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Preface

The hot strip mill is one of the most complicated and costly
installations of modern steel works. The higher the productivity
of such a mill, the lower is the production cost of rolled strips.
To increase productivity, there is a tendency to increase the

slab weight and rolling speed. But, as is shown in this paper,
certain technological limitations, although not obvious, must be
considered in the design of the mill's computer control and
technological equipment, since they influence productivity in

various ways, depending on their combinations.

Systems analysis should be used to estimate how these combinations
influence production quality and efficiency, and what design

requirements should be formulated.

This paper is an attempt to apply systems analysis to the formu-
lation of problems, and to the generation of new methods for
overcoming technological limitations, in order to obtain better
quality strips and higher productivity in the hot strip mill.
Most of the new ideas and methods of mill control described here
have not been implemented or even tried in practice; however,
computer simulations of the proposed rolling process, using new
control methods, are shown to lead to significantly increased

efficiency.

It is obvious that future investigations in this direction should
be made, and the authors hope that this will be done through the
international collaboration of different institutions and steel

companies, with IIASA acting as coordinator and catalyst.

Most of the work connected with the present research and the
preparation of this paper was done by the staff of the Institute
of Control Sciences, USSR: Drs. J. Massalsky, T. Koinov, and

D. Dobronravov, and engineers A. Tropkina and A. Genkin, under-

the guidance of Prof. A. Cheliustkin.
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1. Introduction

Continuous casting machines (CCM), combined via the slab yard
with hot strip mills (HSM), make up the modern installation of
the steel industry. With an annual capacity of up to 10,000,000
tons, they represent the most expensive part of the steel plant
(up to 50% of total investments). Moreover, the annual operating
expenses are almost equal to the cost of the complex mechanical
and electrical equipment. The fixed part of these operating
expenses (which does not depend on the production level) is about
50 to 60% of the total production cost; thus the higher the
production, the less do the fixed expenses influence production
cost [21].

The above figures show the importance of process control, since
minor disturbances or improperly coordinated operations result

in great economic losses. The various CCM-HSM units--the con-
tinuous casting machines themselves, heating devices, the roughing
and finishing trains of hot strip mills, etc.--are, as a rule,

investigated independently. |

It is usually considered that the input of each unit of a steel ‘
plant is the output of the previous units, and that each unit is
optimized according to its own criteria. This naturally leads

to contradictions when the various parts of the process are

evaluated. This problem can be resolved only with the help of a

systems approach to operation analysis, based on the criteria

which characterize the complex as a whole. In this study, the

main principles of the systems approach to steel plant and strip
production control are considered in terms of the technological
and organizational interaction of the various units (9, 11, 12].
Investigation of a 2000 HSM served as the basis for determining

the operational efficiency of such hot mills.

For analysis of the CCM system, the following parameters were

used, taken from the readings of measuring instruments and from



the documentation: frequency of slab discharge from furnaces;
fuel comsumption and temperature of heated slabs; loads of the
roughing and finishing processes and their drives; speed of metal
movement on the rolling tables; metal speed at the exit of the
finishing train; temperatures at the exit of the roughing train
and at the entry and exit of the finishing train; size and thick-
ness of the roughed slab; production cost of various kinds of

strip; CCM and HSM investment cost, and so forth.

Study of the prototype mill and the principles underlying its
control, as well as computer simulation, have revealed discrep-
ancies between the control objectives of individual technological

processes and the overall objective for the complex.

This paper considers the principles used for CCM-HSM complex
control systems which allow coordination of the operation of the
various units within the framework of the general objective:
production of strips of the desired quality with the highest

possible efficiency.

2. Definition of Criteria

The general criterion in optimal control of a complicated plant

is a functional of the. form F(Q,W), where () represents the

working and environmental conditions, and W is the economic status
of the plant. { does not yield to complete mathematical descrip-
tion and manifests itself as a number of constraints imposed on
process parameters and machinery behavior. The economic status

of a mill may be described by a set of somewhat contradictory
interrelated indices, such as productivity, return on funds in-
vested, profitability, profits, etc. Each index is a functional

of the type:

P=P(Z,K < S,N< Q « R) , (2.1)



where

Z = specific investments;
R = operating expenses;
K,S = quality of production and price:
N,Q = reliability of equipment and productivity.

The indication (K« S) means that the price of the product cannot
be fully expressed through its quality. Also, equipment pro-
ductivity has some relation to its reliability and its operating
expenses, but this cannot be expressed as a function. 1In practice,
for a complex manufacturing process for a given product, the
relation (K < S) can be replaced by a set of constraints repre-
senting the necessity of obtaining a product of a certain quality.
For the HSM, for example, the relation between strip metal
structure (quality) and mill productivity can be replaced by the
constraint of the metal rolling finishing temperature. Thus,
production cost S represents a criterion of CCM-HSM operation
reflecting changes in any of the production conditions. The cost

is the sum of fixed expenses R including investment dep-

const

reciation, and part of the variable expenses Rvar; i.e., the

optimality criterion may be written as follows

i +
mln(Rconst Rvar

3. Economic Aspects of the Mathematical Model of the Process

The mathematical model describes, in economic terms, the major
quantitative relations involved in hot strip rolling. Under
given technological constraints, the problem is reduced to deter-
mining an operational mode for the complex resulting in the

minimum value of the functional (total expenditures)

min R = min R(ARf,ARt,ARr,ARu,AR

d,ARy,ARa) ' (3.1)




where

ARf = change in specific metal losses due to scaling;
ARt = change in furnace fuel consumption;

ARr = change in roll wear;

ARu = change in electric power consumption;

ARd = change in percentage of fixed expenses of HSM;
ARy = change in percentage of fixed expenses of CCM;
ARa = change in metal waste during shearing.

Metal heating in the furnace is described in terms of furnace
temperature, average mass temperature, and metal surface
temperature. The dynamics of the average mass temperature is
described by a conventional differential first-order equation
with non-linear temperature-dependent coefficients. Metal heating
is calculated for high-speed mill operation. Under a constant
temperature gradient over the slab cross-section, the average mass
temperature of the metal at the furnace exit is varied. Scaling
losses are described by a differential equation relating scaling
growth rate to metal surface temperature, considering the initial
estimate of scale layer and the furnace atmosphere. (Ref. [6]
describes a method of representing experimental data on metal
oxidation as a differential equation.) Experimental data on mild
carbon steel oxidation were approximated by a differential equation

used to determine the scaling during heating in the furnace:

4 2 kr2

M(T = 1,82.10 Tsl - O,352Tsl + 173,6 ton (3.2)

sl)
The value of (3.2) per ton of metal can then be determined in

monetary units through the following formula:

= - rub
AR I:M(Tsl1)I1/m1 1v1(rrslz)12/m2}cf ton (3.3)
where I,m are slab surface (m2) and mass (ton), respectively.
Index 1 identifies parameters corresponding to the actual

operation mode of a given mill; index 2 is associated with an



operation mode computed for this mill. Cf, the monetary losses

per ton of scale, is definded by the following sum:

Ce = Ay + Ay = Ay (3.4)
where A1,A2 and A3 are the cost of slabs coming from the CCM,
slab heating in furnaces, and scale (used in steel-making plants),

respectively, in roubles per ton.

Furnace fuel consumption is determined on the basis of the heat
balance condition for the furnace. Results obtained were
approximated by the following relation:

3

R, = 504,6(0,25 - 10~ H

+ 0,525) (0,705 - 1o'3Ts1 - 0,32) 2m_

1 ton

(3.5)

Then the value of the fuel consumption change AR, can be deter-

t
mined through the equation

rub

AR t1 ton '

1)C (3.6)

t = (Rep/Riy

where C is the fuel cost (roubles/ton) .

t1

Rolling was simulated by means of a mathematical model [103, 123,
154, 160] which was extended to the entire rolling mill, from slabs
leaving the furnace to strips leaving the finishing train. The

dependence of the maximal allowable slab temperature T on

sl min
slab thickness HSl and width le, and on thickness Hp of the metal

entering the finishing stands, under constraints on the stand
loads and motor torques of the roughing train, was approximated
as follows:

= - 0
Tel min = 1,5HSl + o,2sle 5Hp + 545 °¢C (3.7)

(Hsl’le and Hp are in mm) .



The roll wear ARr is rather difficult to determine. Absolute
roll wear does not lend itself readily to analytical description
because it depends on many factors which in practice cannot be
taken into consideration. Allowable relative wear depends on
the mill stand number, thickness and width of the rolled strip,
the relation between roll wear in various stands and metal re-
duction values, factors defining stabiltiy of strip shape vs.

coefficient of friction, etc.

Statistical models are being constructed which allow for the de-
pendence of roll wear on some variables under the existing
operating schedule [158], but they are not applicable to a wide
range of temperatures or to metal reduction and rolling speed

changes.

The present paper assumes a rather simple technique for com-

puting roll wear. Roll wear is taken to be proportional to B,
which is equal to the sum of the products of the length of one
ton of strip, L, and the mean value of roll load, Pf, in each

stand:

where n is the number of stands in a mill.

(This technique is used to determine the roll replacement time

at the KIMITSU hot strip mill in Japan, where a éomputer

summarizes the values of Lini during rolling.)} Then
B
_ 2 rub
AR = (g— 1)Cr1 Ton ' (3.9)
1

where Cr1 is roll consumption per ton of rolled steel in
roubles/ton (cost of replaced rolls related to one ton of rolled

strips).



Electric power consumption is expressed as follows:

R = vy S rub

u u“u ton ' (3.10)

where Yy is the consumption per ton (kwh/ton) determined through
the rolling model, and Su is the price of electric power (roubles/
kwh) .

