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Abstract

To analyze the metal/slag drainage rate variation during blast furnace tapping, a mathematical

model for calculating the pressure drop of the coke packed layer as well as the tap hole tube

was proposed. The calculated results reproduced the drainage rate variation and tapping time

fluctuation of a commercially operated blast furnace. It was found that tapping time is influenced

not only by tap hole diameter enlargement but also by coke consumption.
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1. Introduction

Molten iron and slag are drained from the
blast furnace (hereinafter referred to as BF)
through a tap hole which is made of tap hole
mix. The drainage is called “tapping”. Lengthy
tapping time is appreciated for alleviation
of heavy duty tapping operation as well as
reduction in tap hole mix consumption. Assum-
ing that liquid productivity in BF is constant,
the tapping time becomes longer when the
drainage rate is small. Since a low drainage
rate is achieved with small tap hole diameter,
highly durable tap hole mix with a low rate of
erosion Is required.

However, according to the tap hole diameter
measurements, it was found that the drain-
age rate variation during tapping couldn’t be
explained only by tap hole diameter enlarge-
ment”. Hence, in practical trials of the newly
developed tap hole mix, it was difficult to
distinguish the influence of tap hole mix with
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Fluid path

Tap hole

(b) Tapping progress

(a) Initial stage of tapping

Fig. 1 Schematic illustration of coke
consumption during tapping.
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“furnace conditions”, on the changes of tapping
indices. In other words, cancellation of the influ-
ences of the “furnace conditions” is necessary
to evaluate the influences of tap hole mix on
tapping indices. In this study, therefore, factors
influencing the drainage rate other than tap
hole diameter enlargement are hypothesized
as an example of furnace conditions and a
mathematical model is proposed according to
the hypothesis®?.

2. Mathematical Model

2. 1 Drainage rate regulation model

In order to investigate the factors influencing
the drainage rate other than tap hole diameter
enlargement, a front view of the tapping tap
hole is imagined as shown in Fig. 1. As shown
in Fig. 1, the coke packed layer should be
observable inside the BEF through the tap hole
and liquid should flow out trough the channels
around the coke particles. The pressure drop
of liquid with the viscosity u passing trough
the coke packed layer (AP)) should be larger
than that through tap hole tube (AP,). Since
the existence of a coke vanishing zone at tap
hole level has been confirmed”, it is natural to
hypothesize that void fraction (&) of the coke
packed layer which is connected with the tap
hole increases with tapping time due to coke
consumption. Consequently, pressure drop of
the coke packed layer (AP)) decreases resulting
in the increase in liquid flow rate (u).

The entire pressure drop of the tap hole tube
and connecting coke packed layer (hereinafter
referred to as coke filter) is calculated by
the model shown in Fig. 2 and Egs. (1) to (5).
The coke filter is the part of length L, that is
filled by coke particles (diameter D) with void
fraction ¢. Considering the three dimensional
flow condition in BF hearth, the pressure drop
(APy) in the coke filter is calculated by Kozeny-
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Fig. 2 Schematic diagram of mathematical
model of fluid path.
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Carman equation (Eq. (1)). The pressure drop in
the tap hole tube with diameter d and length L.
(AP.) is calculated by Darcy-Weisbach equation
(Eq. (2)). Friction factor (f) in Eq. (2) is obtained
by Nikuradse equation (Eq. (3)). Defining the
inflow pressure, boundary pressure, and outer
pressure as Py, P;, and P., respectively, bound-
ary pressure P, and flow rate u share identical
values since the coke filter and the tap hole
tube directly contact each other. Thus, u and P,
can be obtained by simultaneous equations of
Egs. (1) and (2). Suitable length of coke filter (L1)
is adjusted by tuning calculation.

