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Abstract

In order to describe the variations of the corrosion rate of blast furnace main trough from the

view point of the furnace productivity, the mass transfer model is proposed. In the model, the

variations of productivity were taken into account as slag flow speed variations. The calculated

results showed good agreement with the observed data. Thus, the accuracy of the alterations of

trough repair project corresponding to the changes of furnace production plan becomes better by

utilizing the corrosion rate predicted by the model.

1. ®E8

EIROFEMITESH 1m, £ SH20mOBERY
DOFEET, EFE»HHHE S N72481500C D X & v
EAT TR FMETRN RS OILESHESNL, F
MOEFIIRHWTHY, X7 7 /7 FHIZA
5754 (SL)H, AFIV/ATTREIZRXZ )V
I 4 (ML) DR S, WP b IbZm 2 EE
BIEETHLEENRTWAEYY, F72, ESHM
TIZHSEIL2 S 5 mfhE OB RO KE L, it
HOEETHLEEZLNTWDYy 94 =07
& L TIESLIZESICHF ¥ A% 7V, MLIZALOs-
MgALO~SIC-CE ¥ ¥ A% Z7VHHWLEN L D
BN TH 5,

FAEDORE I M IFRIEORFMETEEH I NS
A5, dgtE L HEOM A2 ZE L TRET 2 0%E
W bo Bl Z AL O I EE I i L C
HA ks 72 ) OBFEE /NS 2508, H
g 72 ) OIFEREIIRE {2 b, 60T,
FEA ALK T 5 525, BT 1 M2k
5o TOL) EFOLSE L FHOBREHAED
FRIZOWT OGN T IZ R SN T o

1. Introduction

The main trough of a blast furnace (BF),
with the general geometrical dimensions of
approximately 20m length, Im width, Im depth,
is not only a channel for molten metal and slag
drained from the blast furnace tap hole but also
a separator of the two immiscible liquids whose
temperatures are about 1500C. The main
trough has two localized corrosion zones in the
vertical direction. One is the slag/air interface
(slag line: SL) and the other is the metal/slag
interface (metal line: ML). The main corrosion
factor of both zones is considered to be chemi-
cal reactions' ”. In the horizontal direction,
the impact zone can be observed at about bm
from the tap hole. Higher slag flow speed is
considered attributable to this phenomenon. In
general, high SiC castable is applied to the SL
and AlO;-MgAl:O,-SiC-C castable is applied
to the ML for working linings.

In practical trough operation, time until repair
should be determined in order to maintain the
minimum residual thickness. Both passed metal
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quantity and time duration should be taken into
consideration. For instance, during the higher
productivity period, the corrosion rate per unit
metal quantity decreases while the corrosion
rate per unit time increases. Thus, during that
period, in spite of the reduction of unit refrac-
tory consumption, the repair schedule becomes
tight. However, a theoretical analysis about the
relation between corrosion rate and BF produc-
tivity has not been carried out. In this study,
therefore, the influence of BF productivity on
trough corrosion rate was analyzed based on a
mass transfer model.

2. Analysis Procedure

2. 1 Mass transfer model

Based on the Fick's law, the corrosion rate
(—dl/dt) can be expressed as Eq. (1) where Kk,
Csat, and c represent the mass transfer coeffi-
cient, saturation solute concentration, and solute
concentration, respectively.

gtl: k <Csat C) ........................... (D

Regarding the influence of productivity
variation as slag flow speed variation, it was
assumed that Pohlhausen’s equation (Eq. (2))
which describes the uniform dissolution of the
flat area would be applicable®.

Sh = 0.664Re%8c% ........................ (2)
Sh(Sherwood number), Re(Reynolds number),
and Sc(Schmidt Number) are dimensionless
numbers defined as Sh=kL/D, Re=vsL ps/#s,
and Sc=#s/psD where L, D, ps, vs, and #s
indicate the characteristic length, diffusion coef-
ficient, slag density, slag flow speed, and slag
viscosity. By rearranging Eq. (2), the following
equation (Eq. (3)) can be obtained. Mukai” also
has shown the equation elsewhere.
k = 0.664V5% Dgﬂ;%ps% L’% ............... (3)
Assuming a suitable value of (csat—c) in Eq.
(1) (it will be discussed in the next section) and
measuring the corrosion rate (—dl/dt) under the
condition where the slag flow speed is known, the
mass transfer coefficient (k) can be assessed. On
the basis of the assessment, diffusion coefficient
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(D) can be calculated from Eq. (3) since all
variables other than the diffusion coefficient
(D) are known. Fixing the obtained diffusion
coefficient (D) as a constant value, the corrosion
rate (—dl/dt) variation as a function of slag flow
speed (vs) can be calculated. Consequently, an
analysis between trough corrosion rate and the
furnace productivity becomes possible.
2. 2 Assumption of csix—cC

