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In the ironmaking process, improving permeability and reaction efficiency in blast fur-

naces are important issues in order to operate blast furnaces with high productivity and low
reducing agent rate. Burden distribution is an important control factor. The burden distribu-
tion of bell-less top blast furnaces is controlled by adjusting the tilt angle of a rotating chute
and charging sequence of each burden material discharged from the top bunkers. In order to
accurately grasp the transport process of raw materials from their bins to the stock level inside
the blast furnace, raw material sampling has been conducted during pause of furnace opera-
tion. However, it is difficult to obtain a lot of data under various conditions because it is neces-
sary to temporarily stop the blast furnace. Therefore, we developed a new tracking technique
of burden materials in the charging process by using radio frequency identification (RFID)
tags. The developed tracing technique of burden materials is effective for precisely controlling

the burden material distribution and improving the blast furnace operation.

1. Introduction

Recent blast furnace operation with high productivity and low
reducing agent ratio in higher pulverized coal ratios and lower coke
ratios has been conducted to deal with the rise in raw material prices
and lower-quality raw materials, as well as reduce CO, emissions
and pig iron production costs. Under these circumstances, securing
the permeability in blast furnaces and improving the reaction effi-
ciency at the same time is an important task.

One means to solve these issues is the appropriate control and
management of the strength and reactivity of the raw materials
themselves. Another effective and important means is controlling
the state of stacks of raw materials in the radial direction in a blast
furnace appropriately, that is to say, controlling the burden distribu-
tion appropriately. In burden distribution control, the height of coke
and ore layers in the radial direction in a blast furnace is separately
controlled, and particle size distribution control in the radial direc-
tion of a blast furnace and distribution control to place nut coke and
specific raw materials at certain regions in ore layers are performed.

In recent years, bell-less charging systems have mainly been
used. This type can charge burden materials into blast furnaces more

flexibly compared to the conventional bell-type charging systems.
To control the burden distribution for a bell-less charging system,
the tilt angle of the tilting chute is changed and the sequence in
which burden materials are discharged onto the charging conveyor
that transports the burden materials to the blast furnace top is
changed. The burden materials discharged onto the charging con-
veyor are first kept in the furnace top bunker, and then discharged
from the tilting chute via the collection hopper. However, when the
burden materials are charged into the furnace top bunker, they start
rolling, which causes particle size and density segregation. In addi-
tion, when the burden materials are discharged from the bunker, a
drift called funnel flow occurs where the downflow rate is high di-
rectly above the outlet and low near the side wall, and that changes
the discharge sequence significantly. This indicates that the burden
distribution cannot be controlled as intended just by discharging
burden materials onto the charging conveyor in the desired charge
sequence.

To solve this problem, discharge characteristics on actual fur-
naces have been predicted by bunker discharge characteristic re-
searches using offline scaled models'® and computer simulation by
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the discrete element method (DEM).*® However, scaled models
and computer simulation cannot help us to gauge states in actual
blast furnaces quantitatively; they can only help us to understand the
qualitative tendency. We have developed a 3D bunker model® that
can predict the burden material discharge sequence by determining
the characteristics of charged burden materials stacked in the bunker
and funnel flow discharge characteristics when they are discharged
from the bunker that are based on the results of raw material sam-
pling researches on actual furnaces. Using this model can simulate
discharging characteristics on actual blast furnaces. However, raw
material sampling researches on operating blast furnaces are diffi-
cult and improving the accuracy by increasing the number of data
pieces is not easy because it takes labor and time.

In addition, previous studies have proposed other techniques
where a sensor is inserted into a blast furnace to measure the particle
size of the burden materials charged into the furnace and mixing de-
gree of coke and ore.”” However, these techniques cannot under-
stand the direct correlation between the measured states of burden
materials in a furnace and the sequence of the burden materials dis-
charged onto the conveyor.

Therefore, this study uses radio frequency identification (RFID)
tags that can identify IDs without contact, which has been used in
many fields in recent years, as a technique to understand the relation-
ship between the sequence of burden materials discharged onto a
charging conveyor and time variation of the particle size and mixing
degree of the burden materials discharged from the furnace top
bunker. In our technique, RFID tags mixed into burden materials
work as tracers and the IDs are detected while they are transported to
the blast furnace. This study selects coke and ore, which are the main
blast furnace burden materials, as tracking targets and reports the
principle of and problems with the blast furnace burden material
tracking using the RFID and the details of RFID tags imitating bur-
den materials. This report also compares the results of performance
evaluation of the RFID tracking on an actual blast furnace to the pre-
diction results simulated using the conventional 3D bunker model.

