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Optimized operation system from furnaces to coilers has been developed at the hot strip
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Optimized operation system from furnaces to coilers has been developed at the hot strip

mill of Mizushima Works.

This system consists of furnace combustion control, mill pacing control and direct
digital control from delay table to coilers and is well combined with various rolling

techniques.

By introducing the system, the accuracy of the temperature calculation model of slab
and sheet bar is greatly improved, i.e., lo = 12°C, and sheet bar temperatures at the
exit of roughing train can be controlled so as to follow closely changeable targer values.
Furthermore, the rolling interval time at No. 1 finishing mill has been shortened to 5
seconds from previous 12 seconds, when the setting of finisher rolling speed is changed.

1 Introduction

Since its start in January 1970, the hot strip mill
plant?’ of Mizushima Works has added rolling stands
and reheating furnaces to boost its annual production
capacity to 4.6 million tons today. Promoted over
these years were active construction and improvement
of rolling mills, efficiency increase in the slab reheating
furnaces®***, advancement of hot charging and low-
temperature discharging®’, and development of sophis-
ticated operational techniques.

On the other hand, the recent trend of permeation
of the automated rolling process is amazing. Up until
today, certain levels of automatization and systems
development were made in hot strip mill plants of
various steel companies. Good examples were the ap-
plication of direct digital control to the reheating fur-
nace combustion phase and to the clectric and instru-
mentation phase of rolling, as well as the systems
developed by interrelating existing controls.

Taking into consideration the following various re-
quirements from many users, the Hot Strip Mill Plant
of Mizushima Works not only applied computer con-
trol to various existing techniques such as reheating
furnace combustion control, tracking schedule cal-
culation, and mill pacing control, but also developed
an optimum operation system which has organically
combined all these automated control measures:

* Originally published in Kawasaki Steel Giho, 15 (1983) 4,
pp. 273-279
** Mizushima Works

22

(1) To meet needs for high quality steels which re-
quire the most severe heating temperature control

(2) To cope with complicated furnace operation
such as low temperature discharging, hot charg-
ing, and furnace operation with heat patterns
oriented toward energy saving

(3) To promote efficiency in software for reheating
furnace operation

(4) To achieve rolling at an optimum temperature that
satisfies both requirements for energy saving and
high product quality

(5) To realize proper mill pacing control that can
meet various rolling conditions

(6) To establish an operation technique that organ-
ically interrelate individual existing techniques

(7} To establish operation system which minimizes an
overall line cost

The mainstay of the new system consists of:

(1) Reheating furnace combustion control
(2) Mill pacing control
(3) Direct digital control

The above-mentioned control system was advanced
into an on-line system in July 1982. An outline of the
system and its operation results are reported telow.

2 System QOutline
2.1 Basic Principles and System Features

The key point to fundamental policies of the system
lies not only in forming a computer control system of



the reheating furnace alone, but in establishing an
integrated system including the rolling line. Problems
that occurred during operation in the past are cited
below.

(1) Insufficient trackability of combustion control
against complicated material kinds and variation
in the target discharge temperature

¢2) Limitation in production efficiency improvement
when discharge pitch is determined by operator’s
judgement

(3) Low reliability in speed setting at various equip-
ment in the rolling line

Therefore, the new system is aimed at satisfying all the
above requirements and establishing an integrated cost
minimum at the hot strip mill plant. Figure 1 shows
the configuration of the computer control system in
the hot strip mill plant; Table 1 shows the specifica-
tions of the rolling line. 7

This system features a function for optimized deter-
mination of target discharge temperature and mill
pacing, so that valuation functions can be optimized
depending upon the required levels of quality, cost and
productivity. In concrete terms, the system gives the
valuation functions for optimization in the following
four modes:

{1) Rolling efficiency designating mode
{2) Rolling efficiency maximizing mode
(3) Fuel consumption minimizing mode
{4) Cost minimizing mode

Furthermore, for the objective parameters of opti-
mization, the target discharge temperature and rolling
pitch are determined by the following equation:

Z=F(Y, Y,

Y, Ya=GW,...,X,..)