Changes in finishing stand productivity AQh caused by changes in
mill speed selection due to slab size variations are defined by

the following formula:

m, (T + T _.)
2 " ml p1

Q = - 1 7 (3.11)
h m1(Tm2 + sz)

where Tm and Tp are slab rolling time and slab idle time between

passes, respectively.

In determining rolling time, it was assumed that the finishing
stand is accelerated immediately after the front edge of the
strip leaves the stand, so that the required finishing rolling
temperature can be obtained. Acceleration is a function of the
strip thickness and can be approximated as follows:

a =273 - 107h + 0,0164 &

S

Temperature and speed of rolling influence not only the power
parameters of rolling and related roll consumption, but also the
mill idle time caused by roll replacements Au' At present idle
time is quite high, running from 10 to 15% of mill operation
time, because replacement rolls must be heated. The total change
of finishing stand productivity (with allowance for rolling
speed change, duration of pauses between passes, and roll re-

placement) is determined as follows.




The productivity Q2, which takes account of the increase in

roll consumption, is related to the known productivity Q1:

G2(
Q4 G1(

Ty
: T=T + T ’ (3.12)

T2 + Tr2

where Tm,Tp and Tr are the strip rolling time, the pauses be-

tween rolling two slabs, and the time needed for roll replace-

ment respectively; and G is the weight of metal rolled during

this time interval T. By monitoring, the new value of G when T

changes can be found to be
G2 = G1 S (3.13)

By substituting (3.13) and (3.12), we obtain

1 2
-— = (3.14)
Qp Ty + (T/TH)T,
Ty By
with roll consumption proportional to B, i.e. — =
T, B
Denoting ~— by A, we obtain
T, 4y
Q 1+ A
2 . (3.15)

Q, T+ AHBZ/B1

Egquation (3.15) reflects only the effect of roll wear on pro-
ductivity. The total change in productivity is determined by
considering the influence of rolling speed on the following

formula:

AQZ = [1 + Au/(1 + AHBZ/B1)](1 + AQh) -1 . (3.16)



I1f the productivity change AQ¢ is known, one can determine the
change in percentage of fixed expenses for HSM per ton of pro-

duct ARd in the following manner:

rub

d ton ' (3.17)

ARy = (1 - 1/01 + AQZ)]Y

where Y. is the percentage of fixed expenses in HSM production

d
costs (roubles/ton):

1
Y. = Y Y . A, . (3.18)

Here Yci and Ag; are the values of production cost items (roubles/
ton) and percentage of their fixed expenses, respectively [21],

and 1 is the number of production cost items.

A decrease in slab thickness enhances slab crystallization after
the slab leaves the CCM, and makes possible an increase in the
linear speed of casting. But with decreasing slab thickness,
other conditions being equal, the weight speed of casting (tons/
hour) decreases, resulting in a decrease in "converter-CCM" cost
efficiency [117]. The present paper, however, ddes not concern
itself with operation indexes of the oxvgen converter plant or
problems of slab reduction (by a reduction mill installed in line
with CCM [24]).

The dependence of the linear speed of casting Vy on slab size,

estimated empirically, is described by the following egation [17]:

118(1 + B_./H_.)
v = s’ sl m (3.19)

Yy B31 min

the speed of casting Qy (in tons/hour) is related to slab size

by the following equation:

-6 ton

Qy = xH 10 min

y r (3.20)

slleVy
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where x is the specific weight of the cast steel (ton/m3).

The change in CCM productivity AQY due to changes in slab size
is as follows:
Q1 = Qo

rg = L Y2 . 100% . (3.21)
y 2,

By substituting (3.19) and (3.20) in (3.21), we obtain

H + B
rg. = —S12 sl2 _ 4 (3.22)

y Hgyq t Bgpp

Similarly, variations in the percentage of fixed expenses per
ton of product of CCM, ARy, due to variations in slab cross-
section, is determined as

rub
ARd = [1 - 1/(AQy + 1)Yy] Ton ' (3.23)

where Yy represents the fixed expenses involved in CCM production
costs in roubles/ton. (Prices for equipment and production costs
versus various casting conditions are given in [117].) Since the
leading end of the slabs, after being rolled in the roughing
stands, is cut, and assuming that the lengths of the cut-off
sections are constant, the losses caused by cutting, ARa, may be

determined through the following formula:

’ (3.24)

ARa = (1 - Lp2/Lp1)Ca1

where Lp is the roughed-slab length and Ca1 is the reduction of

the cost of the sheared metal ends (roubles/ton).

By analogy with Cf, Ca1 depends on the cost of the slabs entering
the HSM, the cost of heating and processing them in the roughing
stands, and the cost of the scrap returned to the steelmaking

plant.
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Furnace productivity Qf, under fixed slab-~heating temperature
and temperature gradient across the slab cross-section, is as

follows:

_ _ . -3 _ ] -2 ton
Q = 955,3(0,67 - 0,5 + 10 "H;) (1,73 = 0,107 -+ 10 “T_;) p==
(3.25)

The advantage of such an analytical representation of the ob-
jective function is that real data are used. These are found in
every operating plant for every month and year. (Coefficients
Cer Ct1’ Cr1r Y
tables of appropriate plants.) For the 2000 mill their factors

and Yy, C,q are taken from the processing cost

are as follows:

= = rub - rub
Cf = 68 rub , Ct1 = 1,67 ton ' Cr1 = 0,48 ton '
_ rub _ rub _ rub
Yq = 6.0 ton '/ Yy1 = 2.4 ton '/ Cat1 = 0,135 ton '

The allowable load is used as a constraint at any plant of this
kind. For the rolling mill, it depends on driving motor
commutation and thermal states, allowable motor torgues and stand
loads. The dynamic locad defining motor commutation conditions

is especially important for the roughing stands. However, being
dependent on the thermal conditions and the form of the metal
leading end, it cannot be mathematically expressed. Therefore,
the following procedure was adopted: several versions of rolling
practiced at the 2000 mill were computer-simulated, and that with
the greatest load on the roughing stands was taken as the basic
one. (This turned out to be rolling of 35 x 1730 mm roughed slabs
from slabs with a cross-section of 240 x 1750 mm.) In further
calculations, an allowable temperature decrease was chosen so as
not to exceed the motor torques and stand loads of the basic

version.
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4. Hot Strip Rolling Technique: General Problems

4.1 Strip Quality vs. High Rolling Speed

Rolling on today's continuous HSM faces two major problems:
production of high quality metal strip and increased operation

efficiency.

The quality of hot rolled metal depends on the physical-mechanical
properties and the geometry of the strip (shape, gage, and flat-
ness). The former, defined by the structure of the metal formed
during rolling, determine the properties after cold or hot de-
formation [65,112]. The structure of the hot rolled strip also
determines whether it can be used directly for deep stretch

elongation [1,51].

Technological progress in rolling leads to larger mill sizes and
to an increase in cost and power requirements. In such an en-
vironment, coordinated operation of individual units can greatly
influence efficiency of the mill as a whole. Solutions to these
coordination problems are made much more difficult because
individual unit operations are often in conflict. As a rule,
improvement in one aspect of the HSM operation, relative to a

single criterion, leads to a deterioration in some other aspect.

It is known [160], for instance, that moderate acceleration rates
(.005-.038 m/sec2) of the finishing stands stabilize the final
rolling temperature de along the strip--one of the major technol-
ogical requirements~-and the stand load, making rolling easier
and providing the required strip shape. However, with such a
rolling pattern, the speed is only 30 to 40% of the mill top
speed for a strip of 1.2 - 3.0 mm, and 40 to 80% for thicker
strips. Significant acceleration of the finishing stands,
resulting in higher productivity, is not allowed, since the
temperature of the strip tail end rises dramatically, leading

to non-uniformity of the microstructure and hence adversely

affecting the physical-mechanical properties along the strip [12].
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Rolling mill equipment characteristics and rolling conditions
require that the strip head end be rolled at low speed. As a
result, when a thin strip is rolled, the finishing rolling
temperature de of the head end is below that required. To in-
crease this temperature, it was suggested [110] that the metal
temperature at the roughing train exit be increased. Indeed, an
increase of strip temperature in the roughing train would result
in an increase of the de of the head end at the finishing train
exit. However, this would also entail an increase of the de
of the tail end, requiring a decrease in mill acceleration (after
the head end is threaded by the coiler) and thus leading to a

decrease in mill productivity.

To decrease the variation in strip thickness along its length,
gage control systems are used. If stand load measurements reveal
a gage deflection (e.g., with changes in metal temperature), the
screw-downs of the stands are driven such as to compensate for
thickness changes, stand load changes increase, and the strip
shape is changed. This leads to non-uniform elongation along

the roll barrel and can result in the loss of strip flatness

between stands and after rolling.
These factors demonstrate the need for an integrated approach to
the problems of high-quality strip production and increased

efficiency of HSM operation.

4.2 Types of Rolling Speed Patterns

Depending on the type of HSM automation control system, the

following speed patterns are possible.

