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1 Introduction

The production ratio of ultra-low carbon steel (ULC)
as material for interstitial free (IF) steel has increased
with recent requirements for improved material-quality
features in cold-rolled steel sheet, prompting active
development of rapid decarburization technologies for
ULC using the RH vacuum degassing equipment (RH)
to respond to this trend.!"™ Proposed methods of
enhancing decarburization in the RH include argon
injection into the vacuum vassel,*” the use of a higher
degree of vacuum in the early stage of decarburization
by increasing the evacuation rate,"**® adoption of a
higher circulation flow rate of molten steel>** reduc-
tion of the amount of molten steel treated,” a larger
cross-sectional area in the vacuum vessel,” and others.
However, the fundamental knowledge required to
obtain a quantitative grasp of the effectiveness of such
measures in increasing the decarburization rate cannot
necessarily be called adequate. For example, the exist-
ence of a dead zone in the molten steel flow pattern
would be related to stagnation in the decarburization
process in the ultra-low carbon content region, but
study refated to the existence of such a dead zone’ 'V
has been inadequate and no clear conclusion has been

* Originally published in Kawasaki Steel Giho, 25(1993)4, 277-
282

Synopsis:

Theoretical and experimental studies were carried out (o
quantify the effects of the fluid flow, reaction sites, and
geometry of the vacuum vessel on the decarburization
characteristics of the RH degasser. The distribution of car-
bon concentration in the ladle was calculated throughout
treatment. The maximum value, found near the bottom of
the ladie, was double the minimum value, but this differ-
ence was shown to have no effect on the decarburization
rate. The ratio of the decarburization rate at the bath
surface to the total rate in the RH was greatest in the
uftra-fow carbon region, while that at the molten steel-
refractory interface was the smallest, The maximum decar-
burization rate and minimum final carbon content be-
tween 6 and 12 ppm were attained with the largest vacuum
vessel (cross-sectional area, 5.1n7; inner diameter of
snorkel, 1.0 m). On the basis of theoretical and experi-
mental analyses, a procedure was established for deter-
mining the geometry of the RH vacuum vessel required to
obtain a specified aimed carbon content.

reached. Quantification of the contribution of each reac-
tion site to the decarburization reaction is essential for
establishing more effective methods of rapid decarburi-
zation, but at present, the reaction sites considered by
various researchers differ’>'? and no consensus has
been obtained. Much research has been done on the
effect of RH equipment conditions on the decarburiza-
tion rate and final carbon content>**!¥ but because
analysis has been limited to the narrow range of cur-
rently-existing equipment conditions, a general quantita-
tive understanding of final carbon content and geometry
of vacuum vessel has not been achieved.

The effect of these factors on RH decarburization
reaction characteristics was therefore clarified through a
chemical reaction engineering analysis and experiments,
determining the equipment conditions necessary for
rapid decarburization with actual equipment.
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2 Effect of Molten Steel Flow on Decarburization
Rate

2.1 Theoretical Analysis
2.1.1 Fluid flow in ladle and vacuum vessel

Because molten steel is an incompressible fluid, the
fundamental equations is obtained by Eq. (1) and (2).

Equation of continuity:

(V-w=0 (1)
Equation of motion:
oV -m] =V (uggVu) —VP- - (2)

where u: velocity vector of molten steel (m/s)
p: density of molten steel (kg/m’)
P: pressure (Pa)
Her: effective viscosity coefficient (kg/m - s)

The value of u.r is calculated using a x-&¢ model,
which is a two-equation model for turbulent flow.'*
The numerical calculation was made for a cylindrical
coordinate system using the Phoenics general-purpose
program. The number of meshes used in calculating the
flow in both the ladle and vacuum vessel was 14 for the
radial direction, 38 for the cylindrical direction, and 15-
38 for the vertical direction.

The molten steel surface in the vacuum vessel shows
considerable swelling due to the flow from the upleg,
but it is normally not possible to handle this type of
free-surface problem with general-purpose programs
such as Phoenics. Repeated calculations corrected by
trial and error were therefore made to obtain a surface
configuration in which the surface pressure was uniform
in all parts.