Yiopts Yaopr = f(Zopt)

X, =8(Yigpn Yaope) «-covrrvvrmoenn )

Z: Valuation function of optimization (roll-
ing efficiency, fuel consumption, and
cost)

Y: Target parameter (aimed discharge tem-
perature and rolling pitch)

X: Operation parameter (outlet target dis-
charge temperature of each slab at each

Central computer

Proress computer for
furnace combustion control
and mill pacing control

I Data way system l

Direct digital control system DDC system
Delav table Finisher| { ;oper Looper | Hot run | ~ o0 Furnace
col master control less table control control
contro control centrol § control

Fig. 1 Configuration and functions of computer and
DDC system

Table 1 Basic specification of the facilities

Facilities Number Type and capacity
Slad reheating s B-zone pusher type, Effective hearth length: 32.0 m, Hearth width: 12.9 m, Nominal capacity :
furnace i 325 t/h, Type of fuel: ail and mixed gas
Vertical scale Overhead driven type
hreaker ! Max. reduction © 75 mm at t =305 mm
Roughing train R1: 2 high reversible type, R2: 2 high non-reversible type, R3, R4, R5 I 4 high non-reversible
> tyvpe, tandem rolling between R4 and R5
Flying crop shear 1 2 cut inner stand type, Max. cutting thickness : 60 mm at sheet bar width of 1 300 mm
Finishing scale Pinch roll and high pressure water spray type
breaker 1 Pressure : 150 kgf/em?
Finishing train 7 F1, F2, F3. F4: 4 high tvpe, F5, F6, F7: 6 high type
Thin gage coiler 4 blocker roll type down coiler, Thickness of strip: 1.2 80 mm, Coil diameter : max. 2 300 mm
2 Main motor : [).C. 280 k3W X2
Thick gage coiler 2 No. 1,2: 4 blocker roll type down coiler, Thickness of strip: 1.2-13.0 mm. Coil diameter : max.
2 300 mm, Main motor: D.C. 280 kW X2
1 No.3  : 4 blocker voll type down coiler with hending voll, Thickness of strip: 2.3-32.0 mm,
Coil diameter : max. 2 300 mm. Main motor: D.C. 500 kW X2

FCS FSBFIFZF3FESFSET '
0QeQ%e Coiler Coiler




zone and furnace temperature set value
for slab group in each zone)

W Operition parameter (discharge tempera-
ture for each slab obtained from the
quality conditions and temperature hold-
ing conditions)

First, the aimed discharge temperature is deter-
mined, at the time of charging into the furnace, by the
tracking schedule calculation and the calculation of the
slab temperature drop in the rolling line, taking into
consideration the discharge temperature required for
the sake of quality and that which is required for
maintaining the specified rolling temperature.

The rolling pitch is determined and corrected, as
rolling progresses, according to the modes set forth in
items (1}-(4) above, by the tracking calculation as
well as by the shortest rolling pitch calculation, neces-
sary in-furnace time calculation and discharge pitch
calculation or specified pitch calculation in furnace
combustion control. By following this up-to-date roll-
ing pitch, automatic discharge from the furnace is
performed.

2.2 Reheating Furnace Combustion Coutrol System
2.2.1 Outline of control model

Figure 2 shows the flow of reheating furnace com-
bustion control. The control consists of five models
shown below.

(1) Aimed discharge temperature determination
The aimed discharge temperature (thickness direc-
tion mean temperature at a skid portion) and
aimed skid mark quantity (slab temperature
difference between an on-skid portion and an off-
skid portion) can be determined at the time
of charging to the reheating furnace, by taking into
consideration the discharge temperature required

(Slah data) yl] data)
Calculate Slab tracking {Operation data)
rolling schedule (Charged .‘stab temp.)
¥
Estimate Calculate inlet slab temp.

travelling speed at each zone
: ¥
Estimate Calculate furnace load
heating time

of each zone

Calculate target skab
temp.at vutlet of each zone

1

I Calculate zone temp. ]

Furpace temnp.
controll

I Rolling mil pitch contrall ||

Fig. 2 Furnace combustion control

24

in respect of quality and that which is required for
maintaining the prescribed rolling.
(2) Slab temperature calculation

Off-skid and on-skid thickness direction mean
temperatures and top and bottom surface tem-
peratures can be calculated from the charging
temperature and furnace operation records by us-
ing a calculation formula which has been ap-
proximated to the heat calculation model5’. In the
calculation of the skid temperature, the coefficient
of over all heat transmission at a skid portion by
heat transfer analysis is quantized and incorporat-
ed into the model. The calculation formula of the
thickness-direction mean temperature is given
below.

