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A dynamic model is developed to investigate decarburization behavior of a new type of refining
equipment named Single Snorkel Refining Furnace (SSRF) in treating ultra-low carbon steel.
Decarburization reactions in SSRF are considered to take place at three sites: Ar bubble surface,
the bulk steel, and the bath surface. With the eccentricity of the porous plug (r./Rs) and the ratio
of the snorkel diameter to the ladle diameter (Dg/Dy ) of SSRF confirmed, circulation flow rate
of molten steel is obtained through combined effects of vacuum pressure and gas flow rate.
Besides, variation of the steel temperature is simulated associated with generated reaction heat
and heat losses. The variation of C concentration with treatment time is divided into three stages
in accordance with decarburization rates and the simulated C concentration is in reasonable
agreement with actual production data. In the present study, both decarburization rates at three
sites and their contributions to the overall decarburization at each stage are estimated for the
first time. Through the present investigation, it is clear that vacuum pressure significantly
influences decarburization efficiency of SSRF primarily by affecting the depth of CO nucleation
in the bulk steel. Besides, effects of gas flow rate on decarburization rate of different stages are
obtained and the opportunity of increasing gas flow rate during the treatment period has been
clarified. The present model provides an efficient tool to comprehend the decarburization

process in SSRF.
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I. INTRODUCTION

IN recent years, with the increasing demand for ultra-
low carbon steel, improving carbon removal efficiency is
becoming more and more important in the refining
process. Currently, RH degasser has been worldwide
applied and shown good decarburization performance
in the production of ultra-low carbon steel.'*! How-
ever, the life cycle of immersed snorkels refractory and
vacuum vessel refractory is short in RH due to severe
erosion caused by steel circulation, gas blowing, and
violent steel splashing. Single Snorkel Refining Furnace
(SSRF) is a new-type refining equipment with simple
configurations,” in which a large snorkel is immersed
into molten steel of the ladle and Ar gas is eccentrically
injected into molten steel from the ladle bottom, as
shown in Figure 1. Interestingly, molten steel circulates
rapidly with little steel splashing in the vacuum vessel of
SSRF, because the flow rate of Ar gas for stirring the
melt is relatively low due to long gas ascending distance
within the steel. Therefore, the life cycle of vacuum
vessel is greatly prolonged compared to RH degasser."”’
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Now SSRF has been used for decarburization, degas-
sing, desulphurization, deoxidation, alloying, adjusting
chemical compositions and inclusions removal from
molten steel, ete.l0 Up to now, various correlative
investigations on SSRF have been made. Cheng et al.l”!
put forward a dynamic model to investigate deoxidation
rate for bearing steel and the mass transfer constant of
deoxidation was determined based on over 100 heats
industrial tests in a 35-ton SSRF. Then a deoxidation
process was proposed, through which the oxygen con-
centration of bearing steel can be limited to a range from
10 to 20 ppm.®! Besides, a critical gas flow rate was
confirmed through investigation of slag entrainment
process in SSRF.P’! Bubble behavior and effect of gas
flow rate and porous diameter on mixing time of SSRF
were also studied based on a physical model with a scale
factor of 1:4.' In addition, Yang er a/''! made a
mathematical simulation of flow field for molten steel in
an 80-ton SSRF, through which reasonable gas flow rate,
eccentric position of bottom blowing Ar gas, inner
diameter, and immersion depth of the single snorkel were
obtained. Recently, a mathematical model has been
established by Rui et all'™ to investigate desulphuriza-
tion behavior in SSRF, in which the desulphurization rate
constant (1.0E—8) was confirmed. Besides, physical
model experiments have been performed to investigate
effect of elliptical snorkel on decarburization in SSRF
and comparison between elliptical snorkel and round
snorkel was also made.!'* Based on industrial tests!" in
an 80-ton SSRF of Shanxi Taigang Stainless Steel
Corporation Limited, the maximum desulphurization
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Fig. 1—Schematic illustration of Single Snorkel Refining Furnace
(SSRF).

ratio of 81.2 pct has been achieved and the sulfur content
of molten steel can be reduced to about 10 ppm. Likewise,
the terminal carbon content of 10 ppm has also been
achieved in the industrial decarburization tests!'™! within
20 min. Although the results of decarburization tests in
SSRF have shown good performance in treating ultra-
low carbon steel, the terminal carbon concentration of
molten steel fluctuates widely!"” and decarburization
mechanism of SSRF has been little reported at present. In
order to further improve decarburization efficiency in
treating ultra-low carbon steel and provide probable
guidance for industrial scale production in SSRF, a
dynamic model will be developed to investigate decarbu-
rization behavior of SSRF in the present study. Confir-
mation of decarburization rate of each reaction site will
be explained in detail and effects of process parameters
(vacuum pressure, gas flow rate, concentration of C, O)
on decarburization rate of SSRF will be also explained.

II. DESCRIPTION OF THE MATHEMATICAL
MODEL

The decarburization reaction in SSRF can be
expressed by Eq. [1].

[C] + [O] = CO(») 1]

In above reaction, the ec%uilibrium constant K of can
be calculated as follows.!'®!

PCO/PO
e [petCl- fo - [pet O]

1160
(i F2:003 2]
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Fig. 2—Schematic diagram of decarburization mechanism of each
site in SSRF.

As shown in Eq. [2], K depends on the temperature of
molten steel (Tierr). When Theye is known, equilibrium
CO npartial pressure is determined by equilibrium
concentration of C, O.