180u-u-L 1-¢)

N ( 836) ............... (1)
e Ly o pa®
AP,=f 3 5 (2)
£=0.0032 + 1012022317 ........................ (3)
AP1 PO—P1 ....................................... (4)
APzzPl_Pz ....................................... (5>

Depending on the assumption that coke par-
ticles are consumed by dissolution into molten
metal and reduction of FeO in slag, the volume
change of the coke particles (dV.x) can be
calculated from the saturated concentration of
carbon in metal (([C]™), carbon concentration in
metal ([C]), volume fraction of slag in drained
liquid (SRw), and mass fraction of FeO in slag
(FeOsse) at 1500C by employing the reaction
coefficients measured by Sun” and Sunahara et.
al® as shown in Eq. (6).

dVee=A-12.86-107 - ([CT* —[C]) - (1—=SR ) +

5.68'1076'Feoslag'SR(v)} ......... (6)

The diameter of coke particles and wvoid
fraction of coke filter can be calculated under
assumption that coke particles are spherical
and the number of coke particles are constant
during tapping.
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Fig. 3 Schematic illustration of mathematical
model for tapping operation.
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2. 2 Metal fraction in drained liquid and slag
surface inclination

The Metal fraction in draining liquid var-

les with the tapping progress. In the furnace

hearth, the slag surface inclines down towards

the tap hole entry point due to pressure drop

of high viscosity liquid, i.e. slag, in coke packed

DP9 These factors are necessary to

layer
determine the drainage rate variation during
tapping and tapping time and can be calculated
by the BF tapping operation model proposed
by Nouchi et. al”. They demonstrated the
cold model experiment imitating BF tapping
operation and figured out the certain relations
between coke particles’ packing configuration
and slag surface inclination as well as between
metal level in the furnace and metal fraction in
liquid drainage. The model is shown in Fig. 3
and Egs. (7) to (12).
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Where, Vi, Vi, Vso, Vino, Viotalo, auap, and t represents
the slag drainage rate, metal drainage rate, slag
supply rate, metal supply rate, initial drainage
rate, drainage rate acceleration, and time,
respectively. z., z, and z., represents the levels
of metal in the furnace, slag in the furnace, and
slag at the tap hole position, respectively. d,,
&, Us, ps, Du, and S represent coke particle
diameter, void fraction of coke packed layer,
slag viscosity, slag density, hearth diameter, and
hearth cross section area, respectively. ki and
k. are the non dimensional arbitrary constants.
This experiment gave the resuls of k;=0.17 and
k,=7.0".
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Table 1 Calculating conditions

Period (A) (B)
Production/t-d’ Prod 10,000 | 10,000
Hearth diameter/m D+ 15 15
Slag ratio/- Sr 0.3 0.3
Coke diameter/m do 0.024 0.024
Void fraction/- 3 0.3 0.3

Mass transfer coefficient of

5 5
coke dissolving in Metal/mes’ km 2.86>10712.86x10

Carbon saturation

degree of metal/mass% [CI"—=IC) 0.15 0.40

Overall reaction rate constant K

6 -6
of FeO reduced by coke/mes’ 5.68%1075.68x10

FeO fraction in slag/mass% FeOskes 0.30 0.30

Slag density/kgsm’* Os 2800 2800
Metal density/kg-m®* Om 6700 6700
Slag viscosity/Pa+s s 0.435 0.435
Metal viscosity/Pa+s Um 0.006 0.006
Inflow pressure/kPa Po 350 360
Outer pressure/kPa P 100 100
Length of coke filter/m L 0.024 0.024
Tap hole length/m Lo 3.5 3.5
Initial tap hole diameter/m drro 0.060 0.060

Tap hole diameter

7 7
enlargement rate/m-s’ ki 15.6X107) 5.6%10
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In this study, the drainage rate variation
indicated in Egs. (7) and (8) were obtained by
flow rate (u) calculated by Egs. (1) and (2).

3. Calculation Results and Discussion

By using the model described in the previ-
ous section, tapping operations of BF A were
simulated. BF A is a 4500m? class BF in Japan
where typical consecutive alternate tapping is
carried out, at periods (A) and (B). Longer tap-
ping time tended to be achieved at period (A)
than period (B). For both periods, the same tap
hole mix was applied.

The calculating conditions are shown in
Table 1. Figs. 4 and 5 show the comparisons
of drainage rate variations between calculated
results and observed condition. Most of the data
are quoted by values shown by Nouchi et. al”.
Tap hole diameter enlargement rate (krx) refers
to the measured value shown by Nishioka et.
al".