- Constant speed rolling in the finishing stand.’ In this case,
strip metal structure and geometry may be improved by decreasing
the temperature drop along the strip (Fig. 4.1), e.g., by
warming the roughed-slab end on the intermediate table [104] or

by forced water cooling of the metal head ends between the
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finishing stands. In both cases the temperature of the entire

mass of metal should be increased;

Rolling in the finishing stand with small acceleration (.00-
.08 m/secz) to stabilize finishing rolling temperature along

the strip (Fig. 4.1) and to increase mill productivity;

Rolling in the continuous train with high acceleration rates
(0.3-1.0 m/sec2) and reaching top mill speed (17-25 m/sec)

after the strip is treated in the coiler. This entails an in-
crease in finishing train productivity by 30-100% and sharp
instability of the de distribution along the strip (Fig. 4.1),
and is therefore rarely used in practice [72]. Such a speed
pattern, taking into account de distribution along the strip,
should be used, for example, together with forced cooling between
stands [20], and with heating of only a certain length of the
roughed-slab head end [15] (the end where greater de is desired);

Low entering speed at the first finishing stands (.4-.8 m/sec),
which defines the time for metal to pass the distance between
the shears and the first stand (about 20-40 sec). This time is
greater than that required to move the metal along the inter-
mediate table, thus causing extensive losses. To reduce these
losses, the front end of the metal in the first finishing stands
can be rolled at maximal speed, 2-3 m/sec (the associated mill
output speed is 20-40 m/sec), and braking can be done at the
maximal possible rate, so that the strip leaves the last stand
with a speed not exceeding the permissible level (9-11 m/sec).
This results in an additional increase in mill productivity of

2-4% and an increase in the T of 10~20°C with speed pattern 3

fd
shown in Fig. 4.1, but results in an even greater instability
of the de along the strip.

Rolling under patterns 3 and 4 also results in instability of
the stand load along the strip, thus making it more difficult

to obtain good strip shape and gage.
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4.3 Problem Differentiation with Respect to Thin and Thick Strips

Fig. 4.2 depicts several ways of controlling the temperature
pattern of the thick strip during rolling to obtain the required

metal structure.

Strips which require a finishing rolling temperature de at the
head ends can be obtained at rolling speeds lower than those
allowable by the conditions of strip biting by the coiler (which
we will call threading speed); these are referred to as thick
strips. As may be seen from the definition, the range of thick
strips depends on maximal threading speed and mill design. For

a 2000 mill, strips thicker than 3.5 mm are referred to as "thick".

Diagrams of the threading speed Vb and the finishing rolling
temperature vs. strip thickness, shown in Fig. 4.3, are a striking
example of the difference between rolling thick and thin strips

in a modern HSM. The figure gives the value of the factor KT,
the relation between slab heating temperature and finishing
rolling temperature of the strip head ends, as a function of strip

thickness and of the threading speeds used in the 2000 mill.

Thin strips have greater temperature drops because of the
relatively large surface per mass unit. At maximum possible
threading speeds (9-11 m/sec), which are limited by the coiler
biting conditions and the aerodynamical phenomenon of the moving

strip head end, the required T of this end cannot be provided.

fd
To obtain good mechanical properties of strip metal of different
steel grades, the de should be within the range of 830-920°C
(23], having a tolerance of +10°C [27,112]. 1In contrast, in
thick strips rolling the threading speed must be reduced signifi-
cantly. This increases the rolling time and thus decreases the

loss of rolled metal heat.

Analyses of the present trend to use higher mill speeds and

optimal rolling speed patterns result in a set of the best
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possible measures for better strip metal structure (Fig. 4.1)
and higher mill operation efficiency. In the figure, the more

effective technological measures are shown by solid lines.

In principle, the de of thin strips may be increased, on the one
hand, by increasing the slab heating temperature in the furnaces
and by roughe&d-slab heating on the intermediate table (for
efficiency, heat should be applied only to the head end). On the
other hand, the de of the strip head end can be maintained by
preventing heat losses through distribution of the metal reduction
between mill stands, switching off hydraulic sprays, increasing
the head end thickness of the roughed slab, and screening. When
designing new mills, one can reduce the total heat losses some-
what by using a continuous roughing group.

The required level of the T for thick strips is attained by

decreasing the rolling thregging speed (Fig. 4.3), by forced
cooling between stands [20], by cooling the roughed slabs on the
intermediate table, or by mill resetting such that the first
groups of stands have a higher metal reduction rate and thus

enlarging the metal radiation surface more gquickly.

These measures, of course, are equally effective in both tech-
nological and economic terms. As can be seen from Fig. 4.3, it

is not reasonable to vary the T of a thin strip (1.2-2.0 mm)

by varying the slab temperaturefdbecause the temperature drop

along the roughed slab on the entry side of the finishing train

can be reduced by as much as 8-10 times along the strip leaving

the train. At the same time, the change of the Tsl is an effective
way of influencing the de of thick strips (8-16 mm) because the

metal temperature drop of the mill is much lower (6 to 3 times).

Since the desired objective may be attained through various
measures, the problem of optimal control of temperature, de-

formation, and rolling speed patterns becomes urgent.
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5. Optimization of Strip Rolling Conditions

5.1 Determination of Optimal Temperature and Thickness of Metal

to be Rolled

There are two basic points in determining metal reduction distri-
bution in the HSM stands: the relation between the overall
elongation in the roughing and finishing groups (i.e., the
thickness of the slab HSl and the roughed slab Hp), and the
optimal metal reduction distribution between stands within the

trains.

5.1.1 Optimal Temperature-Deformation Pattern for Thin Strip

Rolling

The slab thickness for thin strips varies within a wide range of
180-260 mm; roughed-slab thickness is selected on the basis of

the required rolled strip thickness, using the formula:
Hp = 5,35 h + 18,6 mm , (h in mm) . (5.1)

In existing practice for rolling thin strips (up to 3.5 mm),
thinner roughed slabs are used to reduce stand loads. But a
reduction of the Hp increases heat losses in the roughing train
and on the intermediate table, as well as in the loads on the
roughing stands and in the metal entering the finishing train.
This temperature drop along the roughed slab (up to 2.5°C/m)

leads to instability of the rolling parameters along the strip.
Increased heat losses practically offset the decrease in finishing

stand loads resulting from the reduction of the overall draft.

Oour study includes calculation of the influence of roughed-slab
thickness on de and stand load. For the finishing stands, the
overall elongation change AHp, caused by the roughed-slab thick-

ness change AUZ’ can be found to be:
H + AH
L P

Ay = T (5.2)
P
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The elongation change in each of n stands is taken to be

= nVApZ ' (5.3)

Auz

and elongation in the i-th stand is defined by the product

bpo= bt (5.4)

0

where My is the elongation in the i-th stand under the initial

reduction calculated for the roughed-slab thickness Hp'

Such a distribution of metal reduction between stands, despite
changes in Hp’ provides uniform loading stands, which is essential
so that deformation patterns meet the requirements of roll wear

uniformity.

Fig. 5.1 shows the results of calculations for final rolling
temperature vs. roughed-slab thickness. With increasing Hp’

the temperature drop along the metal length decreases, leading

to a decrease in strip gage variation [16] and in stand loads
along the strip. At the same time, the acceleration must be
decreased to stabilize the de; this is an essential disadvantage
of thicker roughed slabs, leading to decreased mill productivity.
For example, an increase of Hp from 27 to 40 mm when rolling

a strip 1.5 x 1250 mm 1500 m long, with a threading speed of

10 m/sec, leads to a decrease in strip rolling time of 1.3%.

Table 5.1 shows the results of cost efficiency calculations for
various thin strip rolling patterns. In terms of equipment
capability, the rolling of thin strips has the following features:
owing to low rolling speeds in the first finishing stands (0.3-
1.0 m/sec) and relatively great metal reduction (45-55% in one
stand), the first two stands of the 2000 mill are heavily loaded
with respect to torque Mg and stand load Pd’ but with only 20—30%
of the main drive capacity (kw) being used. That is why Table 5.1
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shows the influence of deformation patterns on rolling torques
(MdVI and MdVII) and loads (PdVI and PdVII) in stands VI and VII
for the metal head end.

Calculations show that increased slab and roughed-slab thicknesses
result in a relative reduction of heat loss and an increase in
temperature at the rougher exit caused by reduced electric power
consumption. Hotter metal has greater elasticity, which com-
pensates for the influence of the relatively high metal reduction
on the stand load. However, with an increase in relative
reduction, the length of the deformation hearth and the arm of

the resulting rolling force increase, causing increased rolling

torques, though not proportional to the metal thickness.
Table 5.1 and Fig. 5.2 suggest the following conclusions.

1) For thin strip rolling, an increase in roughed-slab thickness

of 1 mm entails an increase in T of 1.5-2.5°C with virtually

the same stand load. With a difggrent reduction distribution
in the finishing stands, e.g., with greater loading on the
last stands, a still greater increase in de is possible in
response to changing HSl and H

2) To improve the rolled strip metal structure, it would be
technologically and economically expedient to increase slab
and roughed-slab thicknesses up to the complete torque load
of the first finishing stands. For the 2000 mill, the optimal
Hsl and Hp for thin strip are about 300 and 400 mm respectively,
instead of the 240 and 26-35 mm used now.

3) The use of optimal HSl and Hp makes it possible to increase
the slab weight by 20-25% with the same table length, so that
productivity may be increased by 3-6%. This would entail
reconstruction of the coilers such as to increase the maximal

coil diameter.
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4) An increase of Hsl from 240 to 300 mm and of Hp from 26 to
35 mm results in a reduction by 5-7% of roll consumption
caused by wear, and thus in an additional increase of mill

productivity owing to reduced roll replacement time.

5) The economic effect of increased rough-siab thickness (disre-
garding the improved quality of strip structure) is a pro-
duction cost decrease of about 0.4-1.0% (the thinner the strip,

the greater the effect) with the same slab weight.