0o = 0,8, — Os)exp (—a-1/D)

8o: Zone outlet slab temperature (°C)
#;: Zone inlet slab temperature (°C)
0,: Furnace temperature (°C)

o: Heat transfer coefficient (m/h)

t: Time in furnace (h)

D: Slab thickness (m)

(3) Discharge pitch control
For each slab charged, a discharge pitch is set up,
which can satisfy mill capacity, reheating furnace
capacity and current operating pattern. The dis-
charge pitch is properly corrected on the basis of
actual rolling pitch and heating records.

(4) Slab load calculation
Slab load (t/h) can te calculated from the size and
weight of the slab in each control zone and slab
transfer speed obtainable from the discharge pitch.

(5) Furnace temperature control
Slab in the combustion zone is divided into the
entry-side slab group @ and delivery-side slab
group (B) as shown in Fig. 3. Furpace temperature
&), at zone (A) is obtained from combustion zone
slab load, zone inlet actual slab temperature and
zone outlet aimed slab temperature. Furnace tem-
perature )y at Zone (B is obtained from heating

Thermocouple

I Burner

@A : Slabs in entry-side zone
® : Slabs in delivery-side zene

Fig. 3 Schema of delivery temperature control of slabs
of each zone
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Tempesature

Charge Preheating Heating Soeaking Discharge
paint zone zone zone point

Fig. 4 <Calculation of slab temperature (at heating
zone)

records, residual time in furnace, zone outlet target
slab temperature. The weighted mean value of
@, and @y is taken as a set-point furnace tem-
perature. The furnace temperature calculation
formula is given below.

®A =fi (M, Oy, gso) """""""" 3

g = 2 (1, Osay Osa) = o ovvvenn )

., ®y: Respective temperatures of (&) and
(O

M: Combustion zone slab load (t/h)
fs;: Actual slab temperature at zone
inlet (°C)
Os0: Aimed slab temperature at zone
outlet (°C)
f.: Residual time in furnaze (h)
854t Actual slab temperature at
inlet (°C)

As shown in Fig. 4, out of heat patterns which
satisfy the aimed discharge temperature and resi-
dual time in furnace, a pattern on the lowest tem-
perature side, which can satisfy the restrictive
conditions of the skid mark quantity is selected
for each zone, and the temperature at each zone’s
outlet of the patterns is determined as aimed
temperature of each zone’s outlet.

2.2.2 Slab and sheet bar temperature model at
roughing mill

Slab and sheet bar temperature model during
rolling at a roughing mill has been developed in order
to obtain correspondence between the discharge tem-
perature and the delivery temperature at rougher
under various rolling conditions. This model consists
of the following:

(1) Slab and sheet bar temperature model from the

Neo. 9 March 1984

reheating furnace delivery side to rougher delivery
side which treats plate-thickness direction mean
temperatures,

(2> Heat regenerative model expressing the relation be-
tween surface temperature at the rougher delivery
side and plate-thickness direction mean tempera-
ture.

Both the models are shown below.

(1) Slab and sheet bar temperature model formula
Temperature drop in the roll bite is given below.

To— Tho = @47, + a, 4T, + a, 4T, - -(5)

Temperature drop by air cooling is given below.