2. Burden Material Tracking by the RFID
2.1 Measurement principle

Recently, use of an authentication technology called RFID that
utilizes radio (non-contact) communications and IC chips has been
increasing.'” ' Figure 1 illustrates the configuration of an RFID
system. In the RFID, IC chips with pattern antennas that are formed
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into a tag or a label shape called RFID tags are attached to objects
and persons; and devices called tag readers are used to read the
stored information remotely to recognize objects and authenticate
persons. Compared to conventional ID authentication using bar
codes, RFID is superior because RFID tags resist stains and targets
can be remotely recognized and authenticated. If, immediately after
burden materials to be tracked are discharged from the bins onto the
conveyor, imitation burden materials with RFID tags are put onto
the conveyor at the positions of the tracked materials and the IDs
can be detected while the burden materials are transported to the
blast furnace top, a burden material tracking technique that can be
applied to operating blast furnaces can be realized.

Figure 2 illustrates the principle of this burden material tracking
in a direct charge-type blast furnace with the RFID, as an example
application to an operating blast furnace. The burden materials di-
rectly discharged from the burden material bins onto the charging
belt conveyor (charging BC) are transported to the furnace top by
the charging BC and kept in the furnace top bunker once. Then, they
are discharged into the furnace via the collection hopper and tilting
chute. It was planned to put RFID tags into burden materials mov-
ing on the BC on the outlet side of the burden material bins at cer-
tain intervals. Installing antennas at the end of the charging BC and
at the collection hopper for detecting IDs allows us to gauge the in-
fluence of segregation and funnel flow in the top bunker and timing
at which the burden materials are charged into the furnace precisely.
2.2 Basic characteristics of RFID tags

Figure 3 shows the relationship between the carrier frequency of
the main RFID systems that are currently commercially used and
detectable distance. There are passive-type and active-type RFIDs.
The advantages of the passive type are that RFID tags operate using
radio waves from tag readers as the energy source and thereby they
do not require batteries embedded inside and function almost per-
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Fig. 1 Configuration of RFID system

Charging BC

Fig. 2 Burden material tracking by using RFID for direct charge type
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Fig. 3 Carrier frequency and identification distance of RFID systems

manently without maintenance. However, this type requires inten-
sive radio wave emission to secure the sensing distance. On the oth-
er hand, active-type RFID tags contain batteries. They emit radio
waves on their own and send the IDs in a predetermined cycle.
Therefore, their advantage is that even when the radio wave output
is low, the communication distance can be relatively long.

This study adopted the active-type RFID system because its ra-
dio wave output was low and thereby it would not have much effect
on the surrounding equipment, and the communication distance of
at least a few meters could be secured. The size of active-type tags
depends on the size of the battery and transmitting antenna. The size
of commercially available tags is around 20 to 30 mm and it is close
to that of the raw materials to be imitated, so we considered that it
could easily imitate the characteristics of the raw materials. In addi-
tion, antennas could be selected from various alternatives and there-
by the application to the steelmaking processes was easy.

Table 1 lists the specifications of the RFID system used. The
Japanese Radio Law prohibits the use of systems with a frequency
higher than 322 MHz and a power higher than 500 xV/m without li-
cense. Therefore, an extremely low power radio station that satisfied
such requirements was selected as the system in this study. The size
of the board in the tag used is 24 x 34 mm that was determined
based on the size of the button battery used. The tag sends the sev-
en-hexadecimal-digit ID at intervals of 0.5 seconds. The cycle send-
ing the IDs should be short so that the IDs of the tags can be read in
a short time during which burden materials are falling after being
discharged from the hopper; however, if it is too short, the battery
life shortens. In consideration of the preparation time for the actual
test, the cycle was determined as 0.5 seconds where the battery
would last approximately one month. The maximum operating tem-
perature of 60°C was determined based on the stability of the built-
in IC chips and it means that IDs could be detected immediately be-
fore burden materials are charged into the blast furnace. High-sensi-
tive dipole antennas with low directivity were used for detection.
The reader used can read up to 40 IDs per second and can detect the
received signal strength indicators (RSSI) at the same time when
detecting IDs.