6) For newly designed mills, the thickness of roughed slabs for
thin strip rolling should be selected such as to provide the
required high torque load on the first finishing stands. With
the same or even lower main drive kw, these drives should have
greater allowable torques (say, 400 tm) in order to avoid
discrepancies between mechanical and electrical equipment.

This would allow reduction of the roughing train and the inter-

mediate table lengths by a factor of 1.5.

Since the rolling speeds on the first finishing stands decrease
with increasing Hp’ the efficiency of the speed pattern (Fig. 4.1)
becomes even greater from the standpoint of increased T and

fd
productivity.

Since mill capability of smoothing the metal temperature drop
when rolling thin strip is very high, slab temperature changes
do not greatly affect the finishing rolling temperature. The
load on the roughing stands depends essentially on the Tsl;
however, since thin strips as a rule have a width less than the
maximum permitted by the mill, the roughing train is not a

bottleneck with respect to load.
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5.1.2 Optimal Temperature-Deformation Pattern for Thick Strip

Rolling

a) Metal Heating in Furnaces

Reduction of slab temperature Tsl results in increased productivity
of the reheating furnaces and in higher rolling speeds in the
finishing train. Higher speed leads to reduced metal heat losses
and to higher heat generation caused by metal deformation work
[171; thus the required finishing rolling temperature can be ob-

tained at lower TS Fig. 5.2 shows the threading speed vs. slab

1°
temperature for different strip and roughed-slab thicknesses.

The change in slab heating temperature TSl can be used as a control
action for the following reason. If at a given HSM the reheating
furnaces are the bottleneck when rolling thin strips, the only

way to increase operation efficiency is to enhance furnace
productivity, mainly by reducing Tsl' This cannot be considered
normal, because the cost of furnaces is only 17-30% that of the
roughing and finishing trains, and furnaces should have a pro-
ductivity sufficient for practically full mill loading. But in

this case, the TS is also an effective control for satisfying

1
the accepted economic criterion, since for thick strip rolling

the portion of fuel in the total processing cost is 20-25%.

If Tsl

then to obtain the required de when rolling thick strip, the

rolling speed in the finishing train is reduced so as to increase

is the same for rolling strips of different thicknesses,

the heat losses (Fig. 4.3); in other words, useless fuel con-
sumption and lower mill productivity occur. For example, finishing
train productivity when rolling 16.0 mm strip is 8.4% less than
when rolling 5.0 mm strip, and 6.2% less for 10.0 mm strip (de

is 975°C, weight of one linear meter of the slab is 20 t, pauses
between strips are 10 sec, and threading speeds are 1.7, 6.0 and

3.0 m/sec respectively).
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An increased slab temperature of 10°C over the "nominal", when
rolling 10 mm strip, entails decreased mill productivity owing
to reduced threading speed, and thus increases the strip cost
by about 0.20 roubles/ton. (Calculations were made with the
following initial data: weight of one linear meter of slab =
20 tons, pauses between strips = 10 sec, threading speed = 4 m/
sec.) It is interesting to note that the increased rolling speed
on the finishing stands does not influence mill productivity.
Thus on the last roughing stand (where rolling time is several
times less than that in the finishing train), rolling speed is
increased to 3.2 m/sec (there are already mills with 9.8 m/sec
[57]1); 14 mm strip is rolled in the finishing train at the same

speed, 1.67 m/sec (for T.. = 840-850°C).

fd
When rolling 8.0 x 1500 mm strips with a threading speed of

3.34 m/sec and a finishing rolling temperature of 860-870°C, the
finishing train main drive motors are loaded to 25-30% of the
rated current locad. A comprehensive study of the 2000 mill
finishing train has demonstrated that, for the majority of actual
rolling schedules and a strip range of 1.2 to 12.0 mm, the average
current load is only 50-60%, and the power load 40-50% [76].

For the strip thickness range of 4.0-16.0 mm, these values are

still lower. Thus, a decrease of TS corresponds to the economic

1
criterion and is technologically feasible, because in thick strip

rolling the modern HSM has reserve strength and power.

Changes inmill finishing train productivity are shown in Fig. 5.3,

with allowances for:

- rolling speed changes only (lines AQn);

- rolling speed changes plus increased time for roll replacement
pauses AQ;

- same as above, plus consideration of furnace productivity

changes as a function of Toq and strip size.
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As may be seen from Fig. 5.3, the influence of roll wear on the
productivity AQn - AQ is an order of magnitude less than that of

the slab temperature.

Figs. 5.4, 5.5 and 5.6 show consumption of electric power, rolls,
and fuel, and the losses caused by scaling vs. slab temperature
and strip sizes. Fig. 5.7 shows changes in the portion of fixed

expenses ARd and total production costs AR.

On the basis of the relations shown in Figs. 5.4, 5.6 and 5.7,
the items of the objective function may be classified with re-
spect to their influence on the changes in total costs AR with

decreased TS (for the whole range of strip thicknesses) as

1
follows:

- Decrease in the portion of fixed expenses ARd,
- Decrease in slab scaling influences ARf,
~ Decrease in fuel consumption ARt,

- Increase in electric power consumption ARu,

- Increase in roll consumption (due to roll wear) ARr.

The degree of influence of TS on the threading speed V. may be

characterized by a number of ioefficients: the metal thperature
drop smoothing along the mill, defined by the ratio of slab
temperature change to finishing rolling temperature change (KT =
ATSl/Ade); the finshing rolling temperature speed coefficient

£4 change to that of Vb (KV = AT¢g/
AVbOC/sec/m); and the relative temperature speed coefficient

(K = KTV/Vb"c) .

characterizing the ratio of T

Tvo

The mill temperature/speed coefficient K v is derived from

Fig. 5.2. As an average, for slab tempezatures of 1100-1260°C
and strip thicknesses of 5, 10, 12 and 16 mm, KTV is respectively
59.3, 69.7, 72.8 and 94.2°C/sec/m. This shows that the absolute
degree of slab temperature influence on rolling speed (charac-
terized by KTV) decreases with increasing strip thickness. This
can be explained by the fact that with increasing strip thickness,

the effectiveness of controlling finishing rolling temperature
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by threading speed changes grows faster (coefficient KV) than
the metal temperature smoothing capability (coefficient KT)

decreases.

A considerable portion of the fixed expenses associated with slab
heating temperature, and the strong influence of this temperature
on rolling speed, fuel consumption and slab scaling, account for
the sharp changes in HSM processing costs with changing heating

temperature.

The influence of slab temperature decrease on mill productivity,
and thus on the portion of fixed expenses ARd, depends also on
the initial threading speed, which is characterized by the
coefficient KTvo' The mean value of KTVO for strips of 5, 10,
12 and 16 mm is 516, 370, 334 and 320°C respectively. The
reduction of KTvo (Fig. 5.7) with increasing strip thickness is

attributed to the more intensive decrease of ARd.

The above factors lead to the following conclusions.

1) The operation indexes of the furnaces, and the mill as a
whole, improve with decreasing slab heating temperature until
the full capacity of the mill equipment (rougher, finishing
trains and coilers) is reached.

2) Processing costs drop sharply with decreasing TS and HS

1 17

this effect is more pronounced for thicker strips.

3) Because the decrease in total costs AR is more intensive than
the change in the portion of fixed expenses ARd, a decrease
of Ty is profitable even disregarding the increase in mill
productivity. Hence, it follows that Toq is one of the most

effective means for hot strip rolling control.

4) Savings in fuel, or (separately) a decrease of scaling losses,

offset the disadvantages of decreasing TS caused by the in-

1
crease in roll and electric power consumption.
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The fact that, with a given slab and roughed-slab thickness,

the roughing stands have a heavier load than the finishing

stands is characteristic of modern hot strip rolling practice.
For thicknesses of 240 and 40 mm respectively, used at the 2000
mill, the roughing stands are a bottleneck for all thick strips
as far as torques and power are concerned. Formula (3.7), there-

fore, gives the maximum allowable Ts with respect to the con-

1
straints on the roughing stand loads. To reduce these loads, a
decrease in slab thickness can be proposed, which would make

possible a further reduction of the slab temperature.

b) Roughed-Slab Thickness

Where the roughing stands act as the bottleneck because of their
loads, the possible slab heating temperature reduction due to
increased roughed-slab thickness was calculated (3.7). It was
found that, given the distribution of metal reduction among the
stands of both trains according to Egs. (5.2), (5.3) and (5.4),
and given the decrease of slab temperature with increased roughed-
slab thickness Hp, defined by (3.7), threading speeds remained
practically unchanged. With increased roughed-slab thickness,

the metal is capable of preserving more heat, thus compensating

for the decrease of Ts (loading on the roughing stands is at

1
the same level). Consequently, increased Hp is reasonable in the

cases where:

1) The threading speeds are the maximum allowable (in order to

save fuel and scale);

2) Furnaces are the bottleneck and the finishing stands are not
fully loaded.

An increase in roughed-slab thickness and a reduction of TSl

does not significantly change roll wear rate of electric power

consumption (de = const.).
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The optimal slab and roughed-slab temperatures vs. roughed-slab
width and thickness are plotted in Fig. 5.8. For the 2000 mill,
the optimal thickness Hp for a finishing rolling temperature range

of 850-890°C is approximated by the formula:

= 35 + h mm

Ho oot , , (5.5)

and the optimal slab temperature is determined through (3.7).
With such values of Hp and Tsl' both trains of the mill would be
loaded up to about 90-95% of the allowable capacity with respect

to torques and power of the main drives.

Analysis of the diagrams (Fig. 5.8) and Equation (5.5) reveals
the dependence of optimal slab temperature and optimal rougher

exit metal temperature Tp on strip width and thickness (Fig. 5.9).

