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Kinetics of Decarburization Reaction of Molten Steel with CO Bubble Evolution
in Pressure Decreasing Stage

Kazuumi Harasamva, Akihito Kivose, Takeo Inomoro, Masataka Y ano and Ken-ichi Mivazawa

Synopsis : The dominant factors of the carbon removal reaction from a molten steel with an Ar injection stirring under the pressure

decreasing stage have been studied using a vacuum tank degassing furnace containing 7 ton melt.
1) The decarburization rate constant, k¢’, increased with the increase in the pressure decreasing rate and with the

increase in an oxygen content.

2) The vigorous CO bubble evolution in the molten steel was observed in the pressure decreasing stage. So, the CO
bubble evolution rate constant, ken, and the super-saturation pressure, Pco*, for the CO bubble evolution were taken
into consideration in a decarburization reaction model. The decarburization behaviors were simulated successfully by

the reaction model.

3) The value of k¢, increased with the increase in the Ar injection flow rate, and the value of P¢o* was estimated to

be 22.5~25.0 mmHg.

4) In the pressure decreasing stage, the decarburization reaction was divided into three types, namely, a) an evacuating
control, b) a stirring control and c¢) a mixed control of evacuating and stirring. In order to increase the decarburization
rate, it is essential to keep a high oxygen content, to evacuate fast and to supply enough stirring to a molten steel

according to the evacuating rate.
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Fig. 1. Schematic diagram of experimental appara-

tus.

Table 1. Experimental conditions.

Weight :

Compositiol
mass %

7000 kg Temperature : 1550~1610 ‘C

[C) [0] [S] [Si] [Mn]
<0.020 0.023~0.057 0.010~0.005 =0.01 =0.1
: 760 — = 1.0 mmHg, ( evacuating rate controlled )

Porous plug : 98mm ¢
Injection rate :  1.0~20.0 Nymin

1000 Ni/min , Nozzle dia. : 14mm ¢, Lance height : 100 cm|

Molten|
steel

Pressure

Ar injection

Ar blowing
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C DEFESAAK T, BREE DN S 2 08 & IHRIX TCOX
AR &, BREE KRS © T FCOXmAELE
By Ch Y, BEEHABROBRKEE T FCOTER
Hy OFELERCEFRLTC S, LT, BEHSERT
DCOTIBFEERFDOK X T 2 IERE LF, DB IZOL
Tk~ 5,
32 FBEAREKICBLFTREEREEVAAHArREDT
g
Fig. 3142, Fup®—% (15Nl/min) & L T, WEEREZK
E(RELRREOBREER 2 &2 i L TRT . WERE
DRsVHEL (@F), /M3 ve () s L TR
WEPRE G, 22T, BREE L FHAERD®REZ
Z2(1)RE(2)RTELIL, ke’ & Farde & U E #

T
-a-

rate

Protal  (mmHg)

. High
E evacuating

[C] N [O] (mass%)

5 10 15 20 25 30
Time (min)

0 5 10 15 20 25 @
Time (min)

Fig. 3. Influence of evacuating rate on decarburiza-
tion reaction.



040

_a- T 7 T T T T T
EMS Power : 800kw)| |
0.30} 1
E
] gre Ze
= 20| 18000 - e § ]
[e} 2 m :E -
2 of § zle =
o.10- £ —>e
"g_ _ [O] decrease |
Ofo &
ogololot oo oy L
. 0.0 10.0 20.0
Far (NUmin)
_b- 0.40 T T kch  [Olave,
L ] (1/min) (mass%)
o0l [Olave (mass%) 04“/_ 9.0 0.045
g 0. 0.028 —--110.0 0.025
E - : ® - 0/ 1
= 0.046 el
PR 55 0.050
_ 020 w0057 0.032
4 0.053 m-~"
0.035 ,0.;) 0.0 1800kw)—] 3.0 0.030
0.10 » 0.032 Far (N/min)
| ® 20 m 5-7|]
0.023 el15 o 0-1
1 L 1 L L 1 1 L
0.00 020 040 0.60 080 1.00
kp' (1/min)

Fig. 4. Influences of F,, and kp’ on k¢'.

ke’ (kp’, kc’idFig.3-a, 3-bDJZEIMRDLE) & DRELR
PRMT 5, 10701, kI CORUBFARAM N 35 1 2308
Th 3, Fig.3-ctFig.3-dD#HMIZ 4 - 1 Tk~ 5,

