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Combustion Rate and NO Emission during Combustion of Coke Granules in
Packed Beds

Eiki Kasal, Shengli WU, Takeshi SUGIYAMA,
Shinichi INABA and Yasuo OMORI

Synopsis :

Combustion experiments of coke granules were conducted using a sintering simulator in order to examine
fundamentally a way to reduce NO, emission from the iron ore sintering process. Existing state of coke
and kind of adhering materials were variously changed in the experiment. ’

For any coke granules, conversion ratio of N in coke into NO in outlet gas was high in the early stage of
combustion because of relatively low temperature of the coke surface. Therefore, depression of combus-
tion rate in the early stage can be a key to suppress overall NO emission. In the case of the coke granu-
lated with fine materials which would not become to be melt, however, not only the conversion ratio but also
combustion rate of coke decreased comparing with coke particles without adhering fine materials. On the
other hand, in the case of the coke granulated with fine materials having the composition of calciumferrite,
CF, combustion rate did not decrease much because melt formed in the early stage of combustion removed
quickly from coke surface and the conversion ratio was vanishingly small.

On the basis of these results, sintering tests was carried out with a laboratory-scale sinter pot using
pregranulated coke with fine mixtures of iron ores, limestone and burnt lime. Reduction of the conversion
ratio into NO, in outlet gas was obtained by about 30% for P type coke and more than 40% for S type.

Key words : iron ore sintering; coke combustion; NO, formation; pregranulation; conversion ratio into NO;
sinter pot; existing state of coke.
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2-1 a—7 ZABERNFORE

REBRIMHEH LB EH I — 7 ZI13K5 9.82 mass%
DHLDOT, FERKZEBLT N OGHEFRIIZLZh 85.5,
1.06 mass% T# % (Table 1).
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S, S, PEa—7AfT*RAELLL. S HIFERD
Wk -2 Z2THD, 1.0-1.2, 2.0-2.4, 2.4-2.8,
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L, FiJ¥ 2.8-3.4mm & L7720 %RE & L7, &k
D72 DfE L L Tid, Al,03, Fe, FeO, Fe;0,, Fe,0s,
Ca(OH),, CaSO04, CaCO; D HILFERE S L UHIKA,
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Table 1. Composition of the metallurgical coke
used for the experiments.
Elemental composition Fix. C N S H-
(mass?% ) 85.5 1.06 0.50 0.38
Ash composition T. Fe Si0y Ca0O Al;03 MgO
(mass% ) 157 45.7 4.8 22.3 1.7

Ash content : 9.82 mass%

Ca (OH),, Fey03 BLU IO DRAH%HEHL /.
BUKFHPOI— 27 ZEE X 20mass% & L, 2.8-3.4
mm OREFHEZHE & L. PROBEOENEG O
Kied STHLAEAMKE T 5.

S, PENTOERNI/NEF 1 ALY AHF— (B
#£0.5m, EEHEE 0.5s7") 2MHL TKDEMR %
MOAT o7z, VER L -BPKT 13, RELXEI</OKS
EEALZTE, BOSAEE LT LZBE T VI FE
(2mm¢) LRAL, FISER~THRL 7.
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BWTid, RBBE 9 1050°C gk L TEREVES
D CaCO;3 %57k & ¥ 721%, P O F R [ HIE L 7.
BAN A TR (N, 80, 0,20vol%) & L, Wi
it 80 Nl/min (BREEHDZLLEEE 0.47m/s) —F & L
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BRI AR CRIE L7z, H RGBT BB

3
%ﬁ

= |
/|
B
R 13
6 W 14 10
7 nl

1 Mass flow controller 2 Gas mixer 3 Outer alumina tube 4
Preheater 5 Digital manometer 6 Infrared heater 7 Inner
alumina tube 8 Solenoid valve 9 Stainless steel tube for water
cooling 10 Infrared gas analyzer 11 Gas cooler 12 Data
logger 13 Alumina bed 14 Sample bed 15 Thermocouple