Fig. 5.10 shows the optimal threading speeds for all thick strips
associated with optimal temperature patterns (Fig. 5.9) and
allowable threading speeds. The following important conclusions

can be drawn from Fig. 5.10:

1) An appropriate temperature deformation rolling pattern, making
full use of the equipment space capacity, allows an increase
in mill productivity by approximately a factor of 2. This does
not require large capital investments and at the same time

leads to an appreciable reduction in production costs.

2) With reference to the optimal temperature deformation rolling
pattern, narrower strips are more "profitable" than wider ones,
because the width reduction results in greater productivity

(t/hours, fuel and scale loss savings).

3) Additional possibilities for achieving higher productivity
and operation efficiency in rolling wider strips include
reducing the total mill draft, i.e., the slab thickness and.

consequently the slab heating temperature. The rolling patterns
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used at the 2000 mill coincide with the optimal ones for

strips 4.0-5.0 mm thick and 1800-1850 mm wide.

c) Slab Thickness

Another control action which reduces the roughing train load and

thus permits reduced Ts is a reduction in slab thickness. Some

engineers believe that increasing the slab thickness (with length)
is the technology which, by increasing the slab weight, will in-
crease HSM productivity. But increased thickness has negative
factors, such as increased fuel comsumption, since slab heating

increases stand loads and reduces threading speeds. Therefore,

it would be useful to define optimal slab sizes for specific CCM

HSM conditions.

Table 5.2 shows the dependence of certain expenses on the pro-
duction of strips with a given thickness at a constant slab
temperature. These data explain the effect of slab thickness on
the technical-economic indices of rolling (without possible slab
temperature deduction). Note that calculations show roll wear B

to be practically independent of the slab thickness with

Tsl = const , de = const , Hp = const
Reduction of the slab thickness (with fixed length) increases the
proportion of pauses between passes and reduces the average
rolling speed (with a given mill acceleration rate). On the other
hand, when rolling a strip of desired thickness from a thinner
slab, the metal cools faster along the mill line, and consequently
the threading speeds can be increased in order to reach the de-
sired de. Which of these factors will be dominant depends on

the mill temperature relative to the speed ratio KTVO for a strip
of given thickness. In the case of rolling with an acceleration
rate as shown in Table 5.2, the first factor prevails and pro-
ductivity decreases with Hsl' which is the basic reason for in-

creased overall expenses R. When rolling strips thicker than a
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certain value at constant speed, the second factor prevails and
productivity increases. Thus, in rolling strips 10 and 16 mm
thick, reduction of HSl from 240 to 180 mm increases productivity
by 2.4% and 4.8% respectively. 1In this case, reduction of HS

1
is beneficial even without reducing the slab heating temperature.

Fig. 5.2 shows the change in threading speeds with the decrease

of TS for different slab and strip thicknesses; Fig. 5.11

1
illustrates the change in overall expenses AR as a function of
TSl with appropriate changes in slab thickness given by formula
(3.7).

As follows from the data of Fig. 5.11, a reduction of both slab
thickness and temperature may significantly reduce the overall
expenses R. The power and torque required by the main drives
for rolling strips having parameters associated with any point
along the solid curves of Fig. 5.11 amounts to 90-95% of the

rated values.

The distribution of reduction among stands of the roughing and
finishing trains for slab, roughed-slab and strip thicknesses
was computed for a 2000 mill, as shown in Formulae (5.2-5.4);
as indicated above, this corresponds to uniform wear of the
rolling stand rolls. The reduction distribution is shown in
Tables 5.3 and 5.4.

Because of the thermal inertia of the furnace and its low speed
of response, no optimal temperature for slabs of different
thickness can be specified for each strip size to be rolled.
Therefore, for existing CCM-HSM complexes (strip thickness 1.2-
16.0 mm) at least two TSl and Hsl steps should be introduced;
thin strips should be rolled from slabs 240-300 mm thick at TSl =
1200-1250°C, and thick stripsof low carbon steel from a slab
180-200 mm thick at T ; = 1080-1180°C, depending on slab width.
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Table 5.3. Metal reduction in the roughing
stands (slab thickness Hsl’

thickness at the output of

stands, mm).

Slab Thickness I II III v V(Hp)

Hsl

mm mm mm mm mm mm
240 189 139 " 91 57 35
240 195 144 104 64 40
240 200 156 109 72 48
240 209 168 121 84 58
220 178 132 98 62 40
180 155 121 93 60 40
168 146 116 90 59 40
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Table 5.4. Metal reduction in the finishing
stands (roughed slab thickness
and workpiece thickness, mm).
Roughed Slab Stand Numbers
Thickness

Hp VI VII VIII X X XI X1I(h)
mm mm mm mm mm mm mm mm
35.0 21,2 15.9 12.0 8.8 6.9 5.7 5.0
40.0 24.0 17.6 13.0 9.4 7.2 5.8 5.0
48.0 28.0 20,0 14.6 10.2 7.6 6.0 5.0
58.0 33.0 23.0 16.0 11.0 8.0 6.1 5.0
35.0 23.5 1.1 14,7 12.6 11.2 10.4 10.0
40.0 26.0 19.0 15.5 13.1 11.5 10.5 10.0
48.0 29.2 20,9 16.8 14.0 12.0 10. 7 10.0
58.0 35.0 24.5 19.0 15.2 12.6 11.0 10.0
40.0 30.5 25.5 21.5 18.3 15,7 13.5 12.0
40.0 31.1 26.6 22.9 21.17 19.0 16.7 16.0
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With modernization, the number of reheating furnace zones will
be increased to 8-10 (thus, the fourth heating furnace, with
walking beams, of the 2000 mill would consist of eight zones
f44]1). This will permit the proper heating of small lots of

slabs.

5.1.3 Conclusions

Comparing electrical and gas slab heating with respect to
capital investments, operating costs (chiefly electric and fuel
consumption) and metal losses through scaling [2, 86, 97], we find
that for most cases gas heating is more effective. This kind of
effeciency analysis disregards improved controllability of
rolling on the HSM, and the possibilities for obtaining the
optimal temperature/speed relations for each strip size which
can be achieved with electrical heating. Since the processing
costs in the roughing and finishing trains and in the coilers
exceed the overall costs of the CCM and the reheating furnaces,
an increased operating rate of the HSM greatly influences the

efficiency of the CCM-HSM complex.

When establishing optimal slab sizes for the newly constructed
CCM-HSM, optimal slab thickness for a given width should be
considered, so as to determine slab length (for a given slab
weight) and the design (in particular, the width) of the re-
heating furnaces. The use of thinner and longer slabs (with the
same weight) would increase the cost of a single furnace
(probably approximately in proportion to the increased length).
But since depreciation outlays for furnaces are much lower than
fuel costs, and since decreasing slab thickness also decreases
fuel consumption, the use of thinner and longer slabs will not

greatly affect the economic indices of furnace operation.

Thus, for a 2000 mill, calculations show that depreciation out-
lays for furnaces are 0.29 roubles/ton and fuel consumption is

1.67 roubles/ton (subtracting used outgoing heat); decrease of
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the slab thickness by 1 mm reduces fuel consumption by 0.425%

and increases furnace width by 0.5% (with the same slab weight).

Using Formula (3.25), it is easy to see that reduction of the
slab thickness from 240 to 180 mm, with a possible reduction
(for mill stand loads) of slab temperature from 1220 to 1120°C
(formula 3.7), increases furnace productivity by 22% with the
same slab length (i.e., by reducing its weight). With the same
weight or with increased length, the reduction of TSl and HSl
mentioned above increases furnace productivity by 63%. Conse-
guently, a group of five reheating furnaces, with a total site
length of 135 m, can be replaced by a group of three wider
furnaces with a total site length of 82 m. Note that increased
slab length also improves the technical-economic indices of the
CCM.

Consequently, thinner and longer slabs reduce processing costs
in the HSM, and reduce capital investments in reheating furnaces,

with a relatively insignificant decrease of CCM productivity.
To roll thick strips at the existing HSM, lighter slabs should
be used. This can be achieved if we use thinner rather than

shorter slabs wherever possible.

5.2 Control by Varying Strip Rolling Conditions

As was mentioned above, the basic problems to be solved in the

hot rolling of thin strips include the increase in finishing
rolling temperature of the strip head end with its stabilization
along the strip length, using intensive acceleration of the mill.
An additional requirement is the reduction of stand load variation
along the length of the metal being rolled, which is dictated by

good rolled strip shape and flatness.

This part of the paper focuses on rolling technology for a solution

of these problems. One possible solution is rolling the slab on
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the roughing stands while simultaneously changing the roll gaps
in such a way that the head end of the roughed slab will be
thicker than the tail end.

On the finishing stands, a roughed slab with varying thickness
distribution along its length should be rolled such that the
reduction of the head end is larger than that of the tail end.
This means that the roll position of each stand should be
continuously changed during rolling (except that of the last
stand). The increased thickness of the head end results in lower
metal deformation resistance, which, in spite of heavier metal
reduction, causes almost constant stand load.

Reduced thickness of the roughed slab toward its tail end results
in great heat losses and an increased temperature drop along the
entire metal length entering the finishing stands. The latter
may be compensated by greater acceleration of the mill, giving
higher mill productivity.

Excessive total reduction in the finishing stands of the thicker
metal head was distributed among the stands according to the

procedure described above (formulae 5.2-5.4).

Table 5.5 shows the distribution of metal thickness on the entry
side of the stands for variable roughed-slab thickness; in the
denominator the values of the tail end thickness are given (in
terms of existing practice).

