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Abstract: Mathematical models for burden descending process have been applied to obtain whole burden structures in
blast furnace, whereas the accuracy of those burden descent models has not been sufficiently investigated. Special
cvaluation method based on timeline burden profiles was cstablished to quantitatively cvaluate the error between ex-
perimental and modcled burden structures. Four existing burden descent models were utilized to describe the burden
structure of a 1/20 scaled warm blast furnace. Input modeling conditions including initial burden profile, descending
volumes in each time interval, and normalized descending velocity distribution were determined via special image pro-
cessing technology. Modceled burden structures were evaluated combined with the published experimental data. It is
found that all the modecls caught the main profilc of the burden structure. Furthermore, the improved nonuniform de-
scent model (Model IV) shows the highest level of precision especially when burden descends with unstable velocity
distribution tendency. Meanwhile, the traditional nonuniform descent model ( Model III) may also be desirable to

model the burden descending process when the burden descending velocity presents a lincar tendency. Finally, the uni-

2. Center

form descent model (Model I) might be the first option for roughly predicting burden structure,
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Blast furnace (BF) is a vertical reactor with the
countercurrent flows between solids and gases for
reducing iron oxides to iron. The efficiency of BF is
dominated by the heat exchange between gas and
charged materials, but essentially depends on the

"1, Due to differences in perme-

gas flow distribution
ability and density of the charged materials, the gas
flow distribution is largely controlled by the burden

(23] Besides, the control of radial ore/

distribution
coke ratio distribution is significant in forming the
gas passage and resultant gas permeability in the
Thus,
models have been established to simulate the burden
distribution in BF#J,

movement processes of the raw materials simplified

[4,5]

furnace operation many mathematical

Among those studies, the

in the mathematical model mainly include: dischar-
ging from the hopper, colliding on the chute, sliding
along the chute with the driven force of gravity,

centrifugal force, reaction force, friction force and

Coriolis force, falling in the freeboard driven by
gravity, buoyancy force and drag force, stocking on
the previous burden to form a new burden profile,
and descending to form the entire burden structure.

The mechanism of the burden descent sub-model
is crucial for making accurate burden structure pre-
diction since it is a direct reflection of the BF’s inter-
nal condition. The continuous descending theory,
assuming that the physical properties of the material
remain uniform throughout the whole descending
process, is made to develop analytical burden de-
scent models based on empirical data®™. Over the
past few decades, continuous models have gained
wide applications ranging from accurate prediction of

[9-12]

the burden structure to fast evaluation of the

U3) in running industrial BF.

charging programs
Nishio and Ariyama'"' derived the original ana-
lytical burden descent model in 1982. With the as-

sumption of radial descending path and uniform de-

Foundation Item:Item Sponsored by National Natural Science Foundation of China (61290325)

Biography: Ping ZHOU, Doctor, Professor;

E-mail : zhoup@csu. cdu. cn;

Received Date: August 1, 2015



766

Journal of Iron and Stcel Rescarch, International

Vol. 23

scending speed, whole layer structures could be ob-
tained from the top burden profile. Ichida et al.'™!
investigated the influence of shaft expansion on bur-
den descending path via a scaled cold model. The
corresponding study divided the shaft region into
two parts, the vertical descending region and the ra-
dial descending region. The latter was proved to be
the only affected region through comparison of the
measured particle stream lines in both regions. Be-
sides, the operation condition of the BF strongly in-
fluenced burden descending velocity along the radi-
us. With linearity assumption on the distribution of
vertical descending velocity, the non-uniform de-
scent model was proposed by Kajiwara et al. * ac-
cording to the operating furnace measurement on
Kokura BF No. 2. In addition, the distribution of
vertical descending velocity can also be significantly
affected by the charging pattern. Experiment data of
the 1/20 scaled warm model built by Ichida et al. "
showed that strong nonlinear descending velocity
distribution might occur even under normal charging
pattern. In recent years, with the development of
measurement technology on top burden surfacel**,
radial descending velocity distribution of the top
burden surface could be measured entirely and accu-
rately by equipments such as laser scanner and mul-
tiradar., Burden descent models based on entire ve-
locity distribution of the top layer have gained wide
range of applications on burden structure prediction ™.