A. Decarburization Reaction Sites

In the present study, it is assumed that decarburiza-
tion reactions take place at three sites in SSRF: Ar
bubble surface, the bulk steel, and the bath surface.
Figure 2 depicts the schematic diagram of decarburiza-
tion mechanism of each reaction site in SSRF. Ar
bubble surface decarburization occurs under the cir-
cumstance of dissolved C, O transferring to the inter-
face, and then generated CO gas transfers into Ar
bubble. This process proceeds continuously during a
bubble rising from the porous plug to the bath surface.
Meanwhile, when vacuum pressure drops to a certain
level, large numbers of small CO bubbles will be formed
in the bulk steel and then ascend into the vacuum
chamber. Besides, the bath surface updates rapidly with
gas stirring the melt violently and evacuating the
vacuum vessel, which largely promotes decarburization
reaction here. Once CO gas is formed at the bath
surface, it gets into the gas phase and is soon exhausted
out of vacuum vessel together with Ar gas. Obviously,
both bath surface decarburization and bulk steel decar-
burization only occur in the vacuum vessel. However,
Ar bubble surface decarburization takes place not only
in the vacuum vessel but also in the ladle. In this model,
each decarburization is investigated separately and then
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Fig. 3—Material balance in the decarburization process of SSRF.

the total decarburization amount is calculated by
summing that of each reaction site.

B. Formulation of Decarburization Process in SSRF

The concept of this model can be described as follows:
C concentration of molten steel in the vacuum vessel
differs from that in the ladle during the decarburization
period because of different decarburization distributions
between these two zones. However, dissolved C, O is
assumed to be distributed evenly in both ladle and
vacuum vessel; the very small difference of C concen-
tration between the ladle and the vacuum vessel main-
tains relatively stable with continuous circulation and
mixing of molten steel.

Figure 3 depicts material balance in the decarburiza-
tion process of SSRF. Equations [3] to [6] represent
mass balance of C, O of the ladle and the vacuum vessel.
The relationship among concentration of C, O, and
equilibrium CO partial pressure is expressed by Eq. [7].

W (d[pet C], /d) = Q([pet Cly—[pct C]; ) — 100 x Vi,
3]

W(d[pet O], /dr) = Q([pct O], —[pct O] ) — 100
x vk x % 4

Ar MC
w(d[pet Cly /dt) = Q([pet C] —[pet Cly) — 100 5
X (VX]. + Vin + VS)
w(d[pet Oy /dt) = Q([pct O] —[pct O]y ) — 100

M 6
X(VXr‘FI/in"'VS)XV(C) []
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log(fc - [pet CI*fo - [pet O]°-P?/ Pco)

7
—(1160/ Tnet; + 2.003) 7]

C. Decarburization at Ar Bubble Surface

Injected Ar gas exists in the form of gas plume in
molten steel. It has large superficial area for decarbu-
rization reaction. Low CO partial pressure in Ar bubbles
significantly contributes to decarburization reaction at
the interface. Decarburization through Ar bubbles
involves such steps: dissolved C, O transferring from
the melt to Ar bubble surface; chemical reaction at
Ar bubble surface; and mass transfer of generated CO
into Ar bubbles. According to reports!'’ 2! on decar-
burization rate-determining step in RH, only when
[pct O]/[pct C] <16/12, may decarburization rate be
controlled by mass transfer of dissolved O, while
[pctO] is typically higher than [pctC| during the
decarburization period of SSRF, so influence of mass
transfer of dissolved O can be ignored comparing with
that of dissolved C on decarburization rate. In addition,
mass transfer of CO makes no resistance against the
overall mass transfer due to very low CO partial
pressure in the bubbles. Furthermore, chemical reaction
proceeds rapidly under the high-temperature of molten
steel. As decarburization principle of SSRF is similar to
that of RH, mass transfer of dissolved C to the interface
is assumed to be the rate-determining step of Ar bubble
surface decarburization in this model. Besides, Ar
bubbles are assumed to be globular and do not coalesce
in the ascending process. In the present study, decarbu-
rization reactions through Ar bubbles in the ladle and
the vacuum vessel are separately estimated.

Reaction rate (mass percent/s) through Ar bubbles in
the ladle is expressed by Eq. [8].

d[pct C|% Neogm .ok -
AP ey Aol (et et ™), I8
m=1
where equilibrium C concentration at Ar bubble sur-
face of the ladle is calculated as follows.

em Ptop
pet = K-fc-fo-[pctO] -P! ol

Reaction rate (mass percent/s) through Ar bubbles in
the vacuum vessel is expressed by Eq. [10].

d CtCV Ny AD 'Pmk en
B [Pdt ]Ar:Z Ar - b([pctC]V—[pCtC]V)’ [10]

n=1

where equilibrium C concentration at bubble surface
of the vacuum vessel is calculated as follows.

Ploy
Kfc f() [pC‘[O]V'PG

As shown in Egs. [9] and [11], equilibrium C concen-
tration decreases with the decrease of CO partial

[pet Cly'=

[11]
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Fig. 4—Variations of P.qy, Py, and nlq/(nfq +nY,) with height
from the porous plug (z = 480 s).

pressure. Hence, reduction of CO partial pressure
enhances decarburization reaction at Ar bubble surface.

1. CO partial pressure in Ar bubble
Without regarding for CO making resistance against
the overall mass transfer, CO partial pressure at the
interface is assumed to be equal to CO partial pressure

in Ar bubble, as shown in Eq. [12].
ngo

Pcop =——="—x Py 12
or IR+ g -
Here, n2q is determined by the total decarburization

amount within the risen distance of the estimated Ar
bubble, and Py can be calculated by Eq. [13].

20
Py = ppnghy + Py + . [13]

According to calculations of Egs. [12] and [13], varia-
tions of P, and Py, and the mole fraction of CO in Ar
bubble (1o /(nkq + nY,)) with height from the porous
plug at ¢t = 480 seconds are depicted in Figure 4.
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As shown in Figure 4(a), Pq 4, increases immediately
when Ar gas is injected into molten steel, from which it
can be inferred that Ar bubble surface decarburization
takes place as soon as Ar gas enters molten steel. In a
while, P, Increases to approximately 5000 P, and
remains stable until the bubbles escape from the ladle to
the snorkel even if n2,/(nlq + 1Y) is still increasing as
shown in Figure 4(b), because P}, drops constantly as it
ascends in molten steel and its drop rate is almost equal
to the rate of increase in nlq/(n%q +n%,). However,
when Ar bubbles are ascending in the vacuum vessel, a
typlcal decrease tendency of Py, appears though
nlq/(nkq + nR,) increases more significantly. This can
be ascribed to gradual increase of APy/Pp within the
same height.