Table 5.6 shows the results obtained from computing the finishing
stand loads and speed conditions for a HSM 2000 rolling strip

1.5 x 1250 mm with the existing technology (roughed-slab thick-
ness entering the finishing stands, 27 mm) and with the technol-

ogy proposed above.

In simulation it was assumed that thickness changes linearly
along the roughed-slab length. As the calculation showed, to
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Thickness of the head (numerator)
and the tail (denominator) ends of
the metal in the finishing stands

(strip 1.5 x 1250 rm).

Stands Number VI VII Vi X X XI XII
40. 00 19,00 9. 00 5.20 3.35 2,26 1.75
Thickness, mm
27.00 18.50 6.80 4,20 2,90 2.10 1.70
Table 5.6. Finishing stand load during rolling
of the tail end (numerator) and the
front end (denominator) of the metal.
Finishing rolling temperature for
the existing (version I) and proposed
(version II) rolling technology.
(HSM 2000, strip 1.5 x 1250 mm,
length 1500 m, threading speed
10.5 m/sec).
Stand Number and Stand Load, Tons
Version VI VII VIII X X X1 XII
2320 1950 1360 1100 1080 800 700
I
770 590 325 210 160 70 30
2000 1720 1260 1050 1010 770 7700
II
270 340 210 150 105 3 -25
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stabilize the finishing rolling temperature along the strip thick-
ness, the acceleration should be increased from 0.022 to 0.06 m/
sec2. With a slab weight of 25 tons, pauses between strips of

10 sec, and a threading speed of 10.5 m/sec, the proposed tech-

nology would increase mill productivity by more than 15%.

As can be seen from Table 5.6, in rolling thin strips from
roughed slabs with the thickness increasing uniformly towards

the head end, the stand load variation along the metal length is
decreased; depending on the specific values of the head end thick-
ness, the rate of increase of the last stand load towards the

strip tail end can be reduced.

Instead of a linear change of the roughed-slab thickness along
its length, only the head end could be made thicker to obtain the
higher finishing rolling temperature of this end (Fig. 5.12 A).
The metal volume of this thicker part is selected to be equal to
that of the strip being rolled and to have the same length as the
distance between the mill and the coiler. The increased thick-
ness is selected to satisfy the constraints of the stand load and

the main drive torque.

In the above example, calculation has shown that the thickness
can be increased up to 40 mm; the increase of the finishing
rolling temperature of the head end of the strip is then equal to
30°cC.

After the strip enters the coiler, the mill is rapidly accelerated
(Fig. 5.12 B) in order to keep the overall finishing rolling
temperature at the same level as that of the head end (without
acceleration this temperature would drop due to the rolling of

the thin portion of the roughed slab).

The metal reduction distribution between stands, when rolling
thicknesses of 40 and 27 mm, has been determined by using formulae

(5.2-5.4). It was assumed that, when thinner metal enters the
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finishing stands, the roll setting of these stands is performed
automatically. Since the proposed method of a stepwise resetting
of the finishing stands, the influence of the metal reduction
distribution on finishing rolling temperature was investigated,
using the mathematical model of the 1700 HSM. Results of the
simulated rolling of a strip 1.5 mm thick and 1050 mm wide, with
threading speeds of 7.42 m/sec, 8.5 m/sec and 10.0 m/sec, are

given in Tables 5.7 and 5.8.

The figures in the second row of Table 5.7 and the third row of
Table 5.8 represent a reduction distribution regularly used by
the mill; the remainder show different distributions calculated
taking into account stand load and main drive torque limitations.
Figures 5.13 and 5.14 graphically reflect the values of Tables
5.7 and 5.8.

As can be seen from these graphs, the varying metal reduction
distribution has a significant influence on the finishing rolling
temperature of the strip head end (for a strip 3.0 x 1050 mm, it
is about 70°C, and for a strip 1.8 x 1050 mm, 50-60°C). The
results show that the finishing rolling temperature may be in-

creased and stabilized along the strip length by:

- Increasing metal reduction in the last finishing stands, with
a corresponding reduction in the first stands when rolling the
head end of the metal, until the strip is threaded in the coiler;
after that, the reduction distribution should be reversed in
order to increase the metal heat losses and attain a higher

acceleration rate;

- Combining the above mentioned method of metal reduction re-
distribution with rolling of the roughed slab having variable

thicknesses along its length.

The proposed methods of improving finishing rolling temperature

along the strip length require continuous resetting of the stand
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Table 5.8. Head part temperature as a function of reduction distribution
among the finishing stands. (HSM 1700, strip 1.8 x 1050 rm,

rolling speed 7.42 and 10.m/sec; roughed slab thickness 32 mm).

Absolute and Relative Reductions in Stands Maximum Rolling Effort, End of
Rolling
Number of Stands Tons in Stands Temperature °C
I II III v \ VI VII 8.85m/sec 10.0m/sec 8.85m/sec [ 10.0m/sec
1 32.00- 16. 00- 8.00- 4.17- 3.10- 2.32- 2.00-
. . . . . . . . . . mom
-16. 00 -8.00 -4.17 -3.10 -2.32 -2.00 -1.80 mmwmwmm MMMM%wH 746
(50%) (50%) (48%) (26%) (25%) (14%) (10%)
2 32.00- 16.00- 8.00- 4.00- 2.88- 2.16- 1,94-
. . . . . . . . . . Mwow
-16.00 -8.00 -4.00 2.88 2.16 -1,.94 -1.80 mmMMMJHH mhhmwwH 47
(50%) (50%) (50%) (28%) (26%) (7.6%) (7.2%)
3. 32.00- 19, 30- 8.80- 5.40- 3.70- 2.50- 2.05- 1350; 2060; 753 809
-19,30 -8.80 -5.40 -3.70 -2.50 -2,05 -1.80 Stand I Stand II
#. HWN.OOI N@-IOOI NO.OOI @. HOI m. OOI HW. OOI N. NOI NQOO\. Nwoou .NMWN mww
-26.00 -20.00 -9.10 -6.00 -3.00 -2,20 -2.80 Stand III  Stand III
(19%) (23%)  (54.5%) (45%)  (40%)  (27%)  (18%)
5 32.00- 28, 00- 23.20- 11.60- 5,80- 3.20- 2,20-
’ : ’ : ’ ’ : : : 2060; 793 846
-26.00 -23.20 -11.60 -5.80 =-3,20 -2.20 -1.80 mﬁwwmo? Stand 1II °
(12.5%) (17%) (50%) (50%) (45%) (32%) (18%)
6. 32.00 31.00- 29.02- 14.52- 7.27- 4.00- 2.40- 2200; 2060; 812 864
-31.00 -29.02 -14.52 -7.27 -4,00 2.40 -1.80 Stand III ~ Stand III

_01-’_.
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screw downs; this, in turn, requires resetting of the main drive
speed regulator to match the metal elongation changes in the
stands. Thus these changes should be made by automatic feed-
forward control systems, which calculate rolling speed changes

in the stands caused by screw-down position changes.

Although the increase in metal heat content of the strip head
end, due to increasing the metal reduction in the last stands,
reduces the load increase in these stands, there are still
variations of the strip. To avoid these variations, the hydrau-
lic roll bending systems should be reset in accordance with the

stand load variation.

5.3 Induction Heating of Metal Entering the Finishing Stands

Because of the high metal temperature drop, the smoothing capa-
bility of the finishing train, and the large heat losses when
rolling thin strips, the measures described above can prove rather
ineffective for obtaining the desired level of T, (850-900°C for

strips thinner than 1.8 mm).

One effective means for increasing the metal temperature is
induction heating. To study the feasiblility of induction heating,
calculations were made for serially positioned inductors located
on the intermediate roll table where switching is done simulta-
neously with metal motion. {(Total length of the inductors is
assumed to be 90 m; the metal moves along the intermediate roll
table for 40 sec.) Calculation results are given in Table 5.9.
The temperature is to be increased only for a portion of the
metal which, after the strip leaves the mill, has a length equal
to the distance from the mill to the coiler. (Therefore, for a
roughed-slab thickness of 40 mm, the length is assumed to be
8250 mm, and for 50 mm, 6600 mm).

The thicker part of the metal leaving the roughing train is hotter

and loses less heat while on the intermediate roll table. There-
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Table 5.9. Increase of roughed-slab temperature
by induction heating.

Heated Metal Output Unit Temperature at the Finish-

Portion Dimensions, | Temperature Power, ing Train Entry, °C

mm at the Roughing | kW Surface Contor Mean
Train, °C Mass

40 x 1250 x 8250 1120 10000 1317 1243 1280

50 x 1250 x 6600 1150 6700 1288 1220 1254
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fore, the performance in terms of temperature variation along
the length is better for metal having a thickness of 50 mm than

one of 40 mm.

Induction heating should compensate for the natural cooling of
the metal on the intermediate table and in the finishing train
by a slight temperature increase of the metal tail end. Figure
5.15 represents a calculated roughed-slab temperature distribution

along its length for the case of 1.5 mm strip rolling.

To decrease the heat losses of the front part of the metal, the
rolling of this part is started at full speed (as shown in Figure
5.15 A) and slowed down when the head end of the strip leaves the
mill. For this speed pattern the temperature of the front end

of the roughed slab should be brought by induction heating to
1050°C, and then, with the rolling speed slowing down, rise to
1150°C. with mill acceleration, the roughed-slab temperature
should increase until the mill top speed is reached. Calculations
show that, for a strip 1.5 mm thick, the metal temperature of the
roughed slab at the entry of the finishing train should be about
900°C (for a thickness of 40 mm). The practical possibility of
having such low slab heating temperature depends on the capability

of stands and their main drives.