Due to the harsh in-furnace condition, it is diffi-
cult to measure burden profile of each layer below
the top burden surface with traditional equipments.
Validations of those burden descent models are
mainly conducted on scaled cold models which neg-
[2.5,15]. the

local solid consumption, i. e. ore reduction and coke

lected the chemical reactions However,
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gasification, plays a critical role in burden descend-
ing process. Accuracy of those burden descent mod-
els has not been sufficiently investigated. The objec-
tive of this study was to evaluate the suitability of
the burden descent models and to analyze their accu-
racy through comparison with published experimen-
tal data of a scaled warm BF''"!,

1 Burden Descent Models

The burden descent models, by which the bur-
den layers are shifted downwards, are based on the
assumption that the physical properties of the mate-
rials remain uniform throughout the whole descend-
ing process. The influence of the shaft expanding along
the vertical direction has also been taken into ac-
count while the effects like mixed layer formation
and gas flow are neglected.

The concepts of the four conventional burden
descent models are shown in Fig. 1. In model T/
(Fig. 1(a)), the burden descends along the lines ra-
diating from the cone apex O located above the ta-
pered wall. O is the intersection of the furnace cen-
terline and the extension of the furnace shaft. The
basic assumption of model I is that particles in the
same level possess the identical vertical descending
velocities which results in a uniform vertical ad-
vancement for these particles. In a blast furnace with
throat radius R, throat height y, and shaft angle «, ,
the movement of the particles from the point (x, y)
to the point (z’, ) in the stack region is formula-
ted as Eq. (1).

v/ =[3Vy/(xtan’a,)+(y—y,+

R/tana;)*]"* +y, —R/tana;
' =x(y" —y,+R/tana,)/(y —y, +
R /tana,)
where, V, is the descending volume enclosed by the
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initial burden profile f, (x) and the final burden pro-
file f,(x), m®,

As for model II'"', shaft expanding along the
vertical direction affects only the peripheral region
(x>X). Raw materials in this region descend along
the lines radiating from the new cone apex O which
is the intersection of the vertical line (x =X ) and
the extension of the furnace shaft. While in the cen-
ter region (x<<X), the burden descends vertically.
The radial distribution of the vertical burden de-
scending velocities in the same level is assumed to be
equal, which is virtually identical to model 1. The
movement of particles from the point (x;, y;) and
(225 y2) to the point (x1's y1') and (x,'s 3, in
the stack region (x; <X, z,>X, y1=y,=y) is
formulated as Eq. (2).

v =y, =[3Vy/(xtan’a;) +(y —y,+

R/tana; Y ]"* 4y, —R/tana,

11/211 (2)
xz/:(xz—X)(yz’fyo+R/tanal)/(yz*
yo T R/tana;) +X

Burden descending trajectories in model TITH®
(Fig. 1(¢)) and model TV (Fig.1(d)) are the
same as that in model 1. With linearity assumption
on the distribution of vertical descending velocities
v, (x) (Eq. (3)), the leveled initial profile in model
III becomes tilted via certain amount of burden de-
scending. While in model 1V, v, (x) is entirely de-
termined by the experimental result which is gener-
ally conducted by laser scanner and multiradar.
Therefore, in model IV, v, (x) is an implicit func-

tion depending on the variable x. Except for the
difference on the determination of v, (x), formula-
tions for the movement of particles in model III and
model IV can be expressed in the same way as
shown in Eq. (4).

v, () =kx ¢ (3

vy =y+tu,(z) At

' =x(y" —y,+R/tana,)/{(y—

yo R /tana, ) 4)
g 2ma [ f (@) — fo(a)]da —V,l/
Vi<e
where, k represents the linear coefficient between

s Ar re-

presents the step time of each advancement, s; and

v,(x) and x, s '; ¢ is an constant, m * s

¢ is the tolerance.
2 Results and Discussion

2.1 Experimental data

The burden descending experiment was conduc-
ted by Ichida et al.''"! using a three-dimensional
semicircular 1/20 scaled model under thermal state.
Coke and quasi-ore (low melting point metal) were
charged layer by layer alternatively by the bell and
movable armors (MA). Three charging patterns in-
cluding C, 0, (MA not yet used), C,0,, (charging
ore closer to the furnace center) and C,, O, (char-
ging coke closer to the furnace center) were used
corresponding to different operating conditions. The
reported data were used to validate four burden de-
scent models in this work. Figs. 2(a) —2(c¢) show the

[17]

burden structure' '’ of which the experimental descend-

(a) CoOos

| (a) ‘(b) I () ‘

(b) CoOz05

) Czo ()o.

Fig. 2 Experimental burden structure in different charging patterns

ing condition reached almost the stationary state in
different charging patterns. Figs. 3(a) —3(c) show

[17]

the experimental layer timelines '’ which are meas-

ured every other 10 min.