2. Mass transfer coefficient of dissolved carbon

For Ar bubble surface decarburization, mass transfer
coefficients of dissolved C to the interface are calculated
by Eq. [14] on the basis of solute penetration theory
from Higbie.l?

Dc - ugip 112
ey = 2 S i 14
b <2n~rb> ’ (14

where relatlve velocity of bubble (ug;p) is calculated by

Eq. [15]*2
1/5
4¢? Pm — P
Uslip= ((Xp i X ( P g)> [15]

3. Reaction area of Ar bubble surface decarburization

In this model, decarburization reaction taking place at
every single Ar bubble surface is estimated and their sum
is calculated as the total decarburization amount
through Ar bubbles. Reaction area of a single bubble
is obtained by Eq. [16].

AR = 4n(h)? [16]

According to investigation by Sano ez al.** on bubble
formation at single-hole porous plug, the diameter of Ar
bubble at the hole-outlet (d}, ) can be calculated by Eq.
[17].

1/6
| (6dd, L r05) 0289 6
%o = l(ping> {0 4(0nek) 1

In terms of multi-hole porous plug, the gas flow rate
through single-hole is equal distribution of the total
gas to all the holes. Hence, dp at multi-hole porous
plug can be obtained by Eq. [18].

1/6

6
6ad'd. G 0.289
dio = <” ?) {0 54( As °5> 18]
Pm& Ny,
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It can be seen from Eq. [18] that d,¢ depends on
G'./Ny. In the present study, dpo ranges from 1.4 to
1.6 cm due to variation of G),. On the basis of
Szekely’s?¥ study on bubble growth under reduced
pressure, effect of the bubble temperature (7)) on bubble
growth is also taken into account in this model, as
expressed by Eq. [19].

32 1 s Sor

/" b 0

— 2= Pyl —) -—— P, t
rb+2rb pmrbl 0(rb> To 0+ Pmlibly [19]

Py = Py + pngHm; (lh =0;rp = roo, 1y, = 0)

In Eq. [19], T is determined according to the heat
transfer from molten steel to Ar bubble as shown in
Eq. [20].2*

dr
pe-Co Vg =W AR (Twa = T)  [20]

According to Eqgs. [18] and [19], the size of bubble is
mainly influenced by G),, Pv, and T. Figure 5 depicts
variations of bubble radius (r,) with height from the
porous plug at ¢ = 240 seconds and 7 = 480 seconds.

It can be easily seen from Figure 5 that ry, increases
with the increase of height from the porous plug, which
is primarily ascribed to the reduction of hydrostatic
pressure on Ar bubbles. Interestingly, ry increases fast
within the height of 0.5 m. This is probably caused by
heat transfer from the melt to Ar bubbles and the
reduction of hydrostatic pressure as well. r, ranges from
0.007 to 0.0235 m at ¢ = 240 seconds and from 0.016 to
0.061 m at 7z = 480 seconds. In terms of Ar bubbles of
the same height, r, at t = 480 seconds is bigger than that
at t = 240 seconds, because the former Py (600 Pa) is
lower than the latter Py (100 Pa).

4. Decarburization rate at Ar bubble surface

Based on the above calculations, decarburization rate
through Ar bubbles in the ladle and the vacuum vessel
can be obtained. The total decarburization rate (kg/s) at
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Ar bubble surface is determined by the sum of decar-
burization rate of these two parts as shown in Eq. [21].

d[pct ]
T _ Ar
Vi = < w00-ar | <"
»

\% Ar = Vkr + VXr [21]
Vo _ d[pet Cly, <
Ar 100 - dt

D. Decarburization in the Bulk Steel

Decarburization in the bulk steel takes place when
equilibrium CO partial pressure (P, ;,) exceeds the sum
of hydrostatic pressure of molten steel (P), vacuum
pressure (Py), and evolution pressure of CO bubbles
(Ps). Therefore, the requirement for CO formation in
the bulk steel can be expressed by Eq. [22].

PCO,in > Py + Py + Ps [22]

Bulk steel decarburization is very unlikely to occur
through homogeneous nucleation of CO bubbles in a
molten steel system, in which an astonishingly large
gas super-saturation pressure of about 10 atm is re-
quired. Instead, heterogeneous nucleation of CO bub-
bles from small cavities of refractory surface becomes
energeticall}y feasible at a very small super-saturation
pressure.”®’ The heterogeneous nucleation rate of CO
bubbles in the bulk steel is in proportion to the differ-
ence between Pcq;, and Pn+Py+Ps. Pcoin (=K fc-
Jo - [pctCly - [pet Oly) mainly depends on L}]f)ct Cly,
[pct Oly, and Tper- According to Kuwabara’s? study,
only when Ps = 2000 Pa is the variation of [pct C]; in
good agreement with the observed data, hence, a CO
bubble radius of rco = 1.8 x 107> m can be extrapo-
lated from the equation Ps = 2¢/rco. Bulk steel decar-
burization would not take place unless Py drops to a
certain level. Besides, the restriction on CO nucleation
by Py determines that CO is formed only in a shallow
melt zone near the bath surface. The reaction rate
(mass percent/s) is expressed as follows.

dlpctCl,,  Av-py -k
- dt = w
Hi, [23]
< [ (1perCly~fpet €15 )dhco
0

The term fOH " ([pet Cly—[pet CJ;, ) dhco in Eq. [23] indi-
cates that CO formation is the volume reaction taking
place within a critical depth (Hj,) under the bath sur-
face. However, the zone occupied by Ar gas must be
excluded from the total volume of the melt and Ar
bubbles within Hj,, for heterogeneous nucleation of CO
bubbles occurs only in the liquid phase rather than in
the gas phase. The value of Hj, is determined by the
difference between C concentration ([pct Cly) and equi-
librium C concentration ([pct C|), and [pct C];, mainly
depends on the value of Py + py-g-hco+ Ps as
shown in Eq. [24].
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Py +py-g-hco + Ps 4]
K- fc-fo-[pctOly-PY

[pet CJi,=

1. Gas plume zone in molten steel

Figure 6 depicts the schematic diagram of gas plume
zone in SSRF. The volume of gas plume zone is an
important parameter directly influencing bulk steel
decarburization efficiency, which is reflected from the
value of ¢ (the volume fraction of molten steel within
H,,), as expressed by Eq. [25]. In this model, ¢ has
practical significance only on the premise of bulk steel
decarburization taking place.