For metal entering the finishing train to reach 900°C, the slab
heating temperature should be reduced by 100-150°C. This saves
fuel and metal losses through scaling. In addition, a decrease

of the slab heating temperature greatly increases furnace capacity.

When rolling thick strips of 6.0-16.0 mm, an important disturbance
is the non-uniformity of temperature along their lengths. This

is caused by metal temperature reduction in those parts of the
metal in contact with the skid rails of the furnaces. The thicker
the strip, the less the temperature smoothing ability of the mill
[17]1 and the greater this non-uniformity. To diminish this effect

of the skid rails, the heating furnaces are placed askew [68].
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Nevertheless, with rolling delays or unduly high speed of mill
operation, the influence of skid rails on the finishing rolling
temperature can be as high as 40 or 45°C, causing non-uniformity
of metal properties along the strip length which can be outside
the range of tolerance [36]. This is especially important for

tube manufacture, ship-construction and other steel uses.

Table 5.10 gives calculated data on increasing 2000 HSM pro-
ductivity by warming roughed slabs along their lengths by in-
duction heating. As can be seen from this table, efficiency is

increased with decreasing strip thickness.

It follows, then, that induction heating of the roughed slab is

a technologically and economically effective means for increasing
the rolling speed and stability of thin strip temperature. An
engineering solution is the combination of induction heating with
increased thickness of the roughed slabs, and variable redistri-
bution of the metal reduction between finishing stands during

strip rolling.

5.4 Inter-Stand Forced Strip Cooling

5.4.1 Problem Statement

Once the strip is threaded into the coiler, the mill is acceler-
ated to increase and stabilize the finishing rolling temperature
along the strip length. However, the acceleration needed for
that puprose proves to be very small (0.005-0.08 m/secz); as a
result, the average rolling speed is considerably below the mill

capacity.

Increased acceleration (up to 0.5 m/secz) leads to considerable
non-uniformity in temperature distribution along the strip
length [157], the finishing rolling temperature of the tail end
is at least 80-100°C higher than that of the front end. This
temperature difference is much above the allowable $10-12°C.
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Table 5.10. Calculated mill productivity increase
by use of induction heating (slab
weight 25 tons, maximal acceleration

0.5 m/secz, pauses between strips

10 sec).
Dimensions 1.2 x 1250 1.5 x 1250 2.0x 1250
Threading 10 10 g
Speed, m/sec
Productivity 59. 2 53. 3 44.4
Increase, %
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To overcome the conflict in the requirements for stability of

temperature along the strip length and mill productivity, forced

inter-stand water cooling is used in combination with increased
[70].

acceleration of the mill

5.4.2 Mathematical Model of Strip Inter-Stand Cooling by Water

of mathematical models of rolled metal temperature

leads to expressions which are the core of the model

The temperature variation along the strip length in

inter-stand area can be expressed as follows:

Spraying
Analysis
[55, 75, 160]
proposed.
the i-th
V
T . =
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T . =
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strip temperature at the input and output
of the i-th stand, and at the input and
output of the forced cooling zone, respec-~

tively (°C);

temperature of the cooling water and
average temperature of the rolls of the

i-th stand, respectively (°C);

thermal coefficients of metal over appro-
priate parts of the inter-stand area
(°Cc/hour °K);

distance from the i-th stand to the input
and the output of the cooling area, and
length of the inter-stand area, respective-

ly (m);

relative (per unit strip width) metal flow

within the stand (mm x m/s);

strip thickness (mm) and metal linear speed
at the output of the i~-th stand (m/sec),
respectively;

density(kg/m3)and heat consumption
capacity of the metal (kcal/kg®C), respec-
tively;

coefficient of mass;

strip-to-water heat transfer coefficient
(kcal/mz, hour®C) ;

length (m);
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K.~ Kgy = coefficients which depend on the strip

reduction conditions and the steel grade;

a. = metal resistance to deformation at specific

temperature and speed conditions (kg/mmz);

Aoy, = residual strain metal hardening (kg/mmz).
The parameters of the model (5.6) were updated from the experi-
mental data [148], and good agreement of calculated and experi-
mental data was obtained. Analysis of the data reported in [U41,
77] and those obtained by experiments has led to characteristics

which are approximated by the relations [41, 77]:

in area
0 <C, = 32 (5.7)
* = .
o QUCm ;
in area

32 < C_ £ 100 3
m 3
o* = 44Cc_ - 3,66(C_ - 32) ’
m m

where Cm is a specific water flow.
Figure 5.16 shows de variations along the length of strips of
different widths; the curves were obtained in the experiments

and with the mathematical model (5.6).

5.4.3 A Mathematical Model of the Strip Cooling Installation

A mathematical model for control of the cooling units should
supply the control system with real-time values of heat transfer
coefficients needed to stabilize de along the strip length with

a given speed pattern. (Thin strip patterns will not be treated.)
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variables which influence the metal temperature during rolling

in the finishing stands can be classified into three basic groups:

1) Input uncontrolled variables, such as roughed-slab temperature

Tp at the entry to finishing train, threading speed V accel-

bl
eration a, maximal rolling speed vmax’ strip thickness h;

2) A controlled input variable, i.e., the heat transfer coefficient

o*;

3) An output variable, i.e., the finishing rolling temperature de.
To optimize temperature conditions through the use of forced
inter-stand cooling, the method of looking up all possible versions

in the mathematical model was used.

Calculations of optimal transfer coefficients for stabilizing

Teg along the strip length [12,20] lead to certain conclusions:

- When strips are rolled at a high acceleration rate (Figure
5.17 A), the curve of the heat transfer coefficient as a function
of the strip length has the same shape as that of the finishing
rolling temperature de (calculated for rolling without forced

rolling);

- Forced cooling should start when the finishing rolling tempera-

ture exceeds the required level;

- The rate of increase of the heat transfer coefficient along the
strip length when accelerating, x = tgp (Figure 5.18), is pro-

portional to the acceleration rate;

- When rolling speed reaches its maximal nominal rate, the value
of the required heat transfer coefficient diminishes somewhat
along the strip length; this is equivialent to the decrease of

de when rolling at a constant speed.



_50_

In the light of these factors, the mathematical model used to
calculate the inter-stand metal cooling set-point may then be
represented by an equation determining the variation of the re-
quired heat transfer coefficient along the strip length for

rolling with acceleration

*
do* _ K, (a - a )K

X = dl Tv s’ 1 ! (5.9)

where aS 1is the calculated acceleration value which insures

constant T along the strip length without forced cooling, m/secz;

fd

KTV is a coefficient which depends on the threading speed Vb’ the

roughed slab temperature Tp and strip thickness h; K1 is a
coefficient which depends on the length of the forced cooling

area lfr in each inter-stand area K1 = 2/lfr'

Computations using the model (5.6) for strips 1.5-5.0 mm thick and
rolling speed changes from 6.0-11.0 m/sec to 16 m/sec, with an
acceleration of up to 0.5 m/sec2 and a roughed-slab temperature
ranging from 1000 to 1100°C, show that the coefficient KTV can be
represented in the form

K

= 4+ — -
K K 7 K

Tv o n tpr (5.10)

The values of the coefficients of adjustment, Ko' of speed Kv’

and of temperature, Ktp’ were found to be a function of the strip
thickness h. The function was approximated by using the method of
least squares separately for the ranges 1.5-2.0 mm and 2.0-5.0 mm.

For the strip 1.5-2.0 mm thick,

K, = -65,0 + 74,0 h - 16,0 n? (5.11)
K, = -637,427 + 916,218 h - 227,492 n?

_ 2 -3
K. = (-84,296 + 100,85 h - 23,1 h%) - 10 ;

tp
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and for the strip 2.0-5.0 mm thick,

KO = 10’0 h - l,O ’ (5-12)
.2

KV = 306,25 - 28,75 h + 8,75 h '
2 -3

Ktp = (8,55 + 7,45 h + 0,25 h™) - 10

The approximation error for the functions (5.11) and (5.12) is
below 2.2%.

Once the maximal rolling speed is achieved, the strip
finishing rolling temperature reduces somewhat, and con-
sequently the required heat transfer coefficient is also
somewhat reduced. The rate at which a* reduces along the
strip length was shown to be almost independent of the

speed and practically totally dewendent on the thickness
of the strip:

x' = £y, . (5.13)

Approximation of the strip thickness function £(h) by using the

method of least squares gives: for strips 1.5-2.0 mm thick,

£(h) = 2,22 - 2,46 h + 0,8 h® ; (5.14)
for strips 2.0-5.0 mm thick,
f(h) = 5,28 + 6,11/ - 1.42 h . (5.15)

On the basis of these equations, control algorithms have been
developed. Computer simulations show that productivity of the

HSM for thin strip rolling can be increased by 15-25%, and for
thick strips by 30-80%.
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6, Control of Strip Shape and Flatness

6.1 The Problems

Strip quality depends on such metal characteristics as physical
and mechanical properties, surface condition, gage variation

along the strip length, and strip shape and flatness.

Consumer requirements for hot strip quality grows continuously;
this is especially true for those characteristics which affect
the technical-economic indices of strip users in the industry.
Major causes of geometrical parameter instability are the elastic

deformation of the rolls, and their temperature instability and

wear [3, 33, 37, 39, 64, 107, 113, 124, 130, 135, 137, 138].