Next, to evaluate the permeability of radio waves through raw
materials to be charged into the blast furnace, RFID tags were in-
serted into 15-cm-thick raw materials to check if IDs could be de-
tected from the outside 1.8 meters away, as shown in Fig. 4. The
IDs from tags in the sintered ore and lump ore were able to be de-
tected while IDs were not able to be detected in the case of coke.
This is because the electric conductivity of Fe O,, which is a main
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component of iron ore and sintered ore, is 1.3 x 10 S/m (insulator)
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Table 1 Specifications of evaluated RFID system

Item Specification
Type Active type (battery operation)
System Carrier frequency 300MHz band
Output power <5004V/m
Substrate size 24mm x 34mm
Tag Operating temperature 0 to 60°C
ID sending duration time 0.5s
Antenna Dipole type
Reader Modulation method ASK (amplitude shift keying)
ID code Hexadecimal, 7 digits
Recognition ability 40 IDs/s

ﬂ_\)_

Dipole antenna

1800mm

Raw Materials

Fig. 4 Influence of material on ID detectability

while that of carbon, a main component of coke, is 3.0 x 10* S/m
(electric conductor). The radio waves emitted from the RFID tags
inserted in a stack of coke are shielded by the coke particles sur-
rounding the tags. When tracking research is applied to coke
batches, it is recommended that RFID tags be placed on the surface
of the coke particle or an antenna be installed at the outlet from the
hopper or bunker where the clearances between burden materials
are larger.

2.3 Imitation burden materials with RFID tags

RFID boards alone cannot withstand the impacts applied until
the burden materials are charged into an actual blast furnace and
their segregation behavior differs from that of burden materials due
to differences in the shape and specific gravity, so the tracking accu-
racy cannot be secured. Therefore, we fabricated highly-durable im-
itation burden material tag cases with specific gravity and particle
size that would allow the behavior of actual burden materials to be
imitated.

Cases for protecting RFID boards were prototyped under various
conditions and their durability was tested with a drum tester for
coke!? to create protection cases that would not malfunction even
after rotational impacts of 500 times or more were applied. Plastic
protection cases were finally adopted considering the permeability
of radio waves. An RFID board and battery were secured inside the
case and the surface of the protection case was wrapped with thick
tape to reduce damage.

Burden materials to be charged into blast furnaces can be re-
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Fig. 5 RFID particles imitating burden materials

garded as an aggregate consisting of coke, sintered ore, lump ore,
and auxiliary raw materials—an aggregate of a large number of par-
ticles with different density and particle size. When focusing on the
segregation behavior of one particle of many particles, as the density
is higher and the particle size is smaller compared to surrounding
particles, it tends to easily sink and thereby it does not roll much. To
reproduce segregation behavior similar to that of actual raw materi-
als, the particle size and density of RFID tags should closely resem-
ble those of actual raw materials. For imitation coke tags, plastic for
which the specific gravity closely resembled that of actual coke was
selected to fabricate protection cases. For imitation tags for ore, an
iron weight was attached to the plastic protection cases to allow the
apparent density to closely resemble that of actual raw materials.

Meanwhile, the particle size could not be smaller than 20 mm
due to the limitation of the size of an RFID board. Therefore, a
weight was attached to increase the density intentionally such that
the apparent segregation behavior would be similar. Figure 5 shows
the two types of imitation particles containing an RFID tag fabricat-
ed (imitation burden material tags). The imitation coke tag imitates
a 55-mm coke particle and the imitation ore tag imitates a 10-mm
ore particle.

3. Evaluation of the Performance of the Burden

Material Tracking on an Operating Blast Furnace
3.1 Evaluation of detection characteristics

In this study, RFID tags were used in the burden material trans-
portation process to an operating blast furnace to study the detection
characteristics of RFID tags. The study was conducted at Kashima
Blast Furnace No. 1 that discharges burden materials directly into
the charging BC from the burden material bins shown in Fig. 2. An-
tennas were installed near the top of the charging BC and in the col-
lection hopper and a receiver was connected to each device. Twenty
RFID tags (imitation ore tags) were put on sintered ore discharged
onto the charging BC at regular intervals.