2.1.2 Decarburization reaction model considering
fluid flow

We assumed that the flow of molten steel in the
ladle is non-ideal while that in the vacuum vessel is a
perfectly mixed flow, and that the decarburization reac-
tion takes place only in the vacuum vessel. If the con-
cept of a residence time distribution function is applied
to the carbon balance in the ladle, Egs. {3)~(5) can be
established.

Ladle:

@

Coult) =§ Colt = VE(XYdt - v (3)

0

o

) =|
Vacuum vessel:
Vvdcv(t)/dt = Q’[COUI(I) - Cln(r)} - aka(f) - (5)

where Coy(#): carbon content in up-leg (ppm)
Cin(#): carbon content in down-leg (ppm)
Cv(#): average carbon content in vacuum vessel
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(ppm)
C.(9): average carbon content in ladle (ppm)
E(#): residence time distribution function (s™9
I{7): internal age distribution function (s™)
V.. volumetric capacity of vacuum vessel (m”)
Q" circulation flow rate (m'/s)
ak: capacity coefficient of decarburization
reaction {m*/s)

Although there were no examples of research on E ()
of molten steel in the ladie, Egs. (6)-(8) were employed
using « in the ladle obtained from the fluid calculation
described in Sec. 2.1.1, and Eq. (9) was obtained from a
numerical analysis of the step response of carbon con-
tent at the ladle exit side (up-leg), inputting the carbon
content at the ladle inlet (down-leg).'”

OC(x, 1)[dt = —u - VC(x, ) + V- (DeaVC(x, 1)) - - -(6)

t=10 Cin(t) = Cuul(t) = C(X, t) =0 e N
(>0 C =10 .- v (8)
E(f) = dcou[(f)/dt ........................... 'C)
d[(t)/dt = E(f) {10)

C(x, 1): carbon content at point x in the lade at
time ¢ (ppm)
Dy effective diffusivity (m?/s)

Accordingly, if Egs. (3) through (5) are combined and
solved, it is possible to calculate the trend in carbon
content during RH treatment considering the flow of
molten steel in the ladle.

The ladle considered in this calculation had an inner
diameter of 4.0 m and bath depth of 3.24 m, for a capac-
ity of 300 t; the up- and down-legs had inner diameters
of 0.6 m; and the vacuum vessel had an inner diameter
of 2.1 m and bath depth of 0.25 m. The down-leg veloc-
ity was 1 m/s, giving the system a circulation flow rate
of 120 /min.

2.2 Results and Discussion
2.2.1 Flow pattern

The calculated flow pattern of the molten steel in
the ladle is shown in Fig. 1. The fluid emerging from
the down-leg shows little tendency to spread and flows
along the wall after impinging on the bottom of the
ladle. Consequently, a recirculation flow forms at the
ladle bottomn below the up-leg and to the right of the
down-stream. The region affected by fluid suction at the
up-leg is limited to the area immediately around the
end of the down-leg. The question of whether the recir-
culation flow constitutes a dead zone is considered in
the following section in connection with the trend in
the distribution of carbon concentration int the ladle.
The calculated results with water and results of a
visually observable experiment showed good agreement,
aithough the figures are omitted here. Moreover, the
above-mentioned recirculation flow region is observable
with other ladle cross-sections, and the two flow paths
join in a doughnut shape.'®
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Fig. 1 Calculated flow pattern of steel melt in ladle
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Fig. 2 Calculated flow pattern of steel melt in
vacuum vessel

Figure 2 shows the calculated flow pattern of the steel
melt in the vacuum vessel The upper part of the figure
is a vertical section joining the center axes between the
up-leg and down-leg. The lower part is a plane figure at
a height of 0.17 m from the bottomn of the vacuum
vessel. The figure indicates that the surface of the steel
melt above the up-leg is 0.13 m higher than the surface
level of a static bath. The flow is smooth between the
up-leg and down-leg, and the type of flow which would

produce a dead zone does not exist in the vacuum
vessel.