Fig. 1.
the iron ore sintering process

Schematic diagram of the simulator for
9.
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Table 2. Mixing ratio of raw materials and che- = 400 . : ‘ .
mical composition of mixtures for sinter pot tests. -i‘f S' type
“a Preheating temp.: 1000°C
Mixture A B C < 300 —
Hamersl 5.9 27.3 33.2 = )o-.amm
amersley . . . '5 -_——= 2.0-2.4 mm
Carajas — 7.3 7.3 g
Rogejriver — 6.6 6.6 —200+~/ . T 2.4-2.8 mm _|
Raw Riodoce 3.7 9.6 13.3 =1 —— 2.8-3.4 mm
materials Limestone 6.1 4.1 10.2 =
(mass% ) Burnt lime 1.5 0.4 1.9 =
Silica sand — 1.3 1.3 2100 -1
Fine sinter — 22.1 22.1 s
Coke 4.1 — 4.1 =
g o 1
Total 21.3 78.7 100 &)
700 T T T T
T. Fe 42.3 60.5 56.6 o
Chemical  (Fe203) (sg.gé (sg.gg (81.0) Z 600 NO
) 1 . . . .
)" CaO, 33.02 1.88 10.80 Z500 ;-g:;i mm: 8':55—
Al,03 1.44 1.77 1.74 = . . m: 0.
0.33 0.10 0.21 £ 400 2.4-2.8 mm: 0.211 _
= 2.8-3.4 mm: 0.181
= 300 -
<«
KA, 90% IBEICBVTVWTRD 3s WTTh 5. § 200 -
HeA B TRET S NO, @9 b NO, il E NO © S 100 _ -
2~3% BEWVTHY, S5IZIBLALNI—2 ZAFD 0 NG T — |
0 20 40 60 80 100

HWHEICHE TS Fuel NO THAH I LAHERERLTW
LIy KEERTIE NO, OFEZEHL, BAET
% NO, i34 T Fuel NO & LTHD o7z, I—2 R
PRBE R PR R R & 0 BEER & Rk O T EY TR
¥, 2—2 A2 N O NO ~O TR Fo 13K\
THIE L 7.

FQo=J/KF,Cnodt My/ Wc/Vy/Fy/x (1)
ST, s BT AGHOMRELER LABERFTHD,
PR 53 (W

x=[§F,(Cco+ Cco,) dt Mc/ W/ Vy/Fc -+ (2)
S5, NAI—2 AFICH—IHHMLTVELDL
REST S E, BREDOEEOREI BT HEERE Fyo
ERATERTE%.

Fno = Cno Fc/(Cco + Ceo,)/ F/x woveeeeeeeenes (3)
2-3 pERBERER

BeiER OB E E 320 mm, MEE 105mm THY, Z
OREFECIZRR S L OBBEOMIEEEME LTH 10
mm DESTHLFEEL TS, BROBREIEBE?S
100, 200, 300 mm D F I B W THBEIFICE D IEL
fo. F 72, PE A 2D NO & NO, DEFTOBRE %L
HERNAT AGHE AV THIE L. FRiZ 7oy
H A% BT, FAEEREIE 1min & L7,

AREBRICB 1T 5 FEFEEA % Table 2 1IRT. T Hhi
i, 2— 2 2AENAOREY A, TOMOFEROES
* BTRLTWAS., ADFERIZOWTIE, SEa—7
ADFEREEICIZ T — 7 2AKEE 1.0-3.0 mm, fROFEHE
i —0.25mm & L, PEOBAICEI—27A%EDT
RT —0.25mm DREOLDFMHE L. A & BoE
WICRFNENTF A ARV A HF—, FTLIFH—

Time (s)

