BOXTOEIFTRIODTRELE>PVWTIRR, {tFEH I VF T o
E9EEERL .

BOETKEEI TH, COWBROEREZELEL I-.
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Appendix

BTIETCREBHER2FAHI SISO, N-ORBLXEC-0 -

HATOBEGBRAZULTRRT.

(1) N-O% T

dﬂno

it = [-ketCn.e-k7¢Cn.c-kgrCo.o"4korCno.oldno

+ [kerCn.eCo.o-k7rCno.etksrCoz.eldn
+ [kerCh.eCn.ctk7rCn2. e ksrCno.eddo
+ [k7:Co.e*2kotCo2.eJdn2
+ [kgrCn.e*2kgrCnz.eldoe

ddo

= et e rc .e
dt [kacﬂ. k?fCN. k8 1] ]ﬂNO

+ [-kerCn.eCo.etk7¢Cno.etksrCo2.eldn

(A-1)

+ [-4k3,Cn.eCo.0-kerCn.eCn.o"k7:Cnz.e-KksrCno.eldo

+ [-k7,Co.eldn2
+ [2ks¢Cn.o+kstCn.eldo2

d dn

= e et rC . €
it [kerCn.e-k7¢Cn.etksrCo.eldno

[-4ks:Cn.oCn.c-kerCn.cCo.e-k7tCno.c-ksrCoo.eldn
[-kerCn.oCn.ctk7rCn2.otksrCno.eldo
[2ks¢Cn.etkerCo.eJdn2

[-kstCn.oldo>

A + Ano t 28n2 _ 2Fn2 . e
dar Far.o

Ao + Ano * 2802  2Fp2 .0
dar : Far.e

dar + Ano * v + Av + o2 + Ao = 0

BT, BREEHORXK

+

o+

+

-+
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(A-2)

(A-3)

(A-1)

(A-5)

(A-6)



t t
Ano = Ayrexp(- —) + Ay exp(- —) + A exp(- -E-)
T 1 T2 T 3
t
do = AgjeXP(' _t—) + Aggexp(- _"_') + A239)(13(' "F_)
T 1 T2 T3
t t
I = Azrexp(- —) + Azrexp(- —) + Azzexp(- -E-)
71 T2 T3
TH5Ezx6h b

(2) C—-O-H%Z"'Ti

dicoo>

it = [-kifCn.e-korCo.e kiorCh.eldco2

+ [ki1:Cn.oCco.e karCco2.eldo

+ [ 0 Jduzo

+ [kisrCco.eddon

+ [-ki6rCco2.o1dn

+ [k1:Cn.oCo.etkorCo2.e+Ki6rCon.cldco
+ [k2rCco.eldoo

+ [ 0 Jduo

-0 = [kitCx.e-k2sCo.oldco2

(A-7)

(A-8)

(A-9)

(A-10)

+ [-kirCh.eCco.0-k2tCco2.06-4k3,Cn.6Co.e-kiarChz.e

“k11+Con.e-k13¢tChzo.eldo
+ [-ki3¢Co.edduzo
+ [kiorCh.c-k11rCo.e¥2k13:Con.eldon
+ [kiarCon.otki1rCo2.eddn
+ [-k1:Cn.eCo.o*karCo2.eldco
+ [kerCeo.o*2karCn.o*kitsCu.oldoo

ICH, BRI CH T Mo EE. ERToOREHEKER I.BEMoB & &
AETHI20TCHKEBEXhBRIGWE Table s-dicdbF b2V

=a
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+ [-kiorCo.eldu2 (A-11)

W20 - [0 oo
+ [-ki3¢Ch2o.c]1d0
+ [-ki2rCh.e-kisrCo.o-kistCn.elduzo
+ [ki2¢Cuz.e+2kis:Con.etkisrCn.oCh.eldon
+ [-ki2rCh2o.etkisrCn.cCon.eddn
+ [ 0 Jdco
-+ [ 0 Jdoo
+ [ki2tCon.eldu2 (4-12)
dng = [ki6rCh.eldco2
+ [kierCuz.e-ki1rCon.e*2k13¢Ch20.cl14o
+ [ki2rCu.e*Zki3¢Co.ctkisrCn.elduzo
+ [-kiarCh.e-ki1rCo.c Ki2tChz.e-4kisrCon. e
-kisrCn.eCh.e-kierCco.oldon
+ [-kiorCon.etki11Co2.etk12rCh2o.e-k1s5rCn.eCon.e
+k16rCco2.eldn
+ [-kisrCon.eldco
+ [k11¢Cu.eldo2
+ [klﬂfcole_k12fC0H.e]dH2 (A-13)
dgz = [-kierCu.eldcoe