Pz

—_— 25
nr%, - H; [ ]

P = 1- ’
where / is the ratio of the total Ar bubbles volume to the
gas plume volume, and Vj is the gas plume volume
within Hj,. The zone occupied by Ar bubbles within Hj,
is considered to be non-nucleation zone.

It is essential to calculate the size of the gas plume
zone for confirmation of V;j and A. The upward cone
angle of gas plume zone (¢c) can be obtained by the
following equation.

HC o Hm —0.254 d() 0.441
= = 0915KH%12. (=22 (= 2
180 09135 "m dv dv [ 6]

In Eq. [26], Fry, is the modified Froude number which
is determined by Eq. [27].
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16G3
Frin = 55— x Pe [27]
m2g-dy-Hu  \Pm — Py
It can be seen from Egqs. [26] and [27] that O¢ increases
with the increase of Ga, and the decrease of H,. A

and V; can be obtained through Eqs. [28] and [29],
respectively.

SNV 4r () NP /3

== TV [28]
Vi= %nl (H“‘ tan (92C>>2};m 2 29]
—§7T<(Hm — Hi) -tan(§>> (Hy — Hin)

Figure 7 depicts variations of ¢ and 6¢c in the
treatment process. It can be seen that ¢ is in a range
from 0.83 to 0.89, implying a fraction of 0.11 to 0.17
reduction of CO nucleation rate due to the existence of
Ar gas in the bulk steel. On the other hand, O¢ fluctuates
around an angle of 10 deg, and it varies oppositely to ¢
with time as shown in Figure 7, because V; is inversely
proportional to ¢, as expressed in Eq. [29]. From the
variation of ¢, it can be easily seen that bulk steel
decarburization starts at 7= 33 seconds and ends at
t =771 seconds. In both ranges of ¢= 33 seconds to
t = 60 seconds and ¢ = 540 seconds to r = 600 seconds,
¢ shows a downward tendency due to the increase of gas
flow rate (Ga;) as shown in Figure 8(a).

2. Decarburization rate in the bulk steel

Based on the above calculations, the decarburization
rate (kg/s) in the bulk steel can be obtained through the
following equation.

_ d[pCt C}in
Vin = (‘ m) xw 130]
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E. Decarburization at the Bath Surface

Molten steel at the bath surface is violently stirred by
the gas, greatly promoting contact between molten steel
and the gas phase. Besides, CO being exhausted out of
the vacuum vessel continuously facilitates bath surface
decarburization. As the mechanism of bath surface
decarburization is similar to that of Ar bubble surface
decarburization, mass transfer of dissolved C to the
interface is also considered to be rate-determining step
of bath surface decarburization. The reaction rate
(mass percent/s) here is calculated by Eq. [31].

7d[pCt C]S _ As - Pm - kS
dt w

In Eq. [31], equilibrium C concentration ([pctClg)
mainly depends on CO partial pressure (Pco.y) in the
vacuum vessel. It is calculated by Eq. [32].

([pet Cly—[pet Clg)  [31]

Pcoyv
K- fc - fo - [pct Oly-P?

[pet Clg= 32]

1. Effective reaction area at the bath surface
Effective reaction area (A4g) is a key parameter to bath
surface decarburization and largely determined by Ga,

6.00
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Fig. 8 —Comparison between As and Ay under the designated Py
and Ga;.
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and Py. In the present study, effect of slag on bath
surface decarburization is neglected, and the bath
surface is divided into two sections: non-activated zone
and activated zone, as shown in Figure 6. The geometric
area (Ay — A,) of the non-activated zone is taken as its
reaction area. In terms of the activated zone, since
violent surface agitation is induced in the treatment
process, especially when CO bubbles formation occurs
vigorously at the early decarburization stage and when
G, increases at the slow decarburization stage, its
effective area (¢- A,) is much larger than the corre-
sponding geometric area (A,), and bath surface decar-
burization takes place mostly in the activated zone.
Based on the above analysis, Ag is determined by
Eq. [33].

As = (AV - Aa) + é : Aa [33]

The difference between A4As and A, depends on the
activated coefficient (&) with respect to the activated
zone at the bath surface. A range of & from 4.78 to 10.51
was obtained by Kitamura er al.*” based on the gas
adsorption and desorption tests. In the present study,
the intermediate value of the above range, £ = 7.5, is
determined as the activated coefficient of the activated
zone. Figure 8 shows comparison between Ag and the
geometric cross-sectional area of the bath surface (Ay)
under the designated Py and Ga;.

It can be seen from Figure 8(a) that Ag increases
significantly before ¢+ = 180 seconds due to the increase
of Ga; within the initial 60 seconds and the sharp
decrease of Py as shown in Figure 8(b). In addition, Ag
shows a typical increase again at t = 540 seconds after a
stable stage, which is also ascribed to the increase of Ga;
as shown in Figure 8(b). The cross-sectional area of the
vacuum vessel Ay, by contrast, is apparently smaller
than 4s due to the violent agitation induced by the gas
plume in the activated zone. It is thus clear that both
increasing Ga, and accelerating the drop of Py promote
decarburization at the bath surface by enlarging the
activated area.

2. Decarburization rate at the bath surface
Based on the above calculations, the decarburization
rate (kg/s) at the bath surface is calculated by Eq. [34].