2.2.2 Trend of carbon content distribution in ladle

A knowledge of the trend in carbon content at
various points in the ladle during decarburization treat-
ment in RH is not only fundamental reaction-engineer-
ing material for this process, bul is also essential for
process improvement and development. However, this

No. 32 March 1995

%A v

150 s N

150

180

JeEd 8 % - v
300 70 600 s A Y
%
N \ N
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Fig. 4 Contours for carbon content in a vertical sec-
tion of ladle perpendicular to plane including
center axes of up- and down-legs

type of analysis was not performed in the past. Con-
tours of the crbon content at various decarburization
periods are shown in Figs. 3 and 4. Figure 3 shows
vertical sections which include the central axes of the
up- and down-legs, while Fig. 4 shows vertical sections
perpendicular to the planes shown in Fig, 3. The inter-
val between contour lines represents 5 ppm for a time
of 600 s, and 10 ppm in all other cases. Figure 3 shows
that at all decarburization periods, the carbon content
has its minimum value directly below the down-leg and
its maximum value in the recirculation flow region
below the up-leg. With time, however, the carbon con-
centration also decreases in the recirculation flow region
shown in Fig. 1, and the maximum carbon content in
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the ladle is only about two times the minimum content.
Moreover, the decrease in carbon content showed no
greatly delayed areas, indicating that no dead zone exists
in the ladle, Carbon content showed a high degree of
homogeneity in both the vertical section through the
up- and down-leg center axes and in the vertical section
perpendicular to that plane, although a siightly higher
concentration was found in the area of the recirculation
flow near the furnace bottom.

The results described above did not locate any area of
stagnant decarburization in the ladle which would pre-
sent an obstacle to decarburization. In the past, it was
not possible to finally reject the idea of a dead zone as
the reason for stagnation of the decarburization reaction
in the final stage of decarburization treatment, but these
findings clearly show that the stagnation problem is not
attributable to the existence of a dead zone.

3 Contribution of Various Reaction Sites to
Decarburization Rate

3.1 Experimental Method

A decarburization experiment was performed using a
30-kg vacuum induction furnace in order to clarify the
contribution of various reaction sites to the decarburiza-
tion rate in the low carbon content region under re-
duced pressure, A magnesia crucible was used. After
melting a sample of electrolytic iron with a carbon con-
tent of 28 ppm under an argon atmosphere, pig iron
was added to adjust the carbon content to an initial
level of 200-300 ppm. The experiment then began
under conditions of oxygen content, approximately
400 ppm; melt temperature, 1 600°C; and vessel pressure,
133 Pa. As operational factors in the experiment, the
amount of molten steel was varied between 10 and 30
kg, and the inner diameter of the crucible at the melt
surface; between 0.1 and 0.18 m. Sampling was per-
formed at regular 5 min intervals using a quartz pipe with
a diameter of 16 or 8 mm. Carbon analysis was carried
out by the combustion method using block samples.

3.2 Experimental Results and Discussion
3.2.1 Effect of various [actors on decarburization rate

Figure 5 shows decarburization curves when the
amount of molten steel and inner diameter of the cruci-
ble at the melt surface were varied, assuming a crucible
diameter of 0,18 m and melt weight of 30 kg as basic
conditions. Figure 6 shows the relationship between the
carbon content and decarburization rate constant K
(min~'). Here, the relationship between X, the interfa-
cial area for reaction, @ (m?), the mass transfer coeffi-
cient k¥ (m/min), and the molten steel volume ¥ (m?)
is described by the following equation:
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Fig. 6 Relation between rate constant for decarburi-
zation and carbon content

in Fig. 5, w represents the amount of molten steel (kg),
and A4 is the cross-sectional area of the crucible (m?). As
can be understood from the plot of circular and triangu-
lar symbols in Fig. 5, when the inner diameter of the
crucible is held constant and only the amount of molten
steel is varied, the decarburization rate is faster when
the amount of molten steel is small, at 20 kg This is
because ¥ in Eq. {11} is reduced, even though both o
and & are unchanged. In addition, the plots of the circle
and square symbols indicate that the diameter of the
crucible is changed with the amount of molten steel so
that the bath depth remains basically unchanged, but
the decarburization rate is substantially the same in the
two cases. Again referring to Eq. (11), this is because
a/V is substantially the same if the interfacial area for
reaction, a, is taken to be the cross-sectional area of the
vessel, A. Further, even if the amount of molten steel of
30 kg is taken as a basic condition, the plot of the closed
circles, which indicate a 30% reduction in the cross-sec-
tional area of the crucible at the bath surface, shows a
lower decarburization rate than under the basic condi-
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tion represented by the open circles. This is attributable
to a reduction in ¢ in Eq. (11).