Trough corrosion is considered to be the
phenomena where Al.O; and SiO,, which have

Csat-sL = S102+ Al203
=9bmass%

Csat-ML=Si02+ Al20O3
=74mass%

3A1203SiO2

) N\
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! \\\\ 1 \
1 \ 1 1
3CaO-AIzO/ 12Ca0-7Ah0s Ca0+2A1:0s Al2Os
Ca0-+Al0s Ca0+6A120s

CanAliOs

D Initial slag composition

O
o

Fig. 1

Si02/Al0s ratio of SL castable under assumption
that SiC was completely oxidized to form SiO:

SiO2/Al20s ratio of ML castable under assumption
that SiC was completely oxidized to form SiO:

Estimations of saturated amount of the BF trough material by utilizing the phase diagram.
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Fig. 2 Schematic illustration of liquid flow in
a BF main trough.
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been formed as a result of SiC oxidation, dis-
solve into the slag. Therefore, it is the combined
process of two or more substances transferring
simultaneously. Depending on the experiment,
Iida and Ogura® concluded that it is acceptable
to regard a certain SiO./Al:O; ratio, which is
calculated under assumption that SiC in the
castable is completely oxidized to form SiO.,
as a single solute when trough corrosion is
analyzed in an overall manner. Also in this
study, the authors deal with the corrosion in an
overall manner. Hence, csat was estimated using
a phase diagram.

Fig. 1 shows the Al:0;/Si0./Ca0 ratio of the
slag, SL castable, and ML castable plotted on
the phase diagram of the system Al:O;-SiO.-
CaO. The SiO; in the castables was calculated
under the assumption that it was completely
oxidized along with SiC to form SiO,. Assum-
ing that the plotted castable compositions are
single solutes and the liquid temperature is
1500C, the saturation concentrations (Csa) can
be estimated as the amount of SiO.+Al,O; on
the point that intersections the straight line
between the slag composition and the castable
composition and isothermals at 1500C. The
estimated saturation concentrations (Csa) were
95mass% and 74mass% for SL castable and
ML castable respectively. Strictly speaking, the
estimations are not accurate since slag and ML
castable include MgO and some other minor
component. In this study, however, the phase
diagram of the ternary system was employed
from the view point of rough estimation.

The solute concentration (c) was assumed as
54mass%, which was identical to the SiO,+AlLO;
amount of the initial slag. Considering the
continuance of slag supply, digit of refractory
consumption (kg-refractory/t-iron), and mass
fraction of slag (kg-slag/kg-iron=0.3), the
change of slag composition due to the refractory
corrosion can be neglected.

As mentioned above, combined transfer of
substances are described in an overall manner
in this study. Thereafter, the terms of overall
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Table 1 Calculation conditions and results

Calculating conditions

Slag density / kgem’ 2800
Slag viscosity / Pa-s 0.266
Slag ratio / - 0.30
(Csat - ¢) for SL castable / - 0.41
(Csat - ¢) for ML castable / - 0.20
Temperature / °C 1500

Observed results
Corrosion rate of SL at lower part of

-3
main trough / m-d"’ 4.3x10
Corrosion rate of ML at lower part of 3

) o 5.1%10
main trough / me«d
Calculated results
Doverai Of SL / m’es™ 3.1x10™
Doverat Of ML / m?es™ 11.2%x10™
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mass transfer coefficient (Kovera) and overall dif-
fusion coefficient (Dovera) were adopted in this
paper.

2. 3 Corrosion rate and slag flow rate

Fig. 2 shows a schematic illustration of the
liquid flow in a main trough. The corrosion
rate per unit time and the corrosion rate per
unit metal quantity were calculated under the
hypothesis that (1) at the lower part of trough,
slag flow speed can be calculated from drainage
rate and trough sectional area since laminar
flow is achieved there, (2) the sectional area of
the trough is constant. Thus, the overall diffu-
sion coefficient (Dovera) can be estimated from
the mass transfer coefficient (Koveran) determined
by corrosion rate of the lower part and slag
flow rate (vs) calculated from drainage rate and
trough sectional area.