Vs = (— dl[ggt_i]f) X 1w [34]

F. Parameters of the Model

The key parameters for the calculations of this model,
including mass transfer coefficients of dissolved carbon
to the interface (k,, kg), the process parameter (k;,),
reaction area (A,,, Ay, Ag), the volume fraction of
molten steel within the critical depth of CO nucleation
(¢), and equilibrium partial pressure of CO (Pcoy.,
Pcop, Pco,v)’ are listed in Table 1. In the estimation of
decarburization at Ar bubble surface, the interfacial
area is the sum of all Ar bubbles in the melt, but
decarburization for the bubbles at different heights is
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Table I. Parameters of the Model
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separately evaluated because the conditions (bubble size,
CO partial pressure in the bubble, etc.) are constantly
changing in the ascending process, so decarburization
amount through Ar bubbles is obtained by summing up
that from every single bubble. k;  is a process parameter
for estimating CO nucleation rate in the bulk steel and
kin X dhco has the same dimension as that of mass
transfer coeflicients (ky,, kg). The simulated results are in
good agreement with industrial data when k;, is taken as
20 57!, as suggested by Kuwabara er al.*”! Besides, the
volume fraction of molten steel within H, (@) is in a
range from 0.83 to 0.89. The mass transfer rate of
dissolved C to the bath surface (k) is taken as 0.005 m/s
in this model, which is larger than the value of 0.0015 m/
s taken by Kitamura er al!'! for RH process. The
difference with previous work may be ascribed to the
dimension of the snorkel and Ar gas ascending distance
in SSRF. The activated coefficient (&) is determined to
be 7.5, and the radius of the activated zone (r,) is in a
range from 0.25 to 0.38 m that depends on the vacuum
pressure (Py) and gas flow rate (G,,). The equilibrium
CO partial pressure (P y) is determined by Py and the
fraction of CO in the vacuum chamber (1).

G. Program and Computing Process

After developing the sub-models for three reaction
sites, mathematical simulation of decarburization pro-
cess in SSRF is performed by programming in Visual
Basic 6.0 on a PC. The computational flow chart of
decarburization process in SSRF is summarized in
Figure 9. In the present calculations, the weight of
molten steel (W) is set to be 80,000 kg and the initial
temperature of molten steel (7Tpe) to be 1893 K
(1620 °C); the initial mass content of dissolved carbon
([pct C],) and oxygen ([pct OJ,) is set to be 0.033 and
0.060, respectively; the decarburization cycle (74_¢) is
taken as 1080 seconds and the very short time step At is
0.06 seconds. With the above initial input conditions,
the calculation results at any moment no later than
1080 seconds, including decarburization rate of each
reaction site, the ratio of decarburization rate of each
reaction site to the total decarburization rate, decarbu-
rization amount of each reaction site, the ratio of
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decarburization amount of each reaction site to the total
decarburization amount, the contents of dissolved C, O,
the temperature of molten steel, critical depth of CO
nucleation in the bulk steel, effective reaction area at the
bath surface, upward cone angle of gas plume, and the
volume fraction of molten steel within H;,, can be
output in a user-friendly interface.

III. RESULTS AND DISCUSSION

In the present study, a dynamic model has been
developed to investigate decarburization behavior of an
80-ton SSRF by performing simulation of decarburiza-
tion reactions that take place at Ar bubble surface, in
the bulk steel and at the bath surface. The dimensions
and process conditions of the SSRF system are listed in
Table II.

As listed in Table II, the flow rate of argon gas (Gar)
blown at the bottom of the ladle is in a range from
1.667x1072 to 5.667x 107> m?/s in this model. It is also
shown in Figure 8(b) that Gy, increases to 3.33x1073
m’/s within the initial 60 seconds and then remains
relatively stable until £ = 540 seconds when G, starts to
increase again from 3.33x 107> to 5.00x 10~ m?/s. After
t = 600 seconds, G, fluctuates in a small range from
5.00x 1072 to 5.667x 107> m>/s. On the other hand, the
vacuum pressure (Py), with a fore vacuum of 91,200 Pa
before the decarburization treatment, drops to 100 Pa
within 480 seconds with a short stagnation from
t = 360 seconds to t = 420 seconds. After ¢ = 480 sec-
onds, Py maintains 100 Pa till the treatment end.

The circulation flow rate of molten steel (Q) is used to
estimate the flow field and mixing characteristics of
molten steel. Increasing Q promotes homogenization of
steel between the ladle and the vacuum vessel. Yamag-
uchi er al.B” worked out the relationship between the
volumetric mass transfer coefficient (akc) and Q, indi-
cating that the increase of Q contributes to decarburi-
zation as shown in Eq. [35].

dke o A2 x 07 x pet €148 35
v

From Eq. [36], it is clear that akc increases with the
increase of Q'!7. Furthermore, Kuwabara et al.?”
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Fig. 9—Program flow chart for the decarburization process of SSRF.

Table II.
SSRF System

Dimensions and Process Conditions of the 80-Ton

Molten steel weight (kg)
Vacuum chamber
Diameter (m)
Height (m)
Lift height (m)
Snorkel
Diameter (m)
Height (m)
Immersion depth (m)
Ladle
Upper diameter (m)
Lower diameter (m)
Height (m)
Gas injection system
Gas type
Gas flow rate (m>/s)
Eccentric distance of the orifice (m)
Vacuum system
Fore vacuum pressure (Pa)
Ultimate vacuum pressure (Pa)

80,000

1.300
8.700
1.435

1.000
0.880
0.500

2.965
2.305
3.600

Argon

1.667 to 5.667x1073

0.500

91,200
<100
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NO

YES

=1

deemed that Q is mainly affected by Ga;, Ds, and Py
as shown in Eq. [36].