Fig. 2. Effect of particle size of S’ type coke on
combustion rate, NO concentration in outlet gas and
averaged NO conversion ratio, Fo .
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W2h7:5T Fno B—ETHAHDIK LT, REFEOKE
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Fig. 3. Relationship between cumulative combus-
tion ratio and momentary NO conversion ratio, Fyo -
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REVBLTHIEPFEKMTHD Z AT shTn
B 7, Fuel NO BS54 E 2 oh bk~
DERISDERALZ ZF N F—E, - 27 2HBBER
WYX /S, BELRICES T NO 04
BB EBE DS 2 — &7 2 BRBEHRE L L MR RIS
S hZELHHD—DEELZLNL, LI-4- T,
NO SAEBKBKOBA A 513, PREEWMEIIC 1) 5 Bk
JERIGI B E 2 B, COZOIIMRIRTEREEL 20V,
ZbhbEKBEOBI— 7 ZADFEHEHHVIZT— 7 R
DEFmMEE 5 K O, IRE T TIT X 5 & 9 LBaRk &
DERENVLBELEIOND. ZDEH)BEZHIKTE,
A& ZH%iRT A SHET, $BEF PETERT AL
HOFF:% S SR L .

SHEDa—2s ZRKFHE, BLAENE S HBIN/NEL
PREERIE %78 L7z, Fig 4 i3, S(ALL,O3), S(Ca(OH),),
S(Fe;03), S(FeO) D54 OMRBERRE L PE 7 2 b
NO RENZALTH 5. Rk 3 > DOWRBERE 1213 1FF—
Thh, MLa—r AfE (2.0-2.4mm) THh5 S F
(Fig. 2) X ¥— 27 MHIZBWTH 1/2 £ 40, BREEEE
MLEE L. NOBEOY— 7 3BEFRELD > v —
TEFRERLTED, L2 bBEEOBIIICAEL T
VWh. S(FeO) Tid, &5ICHBELEEIMERT L, i
RIS KIRICIER L T b, EBREORE» S, (&
BB IHEE LB L L T s B BEsh, 0o
BEE N 2 DI A IR SN2 bDEEL NS, NO i
ELEWERZRLE. CASOEBLVFHELa—2
AFEERBER L Fyo OBFR % Fig. 5 WO/RT. #EER
HTD Fyo DR THEMIT S SHICHEE LS. Lo L,
S(FeO) idfho> 72— 7 R @Mk 7 & B4 0, #RuEmiH
Fyo WRABICIKRT 5., CoHBo—>2& LT, FeO
OB LI X 2R EZONS. S(Fe) 2B E L7

-
(41}
o

T T T
Preheating temp.: 1000°C

——— S(AI,0,)

--~- S$(Ca(OH)z) _|

T
S type

100

n
(=)

Combustion rate (mol/s¢ cm"’-bed)

0 =
300 T T I ,

= F’no
2250 B S(Al,Oq): 0.225 |
2004 S(Ca(OH)z): 0.233 |
H S(Fe,03): 0.188
g 150 S(FeO): 0.086 ]
S 3
S 100 ]
S 50 N -

0 I _ S
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Fig. 4. Combustion rate and NO concentration in
outlet gas during combustion and averaged NO con-
version ratio for S type coke with coke cores of
2.0 to 2.4 mm in size.

0.7 |. T I I !
o.6L | S type Preheating temp.: 1000°C
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b
ool N\ ]
0.2\ T T
ol S TG 7
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Cumulative combustion ratio (-)

Fig. 5. Relationship between cumulative combus-
tion ratio and momentary NO conversion ratio, Fyo .

BELRAROMEMEIRL 72, FRo & TORM CH—
WED S THLDELS 2D, FiZS(FeO) Tid 0.086
TIRT L7 (Fig 4). {3EME EREES 2 O D
% & RIS, LB X BB~ O BBEE O I
BEBi SR 5252060, Thicks
T, 3= ZAKMRED L/ S FICHELTKRKEL
HHZEN Flo DETERO—2 L LTEIFLNRS,
FEEODVRIAT o 720 — 7 R T O BRBEE R E I D
ol IGEBERICE T 2855 2 — % DREDOREIZ
bINEFBOBEXHEE S NP, S(Fey03) 12
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Fig. 6. Combustion rate and NO concentration in
outlet gas during combustion and averaged NO con-
version ratio for S (CF) type coke with a coke core
of 2.0 to 2.4 mm in size.