_ d([lg] =k’ * [C] (MAssY/min) ««--wee-eeeeeees (1)
_df():iztal — kP’ . PwtaI (mmHg/min) ............... ( 2 )

Fig. 4 -aiZ, TRTOEBRTHEIK EFar L DBMRERT,
REOBRRER T2 RO FRCESCILFELET,
kB FWaDBIMT RS RAHAIEHZD5, 2R HIELD0
Twb, 22T, Fig.4-bizke tky' Lt DBFEFRLIC, E
BRI AR L e BT R B ERTOPHEBEREE (Ol ave. T
Hb, kIZkpy DWIMTKRE { 3, 1270, [Olave.n’#y
0.05mass% IO EAMETHIRT 2 L, Fa DR S LA (@
) OF», Fod/ha ks (B £ b b, kKRS0,
—%, Fud b K3 { (20N1/min : @EI), [O] »3LbiEm
SR (0.03mass%Rifk) DEEDKk IEF A= 15N1/minDEF
LPRIRETH B, 03 H, CORBRBEROBIKBE X, O
Far, @kp’, @ [O] HEKAET B L2 5, Fig. 4-bi
BFEE L 7o L ke DEIZ D 0TI 4 » 3TN 3,

4. ER

4.1 CORUEREBREFRBKaNBEALBRREFHN I 2
b—rg
HEZGRAZ 2 310 2 BRI, WIAA AT R~ D COMRILR it
(RialiE) L BRENTOCOERKI GREBLK), &
O, TCORIAFAE IS (NESBR) OB & L THATT %,
2170, AR LIcd 54, [Cl DR BMAFEH LIESN»

31

HZEPETURATEIZ 35 1 5 CORBRAFRFFOEMOBKEE 523 Il

CML CRIERAELVBEESN AL AT T 2B,
L, EREBBEERTOBEMERLFE L (Y, TOXHD
BLREEE X T FCORBRAER by i KFL T 5 &
SuEFLLND,

FRAECOREDCOTER Pt L, [EREDBELFE
Jiep <R EET 5 L, CORIARERFOT N BMRIZ(3)
KT, CORBRAERORIL/EMAHRRIRE[Cl12(4)
ARTHELZRENS,

Pco®2Piotai T Peo*+a * p *g+h (mmHg)

:Ptotal+PC0*+a *p*g*h
[l K - [0]

(maSS%) ......... ( 4 )

AREBRD L 5 RIEREX A FOREHIF T, EHHRSRE D’
BJ—THh 5 LRET % &, TKuwabara 6953 L 12 K6
FEIEE T v HE U U, CORIR ARG & 5 BER X
(5)RTEHRT S 5, 72770, hiZCORBREAEIES, heold
CORUARERFIESTH 3,

_d[C] _pAke,

heo _ Putai+Peo*tap-g-h .
Tt e WIS K- 0] ) rdh
(mass%/min) ............................................. (5)
hco:K ° [O] * [C]‘_.(Pmtal'f'Pco*) (cm)
a*pg

2 2T, kenBCORIR R AT PR BEEDERRKT
HYy, COBRERKICDREZELCOWMEBEIL, COX
TBEBL > R HEELIC & 5 A - T DCOERIXIED
COMERHDOZERBEOMLE L TRKRMFI 6N 2,

—J, ArGAZCEET (R RIS (B HRE IR
AARArRIAEKE) OFBAR K DML, BECERE L ICE
b, Rl—& % e CORERRER S I TRIEL T
#8712 [C] DRERFEALY 6, (6)NzHTOTRELIMES
A B oKks’ # Piotar & Far & TEBUROHT L ICHERZFig. 5 (C
AT o ke'ldFar b Prowa DB E L T(7T)RTEMT & 5,

_%:ksy . [C] (rnass%/min) .................. ( 6 )
Ks’=f(Far» Ptota1)=0.0331 * F:*52*Pyora;~*4°(1/min)
.................................................................. (7)
0.06————— — ——
° ‘04
® I "
£ 0.041 . ® .
S o ®
0.02} oo ® .
i ’/ FAr=4-25(Nl/min)
Ptota1=10-760 (mmHg)]
L ¥ 7 A Y 7 R Y ¥
Y = 0.0331 Fa, 053 Pyogay 040 (1/min)
Fig. 5. Relation between ks’ and Y.