() ~ (o)

s Qe + A58y
=TO;>< {(_______—l Hs )+as+a7H}

Temperature drop by water cooling is given below,

T — Ty = %DF_M .......... 0

Tn: Mean plate temperature (°C)
Tmo: Imitial mean plate temperature (°C)
AT, Heat transfer to roll (°C)
4T, Heat generation by working (°C)
AT Heat generation by friction (°C)
t,:  Air cooling time (s)
t,: Water cooling time (s)
E,: Emissivity
: Convection heat transfer coefficient
(kcal/m2.h.°C)
ot;: Descaling coolant heat transfer coef-
ficient (kcal/m?2-h-°C)}
H: Slab or sheet bar thickness (mm)
a;: Coefficient

i

(2) Heat regenerative model at rougher delivery side

Ty = Ta = T — g3l Ea0{(Ta + 273)"

- (Tl. + 273)‘} + a:nnv(Tm - T.l)]

% d (8)
1+ (H/6){40(Ty + 273)7 + Ccon}

T, =T, — (A + BT ) exp {—B(r — 2)} - (9
T,: Sheet bar surface temperature (°C)
T..: Quasi-stationary plate surface tem-

perature (°C)

A: Heat transfer coefficient of plate
(kcal/m?-h-°C)
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R R3SDT FET
T mi}l point polint
i ' I

Tm {Mean temperature}

)
'
i
1
1
]

Temperature

Ty {Surface temperature}
1

Time
15 : Last rougher stand
R5DT : Rougher delivery temperature
FET : Finisher entry temperature
Fig. 5 Heat regenerative model at the rougher delivery

side

o Stefan-Boltzmann constant
(kcal/m*-h-k*)
T,: Outdoor air temperature (°C)

t: Time from last rougher stand ON to
rougher deliverly side thermometer
ON (sec)

Constants to be determined by rough-
ing time

A, B:

Figure 5 shows the concept of heat regenerative
model at the rougher deliverly side. In eq. (8),
quasi-stationary plate surface temperature T,, is a
temperature obtained on the assumption that the
relation between the sheet bar thickness direction
mean temperature and surface temperature of a
plate in the stationary state at rougher delivery
side is valid immediately after roughing. Eq. (9
obtained by regression analysis shows the relation
between the calculated value of the temperature
and the measured value of the surface temperature
immediately after roughing.

2.3 Mill Pacing Control System

Mill pacing control system is operated by the dis-
charge command to the extractor, on the basis of the
heating pitch which is set by reheating furnace com-
bustion control taking into consideration the shortest
rolling pitch and the degree of progress of the slab on
the line. This control is effected by automation.

In order to enhance furnace control accuracy and to
improve rolling efficiency, it is important to set the
shortest rolling pitch, which is controlled from the mill
side, accurately at the time of charging the slab into
the furnace. The finish rolling time of steel sheet,
namely, the rolling speed of the finisher, greatly affects
the rolling pitch. The rolling speed of the finisher is
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determined by the aimed finisher delivery temperature
and rougher delivery temperature. Therefore, the
shortest rolling pitch is preset by predicting rougher
delivery temperature from the furnace discharge tem-
perature and the quantity of roughing temperature
drops while the slab is remaining in the furnace.

Further, the mill pacing control also has a jogging
function, taking into consideration the collision pre-
vention of slabs and time required for changing preset
conditions.

2.4 Direct Digital Control

With the aim of refreshing the control system and
raising the level of rolling pitch, the nucleus of the
electric control system has adopted direct digital con-
trol. This control is applied to reheating furnace in-
strumentation, finisher entry delay-table, finisher roll-
ing speed setting proper, run-out table, and coiler.

3 Operation Results

3.1 Reheating Furnace Combustion Control

3.1.1 Accuracy of roughing slab and sheet bar
temperature model

(1) Slab and sheet bar temperature model
Figure 6 shows an example of calculated slab
temperature by the differential model. Solid lines
in the figure show the progress of the mean
temperature, temperatures at the center and
the surface, and the black dot shows the measured
value of the surface temperature, Figure 7 shows

1200

Center

@ Measured

Mes .
1100 < lean

Surface {lower)

% ﬁLl
? 1 V‘ FET
2, Surface
E {upper)