The viscosity of the drainage liquid is thought
to vary in accordance with its metal fraction,
but despite this, a mean value of metal and slag
viscosity is used as a fixed value of drained
liquid viscosity (u) due to no availability of mea-
sured data. In spite of the general prospect that
drainage liquid viscosity tends to lower with an
increase in metal fraction, no remarkable misfit
is observed between calculation and actual data
even at the 60 to 120 minutes tapping time
span in Fig. 4, where the highest metal fraction
is expected. This indicates little effect of liquid
viscosity on the drainage rate. As for the drain-
age liquid density, the value is changed subject
to metal fraction.

Density of the liquid (p) is changes with
metal fraction. Coke filter thickness (L) is opti-
mized so as to fit the observed initial drainage
rate (0.02m?-s™) as indicated in Fig. 6. Tap hole
length (L.) is presumed to be constant. Coke
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0.04

Calculated

0.03
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0.01

0.00

180 240 300

Time from tapping start/min

0 60 120

Values Tapped For Calculation
C in metal/mass% 451 [C)—[C])=0.15
FeO in slag/mass% 0.28 0.30

Fig. 4 Typical drainage rate variation during tap-
ping at Blast Furnace A in the period (A).
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particle diameter and void fraction in the coke
filter are assumed to be identical to those of
the coke packed layer at tapping start. At each
time step in the simulative calculation, u and P,
were obtained by Newton method. The effect
of the initial conditions disappears after a few
taps, the cyclic quasi-steady state of the alterna-
tive tapping has been adopted as the calculated
results.

Although only the carbon saturation degree
of metal ([C]**—[C]) is adjusted by referring to
the tapped value of each period, both calcula-
tions reproduce the practical data well. Since
the tap hole diameter enlargement rates for
both calculations are assumed to be identical,
it was concluded that the increase in void frac-
tion in the coke filter due to coke consumption
influenced the calculated results.

According to the conclusion, the influence of
FeO fraction in slag on tapping time was evalu-
ated. The daily average tapping time of BF B,
a 4500m’® class BF in Japan where consecutive

Total

Calculated

o
o
N

Drainage rate/m3.s"

o
o
=

0400 . 1 1 1 N 1
0 60 120 180 240 300

Time from tapping start/min

Values Tapped For Calculation
C in metal/mass% 4.27 [C=t—[C]=0.40
FeO in slag/mass% 0.32 0.30

Fig. b Typical drainage rate variation during tap-
ping at Blast Furnace A in the period (B).
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Length of coke filter (L1)/m

Fig. 6 Calculated initial drainage rate as
a function of coke filter length.
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Fig. 7 Comparisons of tapping time dependencies
on FeO fraction in slag at BF “B” between
calculation and observed.

alternate tapping is carried out, as a function of
the daily average FeO fraction in drained slag
is shown in Fig. 7. Theoretical curves, obtained
by model calculation using typical operating
conditions of BF B (almost identical with Table
1) with adjustment of the degree of carbon
saturation in the metal and FeO fraction in the
slag, agree with the measured value.

As described above, variations in drainage
rate or tapping time, which are difficult to
explain only by tap hole diameter enlargement,
can be reproduced with a drainage rate regula-
tion model consisting of tap hole tube and coke
packed layer whose void fraction increases due
to coke consumption. Thus, it is reasonable to
assume that deviations in drainage rate and
tapping time are attributable not only to tap
hole diameter enlargement but also to coke
consumption.

If the influence of “furnace conditions” on
tapping time can be canceled to some extent
by taking into account the carbon saturation of
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metal and FeO fraction in slag by the proposed
model, it becomes possible to evaluate the influ-
ence of the tap hole mix property on tapping
time with high accuracy. As a result, appropri-
ate application of tap hole mix corresponding to
a certain “furnace conditions” is possible.

4. Conclusion

The liquid drainage rate from the blast
furnace and tapping time were calculated by
a mathematical model consisting of a tap hole
tube of which the diameter enlarges due to
corrosion, and the adjacent coke packed layer
in which coke particles are consumed. Good
agreement between calculated results and the
observed data presumes drainage rate and tap-
ping time dependency on pressure drop in the
coke packed layer as well as on pressure drop
in tap hole tube.

Taking the analyzed results into account,
some extent of the contributions of “furnace
conditions” on tapping time can be canceled.
Therefore, in the case of field trials of the newly
developed tap hole mix, the influence of tap hole
mix can be evaluated with high accuracy. As
a result, through correspondence, production of
a tap hole mix suitable for a certain “furnace
conditions” would become possible.
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