I 524

$k & $AVol. 80(1994)No 7

72771, Piotar <10mmHgT Dk’ ld, Pioer =10mmHgT
Dk LRIRETH 572 % 2T, Proras <10mmHGT I Prorar =
10mmHgT Ok’ DfiZ V72, LI2HT- T, BKIEE X
(8)RTEHART E 5,

_d[C] _p-A-key (™ _Puai +Peo*+p-g-hy,
i = e K- [O] ) dh

10.0331+F %% Peora; ~4°+ [C]

IIT, RERTHEN[C] OBEFEICET Sk, 2RKD,
ken DZEEF D THRET 2,

(8)YROMTRIIB LN VOT, EH KT ( FHET,

[C]l DR L 2R b B (FERT S Bken & Peo* 2 iATHE
RTKD B, 229, ken EPo* 374 v 7 4 277085 X
—RTHbB, 12150, 74 v 7420 %b, (8)RAT
BIHDEEZED “H” OHAICE, HRIBC L 5 KK
ST L E LT,

Fig. 6 -all, ZEBREFOHNTIIFA 2" b K & { (20N1/
min), FwbkydTKE v (0.851/min) EEBRTD [C] O
R D TOFEME (HEY) L EHE (OM) L oxt
'R+, 2OHA I, Po*=22.5mmHg", ken=
8.0~10.0 I/minDfi A3 5 &, EE [C] ORkmElL
VRMBHATS 3, 12100, Pow t [O] DM, Xk
WTRT & 90, ZFERUEY, @30 2 X% XY - THLL
LT(8)fLA LT,

Fig. 6 -biZ Z DEEDh o DIERFREALZ IR L 72 heo Dffildk ey
CHEHEBRCEKAET 32, L L, O] PHEBIKIEE

([O] ave.=0.028mass%) TH 2 EZb I b, heoDHx
KiEidd L 210cmfEETH 5,

Fa,=20.0 (N/min) -a-  FA=5.0 Nimin) -C-

T T T T —3 Fﬁrﬁmsoo
5| RY (01 ;
dr \\ Pco” =22.5 (mmHg) |
JE kcn (l/mzin‘)) J100

0.060

b,
Yoo om0 (0]

4
]
2
=]

Piotal (mmHg)

[C], [O] (masse)
o o
S =
»_S

ken (min) [E
4.0

15F 1

S 10k A 80 |F
E I\ 100 E-

= E [\ / 200 J|F
F /‘ 5

; i

510 15 20 25
Time (min)

(1/min) |
ken 2.0

B R )
Time (min)

Fig. 6. Comparison of the observed value of change
in [C] with the calculated ones.

T Poo*@R/ME, FCIMOBREHREB A 5 [C] DIEPEALAT 5,
Peo*=20mmHg D, Peo*=1 5 mmHg DRI, 1 8 & TIADBB
T [C] OBBELCEREREY5 L 5,

32

KAz, FadSHEE/NS { (5.0N1/min), [O] "&b &
BE ([0] ave.=0.057mass%) T, ko’ DA b K3 VD,
FH [C] ORERFEAL L FHHEAM (BR) L Oxtlb% Fig. 6 -
cliimnl e, TOBHAE, —#MDkey t Peo* DIET IR 2KRD

[CIOBREEALHHAT S e, D F 0, FHEMEIE ERIE
AL THIA 4 ~10minT OBRED £, Fig. 6 -diZheo
DRERFRALE TR L 120 heo DRI, #13H2.5~10minfefE £ T
I210cmBl EDMEIZ 2 3, T b b, A IR ISHEE T3
(, #ERELTHREEVRSSCEZEINS, 22T, CO
SILDFAEDTRE LIRS O XL TISUHIR %2 5
L TEH [C) ORREILZHMT 5,

Fig. 6 —alZ7R L2 EBRT I, heo DR A hmax 13510cm T
Ho120 22T, hpar. =10cm & L Tk, #7%9 A — %12 [C]
DRERFEACZ IR L 2o hpax =10ecm#PRET 5 &, ken =
5.01/min, Pco*=22.5mmHgD3&E T [C] DFEIEZ LD
IIFEPAT 5 72 (Fig. 6 -cOKFEHR) . WD EBRKEF AL
TIRIRDFENTZ T 5 L, heoDED 10cmP RS (ML 2 7 —
ABHIDH 12, L2 L, CTNOBAIZ b hpae =10cm %
WETAHI LT, FALY [C] ORREY —H DK, &
Poo*DBETHMFTRET H - 12,

AFEERT, hpae =10cmT D 5 BIENIZFAFECIE 2 W, 1277
L, PIERIBE AR D BRE I CORIAFR AR YR ® T £ ¢, COR
ARG aFEMmENI R El SR s LEEI R