2.2 Parameter determination
The process analyzed in this study is a 1/20
scaled warm model of Tobata BF No. 1, which has a

throat radius of 255 mm, shaft angle of 81°04’, belly
diameter of 756 mm, belly height of 150 mm, bosh
angle of 81°07', and hearth diameter of 690 mm. The
present study focuses on the burden flow in the shaft
region, namely the area between the burden profile
timelines of 0 and 30 min, as shown in Fig. 3. The
burden descending volume in each time interval is

calculated via integration as shown in Table 1.
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Fig. 3 Experimental timeline layers in
different charging patterns

3

As the determination of the parameter X in
Model II was not involved in Kajiwara's research'**!,
an exhaustion method was utilized to determine the
optimal X in this study. X ranges from 0 to 0. 9R
with an increment of 0. IR, and the corresponding
modeled burden structures are analyzed combined
with experimental data. As a result, optimal X with
minimum error are determined as 0. 3R, 0 and 0. 3R
in charging pattern C,Q,, C,0; and C,, O, , respec-
tively.

In Model IV, the normalized descending veloci-
ty distribution of the top layer, which can be meas-
ured entirely and accurately by field equipments
such as laser scanner and multiradar, is approxi-
mately represented by the normalized descending

Table 1 Burden descending volume in each time interval m . . .
ne distance between the top adjacent layers (Fig. 2) along
Charging Descending volume the assumed particle path. The corresponding results
pattern 010 min 10—20 min 2030 min in different charging patterns are shown in Fig. 4,
CoOo 0.05960 0.05343 0. 04702 where, v/v,. represents the normalized descending
CoOm 0.07189 0.06129 0.06148 velocity; v and v,. are particle’s descending velocity
Cu0 00 0. 06189 0. 06759 0. 05688 and averaged descending velocity along the radial di-
106 F oy Los F® L12
1.04 +
102} LooF 1.04
£ 100}
=
0.96
L 0.96 -
0.98 —— Model Il
0.96 —— Model IV
I 1 1 0.92 1 L L 1 0.88 1
0 0.2 04 0.6 08 1.0 0 0.2 04 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
r/R
(a) CoOo (b) CoOy (c) Cz005.
Fig. 4 Normalized descending velocity distribution in different charging patterns

rection, respectively, m/s; r/R represents the nor-
malized radius; and r is the distance between a spe-
cific particle and the furnace centerline, m.

As for Model III, with the combination of the
entire descending velocity distribution data in Model
IV, parameters like 2 and ¢ in each charging pattern
are determined via least square estimation (LSE)

method and listed in Table 2.

Table 2 Input parameters in Model 111

Charging pattern k c
Co O 0.1056 0.9472
Co Oy —0.1922 1.0100
Ca0 Oy 0.2490 0.8755

2.3 [Evaluation of burden descent models
2.3.1 Comparison of burden structures modeled
by different descent models

The initial profile specified for the simulation is

identical with the previous stockline profile obtained
by the experiment'®!. The development of the stock-
line profile along each time interval is calculated by
different burden descent models and the correspond-
ing measured profiles in different charging patterns
are shown in Figs. 5—7.

For charging pattern C, 0, (Fig.5), it is clear
that burden profiles in each modeled result are in
good agreement with the experimental measure-
ments, The similarity between different modeled
burden profiles is mainly caused by the quasi-steady
radial descending velocity distribution (Fig. 4 (a)).
The descending velocity in charging pattern C, O, ri-
ses slightly with increasing »/R. Compared with the
average descending velocity, the maximum relative
velocity difference value along the radial direction is
only about 5%, which is such a slight difference
that different burden descent models perform approxi-
mately the same burden descending distance along the
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Fig. 7 Comparison between calculated results and experimental data with charging pattern C,, O,
radial direction. This result means that burden de- four burden descent models.
scending process with quasi-steady descending veloc- The same burden profile for charging pattern

ity distribution can be accurately calculated by all the C, O, are shown in Fig. 6. Compared with the exper-
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iment performed by Ichida et al.'*', Model IV
shows the best agreement, while the other three
models exhibit considerable deviations in the middle
and peripheral region. As shown in Fig. 4(b), the
burden descending velocity in the charging pattern
C, O, presents an unstable tendency along the radial
direction in which the burden descending velocity in-
creases slowly in the beginning, but decreases dra-
matically later. This may be the reason that caused
considerable discrepancy between modeled and
measured results in the middle and peripheral region
in the other three models.

