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Abstract

A numerical model describing blast furnace taphole drilling was established. The calculated

results reproduced variations in the drilling rate of the blast furnace taphole well. By using the
model, deceases in drilling rate caused by the increase in Youngs modulus of taphole mix or
deteriorations of drilling equipment performance were successfully calculated. Moreover, as a
result of the simulative calculations for the sudden interruptions which occur during drilling, it
was verified that the cause of the sudden interruptions is difficult to explain only by taphole mix

sintering.
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1. Introduction

Drainage of molten iron and slag from the
blast furnace (hereafter, referred to as tapping)
starts by drilling the taphole, which is 3 to 4m
in length, using a 40 to 70mm diameter water
cooled drill. During drilling, the drilling rate
decreases as drilling progresses and the total
drilling time is usually 5 to 15min. Since the
drill tip contacts the molten slag in the furnace,
a new drill is applied for each drilling opera-
tion.

While the drilling operation is being carried
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out, molten iron and slag are not drained out,
thus, the liquids are stored in the furnace. Since
the excessive rise of liquid level in the blast
furnace hearth has an adverse effect on stable

V=Y smooth drilling is requred.

furnace operation
In practice, however, drilling difficulties cause
considerable deviations in drilling time and sud-
den drilling interruptions also occur.

It is reasonable to assume that the properties
of the taphole mix that has been plugged in the
taphole at the end of previous tapping, perfor-
mances of drilling equipment, and wear of the
drill bit influence the drilling rate. Clarification
of the influence of each factor can be considered
to give suitable ideas to countermeasure drilling
difficulties, the influences were evaluated using

semi-quantitative models in this study.
2. Drilling Rate Model

In order to describe the drilling rate variation
numerically, the following were hypothesized;
(1) the drill bit is worn during drilling and the
wear volume of the drill bit is in proportion
to Young’s modulus of a taphole mix, (2) the
drilling rate decreases in an inverse proportion
to Young’s modulus of a taphole mix, and (3)
the drilling rate decreases proportionally as the
wear volume of the drill bit increases. In the
hypotheses, Young's modulus is selected as the
index describing the influence of taphole mix
since the proportional relation between hard-
ness and Young’'s modulus is recognized among
various ceramic materials®.

The drilling rate variations were simulated
by slab model in which the taphole is comprised
of layers of slabs with a thickness of Al Con-
sidering kth slab from outer end of the taphole
with Young's modulus of Ek, the wear volume of
drill bit can be described as;

AVi=c-Ex-Al

Where, c is a coefficient.
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Fig. 1. Variations of experimentally evaluated
drilling rate as a function of Young’s
modulus of taphole mix.
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Thus, the cumulative wear volume of drill bit
Vi is expressed as;
V=21 (cErAl)
The drilling rate (vi’) of which wear of the

drill bit has not been taken into consideration is
assumed inversely proportional to the Young's
modulus of taphole. Thus, by employing u as a
coefficient;

To take the wear volume of the drill bit into
account, drilling ability index P (0=P=1) is
introduced. When the wear volume of the drill
bit is zero, the value of P is set at 0. On the
contrary, the value of P is set at 1 when the
wear volume of the drill bit is too large to drill.
Defining the critical wear volume of the drill bit
of which drilling ability reaches zero as Vm and
the function of P as f(Vk)

P = 1-f(Vi), 0=Vk=V, (V) = 1

Principally, equation (3) holds for various

wear statuses of the drill, thus, relations among
vk, E, and Vi are expressed as;
vi =(1-£(Vi)) - u/Ex, 0=Vi=Vn,
f(Vi) =1
While it is difficult to give an accurate func-

tion of f(Vi), it is obvious that the function
shows monotonic increase. In this study, linear
function with gradient b is assumed.

vk = (1-bVk) 'u/Ek, 0=Vk=Vm, bVn=1 (6)