Bo IO LI B RO, IRASAr & 5 ESEEEE %
% L KD~ OEMEHE R E b s ¢, RN E, CO
IR TREEBIR S IR s e Ly F L s,
RARORERETH 5,

Fig. 3 -diz, Fig.3-blZiR L72F b W CT b 5 B s
TOFEHA [C] DRERFEAL L, REEFEFviC & 25 HHR
P LTHRLI Pow & [O] DL, Fig.3-c, 3-
dHFOBRT/RT & S waEP L7z, WESE L [0] &%
BRB I bOT, ke £ LT9.0~10.01/mink, &
IXFICHEZRET 52 2 L THED [C] DRFEI R T
b, Thbb, ke WHEEE L [O] CIMREL 2 W
MAETH 2 Lz b,

REBRSZST T OBEHMEP* DAL, 22.5~25mmHg
BETH- 12, ZOMHDEYEII>C TRABZRDOMRITI
DI LT B (INET, Peo*=7.6", 2012, 402mmHg
DEPRES LTV 3),
4+2 Ko ZArBRAHFEEFL & ORER

kenZCOBREREE # HAITCOWERE) £, COTInEE
BLREO R EEELIZ L A5 -BF W TOCOMEABIORAR
TREDA L FkAH g 7o, WEREMRE, H 5 ik, EHER
MEEIF,, OHEMEECRS{ L3I EFRITMONT

2O 2 2T, BERTOEAEED 72 4 v 74 2700 &
o> THRE L 2ken E Fa DBMRE# Fig. 7 2R L 2o ken i3 Far D
EmiIiz ks ky, ROMALATKT S, 12, B
HEHNOBEMbke, 2RSS THMREVEDLNL, Fig. 4



14.0F ' 1
12.0F 1
= E
€ 10.0F . o -
= F [
8.0:- 18000:W) [ ] ®
& oof |
o .. [ J
4.0
P @
2.0
E I VIR S RTINSO S S BT I S S B S R 1
0.0 0 5 lb 115 Zb
Far (Nlmin)

Fig. 7. Relation between k¢, and Fy,.

R LT2E 51, ke’ L Far DBHRHIARHR T H % BRI,
kgfa (0] LIEEEORERRLZUBIIDTH S,
4.3 keIiZHEELIET ke, [0] LUKk DFE

BEAREEE 2 (1) TR L 2D kDRI, RO
R P M A FTERALELARLIBETH S, L2 L,
ko' ldkp ke & C[OJIKTF T 6 B2 SEHILE ( ©ED
Hbr, ZITH, kB X T ke [O]F & Pk D%
DO TERET S,

FRE L 7cke’ &, BFMICE - THEZE LIzke L Dxfb#Fig.
4 bR LI IRk DFHEMETH Y, EF i x T 2
ken DM E, &2 Vv—7DFEM L [O] ave.ZH (8)K
Eo THZELR [C] OB GEIL 1T H 5,
(8)RHFDP o1& (9) R THEMBLL 72, FHEMARIL, ERIL
12k [Olave. Lk’ 2 X T 2RFEF R L Ty 5,

Piotar = Pro! * Xp(—kp? = 1) reererremmesinnmanniiean. (9)

PIF, &REFEHIL L » T, EEYERARTOCOKIE
RO REENC O © THIET 5.

Fig.8-a, 8-bil, ken®fiZ—3€(8.01/min) £t L, @
W E HT—5E (kp'=const.) T [O] DEXEE L 1254
L, QO1»—ZTHHEREZEELICHBACBBOOLT
Hr5[ClokEE Ly, ()R I THELIERY
BRIRLT o Powld (9)RTEL (8)RZfAA LT, [0]
LUk RS THZET, UFERT 3DORRE» M
FTE 5B,

OBER B BHTHEE] D G ER > I #EITT 5. QUEBO LA
THBERSOMED KRS 25, QBRKIGHEHT 5 [C]
X OKIEBEMIZS 7 T & 3, Fig.8-—cil, kiiF &IF
Tke't [O] ORMEBOREMFELRLIC, kDI, 13

[C]=0.025mass% & LIcHRiZEF v d 63Kk 3 5 [Cl O
B L ~— 2 £ L, [C]»70.007~0.015mass% D&IFHT
DEMMET H 5, k' ldke' b [O] DM &I mMT 5,
L5 L, [0]=0.06mass% T ik DI MEIA /NS, [0]
P—FEDHE, ke ;tkchakpfﬁ%i 5, 22T, [0]=0.040
mass & —E LICEROK I3 S IET ke L ke’ & DBIR %
Pk HECTHZE L TEHEL, Flg. 8 -diz/R L 12, HESAre
3 A CORIRRAERFDOBLUR BB IE LR R T 3 O8I