Figure 6 shows the RFID detection results at the top of the
charging BC. Figure 7 shows the detection results in the collection
hopper. The horizontal axis is the time in reference to the time when
the radio wave from the RFID tags was first detected and the verti-
cal axis shows the identification numbers simply expressing the
RFID tag IDs according to the discharge sequence into the charging
BC. A total of 20 RFID tags were used and all of the 20 pieces were
detected at the top of the charging BC and inside the collection hop-
per. At the top of the charging BC, the same RFID tag was continu-
ously detected for approximately 30 seconds. When looking at the
median values between the early stage and later stage of the radio
wave detection, they show that the sequence is almost the same as
the charge sequence. On the other hand, the detection results inside
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Fig. 6 RFID detection time chart at charging BC top of Kashima No. 1
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Fig. 7 RFID detection time chart at collection hopper of Kashima No. 1
BF

the collection hopper show that the charge sequence of the burden
materials into the furnace is significantly different from the initial
sequence. In addition, inside the collection hopper, the same RFID
tag was continuously detected for approximately three seconds.
Thus, the continued detection time in the collection hopper indicates
the residence time during which the burden materials remained in
the collection hopper because the metal wall of the collection hop-
per shut off radio waves from the outside and no coke had been
charged at the time of measurement, which means there were no
coke particles that shut off radio waves.
3.2 Evaluation of the detection success ratio

The previous section has shown that on the bell-less blast fur-
nace with the direct burden material charge system, a total of 20
RFID tags were used and all of them were detected at the top of the
charging BC and inside the collection hopper. However, to evaluate
the accuracy of the burden material tracking using RFID tags, the
number of RFID tags used needs to be increased and the impacts
and imposed conditions in the transportation process of RFID tags
imitating burden materials need to more closely resemble those of
actual raw materials.

At Kashima Blast Furnace No. 1 with the direct charge system,
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Table 2 Detection success ratio of RFID

Target furnace Batch Charging Collection
atc
(charge type) BC top hopper
. Ore 1 100% 89%
Kashima No.1 BF
(direct ch tem) Coke 100% 96%
irect charge system
ge sy Ore 2 99% 97%

200 RFID tags imitating burden materials were used to evaluate the
detection success ratio for the RFID tags. The ratio of the total num-
ber of RFID tags detected to the total number of RFID tags used is
defined as the detection success ratio. A decrease in the RFID tag
detection success ratio may be caused by damage to the RFID tags
by mechanical impacts in the burden material transportation process
and shutoff of the radio waves by coke particles around the RFID
tags.

Table 2 lists the tag detection success ratio for each detection
antenna in the burden material tracking test using the RFID at the
operating blast furnace. The table shows the detection success ratio
at each antenna location for each of the ore and coke batches. The
detection success ratios are 89% or higher for both the top of the
charging BC and collection hopper. This list shows that the targeted
detection success ratio of 80% or higher that is required for burden
material tracking has been achieved.

4. Application of Evaluation of Burden Material
Charge Characteristics on an Operating Blast
Furnace
As described previously, the detection success ratio of RFID tags

on the operating blast furnace is high and it satisfies the require-
ments necessary as a burden material tracking means. Next, to eval-
uate the measurement accuracy, the correlation with the simulation
results using the 3D bunker model® that we developed was evaluat-
ed.

4.1 Outline of the 3D bunker model
We have been using the 3D bunker model to predict the behavior

of burden materials charged into blast furnace tops. In the 3D bunk-

er model as shown in Fig. 8, for the charge of burden materials into

a bunker, the vertex of the burden materials stacked in the bunker

and stacked burden angle ¢, are provided to simulate the accumula-

tion state in the bunker; and for the discharge of the burden materi-
als from the bunker, rat-hole angle 8, and collapse angle 6, are given
to express funnel flow to simulate the burden material discharge se-
quence. Here, the vertex of the burden materials stacked in the bun-
ker and stacked burden angle 0, given to the model reflect the results
obtained through researches performed during periods of pause of
operation. Rat-hole angle ¢, and collapse angle 6, are temporarily
determined in a model experiment in advance and finally deter-
mined after fine adjustment based on the results of sampling of bur-
den materials discharged from the tilting chute performed during

4t patch
3 batch

2nd batch

1st batch

R: Falling point (m)

6,: Stacked burden angle (° )
6,: Rat-hole angle (° )

6,: Collapse angle (° )
D~®: The order of discharging

Fig. 8 Parameters in the 3-dimensional bunker model in the process of
charging and discharging burdens

pause.
4.2 Comparison of burden material charge conditions and 3D
bunker model simulation results

This section evaluates the correlation of the 3D bunker model
simulation results that were adjusted based on the results of sam-
pling performed during periods of pause of operation at Kashima
Blast Furnace No. 1 with the burden material tracking test results
using RFID tags.