On the contrary, the flow speed at the upper
part of the trough is much higher since it is
turbulent flow. According to the conclusion
described by Kosaka et al.”, the slag flow speed
at upper part was assumed 10 times the lower
part.

3. Analyzed Results and Discussion

3. 1 Overall diffusion coefficient

The analysis was done for a blast furnace of
which the inner volume is over 4500m? in Japan.
Table 1 summarizes the calculating conditions,
the measured corrosion rate at the lower part
of the trough, and estimated overall diffusion
coefficient. Slag viscosity was determined by
the empirical equation proposed by Nakamoto
et al.” The slag ratio (drained slag mass/drained
metal mass), which was the averaged value for
the furnace, was used to convert the metal
drainage speed to the slag drainage speed. The
saturation degrees (csat—c) of the SL castable
and ML castable have been already described
in section 2.2. The estimated values for the
overall diffusion coefficients were the same as
described elsewhere'.

Despite the corrosion rate of the ML being
approximately 1.2 times that of the SL, the
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estimated overall diffusion coefficient was 3.7
times that of the SL. This is attributable to
the higher saturation degree of ML castable.
Although the substances which were taken into
account were only Si, Al, and O and only the
Si0:/Al:0; ratio of the castables differed, a rela-
tively larger difference in the overall diffusion
coefficient was recognized. This is considered
attributable to the difference in the mass trans-
fer process and rate determining step.

SL castable dissolves through the following
steps: (1) oxidization of surface SiC and SiO. for-
mation, (2) lifting up of slag along the refractory
surface due to the wettability and formation of
slag film (SF), (3) slag penetration, (4) SiC oxida-
tion in slag penetrated region, and (5) dissolution
of Si0; and Al;Os. In the process, oxygen supply
to the slag penetrated layer is considered to be
the rate determining step. Furthermore, the
slag flow induced by the surface tension gradi-
ent in SF also affects the mass transfer of SL
castable corrosion.

On the other hand, the ML castable dis-
solution reaction steps are as follows: (1) slag
hanging down along the refractory surface due
to wettability and the formation of a slag film
(SF), (2) origination of concentration gradient in
SF due to the reaction between the refractory
and metal, (3) origination of localized surface
tension gradient accompanied by concentration
gradient, (4) formation of CO bubbles as a result
of the reaction between carbon in metal and
SiO; in SE, (5) promotion of refractory dissolu-
tion as a consequence of activated movement of
SF induced by bubble stiring. In the process,
rate determining step is removal of refractory
component dissolved in SF controlled by SF
movement. Thus, a very accurate model of
the transfer process will be achieved when
the overall diffusion coefficients of the SL are
interpreted by the oxygen supply rate and
the overall diffusion coefficients of the ML is
interpreted by the removal speed of the refrac-
tory composition of the SF in terms of the rate
determining step.
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Slag flow speed / 10% m+s™
Calc. | Corrosion rate was calculated
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13X 10° m+d-1

Fig. 3 Comparisons of corrosion rate of BF
trough SL among observed data and
calculated results.
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As discussed above, the overall diffusion coef-
ficient differs from each mass transfer process
even if the subjected substances are the same.
In this case, depending on the saturation degree
assessed form the phase diagram, the corrosion
resistance of the ML castable would be superior
to the SL castable. In practice, however, the cor-
rosion rate of the SL is smaller than that of the
ML. This is attributable to the difference in the
dissolution process.

3. 2 Corrosion rate and BF productivity

Assuming that the slag flow speed of the
upper part of the trough is 10 times faster than
that of the lower part, the corrosion rate of SL
and ML were calculated by using estimated
overall diffusion coefficients. Figs. 3 and 4 show
overlays of the calculated results plotted on
variations of the corrosion rates as a function
of slag flow speed. Both Figs. 3 and 4 include
three curves that Calc. I; the results calculated
by the mass transfer model proposed in this

25 y
s /
E 20p N
9 "” A
5 SA AR
A K A
= 1Bp Calclll A —, A
5 -.-‘-.-.-.-.-.-.-.-x,‘. ...... ‘- ................
o A
'5 10 N ’ '\
§ N y Obs.
5 SZFA
O PN
5 VAP
4
0 1 1 1 1
0 1 2 3 4 5
Slag flow speed / 10% mes™
Calc. | Corrosion rate was calculated
by mass transfer model
Calc. Il Corrosion rate was constantly
3.0X 109 me kg(mela\)r1
Calc. Il Corrosion rate was constantly
14X 10°m-d”