900

V3B K1 R2} R3[f R4y ns
800 -
0 50 100 150

Time (s}

Fig. 6 An example of calculated temperature of slab
and sheet bar by strict differential model
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® At the middle point between R1 and R2
© At the middle point between R2 and R3

_ | ARSDT ~ =
1050 X FET (o] /
S S
&,
%
o
T=097C 'A/nbc%o
g =9.1C / Sa‘l‘awc,:{’a

Measured O
"N
xo\"o
B
x P
A
3

21000

950 1!()00 1050
Calculated {°C}
Fig. 7 Comparison of surface temperature between
calculated value and measured value by dif-
ferential model

1200
i%\ﬁ
5 \A
. °\
E: 1100 ‘Q BZ&S mm
z
E v
= B Thickness of B =24 mm
e sheet hax
= A
A © Differential model
A o Simplified model
1004 |-
O
S
Catlie o1 B=35 mm
@ Fa
OF—A————————— A —me A e "
§ \Aﬁ?ﬁ e~ G — OA-*"'O
£ —s5} B=24mm
a
1 Il l 1 I t 1
SRT Rl R2 R3 R4 R5 FET

Position
SRT I Slab reheating temperature
FET : Finisher entry temperature
Fig. 8 Comparison of calculated mean temperature
between differential model and simplified model

the correspondence between the calculated and
measured values of the surface temperatures.
When comparisons were made at various condi-
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Caleulated condition
1100 ~ Thickness of slal @ 160~260 mm
Thickness of sheet har 2 20—60 mm

1050 gRrT:1050-1250°C

RaDT of surface {simplified model)

10001
930}
g=1.3C
1 1 L J
900 G50 1000 1450 1100 -C

REDT of surface {differential model)

Fig. 9 Comparison of calculated surface temperature
of sheet bar between simplified model and
differential model

300 -
,/ -
8 // Lo
i:ﬂ / 4 a
E 230 Y / ’ -"’
= 3o l.”” |
,‘:E; ‘/. . %‘ Condition
z 7 750 112 passes
E -850 2 passe
= - Thickness of slab 2 220 mm
5 -
£ 9
5 200 Thickness of
z sheet bar imm)| 241 38
=
= Measured value | o .
i Caleulated O P
z vilue
i | !
) 1150 1200 1250 1360
SRY(C)

Fig. 10 Relation between SRT and temperature drop
in rougher rolling

tions; namely, at the intermediate temperature be-
tween R1 and R2; between R2 and R3; at rougher
delivery temperature, and at finisher entry tem-
perature, the overall accuracy was 9.1°C at the
standard deviation.

Figure 8 shows the correspondence between the
solution by the differential model and that by the
simplified model used in the present system, The
difference between them was 43°C at each rougher
delivery side.

(2) Heat regenerative model at rougher delivery side
Figure 9 shows the correspondence between the
solutions by the difference model and the sim-
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plified model in respect of the last rougher stand
temperature. Accuracy was 1.3°C at the standard
deviation.
(3) Overall accuracy

Figure 10 shows correspondences between the cal-
culated and measured values in respect of the rela-
tion between the quantity of temperature drop
from the reheating furnace discharge to rougher
delivery and the slab reheating temperature, This
figure satisfactorily expresses the influence of the
discharge temperature and rougher delivery-side
sheet bar thickness, thereby confirming the prac-
ticability of this model.

3.1.2 Combustion control accuracy

First the measured temperature at the time of
reheating furnace charging was taken into considera-

1100
)
g 1000 Measured
= ¢« Calculated
900 g w1870
1 1 | L Il ! L 1 1
16736 22715 308 7°30° 11°47°
< e Time

Fig. 11 Comparison of rougher delivery temperature
(R5DT) between measured and calculated
values

1100

900

C)

Skid-
mark

Charged
slab temp.
(°C)

5001 . .
250'—'-" . '..o -'---.. ) e Lt -.-.-.' .