To summarize, the decarburization rate increases when
the amount of molten steel is decreased or when the
surface area of the vessel is increased. However, the
effect of the respective reaction sites on the decarburiza-
tion rate is not clear only from Figs. 5 and 6.

3.2.2 Quantification of contribution of
decarburization reaction sites

Assuming that the decarburization reaction pro-
gresses at three sites, namely, the free surface of the
molten steel bath, the interface between the crucible
and the bath, and within the bath, a model of the reac-
tion was created to clarify the respective contribution of
each site. The main assumptions of the model are de-
scribed below.

(1) The mass transfer coefficient is the same at the sur-
face of the bath and at the crucible-bath interface.

(2) The decarburization reaction occurs only at spots
where the carbon content is higher than the carbon
content C., which is in equilibrium with the partial
pressure of CO in the ladle.

(3) The driving force (C — C,) at the crucible-bath
interface and in the bath varies with depth A, but as
an average value, approximates (1/2) x C.

(4) The reaction area at the free surface of the bath is
equivalent to the surface area of the bath, a,, while
that of the crucible-bath interface is in proportion
to the area of the lateral face of the crucible, a5, in
the region from the bath surface to a depth # where
decarburization can occur from the viewpoint of
thermodynamic equilibrium; the interfacial area
within the molten steel bath is proportionate to the
bath volume ajh.

Using the assumptions described above, the func-
tional relation on ak was obtained by Eq. (12) by the
method of least squares from data taken at 18 points in
a crucible experiment.

ak =85x 10%a, + 2.0 x 10 %aq
+ 13 x 0 auh e (12)

In Eq. (12), the mass transfer coefficient & is obtained
as 8.5 x 1073 m/s, but Harashima et al. obtained a
value of 2.2 x 10~* m/s, which is larger than that in the
present work. The reason for this difference appears to
be that the Harashima group gave excessive weight to &
because they considered only the free surface of the
moilten steel as the interfacial area of the reaction.
The relative contribution of each reaction site to the
decarburization rate can also be determined from Eqg.
{12). Figure 7 shows the relationship between the car-
bon content and {(ak),/ak] x 100 in an RH degasser
with a vacuum vessel diameter of 2.1 m. The oxygen
content was assumed to be 600 ppm. From this figure,
the contribution of the reaction site at the refractory-
molten steel interface to the decarburization rate was
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Fig. 7 Effect of each reaction site on decarburization
rate during RH treatment

small, at less than 3%, and can be ignored in practical
equipment. The greatest contribution to the decarburi-
zation rate was made by the inner part of the molten
steel bath at C = {8 ppm and over, and below this boun-
dary, by the free molten steel surface. Thus, methods
such as Ar injection,*® hydrogen injection’”, and
increasing the cross-sectional area of the vacuum ves-
sel,“'® the latter being linked to increasing the molten
steel surface area, are effective in increasing the interfa-
cial area of the reaction, which should promote the
decarburization rate in the ultra-low carbon region.

4 Rapid Decarburization Technology with RH
Degassers

4.1 Measures to Increase Decarburization Rate
and Experimental Conditions

One of the present authors has proposed a decarburi-
zation reaction model which assumes that the molten
steel in ladle and vacuum vessel comprise a perfectly
mixed unit, and proposed the following relationships:'>

CL: Ca exp (_K{) ................... (13)
Q@ (__ek N . 14
K= (Q/420+ak) 9

where CU: initial carbon content in ladle (ppm)

Q: circulation flow rate of steel melt (t/min)

Wy amount of molten steel in ladle (t)

Equation (14) indicates that the decarburization rate

in the RH can be increased by increasing the circulation
flow rate or the volumetric coefficient of the decarburi-
zation reaction, or by decreasing the amount of molten
steel under treatment. The value of @ in Eq. (14) can
be estimated using the following equation, which was
proposed by Kuwabara et al:™

Q = 114G Pa*® In (PjeYIP - (15)

where G: gas flow rate for circulation of molten steel
(Nm*/min)
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Table 1 Design parameters and rate constants for
decarburization of RH degasser at Mizushima
Works
No.2 RH I No4 RH
Conventional| New vacuum vessei | -Onventional
D {m) 0.6 1.0 .6 0.75
£ {t/min) 120 240 90 180
S (m?) 3.5 3.1 3.1 4.9
. 0.18
Kcnlc (min=*) (Base) 0.30 0.19 0.26