Fig. 4 Comparisons of corrosion rate of BF
trough ML among observed data and
calculated results.
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Normalized metal quantity / -
Normalized operating time / -

Normalized BF Productivity / -

Fig. 5 Normalized changes of operation time
and amount of hot metal for one cam-
paign of main trough as a function of
BF productivity.
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study, Calc. II; the results calculated under
assumption that corrosion rate per unit metal
quantity is constant, and Calc. II; the results
calculated under assumption that corrosion rate
per unit time is constant.

As shown in Figs. 3 and 4, the mass transfer
model proposed in this study (Calc. I) repro-
duces corrosion rate dependences on slag flow
speed. When productivity rises, the corrosion
rate predicted by the model (Calc. I) is smaller
than the value expected by the assumption that
corrosion rate per unit metal throughput is con-
stant (Calc. II). Consequently, the passing metal
quantity until trough repair increases. On the
other hand, when productivity rises, the corro-
sion rate shown by Calc. I is larger than that of
expected by the assumption that corrosion rate
per unit time duration is constant (Calc. II). As
a result, days until trough repair decreases. It is
because the metal productivity is proportional
to slag flow speed while the overall mass trans-
fer coefficient (Koveran) is proportional to the 1/2
power of slag flow speed.

Fig. 5 shows the theoretical changes in corro-
sion rate as a function of furnace productivity.
Both corrosion rate and productivity were
normalized by the average value. According to
Fig. 5, when BF production increases in 20%,
passing metal quantity until trough repair
increases in 10% while the operating time until
trough repair decreases in 9%. Based on the
prediction by using the diagram, the accuracy
of the alterations of trough repair schedule
and/or the assessment of the unit consumption
in accordance with the changes of the furnace
production schedule becomes higher.

3. 3 Effect of temperature on corrosion rate

It is widely recognized that the corrosion rate
Increases as the hot metal temperature increases.
Since the proposed mass transfer model includes
the variables showing temperature dependences
such as viscosity, diffusion coefficient, and solu-
bility, the effect of temperature on corrosion rate
was evaluated by calculation. The variation of
slag viscosity was determined by the empirical
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Table 2 Influence of temperature on slag
viscosity and overall diffusion
coefficients

Temperature /°C 1490 | 1500 | 1510 | 1520 | 1530
Slag viscosity / Pa<s | 0.291 | 0.266 | 0.244 | 0.224 | 0.206

Diffusion coefficient
of SL /10" m?s”

Diffusion coefficient
of ML / 10" m’es”

248 | 271 | 296 | 3.24 | 3.64

9.41 | 103 | 1.2 | 123 | 134
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equation investigated by Nakamoto et al.” and
the variation of the overall diffusion coefficient
was estimated under the assumption that the
slope of the diffusion coefficient-temperature plot
investigated by Henderson et al.'” holds true for
this study. Though solubility also changes as
temperature changes, it was assumed constant
since the variation is little in the temperature
range researched in this study as shown In
Fig. 1. Table 2 summarizes the slag viscosity
and diffusion coefficient used for the calcula-
tion. Fig. 6, in which the calculated results are
shown, indicates that corrosion rate of both SL
and ML increases approximately 35% when
the temperature rises 50C. However, attention
should be paid to the calculated results since
the calculation requires the hypothesis that the
rate determining step holds true for the consid-
ered temperature range.

4. Conclusion

The influence of productivity on the trough
corrosion rate was analyzed by a mass transfer
model based on Fick'’s law by assuming that the
variations in slag flow speed in accordance with
changes in blast furnace productivity effect to
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Fig. 6 Influence of temperature on BF trough SL and ML corrosion rates.
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the trough corrosion rate. The calculated results
showed good agreement with the observed
data. By using the model, a 20% increase in
furnace production was assessed. The corrosion
speed per unit metal quantity was confirmed to
decrease by 10% resulting in reduced refractory
unit consumption, while the corrosion speed per
unit time confirmed to increase by 9% result-
ing in a tight trough repair schedule. This is
because the overall mass transfer coefficient is
proportional to 1/2 power of slag flow speed.
According to the model, the trough repair
project can be changed corresponding to the
change in the furnace production plan with
high accuracy.
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