Figure 9 shows the conditions on the discharging amounts of
burden materials in coke dump and ore dump batches in the burden
material tracking test using RFID tags. RFID tags that imitated each
type of raw materials were put on the burden materials discharged
onto the charging BC at regular intervals. The number of RFID tags
was 7 or 8 per ton in the case of coke and 2 or 3 per ton in the case
of ore.

Figure 10 shows the accumulation states of the coke and ore in
the bunkers before dump simulated using the 3D bunker model
along with the rat-holes and collapse lines when the burden materi-
als are discharged.

In the figure, the coke is divided into the first to third batches
and the ore is divided into the first to fourth batches in the bunkers.
The burden materials in the rat-hole are discharged first and those
near the surrounding wall are discharged lastly. Figure 11 shows the
correlation between the time variation of the discharge for each
batch simulated by the 3D bunker model and the detection frequen-
cy of the RFID tags at the collection hopper for each batch while the
burden materials were discharged from the bunkers. Regarding the

Coke 31 (8.6) 24 (8.6) 18t batch (3.9 ton)
dum L AN N\ _/ A
ump (to the bunker)
o 4th (29.6) 3 (29.6) 2nd (31.1) 15t batch (29.3 ton)
re _IE.?.}.}.E.?.}.}.E.}.% -':"1"1"1"1"1"}'}'1"}'\
dump (to the bunker)

Fig. 9 Conditions on discharging amount of burdens from burden material bins
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burden material discharge sequence from the bunker, the burden
materials in the rat-hole, which was formed immediately above the
outlet, are discharged first and then those near the wall are dis-
charged later as mentioned above. The RFID tag detection results
show that there are peaks in the early and later stages of the dis-
charge of the first and second batches for both coke and ore, so the
simulation succeeded in capturing the aforementioned behavior
qualitatively. The RFID tag detection results, including the dis-
charge behavior of the other batches, mostly agree with the burden
material discharge patterns simulated by the 3D bunker model.
Thus, the burden material tracking using RFID tags can be ap-
plied to measurement while blast furnaces are operating and thereby
that can increase the measurement frequency easily. It can serve as
an effective means to improve the accuracy of burden distribution
control on blast furnaces. In addition, although raw material sam-
pling used during periods of pause of operation was the only means
to improve the simulation accuracy of the 3D bunker model, this
burden material tracking using RFID tags can collect much informa-
tion to improve it. Combining the burden material tracking using

Height (m)
Height (m)

Radius (m)

Radius (m)

Fig. 10 Stacked profile of each batch of burdens and lines of discharg-
ing behavior predicted by the 3-dimensional bunker model
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RFID tags for understanding actual states with the 3D bunker model
simulation results under unknown charge conditions would lead to
more accurate burden distribution control.

5. Conclusion

Nippon Steel Corporation has developed a new technique for
tracking burden materials charged into blast furnaces using non-
contact ID authentication technology RFID to improve the accuracy
of the burden distribution control on bell-less blast furnaces. As a
characteristic of this technique, particles imitating coke or ore con-
taining active-type RFID tags are mixed into burden materials and
the IDs are detected during the transportation until the burden mate-
rials are charged into the blast furnace tops. This report evaluated
the detection timing accuracy and detection success ratio on an ac-
tual blast furnace. The results have shown that the technique can ac-
curately detect the timing at which the burden materials pass inside
the collection hopper immediately before being charged into the
blast furnace. The detection success ratio for all the tags used is 83%
or higher. In addition, the results were compared to the 3D bunker
model simulation results that had been adjusted based on the sam-
pling results during periods of pause of operation, which is a con-
ventional prediction technique. It has been confirmed that the bur-
den material discharge patterns generally match between the test
and simulation.

These results confirm that the developed technique to track bur-
den materials charged into blast furnaces is effective to improve the
accuracy of the burden distribution control on blast furnaces and
blast furnace operation.
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