Kops (min™') 0.18 0.31 .18 0.24

d: inner diameter of the snorkel (m)
P;, Py respective pressures of atmosphere and in
vacuum vessel (Pa)

In Eq. (15), the exponent of 4 is greater than that of
G, indicating that increasing the diameter of the snorkel
is more effective than increasing the circulation gas flow
rate. Moreover, where the volumetric coefficient of the
decarburization reaction is concerned, the decarburiza-
tion reaction site is proportionate to the cross-sectional
area of the vacuum vessel, § {m?), as is clear from the
previous chapter.

Based on the results presented above, a new type of
vacuum vessel was designed and fabricated for No. 2
RH at Mizushima Works, aiming at an increased inner
diameter of the snorkel (0.6 — 1.0 m) and increased
cross-sectional area of the vacuum vessel (3.5 — 5.1
m?). The experimental conditions for No. 2 RH, which
were also implemented in parallel at No. 4 RH, are
shown in Table 1.

4.2 Experimental Results and Discussion

4.2.1 Effect of RH equipment conditions on
decarburization rate

Figure 8 shows the trend in carbon content with
the conventional vacuum vessel at No. 2 RH, the new
vacuum vessel at No. 2 RH, and No. 4 RH. The decar-
burization rate with the new type of vacuum vessel, in
which both the inner diameter of the snorkel and the
cross-sectional area of the vacuum vessel were increased
{d =06—10m, § =3.5— 5.1 m?), was faster than
with the conventional vacuum vessel, and the achieved
carbon content was markedly lower, at 6-12 ppm. The
decarburization rate with No. 4 RH (4 =075m,
S =49 m?, which has a circulation flow rate of molten
steel and a cross-sectional area of vacuum vessel inter-
mediate between those of the conventional and new
type vacuum vessels at No. 2 RH, also falls between
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Fig. 9 Relation between capacity coefficient of
decarburization and circulating flow rate

those with the two types of vacuum vessels used at No.
2 RH. The achieved carbon content showed the same
tendency.

Next, the relationship between the volumetric coeffi-
cient of decarburization and the circulation flow rate of
molten steel represented by Eq. (14) is shown in Fig, 9,
with the rate constant of decarburization as a parameter,
Based on calculations with Eqs. (15} and (16), values for
the cross-sectional area of the vacuum vessel, inner dia-
meter of the vessel, and inner diameter of the snorkel
are shown on the axes of the graph. Here, 0.069 was
used as the value ¢ in Eq. (16), which is necessary for
calculating agk. This value was obtained by inserting
intoc Egs. (15) and (16) K =0.18 min™', 0 =120t/
min, and § = 3.5m? from the conventional vacuum
vessel of No. 2 RH. As can be seen in the figure, the
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actual and calculated values of K were in good agree-
ment. Figure 9 can thus be used to estimate X for arbi-
trarily selected RH equipment conditions.

4.2.2 Method of determining geomeiry of the RH
vacuum vessel for aimed carbon content

As discussed above, Fig. 9 provides a useful guide-
line for increasing the decarburization rate, but because
it does not consider the phenomenon of stagnation in
decarburization in the ultra-low carbon region, it cannot
be used to estimate the final carbon content after the
completion of decarburization treatment. If it were
possible to estimate final carbon content for all RH
equipment conditions, then conversely, it would also be
possible to select RH specifications appropriate for an
aimed carbon content value. This section will therefore
clarify a method for selecting the general RH equip-
ment conditions needed to obtain a target C; based on
the points discussed in the previous section.

Kuwabara et al.'® and Azuma et al” suggested that
the reason for stagnation in the decarburization rate in
the ultra-low carbon region is a decrease in the region
of the molten steel where decarburization is possible.
However, from the viewpoint of thermodynamic equi-
librium, the equilibrium carbon concentration can be
calculated at 0.8 ppm at 7 = 1873 K, O = 400 ppm, and
pressure in the vacuum vessel = 133 Pa (1 Torn).
Moreover, as mentioned in the previous chapter, decar-
burization is possible at the free surface of the molten
steel in the RH vacuum vessel, even in what is nor-
mally the ultra-low carbon region. Considering these
facts, a phenomenon of complete stagnation in the
decarburization process is not an adequate explanation.
It is also clear from Chapter 2 that stagnation in the
decarburization process cannot be attributed to the ex-
istence of a dead zone.