+ [kiatCuz.etki1rCon.eldo

+ [-kiarCh.etki1rCo.c*k12rCh2.c-kisrCn.eCu.e
+k161Cco.eldon |

+ [-k1orCon.o-ki1rCo2.e-K12rCh20.0-4k14,Cn.oCH.o
“k15:Cn.oCon.e Ki6rCcoz.eldn

+ [k16rCou.eldco
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+ [-ki1¢Ch.eldo>

+ [kiarCo.etki2¢Con.e+2k1a¢Cn.eldu2 (A-14)
Acoz * dco - Fecoo.atFcua.0t2Fcons. o (A-15)
dar Far.a
28cootdco Ao_* 2402 * dow * w20 _ 2Fco2. 4 (4-186)
ﬂar Fnr.B
M + 2842 ¥ dow + 28u20 _ 2Fu2 . ot4Fcuas.a+6Fcous .0
dar Far.e (A-17)
dar + fcoz + dco + do + do2 tdutBuotBuzotdon= 0 (A-18)
R0 TCTHEEFHOARK
t t t
fcoz = Ayrexp(- —) + Ay exp(- —) + Ajzexp(- —)
T 1 T 2 T 3
t t
+ Aygexp(- —) Aisexp(- —) (4-19)
T 4 Ts
t t t
Ao = Arqiexp(- —) Aroexp(- —) + Arzexp(- —)
T 1 T 2 T 3
t t
+ A248XP(‘ ——") Agsexp(- _—) (A"ZO)
T 4 Ts
t t t
dv2o = Azrexp(- —) Azsexp(- —) + Aszexp(- —)
T 1 T 2 7T 3
t t
+ Agqexp(- —) + Azsexp(- —) (A-21)
T 4 Ts
t t t
dow = Agrexp(- —) Asoexp(- —) + Assexp(- —)
T 3 T 2 T 3
t t
+ Aggexp(- —) + Agsexp(- —) (A-22)
T 4 Ts
t t t
Ay = Asqiexp(- —) As,exp(- ——) + Asszexp(- —)
T 1 T 2 T3
t t
+ Asgexp(- —) + Assexp(- —) (A-23)
T 45 Ts
5,
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Nomenclature

frequency factor [1/s]
coefficient of Egs.(7-30,31) [m3/mol]
coefficient defined by Egs.(7-26~29) [1/s1]
coefficient defined by Egs.(7-20~23) [-1
mole concentration of i species [mol/m3]
specific heat [J/(kg"K)]
tube diameter [m]
diffusion coefficient of i species m2/s]
activation energy [J/mol]
molar flow rate of i species [mol/s]
coagulation rate constant for i and j particles

j (m3/s]
Gibbs free energy [J/mol]
enthalpy of i species [J/mol]
enthalpy flow {wl
total enthalpy [J/kg]
bulk total enthalpy [J/m3]
equilibrium constant [ST]
thermal conductivity [W/(m°K)]
Boltzmann's constant [J/K]
rate constant of i-th reaction [mol,STI]
initial particle growth constant [1/m3]
molecular weight of i species [kg/mol]
mass flow rate [kg/s]
Avogadro's number [1/mol]
Nusseelt number - (-1
number of carbon atoms in i particle [-1
pressure [Pa]
particle concentration of i particle [1/m3]
Prandtl number ' [-1
partial pressure [Pa]
heat loss (W]
tube radius [m]
gas constant [J/(mol°K)]
reaction rate of i species [kg/(m3*s)]
reaction rate of i species (mol/(m3+s)]
Reynolds number [-]
radial coordinate [m]
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<Greek>
‘heat transfer coefficient

< ™ R
-

-

W X =2 < 2 |9 8K
e e ‘

A~ D < =T D>

reaction rate of i-th reaction
particle diameter of i particle
entropy of i species
temperature

time

axial velocity

radial velocity

specific condensed phase volume
weight fraction of i species
mole fraction of i species
axial coordinate

coefficient defined by Eq.(6-19)
sticking probability
infinitesimal

conversion into i species

viscosity

stoichiometric number of i species

‘density

time constant

<Superscripts>

m
1

modified
outlet

<Subscripts>

O £ KO HO QO

bulk

cooling

equilibrium

forward

quenching

reverse or reaction
standard

wall

initial
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[mol/s]
[m]
[J/(mol*K)]
[K]

[s]
[m/s]
[m/s]
[m3]
[-]

[-1

[m]

[W/(m2°K)]
[-]
[-1

[-]
[kg/(m"s)]
[-1
[kg/m3]
[s]
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