Fig. 7 shows the same burden profile for char-
ging pattern C, O,. Comparing the calculation pres-
ented in the four subfigures, the results modeled by
Model III and Model IV must be considered very
consistent with the experimental result, despite
some small deviations in the centre region. The re-
sults for Model T and Model II are acceptable in the
peripheral region, but deviate strongly in the centre
region from the experimental findings. These results
are mainly caused by the linear velocity distribution
as shown in Fig. 4(c).

2.3.2

modeled results

Relative error between experimental and

To quantitatively evaluate the error between the
experimental and calculated results, the area be-
tween measured and predicted profiles was divided
into several quadrangles composed of four dots as
shown in Fig. 8. The burden profiles in Fig. 8 were
chosen from the calculated result in Model I and ex-
perimental data in the timeline of 20 min with the
charging pattern of C,, O,. The area between meas-
ured and predicted profiles can be calculated using
the sum of a;, and a; can be estimated by Egs. (5)
and (6).

hi:(\y}:,;ﬂ*ym,;ﬂ\+\y}:,;*yM.;\)/2 (5

a;:=h; * (x;01—x;) (6)
where, h; represents the height of the ith quadrangle,

—— Measured profile
—— Predicted profile

20 min

£
%’ 0.63 | (s ¥E,)
-; NG (s, Vi)
é 0.61 |
g (Xt Y1)
E 0.59 G ym)
S 057 : s
0 0.1 0.2 0.3

Radius/m

Fig. 8 Calculation of stock layer area divided by
several quadrangles

m; a; is the area of the ith quadrangle, m?; x; is
the horizontal distance of the ith point of the burden
profile, m; and yg.,» Ymi» Yeit1s ¥Yma—1 represent
the vertical distance of the ith and (i +1)th point in
the model and experimental results, respectively, m,

In Fig. 9, a; was converted to the volume of a
ring, V;, by axial rotation. V; and the total volume
surrounded by measured and predicted profiles, V,,
were calculated using Eqgs. (7) —(9).

ri:(xi\l+xi)/2 (7)

V,=2nr;a; (8)
N

V,=2V, (9
1

(a) -

(b)

a;

]
|

==

2mr;

|='
Fig. 9 Method to convert area into volume

The evaluation error is calculated as follows:

n

N
=2 Az —x )z Fx)

batch i=1 2
( ‘y}:,iﬂ T Y M+l ‘ + ‘yE,i T Y M, ‘ )/Vb;m-h
(10)

where, V, represents the volume enclosed by the

Error =

discrepancy between the calculated and measured
burden profile in each timeline, m®; V.., is the total
batch volume (containing coke batch and ore batch)
in one charging pattern, m*; and N is the total
number of the points among the individual profile.
Thus, Error is expressed as V, normalized by the
total batch volume V.. It should be noted that the
value of N greatly affects the calculation accuracy of
V.. In the previous research performed by Park et
al. %, N was set as 141, whereas in the present
work, N is increased to 201 so as to assure satisfac-
tory precision. The Error values of each models in
each charging pattern are shown in Fig. 10. Error of
Model T in charging pattern C, O, is not mentioned
in Fig. 10(b) since the result is essentially the same
to that in Model II when X is equal to 0.

It is clear that Model IV has the minimum error
especially in charging pattern C, O, , where the quan-
titative error of each timeline is less than 10% while
the other three models reach the maximum error of
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Fig. 10 Error of each model in different charging patterns

approximately 50% in the 30 min timeline. Besides,
Model IIT may also be desirable to model the burden
descending process when the burden descending ve-
locity presents a linear tend along the radial direc-
tion. In Fig. 10(c), Error of Model III in the 20 min
timeline is only about 10%, whereas in Model 1 and
Model 1II,

42% , which may significantly reduce the accuracy of

the corresponding Error increased to

the calculated gas flow in the shaft region.

As for rough predicting, Model T and Model 11
may also be advisable since both of them caught the
main profile of the burden structure especially in
charging pattern C,0,. Considering the complex
work to determine the optimum X and the incon-
spicuous advantage of Model II, Model I might be
the first option for rough burden structure predicting.

In addition, an upward tendency of Error is
witnessed by all charging patterns with increasing
timeline. This phenomenon is believed to be caused
by the deadman formation in the lower part of BF
(Fig. 3), which may significantly influence the ra-

dial velocity distribution tendency in descending process.
3 Conclusions

(1) Burden descending process with quasi-
steady descending velocity distribution can be accu-
rately calculated by all the four burden descent models.

(2) Model 1V shows the highest level of preci-
sion especially when burden descends with unstable
velocity distribution tendency.

(3) Model III may be desirable to model the
burden descending process when the burden de-
scending velocity presents a linear tendency.

(4) Model T might be the first option for rough
burden structure prediction.
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