HZEHERMBER L2 36 5 CORIR TR DI 6 O I b ik B

25(mmHg), hypay = 10 cm)

Kch = 8.0 (Wmin), P.," ¢

10°
0.050
g
£ 0.020 ;:
5 0.010 £
& 0.00
) 5 ng
0.002}
0.001
g 05¢
z [ Kch=8.0 (1/min)
£ o4l 0.060-0.080)
g o
ET L =]
Ew 03f 1&
=3 F =
= o
wo L f 0.050 | "=
22 02f 0.0401
F ) 8‘8;0'
0,025 |
01t [Olave,
P —C— (mass%)] Fo e
00565630703 00 5710 15 20
kp'  (1/min) kcn  (/min)

Fig. 8. Effects of [O] ken and k' on k¢’ (calculated
results).

CRXHTS 5,

O W E AR ke TR S <,
i ARAT T B fEI

@ BEWHRE SR C ko TRE {, kD keI DARAE
¥ % FEE,

@ WEHE - B8 E LECHEK | k' bken Lk DHIH 2
i { KA T B FEI.

FhBEG R EROAED 72D 12 [O] # HiBEE L TRE®
Er ksl L, »o, BEEECRA D ERBET®RENS
PEETLIEVEHTH 2, HHOLGIE, RHT Dk 2 F

L IFTIEMRIUEE ¢ FRBRBakOBIRERLI L2 L,
ﬁ%@ﬁﬁﬁb&f Bkt [O] D& »akDHIC T 3
b, LY 2 BRI OELOREL [0] oREY
Eﬁ*:&sza 2 ERT & 0, RH~OARME D # SR 5%
s LIz,

kT RITk TS

5. B8

7 L EROPERBRET DCORIRFE A RO B E DX EL

BTk ROSEER 2R L, LIFOmMR 272,

1)CORIBFH AR DRIREE OB RR K DME I, FH:
BEPREABIEVHEETD ARFIIRI WV,

2)BEREER CERAE N L BRREEOSEIFINY A
&, CORUBRERICE R K £ CORIBREDIZD Dl
BHTE N Peo* PA LIcEF AT, HEHZBRETD [C]
DOREBFEALD & (T S 3,

3) Ken BBGABLANREDMIM TR E { Y, Poo*id I &
222.5~25.0mmHgfRE Lt BfE b o 5,

) BB IS, O XEL K, OB YEER, M



W 526 5% & $RVol. 80(1994)No. 7

FE - P SEECRSR X3 s,

Bl DshibD 1z izid, O[O] #HRE LR Y &k
FECREEL, OBEEEZARS (L, ORERECRD S
B~ DRI MHE5T 5 2 LVEETH 5,

by, FXPEDLCHIYEREL IS ZIES
F LR T BaR p AT B A B L
x9,

i =
A RO = &L ESRERE (cm?)
Far ArfGAARE (N1/min)
K :CH+O=CORtDF# sk (mmHg/mass%?)
Peo (K- [C]-[0O] (mmHg)
Peo? : CORIERAROK - [C] - [0] (mmHg)
Peo* @ CORIBFEALD@IMCOLES (mmHg)
Peo® | RAECORIEDCOS T (mmHg)
Puow - FHXESN (mmHg)
Pow' © PERBHIEREDE S (760mmHg)
Piotar* | COXUVBRAERF DO FH X)) (mmHg)
Wm : F#HER (g)
g CEHOmEE 980 (cm/s?)
h CORUaRAEFES (cm)
heo : CORIBRARFAES (cm)
hmax, - TACOXIBRAERAIES (cm)
ke @ CORIAFRAERFDOBLR KL D ZEARE (1/min)
ken - CORAIERBARE = COBERIIL D RIE # & T
RFEOWEBEERARE L, COTULBER £ 5 F i

EECL AR - WRETOREOWERE D AR
DA (1/min)
ks | WGAAArID & 7 FEKCDERAE (1/min)
kp' L BEHEEE (1/min)
[O]ave. : Pt = 5 mmHgT® [O] OFHME (mass%)
[Cl; : CORB/ BB MR RIEE (mass%)
a IEHBREEHK 7.503%x10~* (mmHg * cm ¢ s?/g)
p L IEEEE 7 (g/cm?)
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