0.5 — I ; | l
S(CF)type Preheating temp.: 1000°C
0.4\ —— S(CF(20))
\ --- S(CF(30))
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° \
0.2 ¥\ |
0.1 .
"""""" :‘,\—"
ol 1 1 1
0 0.2 0.4 0.6 0.8 1

Cumulative combustion ratio (-)

Fig. 7. Relationship between cumulative combus-
tion ratio and momentary NO conversion ratio, Fyo .

S(Al,03), S(Ca(OH),) EBRBEHEFIZIZFLETH o
7035, Flo WET/NSREZRLIL.

%% % CF B L7z STEogEAIR, HHMoRE
% L CHE L7 S(Ca (OH),) B XU S(Fey03)
LR, CaO iBFE 30-60 mass% THABEREE O DIE D
Zd o, HiC S(CF (40)) Tid S'(2.0-2.4 mm)
FWE%R L7 (Fig. 6). NO i L~ VidE&friE
TL, BB R0y v — 7R E—=27ilH\VT 10s
BEOEEEERLLEBERDT DR L35 — Y &R
L7z, Fyo W bBBER T ICEW ¥ — 2 SBN L 2ALA
e nr: (Fig 7). £72, Flo EfFEMBHD Cal

Fine hematite
and limestone

= O

Melt—formation

Fig. 8. Transformation of the existing state of
S (CF) type coke during combustion.

M AOmass% THR/AMEZRL TWwA. T ihid, BREE
FEICHT A CaO KA EHK LZHERTHD, Al

L7 S EdbH\wid CF DAOREREFH> SEORK
BLUERLE-TwhD, BRBRERBEORBOBEN,S,
CF & BB L, BT THEa— 27 ZOFEMN”L
BB L TWwWs I bl BT I2L—FTOHR
WiakBRIC X A RB B L A THREER O 0 — 7 245
YR FoKELERAALT 5L Fig.8 b, -2 R
MR FORROFRNE R EROAH —EH» S, T4
EMB R RBELRMNRIY), 22T, BEARE
A D, BEEEBOBRBA~NREL, 2— 7 AKREH
BEENSNV I HFREEMTELREE RS, LD T,
B F OB THERE R, SHIRENSERLTE
BRI ATHIEICE 5T, BB T—27 AFKR
TOERT A, oIk, BREEEFCI— 2 AKFOD
RERESL STELAL S BAELLTHILEZRLTS
D, TOFPEIBDIZa—y AKES CF DR
HIREE (ZOHA 1205°C) BEC LA LALBLHEES
ha, BidL7 S, SEOa—2 2R BN X HHBEE
ERCD Fyo PZAL (Fig. 3, Fig.5) THELAL L)1,
2— 7 ARFEREIEL Fno PBEVERBENIZE VT
B, AERLEICX s TREEEE S TE AT/ ELT
5 EH NOREBMKO DD HED—DEEZDL
hn. LaL, 3—2 AKARENFHHEE LR LR
it Fno 2MET L, 2OLEWR/NEL b0, Bk
W OEENHROIE, S IFERTRE L, REEE
RIS ELLENHS. CFHABONEROFIAHIE,
ChEREHOGER L RAERMBOBENI X - TEHL,
¥ 7 SBIERRE IS & o THRBEREL LD & 1 3 ¥ 7 2l
TAHUREESGRA.

PHa— 2 2BV TRl 2 — 7 20 IR mReett i
BRI E N TOWAREICZ D, BB AT
G#EPEcRoAEELILND, LN oT, M —7
2R EME R AL T — & R L ERRS, BB FNT
BRBEAE O, IMET CHETT A EXHFTE
BT L Z2ofERE, Fig 9 RT L9
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P type Preheating temp.: 1000°C
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------- P(Fe,03)
—— P(CF(40)) _|
B 4o
T
F’no

P(Al,05): 0.243
P(Fe,0g): 0.139
P(CF(40)): 0.007

NO concentration (ppm) Combustion rate (mol/s* cm’~bed)

S ) ! 1
0 20 40 60 80 100
Time (s)

Fig. 9. Combustion rate and NO concentration in
outlet gas for P type coke combustion.