1/3

0 x G- D {In(P"/Py)} 36]

In order to investigate the circulation flow rate in
SSRF, physical simulation® was performed to investi-
gate effects of the ratio of the snorkel diameter to the
ladle diameter (Ds/Dy), the eccentricity of the porous
plug (re/Rs), and G, on Q. The relationship of them is
summarized as follows.

Ds\ > Ds
o (‘ (o) +10 <D—>>
Te ? Te 0.3593
X (— (R—S> +086 . <R—S>> X GAl‘

By comparison between Eqs. [36] and [37], it can be
seen that Ga, has a greater impact on Q in SSRF than
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Fig. 10—Variation of Q in the decarburization process.

that in RH, due to a longer gas ascending distance in
SSRF. In this model, previous results of both RH and
SSRF were combined to estimate Q for the present
80-ton SSRF. With Dy, Ds, and r. listed in Table II,
the following formula was obtained to calculate Q.

0 = 445 10°- GR - {in(P/ P}

Under Ga,; and Py in Figure 8(b), variation of Q in
the decarburization process is obtained as shown in
Figure 10. It can be seen that Q increases from 216.67 to
1276.66 kg/s continuously within 600 seconds except for
two stagnations between ¢ = 360 seconds and ¢=
540 seconds. After r = 600 seconds, Q fluctuates between
1276.66 and 1318.26 kg/s. In sum, Q can be improved by
increasing G, and reducing Py.

In this model, the temperature of molten steel (Tpelr)
in the ladle is considered to be the same as that in the
vacuum vessel. It is simulated according to the heat
conservation law in SSRF process, as expressed in
Eq. [39].

Tmelt (t+At)
H —H!

out

((W+ W) . CIF\,/I + Wy - Cg) . dTmelt
Tmell(’)

[39]

Here, H! is the reaction heat generated in the decarbu-
rization process during the time step Az. During the
decarburization treatment, there is little slag existing in
the vacuum vessel and the temperature of molten steel is
hardly influenced by the slag-steel reactions in the ladle,
without O, blowing and Al addition during the decar-
burization period, so only the heat generated in C-O
reaction (Eq. [1]) is taken as the source of H! ; H  is the
heat loss that consists of loss for heating vacuum vessel
when molten steel ascends into the vacuum vessel, loss
through the waste gas, and loss dissipated from the ladle
wall and the vacuum vessel wall to the air; f ‘“f“(,HAt)
((W+ w) - CM + Ws - C3) - ATy is the heat for T{éatmg
af H —H.  >0) or refrigerating (if H{ — H  <0)

t t
molten steelouand slag during At, which is equal 0tuo the
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difference between heat intake H!, and heat loss H! .
Figure 11 shows variation of Tj,; during the decarbu-
rization period. Ty shows an apparent downward
trend from 1893 K (1620 °C) to 1869 K (1596 °C)
within the initial 123 seconds, and then decreases
gradually to 1844 K (1571 °C) in the treatment end. In
the beginning, molten steel gradually ascends into the
vacuum vessel with the drop of Py, the heat of molten
steel was transferred to refractory of the vacuum vessel
because of their temperature difference. When their
temperature reaches a dynamic balance, Ty, falls more
slowly, with heat loss of waste gas and heat dissipation
through the slag, the ladle wall, and the vacuum vessel
wall, though the C-O reaction heat is generated contin-
uously.

Figure 12 shows comparison of [pct C]; between the
simulated result and 27 heats plant data. The conditions
(initial Ter, [pet Cly, [pet OJy) of this model are consis-
tent with those of the plant production. Obviously, the
simulated [pct C]; varies within the range of [pct C]; in
the plant production, that is, the simulated result is in
reasonable agreement with actual production data,
indicating that decarburization behavior in SSRF can
be well explained by this model.

Variation of the simulated [pctC]; is divided into
three stages: within the initial 51 seconds, [pctC];
decreases slowly from 0.033 to 0.031 at an average rate
of 0.39 ppm/s; at the stage of =51 seconds to
t = 381 seconds, [pctC]; decreases fast from 0.031 to
0.0079 at an average rate of 0.70 ppm/s; and at the stage
of t = 381 seconds to r = 1080 seconds (the decarburi-
zation end), [pctC]; decreases more and more slowly
from 0.0079 to 0.0014 at an average rate of only
0.093 ppm/s.

Figure 13 represents variation of decarburization rate
at each site with the decrease of [pct C]; . Decarburiza-
tion rates at Ar bubble surface, at bath surface, and in
the bulk steel are obtained from Egs. [21], [30], and [34],
respectively. It can be seen that decarburization reac-
tions only take place at bath surface and Ar bubble
surface at the beginning of treatment. When [pct C];
decreases to 0.0319 (¢ = 33 seconds), decarburization
reaction starts in the bulk steel and its rate exceeds that
at the bath surface at r = 51 seconds. In addition, in the
range of [pct C]; from 0.031 (¢ = 51 seconds) to 0.0079
(t = 381 seconds), decarburization in the bulk steel
predominates among three reaction sites. Meanwhile,
the decarburization rates at both the bath surface and
Ar bubble surface decrease gradually. After r = 381, the
decarburization rate in the bulk steel starts to fall behind
that at the bath surface and keeps up decreasing faster
than those at the bath surface and Ar bubble surface.
With [pctC]; further decreasing to about 0.005 at
t = 552 seconds, the decarburization rate in the bulk
steel is even smaller than that at Ar bubble surface, and
the overall decarburization becomes weak. Obviously,
decarburization occurs vigorously at the stage of
t = 51 seconds to ¢ = 381 seconds, when C concentra-
tion of molten steel is relatively high. Nevertheless,
decarburization is slow before [pct C]; reduces to 0.031,
because of high vacuum pressure limiting CO nucleation
in the bulk steel. Compared with decarburization rates

METALLURGICAL AND MATERIALS TRANSACTIONS B



1900
1890 -

1880 |

1870 A1869 K (=123 s)

w (K)

mel

& 1860 |

1850 -

1840 |

1830 1 1 1 1 1 1 1 1 1 1
0 120 240 360 480 600 720 840 960 1080 1200

t(s)
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in the bulk steel and at the bath surface, decarburization
rate at Ar bubble surface is much smaller over the whole
decarburization process in SSRF. Besides, bulk steel
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Fig. 14—Contributions of each decarburization rate to the total
decarburization rate.

decarburization contributes the most to the total decar-
burization amount. Under the present conditions, the
contributions of each decarburization amount are 50 pct
by bulk steel decarburization, 37.1 pct by bath surface
decarburization, and 12.9 pct by Ar bubble surface
decarburization.