In order to describe complete stagnation of decarburi-
zation in a numerical expression, the relationship be-
tween K and the achieved carbon coatent C; was
arranged using Eq. (17) as a decarburization rate equa-
tion for the ultra-low carbon region.

—dCldt =KC — oo a7

where f is a constant (ppm/min) whose physical mean-
ing is the rate of carbon supply to the molten steel
(contamination of the molten steel bath). Decarburiza-
tion does not occur when € = ;. Therefore,
~dCldr =0, and the following equation can be
obtained from Eq. (17):

Crm=BIK « oo (18)

Figure 10 shows the relationship between C; and X
for the RH vacuum vessels described in Table 1. Cris a
value after 20-25 min of rimmed treatment. If C; = 18
ppm and X = 0.18 min~! for the conventional vacuum
vessel of No. 2 RH are substituted into Eq. (18), then
f# = 3.3. The figure shows that even if RH conditions

No. 32 March 1995

25 T T T
20 F 1
® (base)
I b
e /
2 Ci=3.3/K
Sk 7
5 - —
1 )3 I3
U 0.1 {2 0.3 0.4
K imin )

Fig. 10 Relation between final carbon content and
rate constant for decarburization

are changed significantly, € is inversely proportional to
K and decreases as K increases. It can also be under-
stood that the relationship in Eq. (19) obtained from
data for the conventional vacuum vessel of No. 2 RH
holds for other conditions.

Thus, if the rate constant for decarburization in the ini-
tial stage can be determined, it is possible to predict the
achieved carbon content.

The following is the flow of the method for deter-
mining the geometry of the RH vacuum vessel for a
target carbon content. After establishing the target value
Cy, the value of K is obtained using Eq. (19). Next, the
volumetric coefficient of the decarburization reaction
and the circulation flow rate are obtained from either
Fig. 9 or Eqgs. (14) through {16) so as to satisfy the
applied value of K, given the dimensions of the ladle
and other geometric restrictions. Finally, the diameter
of the snorkels, cross-sectional area of the vacuum ves-
sel, and other RH equipment conditions are decided.

5 Conclusions

The effect of molten steel flow and reaction sites on
the characteristics of the RH decarburization reaction
were clarified by the analysis of chemical reaction engi-
neering and experiments, and the geometry of the RH
vacuum vessel necessary for rapid decarburization with
actual equipment were proposed.

{1) The flow of molten steel in the ladle was analyzed,
and a reaction model was constructed considering
the effect of the fluid fiow.

(2) The nonmuniformity of carbon concentration in the
ladle during decarburization treatment has a maxi-
mum only approximately two times the minimum,
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and the carbon content is steadily reduced even in
the recirculation flow region. Accordingly, a dead
zone in the RH, which would be an impediment to
decarburization, does not exist.

(3} Considering the bath surface, crucible-bath inter-
face, and interior of the bath as reaction sites for
the decarburization reaction, an experiment was
conducted with a small crucible under reduced pres-
sure to clarify the respective contributions of each
site.

(4) According to calculations made under actual RH
conditions using an equation for the relationship
obtained in the crucible experiment, the contribu-
tion of the refractory-molten steel interface to the
decarburization reaction is stight at 3% or under. In
the ultra-low carbon content region, the contribu-
tion of the free surface of the bath is greatest, while
in the region of relatively high carbon contents, the
contribution of the interior of the bath is greatest.

(5) With a new-type of RH vacuum vessel with the
snorkel diameter increased from 0.6 to 1.0 m, the
decarburization rate increased significantly and it
was possible consistently to obtain final carbon con-
tents of 6-12 ppm.

(6) In the method of deciding the RH equipment con-
ditions needed to obtain a target final carbon con-
tent C, proposed here, the decarburization rate
constant K corresponding to Cy is obtained, and the
snorkel diameter and cross-sectional area of the
vacuum vessel are determined using a relational
equation for X obtained from the decarburization
model, given the dimensions of the ladle and other
geometric restrictions.
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