ALO; &R & LA, F—RED S it~
THRBERE HEMT 500D FQo DIETIREO O
Dotz I, BURFFRO T — 2 2B 20 mass%
T, LRI -7 AMIERDGE L RES BB 0, K
FREFTFCER L e ozl L iBRAT S EE XS
b, ZHIH LT, Fe0 # CF Zi&fuifitly & L7
Bitix, Flo PIEKTFTHRH SN (Fig. 9). P(Fe,03)
& P(ALO3) & JLEG L CHRBEEE A5/ & (, PREEIRRE
PRV EHESRBIZL b 5T, NO BEE ITHEIL
DE—- 27 #FETEBITETL, Fo bIKT L. @ik
L7z SO S FHkIC ALO; ICHEIL T Fo
WA DFEDHNT WD (Fig. 4). P(CF (40)) Tiddhie
HWENLERL, S512 Fo #8UR L7z, Thid, B
D a— 7 ARMRER O, IBEDOATOIIIZEHEE &
EZoh, Fe,03 AW it CF 25 NO AR m izt L
TS OWHIER 25> 2 L 2RBT 5. 2o ek
D—24%, COIZL%B NO OFITHEI IS 2 il i 5
THHDY, FMLBFE NP SOBRETH S,
3-2 JNERIMEBICLIBEERER

B oOTHER YTV, S, PEOZHENT— 7 24
PR FEAEBLCEEECLILZZNEFRORER I LT
BWHREEZOND, UKL L OBERREORERITE SR
#7: (Table 3). ¥7:, Ia— 27 ZDE&E%Y SFIZLT
By L7 JEE Tl Kk i CE L, B REET
TOBERPVELEZ SN 720, BEBO LE 5em

Table 3. Specified suction pressure for sinter pot
tests and averaged conversion ratio of N in coke
into NO,, FRo,, obtained from the tests.

Existing state of coke P type S type Normal
Suction at ignition (kPa) 3.9 3.9 3.9
Suction after ignition (kPa) 7.8 5.9 6.4
Fo, (--) 0.337  0.275  0.481
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c e

S 1001 A T\ .

S —— P type coke \

o —-— S type coke H

°’< 0 - N?rmal t:okel \_,

F4 0 500 1000 1500
Time (s)

Distance from top of the bed; Ty 0.1m; T,g0: 0.2m
Touner: Qutlet gas

Fig. 10. Changes in the bed temperatures and NO
concentration of outlet gas with time obtained by
sinter pot tests.

DHBEFICL > THRELZBEH BB T AMEY L 5
7o,

BRI I L 22BN Sy — v B L OE
7 A d NO, DEEE% Fig. 10 IR+, SKa—2
ARF WA LI FER OB, BRI LT
BB A% 3min HER L7z, ZhiE, BEEEI KL &
WX BE@EBT AMEDKT, BLUMNEROERIZL
% 3 — 7 ZBHURLF O BRBERIHIC 3505 2 R0 B0
EHRFERLTCwBEEZ RS PRa—2 A% B4
LZEHTRIEEEIELE {, BESRLRVL I 25,
BERERER DS BIME S 7z, NO, B I RAEEICB W TH
KEIZ 220 ppm REOMEEZRL TV AHDIIH LT, S
% BA LBEE T mEHIC 140 ppm %R L 72128
L, 120 ppm RETEE L. 7, P CIdiiEEN
&40 220 ppm A5 140 ppm N EBL WCIERT LA, #
DFER, Table 3 1ZiR L7z & 9 i NO, ~ o F-igiizifis
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Flo, 10, WFROFFEIZBW T I — 7 ZOEHR)
EHFoON, HI2SEa—7 AT, BFERICEK
LT 40% DEL OB EHOS R, L Ledss, K
MEERTIARIB L 2B S 3 2 L— LKA FEBRTHS
Nz &) kil FRo PETE2ERT A LETER
Mo, ThEPFEBTHLLOIICIR, PRICBTALAHBEIE
D— V7 ABEB XU Y 3 2 L— % L EROBERBEN
TOBBESRM, i a— 27 2ZKRRER 7 AU oM E
2 F O, 3 — 7 AP BT R
WHOERE L EIZOPWTESIIKRETTALENH S,