Figure 14 depicts the contributions of each decarbu-
rization rate to the total decarburization rate. It can be
seen that decarburization rate at the bath surface takes
up more than 80 pct of the total decarburization rate
and the rest is from that at Ar bubble surface at the very
first stage. However, once bulk steel decarburization
starts, its contribution soon exceeds those of Ar bubble
surface and the bath surface. In the period of 7 = 51
seconds to ¢t = 381 seconds, the decarburization rate in
the bulk steel accounts for over 43 pct of the total rate
and peaks at 72.6 pct at ¢= 180 seconds. Since
t = 381 seconds, the dominant reaction site has shifted
to the bath surface with dramatic recession of CO
nucleation in the bulk steel. Thereafter, the contribution
of decarburization rate in the bulk steel continues
decreasing, and decarburization mainly takes place at
the bath surface and Ar bubble surface after ¢ = 552
seconds when [pct C]; <0.0050.

In overall, the contribution of decarburization
through heterogeneous nucleation of CO bubbles in
the bulk steel contributes significantly to the decarbu-
rization process. Bulk steel decarburization predomi-
nates in the high carbon range. However, as the contents
of dissolved C, O decrease, the contribution of decar-
burization in the bulk steel decreases dramatically, and
then decarburization at the bath surface plays a dom-
inant role in the low carbon range. These results are
basically consistent with previous work with respect to
other steel making processes. Park er al!* and
Kitamura er al*" proposed that bulk steel decarburi-
zation is dominant in the initial stage and the bath
surface and Ar bubble surface reaction dominates the
decarburization in the low carbon range in both RH
process and REDA process.

As stated before, bulk steel decarburization occurs
within a critical depth of Hj, near the bath surface. The
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Fig. 15—Variations of Hj, and Vj,.

size of Hj, determines the volume of molten steel
participating in the reactions, which directly affects
decarburization efficiency of SSRF. In the present study,
H;, is obtained based on the critical balance between
equilibrium CO partial pressure and Py + Ps, as shown
in Eq. [40].

oo K-fc - fo-[pctCly - [pctOly - PY — Py — Ps
" P &

[40]

Obviously, Hi, is greatly influenced by [pctCly,
[pct O]y, and Py. As [pctC], and [pctO]y are high
and Py drops fast in the early period, Hj, is great and
CO bubbles are vigorously formed in the bulk steel.
With [pct C]y and [pct O]y decreasing gradually during
the treatment process, Py plays a key role in determin-
ing the decarburization efficiency. Therefore, decarbu-
rization efficiency can be enhanced by keeping up a
high drop rate of Py. By substituting Eq. [40] into
Eqgs. [23] and [30], the decarburization rate in the bulk
steel (Vin) can be expressed as follows.

AV'kin'przn'g

Vin=¢-
"= %7200 K- fe fo - [pet O]y - P

TR HE  [41]

As shown in Eq. [41], the decarburization rate in the bulk
steel is in direct proportion to the second power of Hj,.
Figure 15 shows the variations of Vj, and Hj,. It can be
seen that Hj, has almost the same variation tendency as
Vin. Besides, there is a peak and a platform of Hj, as
shown in dotted line of Figure 15. The reason for the
transition from the peak to the platform of Hj, is that the
drop rate of Py falls behind in that of [pct C],,. Mean-
while, the trough to the second peak of V;, depicted with
solid line is caused by sustained reduction of [pct O]y
when Hj, is practically unchanged, with reference to Eq.
[41]. Hence it is clear that decarburization in the bulk steel
is largely influenced by Py. Accelerating the drop of Py
improves decarburization efficiency by expanding CO
nucleation zone, especially when the contents of dissolved
C, O are high in the early decarburization period.

Figure 16 shows the variations of decarburization
rates at the bath surface (Vs) and Ar bubble surface
(Var)- An improvement in both Vs and V5, can be seen
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Fig. 16—Variations of Vs and V;.

from the curves in the square frame at 1 = 540 seconds
when Gy, shows a typical upward trend as shown in
Figure 8(b). However, it is actually not advisable that
Ga; be as high as possible when CO formation takes
place vigorously in the bulk steel before ¢ = 381 sec-
onds, for a significant increase in Ga, will cause a
decrease in ¢, as indicated in Figure 7. Only when bulk
steel decarburization becomes very slightly ([pctC]; <
0.005), and meanwhile CO gas is mostly formed at the
bath surface and Ar bubble surface, is increasing Ga; an
effective measure to be taken to improve decarburiza-
tion efficiency by expanding activated area of the bath
surface (as shown in Figure 8) and the total surface area
of Ar bubbles. Besides, circulation flow rate of SSRF
will also be enhanced by the increase of G, to accelerate
mass transfer of dissolved C, O to the reaction interface.