Among the above mentioned three hypoth-
eses, (2) the drilling rate decreases in an
inverse proportion to Young's modulus of a
taphole mix, was experimentally validated. In
order to prepare the taphole mix specimens in
a wide Young's modulus range, some kinds of
taphole mixes were pressed in 40x40Xx160mm
and 65x65%115mm rectangular shapes followed
by heating at various temperatures between
500 and 1400C. The heated 40x40x160mm
specimens were used for Young's modulus
measurement by ultra-sonic method. The heated
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Fig. 2 Changes in drilling rate of blast furnace
A when two drills were applied.
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65x65%115mm specimens were experimentally
bored by boring machine with a diamond bit
of 40mm in diameter. During the boring test,
water flowed inside the bit and the motor load
was kept at 3A. The drilling rate was evaluated
by the time required for complete boring. As
can be seen in Fig. 1, the inversely proportional
relation between the drilling rate and Young's
modulus is recognizable.

3. Young's Modulus Distribution in Taphole

In order to analyze the drilling of the blast
furnace taphole, the assumption of Young's
modulus distribution in the taphole is neces-
sary. It was assumed by evaluating the drilling
rate variation data in cases where 2 drills were
applied to the drilling obtained from blast fur-
nace A. Fig. 2 shows some examples of drilling
rate variation using 2 drills. As shown in Fig. 2,
the drilling rate and rate decrease gradient of
the second drill are almost identical to those of
the first drill. Hence, it is acceptable to assume
that the same Youngs modulus is achieved
through almost whole part of the taphole.

1200 Length to the outer end of the taphole
~
(0]
s 2.0m
© O
2 1.5m
5 800
= 0.5m
600 T T ]
0 100 200 300

Time from Plugging / min

Fig. 3 Temperature distributions/changes in
taphole measured at blast furnace A.
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Fig. 4 Comparisons of changes in drill position
between measured values and calculated
results.
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This tendency is explainable by the maxi-
mum temperature that the plugged taphole mix
was subjected to. Fig. 3 shows the temperature
distributions/changes in the taphole of a blast
furnace A. The higher temperatures were mea-
sured at the area close to the inner furnace,
while, extrapolations of the temperatures were
converged to the range between 1000 to 1100C
just after the plugging. Therefore, taphole mix
in the taphole is considered to be heated by heat
stored in the taphole wall during tapping and
reaches 1000 to 1100C over almost the whole
range and then cooles in accordance with the
furnace wall temperature distribution.

In this study, Young's modulus of a taphole
mix heated at 1200C was used for analysis.

4. Analyzed Results

4. 1 Influence of Young’s modulus of
taphole mix at blast furnace A

For blast furnace A which is equipped with
relatively lower performance drilling equip-
ment, a taphole mix with Youngs modulus of
8GPa was used. At the furnace, a high strength
taphole mix with Youngs modulus of 11GPa
was applied as a trial and the drilling data were
analyzed. For the first step, Young’s modulus for
the entire taphole was assumed to be 8:GPa and
coefficients ¢, u, and b were tuned to reproduce
the drilling data of a taphole plugged with a
taphole mix with a Young's modulus of 8GPa.
Next, only Young’s modulus was changed to
11GPa and the results were compared.

Fig. 4 shows the changes in drill position
during the drilling operation. Calculations and
measurements were in good agreement. In Fig.
4, each curve has an intercept, which is a result
of the pre-drilling performed to determine the
taphole center as a guide in order to carry out
a smooth drilling operation.
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(E) on drill position variations.
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Fig. 6 Influence of coefficient ¢ on drill position

variations.
Coefficient ¢ is considered to be the
susceptibility to wear of drill bit.

4. 2 Influence of drilling equipment perfor-
mance and Young’'s modulus of taphole
mix at blast furnace B

For blast furnace B, a taphole mix with
Young's modulus of 11GPa had been used since
relatively higher performance drilling equip-
ment was installed. Over a certain period,
however, considerable deviations in total drilling
time were observed. To explain the phenomena,
the deviations in Young's modulus of taphole
mix, deviations in drill bit cutting performance,
and deterioration of drilling equipment were
suspected. Hence, the impacts of deviations
in the indices on drilling rate variations were
evaluated by calculations.