240
290 b —

200 1 | 1
9 11° 13° 15° 17
Time

{mm}

of slab

Thickness

Fig. 12 An example of operational data of slab tem-
perature by computer control
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tion, and then the discharpe temperature was cal-
culated by using the in-furnace slab temperature
model. Finally, a correspondence was obtained be-
tween the results of the calculation of rougher delivery
temperature by the rougher rolled sheet bar tempera-
ture model and its measured value, as shown in Fig, 11.
The overall accuracy of the model was 12°C at the
standard deviation, and it was confirmed that the
model would sufficiently be used on-line.

Figure 12 shows an cxample of control results. In
this figure, the aimed rougher delivery temperature is
compared with the actual temperature. Although the
aimed temperature, charging temperature and slab
thickness varied complicatedly, the difference was only
within about 20°C, indicating that the aimed values
were satisfactorily followed.

3.2 Mill Pacing Control

As mentioned in Sections 2 and 3, accurate setting
of the shortest rolling pitch, which is controlled by
the mill side, requires high accuracy in predicting the
finisher rolling time and finisher threading speed.
Figure 13 shows a comparison between the predicted
and measured values of finisher threading speed. The
results in -+ 10 m/min, indicating that rougher delivery
temperature and finisher entry temperature, which are
used for determining the finisher threading speed, have
been accurately predicted. Figure 14 shows the accu-
racy of the predicting calculation of slab tracking time
at the rolling line, indicating that the time from VSB
(vertical scale breaker} ON to F1 mill ON is 1.06 sec
at the standard deviation, which means a contribution
to decreasing the dispersion of discharge timing.

GO0
210 m/min

400

300

Mensured value of finisher threading speed {m/min)
ot
&
=
|

! ! ] I 1
300 100 300 600 700
Calculated value of finisher threading speed (m./min)

Fig. 13 Comparison of calculated and measured
finisher threading speeds
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Fig. 14 Slab tracking time accuracy at mill line
(Calculated value-measured value)

3.3 Direct Digital Control

The present modification greatly raised the levels of
reliability, accuracy and responsiveness as shown in
Table 2.

The present modification together with the on-line
mill pacing control mentioned in the previous section
gave such effective results as shown in Fig. 15. This
figure compares the dispersion between the mill and

Table 2 Improved items

Nu.l Item
1 | Crop cut length{,/ v}
Setting up time of finisher

2 12 5
rolling speed ¢ s

Original New
7.0 mm 3.2mm

Accelerated and decelerated

3 75m/min+s | 110 m/min-s
rate at run-out table
4 | Drift check Yes No
Looper response {height) 0.8 rad/s 2.5 rad/s

Measured value of relling interval time at No,l

Fime finishing nill {s}

Item 5 10 15 20 23
I"inishing mill and O ainal
table speed set-up |
time e DDC system

Original

MPC system

Delay of
extract time

Rolling interval
time at No.l New original
finishing mil
MPC : Al Pacing Control
DDC : Direct Digital Control
Fig. 15 Comparison of rolling interval time at No. 1

finishing mill between original and new by
measurad values
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table speed setting time and discharge timing by means
of the F1 mill interval converted value. The execution
of the present medification permitted shorting the
time for changing the pre-set value of finisher rolling
speed from average 12 sec to 5 sec, and the adoption
of on-line rolling pitch control shortened the discharge
timing delay from 10 sec to 3 sec, resulting in de-
creasing the F1 mill interval, at the time of finisher
speed pre-set changes, from the previous 12 sec to
5 sec,

4 Conclusions

In the above, an outline and operation results of the
optimum operation system developed at the Hot Strip
Mill Plant of Mizushima Works have been reviewed.
The development of the present system has brought
about the following results:

(1) The rougher delivery temperature of sheet bars
satisfactorily corresponded to the rapid changes in
the aimed values within the range of about 20°C.

(2) Calculation accuracy of the temperature maodel of
slabs and sheet bars is approximately 12°C at the
standard deviation.

(3) Introduction of mill pacing control and direct
digital control has made it possible to reduce the
F1 mill interval at the time of finisher speed pre-set
changes from 12 sec to 5 sec.

Anticipating the coming days when increased num-
ber of steel types and their improved quality will
decidediy be demanded, the authors will endeavor to
further improve the operation system.
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