IV. SUMMARY AND CONCLUSIONS

Single snorkel refining furnace is a new-type refining
equipment applied to deep decarburization treatment of
ultra-low carbon steel. In order to further improve
decarburization efficiency and provide probable guid-
ance for industrial scale production in SSRF, a dynamic
model has been developed to investigate decarburization
behavior by programming in Visual Basic 6.0 on a PC
and the simulated result is in reasonable agreement with
the plant data. In this model, decarburization reactions
are considered to take place at Ar bubble surface, in the
bulk steel and at the bath surface. Within the initial
51 seconds, [pctC];, decreases slowly from 0.033 to
0.031 at an average rate of 0.39 ppm/s and bath surface
decarburization contributes the most to the total decar-
burization; at the stage of 7= 51 seconds ([pctC], =
0.031) to r= 381 seconds ([pctC]; = 0.0079), [pctC];
decreases fast at an average rate of 0.70 ppm/s, in which
bulk steel decarburization occurs vigorously under a
sharp decrease of Py and it predominates in the overall
decarburization; and at the stage of 7= 381 seconds
([pctC]; =0.0079) to the decarburization end
([pet C]; = 0.0014), [pctC]; reduces more and more
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slowly at an average rate of only 0.093 ppm/s, in which
the dominant decarburization site has shifted to the bath
surface after a dramatic recession of bulk steel decar-
burization. Throughout the decarburization process, the
contributions of each decarburization amount are 50 pct
by bulk steel decarburization, 37.1 pct by bath surface
decarburization, and 12.9 pct by Ar bubble surface
decarburization.

When decarburization takes place vigorously in the
bulk steel before 1 = 381 seconds ([pct C]. >0.0079), too
high Ga; is inadvisable. In the early period when the
contents of dissolved C, O are relatively high, to
accelerate the drop of Py is an effective way to improve
decarburization efficiency by deepening the depth of CO
nucleation in the bulk steel. Besides, when decarburiza-
tion becomes very slow after 1 = 552 seconds ([pct C]L <
0.0050), it is necessary to appropriately increase G, to
slow down the reduction of decarburization rate by
expanding activated arca of the bath surface and the
total surface area of Ar bubbles.
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NOMENCLATURE

akc Volumetric mass transfer
coefficient of C in molten steel
(m*/s)

Ay, Surface area of an Ar bubble (m?)

A, As, Av Activated area, effective reaction
area, cross-sectional area of the
bath surface (m?)

C,, CIS,, C%" Heat capacity of Ar gas, metal,
slag (J/kg K)

[peti] Mass concentration of
component i (weight percent)

[peti]® Equilibrium concentration of
component i (weight percent)

dy, d;) Hole diameter of the porous plug
(mm, cm)

dp0, dp Initial Ar bubble diameter, Ar
bubble diameter in the ascending
process (cm, m)

dy Diameter of bath surface in the
vacuum vessel (m)

D¢ Diffusion coefficient of dissolved
C in molten steel (m?/s)

Ds, Dy, Diameter of the snorkel, ladle
(m)

fi Activity coefficient of component

1 in molten steel
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Pco
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Py, Py
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-
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v

Acceleration of gravity (cm/s?,
m/s?)

Ar gas flow rate (cm’/s, m?/s)
Distance from position of Ar
bubble, CO nucleation site to the
bath surface (m)

Critical depth of CO nucleation
in the bulk steel (m)

The bath depth in the ladle,
vacuum vessel (m)

Distance from the porous plug to
the bath surface (m)

Generated decarburization
reaction heat, heat loss within
time step At (J)

Equilibrium constant of
decarburization reaction

Mass transfer coefficient of C to
Ar bubble surface, the bath
surface (m/s)

Process parameter of bulk steel
decarburization (s ")

Atomic weight of component i (g/
mol)

The number of moles of Ar, CO
in the Ar bubble (mol)

The number of Ar bubble whose
radius is 7y

The number of holes of the
porous plug

The number of Ar bubbles in the
ladle, vacuum vessel

Pressure at the porous plug, Ar
bubble inside (P,)

Standard atmospheric pressure
(P’ =101325 P,)

CO partial pressure at the
interface (P,)

Equilibrium CO partial pressure
in the bulk steel, Ar bubble,
vacuum vessel (P,)

Evolution pressure of CO bubble
in the bulk steel (P,)

Vacuum pressure, hydrostatic
pressure of molten steel (P,)
Circulation flow rate of molten
steel (kg/s)

Radius of activated bath surface,
bath surface (m)

Initial Ar bubble radius, Ar
bubble radius in the ascending
process (m)

The first, second derivative of Ar
bubble radius to time (m/s, m/s?)
Critical CO nucleation radius (m)
Eccentric distance of the orifice
(m)

The inner radius of the snorkel
(m)

Treatment time (s)

Ar bubble ascending time (s)
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TU) Ta Tmelt

Uslip
Uy

Vkra VX Vin’ VS

r°

==

W, w, Ws

Oc

Mco

At
L]

L,V,in, S

p(17"'5NL+NV)

The temperature of Ar gas at the
porous plug, Ar bubble, molten
steel (K)

Relative velocity of Ar bubble
(m/s)

Bubble ascending velocitgl,

uy = Ugip +2Q/n(Ds/2)" (m/s)
Decarburization rate at Ar
bubble surface of the ladle, Ar
bubble surface of the Vacuum
vessel, the bulk steel, the bath
surface (kg/s)

The volume of an Ar bubble (m?)
Volume of gas plume within the
critical depth of CO nucleation
(Hin) (m3)

Steel weight in the ladle, steel
weight in the vacuum vessel, slag
weight (kg)

Surface tension of molten steel
(6 = 1.8 N/m,¢’ = 1800 dyn/cm)
Density of Ar gas (kg/m?)
Density of molten steel (kg/m?, g/
cm’)

A constant (o« = 30)

Viscosity of molten steel
(u=5.8x10"3 N s/m?)

Heat transfer coefficient of Ar gas
(W/m? K)

Activated coefficient of the bath
surface

The volume fraction of molten
steel within Hj, (p<1)

Volume fraction of Ar gas in the
gas plume

Upward cone angle of the gas
plume (deg)

The fraction of CO in the
vacuum chamber

Time step (s)

Component i,j dissolved in
molten steel

Ladle vacuum vessel, bulk steel,
bath surface

Serial number of bubble from the
bottom of ladle to bath surface of
the ladle

Serial number of bubble from
bath surface of the ladle to that
of the vacuum vessel

Serial number of bubble from the
porous plug to bath surface of
the vacuum vessel
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