Fig. 5 shows the calculated results in which
the Young's modulus of a tap hole mix has been
varied in comparison to the measured data.
Though the total drilling time was increased
by application of a higher Youngs modulus
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variations.

Coefficient b is considered to be degree in
deterioration of cutting performance of
drill bit after wearing.
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Fig. 8 Influence of coefficient u on drill position

variations.
Coefficient u is considered to be the drilling
equipment performance.

taphole mix, the calculated changes in the drill
position did not agree with the deviations in
the measured data. Thus, the deviation in total
drilling time wasn't attributable to the deviation
in Young's modulus of taphole mix.

Figs. 6 and 7 show the calculated variations
in drill positions during drilling operations
regarding ¢ and b as variables. ¢ and b are
the coefficients indicating susceptibility to
wear of drill bit and degree in deterioration of
cutting performance of drill bit after wearing,
respectively. Doing so allows us to evaluate the
influences of drill bit performance on drilling
rate. As shown in Figs. 6 and 7, calculated drill
position variations didn't agree with the mea-
sured deviation.

Fig. 8 shows the calculated results regard-
ing u, which describes the influence of Young's
modulus of the taphole mix on drilling rate, as a
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variable. u is considered to be the performance
of drilling equipment such as drilling torque,
pushing force, and so on. The results obtained by
calculations carried out varying the coefficient
u are in good agreement with the observed
deviations. They are evidence that the devia-
tion in total drilling time was attributable to the
deterioration of drilling equipment. As a matter
of fact, failure of the actuator of the actual rotat-
ing device was found.

Until drilling equipment repair, a tap hole mix
with a Young’s modulus of 8GPa was applied as
a temporary expedient. Fig. 9 shows the trend
in total drilling time associated with the values
predicted by calculations. The calculations
were done with the assumptions that; taphole
length=3.5m, Youngs modulus=11GPa and
8GPa, u=1.25%10" and 5.0x10”. As shown in
Fig. 9, the calculation accurately predicted the
deviation in total drilling time.

4. 3 Sudden interruption

On rare occasions, smooth drilling is suddenly
interrupted at a certain position and subsequent
drilling becomes impossible. This phenomenon,
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which is referred as “sudden interruption” in
this study, was evaluated by assuming Young's
modulus distribution in the taphole. The results
are shown in Figs. 10 and 11. Fig. 10 shows
Young’s modulus distribution with the assump-
tions (i) uniform 8GPa over the whole length
(3.5m), (ii) twice at the range of over 3m, and
(iii) five times at the range of over 3m. Fig. 11
shows the drilling rate variations correspond-
ing to the three cases. As indicated in Figs.
10 and 11, the five times in Young's modulus is
required to reproduce the sudden interruption.
Such considerable increase in Young's modulus
is impossible to explain only by a taphole mix
sintering property.

To explain such a high Young’s modulus,
the concept of skull is suggested as one of the
possibilities. Recently, formations of skull, which
is slag that contains a larger amount of CaO
and CaS, were observed in some dissected
blast furnace hearths®®. Huang et. al” sug-
gested that the bottom skull is formed by the
evaporation of SiO gas and it is exist as solid
phase in furnace bottom. Assuming that oxide
(sulfide) ceramics exist in the furnace hearth
and reaches the taphole level, the high Young’s
modulus structure inducing sudden interruption
becomes explainable. In practice, however, it is
impossible to observe the skull or to verify the
existence of the skull indirectly in commercially
operated blast furnaces. Therefore, in this study,
the author can suggest only the possibility.

5. Conclusion

The drilling operation of the blast furnace
taphole was simulated by numerical model. The
model describes the drilling rate variation during
the drilling operation by taking deterioration of
cutting performance due to drill bit wear during
drilling into account. In addition, it is assumed
that Young’s modulus of taphole mix affects not
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only to the drilling rate but also drill bit wear.
The calculated changes in drill position during
the drilling operation accurately reproduced the
data obtained from commercially operated blast
furnaces. Furthermore, as a result of the trial
calculations simulating the sudden interruption,
it was concluded that the sudden interruption
is impossible to explain only by taphole mix
sintering because a 5 times increase in Young's

modulus is necessary.
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