37, EHRE~OEREEZLGN, 27 AR 1O
R AT S EICE - T, BRI S~ 7 1
B (2 — 27 2PN LB UREORE SI12) RIrs
BHI L Ahh, ARG D RmbRE, £ oOfE i
HARICG 2 5B OV TORFHOLETH S, KNk
BBETH D a— 7 AR OWEEL, BERTICEmMT 5
BR+RETLSLEEAREL LTS D, NO, %4
BHEIZ217 T2 CaO W&k L o HIC &
g bR on b, MsEEERA < 2 aiilir
BEND T LXK HHER S — RSO RIE L Lo
WHEME BN T NEABBEEER L.

4. # 8

Bigt 701 2560 NO, FABIIHIZB T % AN
GRREERTD 720, I— 7 258 EK A OERERO
ik bl N RS Al <7 TN PR A N Y3 S 2
BLO/PMIBERESIC K BB EREIT - 2. S hic kD,
D— 7 ADTFHERFITD 2 & T, BRSO BEE
DRKEZEHEZTHTICNO, BEEx KGR TS
HUTREME R /R L 72, RIFFEOKREZEH L, LTIORT

DWFhoa— 7 ZEPFRFICB VTS, KERED
VW EREEEAIZ I o — 2 2 N & NO ~OEHF Fyo
BT, PREEFIIAIC 3517 5 BREEEIE DT 234 NO
eSO E 5.

2)BImIcERM L 2 wiEREERALL SEa -2
ZEHURL T Tld, fHERB AR L E 2 SN DB 2
PLEIIHI R R B X OWFERRD R & o THRBEF 039 NO
R (Fo) KT 4557, FERCREEEE KR
RT3 %, LaL, EBHEELTAINVI YA T2
54+ (CF) R% @R % &, BB X
JEIBE % IR KT &€ 54, BRI &4
BRLUERD ST A 720, BEEESRIEYT S, o
DL, FRo i S KO 1/4 BEE CIT L.

NAREECHA L7 P ROBBEEE EH-—RED S
FELmBE»ZNLD ETHY, CF RMBLOMEH Tk

L7:b ORIk & w, Flo i Fex03 8L U CF R T
R L7 O THEIERTL, 5ICCF RTIEHuRL
7z. Thid, Fe,03 B X CF RZH#H 2 NO AR IZHT
TAHHGEWER S H 2 L E2RBLTWVA,
4)CF R Bvwioa— 2 A PGk omhE %
R CRET L, STEER T 40% LI E, P AR TH
30% O NO, EEBIE LR L. LA2L, BRI 2
L=l EBTHON XS BTSSR F
BHBTEY, S%0FMEREPLESEZ OGRS,
KEFFED —FBi%, FHL 3 FHECHARFI SR HB)
4 (RERWFgE (B) (1)) B X UER 3 E#E B AREMR
S EEBIESPNETITbh 2 L 2R L, B
PRLET.
i =
Ccor Ceo, Cno : HEWI T 2 CO, CO, NO DR
(mol/m?)
Fo, Fy:a—2 2 C, NOog4HE (—)
F,: PR 25E (m?*/s)
Mc, My:C, N OE-F& (kg/mol)
t: B (s)
te : PRIBEIX TIER] (s)
 UE RS O R FE (m>-bed)
We: kB0 a— 27 2648 (kg/m>-bed)
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