The fundamentals of current systems for strip gage control were
formulated about two decades ago by Hessenberger and Jenkins, who
were the first to analyze the operation of a multi-stand mill

with variations in screw-down positions and speeds of stand main
drives [53]; by Courcoulas and Ham, who composed incremental
equations for a five-stand mill [26] and by Lainis and Ford, who
determined the "technological” coefficients of variables in these
equations [79]. The theory and practice of automatic control in
this field were further developed by Druzhinin, Mirer [28, 29, 31],
Cheliustkin [9], Feinberg, Vydrin [35, 151], [34, 1501, Meerov,
Perelman and Karlik [10, 67, 87, 88, 101], Miller, Maxwell, Wallace,
Hessenberqg [54, 58], and others.

Methods of gage control have improved greatly since the first

system was installed in the USA Geneva Steel Works HSM [76]. The
best systems today reduce longitudinal variation in thickness to
+0.05 mm over 95 to 98% of the length, but in spite of this, the

strips do not meet all the requirements.

When an automatic thickness control system is in operation, the

stand load varies by as much as 2.5 MN (250 tons) or 2.8 MN
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(280 tons) [155], causing significant changes in strip shape and
flatness due to elastic deformation variations in the rolls.

Strip shape variation can be reduced by crossing longitudinal
axes of work rolls or of back-up rolls with respect to the work
rolls [38], by varying the pressure in cylinders of the upper
roll balancing system [108], or by thermal shaping of rolls [128].
But the most widespread method is hydraulic roll bending by means
of hydraulic cylinders set between the roll necks [81, 126, 133,
143, 144, 146].

Roll bending systems have a high speed of response and thus in-
sure a good strip shape for strips of different thicknesses and
widths. The back-up roll bending system permits shape control

in a wide range of strips, but requires cumbersome hydraulic units
and special roll types with stretched necks. To obtain the same
effect as with the working roll bending system, it is necessary to
use hydraulic cylinders with the ability to develop considerable
force [90], which is limited by the permissible ball bearing load

or bending stress on the roll pins [129].

Numerous studies [98, 128, 139, 141] have revealed that, to compen-
sate for strip shape variations, the necessary force applied to

the working roll chocks should be as large as half the stand load
during rolling. As a result, the life of the working roll ball
bearings is shortened. Investigations made on the 1700 HSM showed
that this life is reduced from 1860 to 742 hours [45].

Before automatic systems of strip shape stabilization are devel-
oped, automatic profile and shape sensors should be made available.
While certain sensors of strip shape in cold rolling mills have
been designed [59, 96, 127], there are no measuring instruments to
monitor the strip in the HSM. This explains why the existing roll
bending systems do not operate automatically and are used only

as a means for mill setting.
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The state of the art in this field can be summarized as follows:

1) In terms of geometrical dimensions and especially flatness, the

hot rolled strip does not fully meet comsumer requirements:;

2) The main component of strip shape variations is the work roll
bend over the strip width (this bending line is rather accurate-

ly approximated by quadratic equations) ;

3) Non-uniformity of the gap due to thermal deformation of the
roll systems is sufficiently accurately approximated by a

parabolic equation;

4) Conventional methods used to improve the accuracy of strip
gage and shape are inadequate for any dramatic improvement in

hot rolled strip quality;

5) The longitudinal thickness and shape of a hot rolled strip
cannot be stabilized simultaneously by conventional thickness

control systems measuring the gap by the Sims method;
6) The range of hydraulic roll bending system applications is
limited by the dramatic increase in bearing wear and bending

stresses on the roll pins.

6.2 Problem Statement

Stabilization of strip gage thickness is achieved by use of gage
controllers installed on the mill stands. When disturbances change
the metal pressure on the rolls, the controllers switch on the
screw-down drives and change the pressure still further; this
results in changing roll bending, which in turn changes the roll

gage and metal shape, which influences strip flatness.

All this suggests the need for a technique that would minimize -

variations in mean strip thickness and shape. The method to be
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described, a refinement of that put forward in [9] by Cheliustkin,
can be regarded as a way either to control strip geometry or to
correct the gage controller set-points for indirect measurement

of the gap between rolls.

Let a finishing train consist of N stands of which all but the
last one are equipped with an automatic gage control system using
data on deflection of the rolling parameters from the rated values.
The optimal distribution of screw-down displacements that will
minimize the deflections must be determined. The optimality
criterion is then minimal error in the shape of the strip leaving
the finishing train as well as in the inter-stand areas. To be
more specific, the mean thickness difference at the output of the

finishing train should be compensated down to zero.

6.3 Technological Base for Problem Solution

Figure 6.1 represents the upper part of the gap where L. is the
work roll barrel length and a is the distance between the screw-

down axes.

The strip thickness difference along the strip width can be re-

presented as a sum
Ah = Ahh + Ahr + 2f , (6.1)
where

Ah. = component of stand-housing expansion and screw-

down bearing compression;

Ahr = longitudinal thickness variation component due to

bend of the roll system;

2f = thickness variation component caused by the strip

shape.
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Also,

Ahr = 2(Ah1 + Ah,) ,

2

where

Ah1,Ah2 = components due to roll bend measured at the
left and right edges of the rolls (see Figure
6.1).

Since the roll bend curve can be approximated by a quadratic

parabola, the relation of the components Ahr and f is
_ a, 2 _
th, = f[(g) 1] , (6.2)
where B is the strip width.
In the light of (6.2) and with the origin of the coordinates in

the middle of the roll barrel, the thickness variation distri-

bution along the strip width is

= ay2 _ S Sl
Ahx—z[o,SAhn+f{(B) 1}+f uBsz (6.3)
1 1 a,?2 2x, 2
= APl + 2—[(—) —(——)]% '
MSt Cr B B
- P
Ahh = Mh ,
where

AP = full rolling load increment;

Mh = rigidity of the stand-housing with due regard
for compression of the screw-down and the rolls
in contact with the strip;

Cr = rigidity of the rolls, determined by the

technique of [158] as
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1 3 2
C_r_C1B +c2B +C3B : (6.4)
€17 - s
18,8 ED

C2 = 12a ro

18,8 ED

_ 0,5

C3 = 2

TGD

In (6.4)

E = Young's modulus;

G = shift deformation resistance;

D = work roll diameter.

Then the mean strip thickness variation caused by roll bend will

be determined as

B/2
- 1 1 1 a, 2 X, 2 —
O h r
1 1 [a 2 2 1
= AP{— + 2— (&) - —Jg = AP—— ,
Mh Cr B 3 Mst

where

st averaged rigidity of the roll stand with due

regard for roll system bend.

Note that AP generally changes sign and thus determines the

direction of bend deflection.

Let us consider a seven-stand continuous group (N=7). Introduce
the notation:

i = ordinal number of the stand (1 < i < N);
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ﬁi,Aﬁ. = strip thickness averaged over the cross-

section and thickness difference at the in-

put to the i-th stand, respectively;

h,,Ah, = strip thickness averaged over the cross-

AS.
1

stand will be

where

Ah7

section and thickness difference at the out-

put of the i-th stand, respectively;

= strip temperature at the deformation site of

the i-th stand of the finishing train;

= screw-down displacement in the i-th stand.

thickness variation at the output of the seventh

[3]

= KH7AH7 + KT7AT7 + KS7AS7 : (6.6)
P
_ 3h7 o nom, . 6.7
- am_ X L a ’ .7
8T7 7 Mst7 + Mm
_ 8h7 _ Mst7
BS7 Mst7 + Mm7

= nominal (set-point) value of the stand load;

= strip rigidity modulus at the deformation site

of the seventh stand;

= coefficent defining, in relative units, the stand

load change vs. metal temperature change by 1°C;

|
@

P . 1
P
nom
be 0.0025.

are taken, following reference [103],

d

]

to
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Writing similar relations for the remaining stands (or i = 1,2,
3,4,5,6) we will, after appropriate transformation, have the
following expression for thickness variation at the output
finishing train:

Ah, = K

K AT. +

nir15ritTs

S. . (6.8)
i

Let us now use a linear form of (6.8) as the optimality criterion

in solving the problem. Without significant loss of accuracy,

1 on Ah7(

the effect of roughed-slab thickness variation AH u7%u6 "
KF1 « 1) can be neglected.

As a requirement for gage and shape control, consider AS7 equal
to zero; in other words, the screw-downs of the last stand are
adjusted to the set-point. Non-flatness of the strip leaving
the i-th stand is determined under specific rolling conditions
through non-uniformity of metal elongation distribution along the
roll barrel, which is generally found as

1 1 a,?2 X, 2
, + 2 B—) - (2—):”
_ Hi nom Hi nom + APi—1 Mh,i—‘l lr,i-1 b b
SR B nom h cap 0w 2o [(3)2 - (2%2]
i nom iyM, . 1. [b b
hi ri

It is well known that a necessary and sufficient condition for
uniformity of metal drawing along the roll barrel is the simi-
larity of strip cross-sections at the input and output of the
stand rolls. From the strip cross-sections of Figure 6.2, it is
seen that, with the above hypothesis, the metal shape at both

sides of the roll is similar. Overall similarity of cross-sections
is observed if and only if

=g]s>
I

Fhi
i

W = const
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Indeed,
(H + 2F) - 2(5% . u)x2 H + 2F[1 - (l%)xﬂ
B _ 7 B _
(h+26) - 2(5 - wx? n+o2tf1 - (Hpxd
B B
u[h + 2f%1 - (i%)xz]s
= %; 5 = H = const
h + 2f|:1 - (T)le
B

Assume that the condition for strip metal elongation uniformity

at the output of the i-th stand is

By
- =0 . ,
o i( hy ) (6.9)

Strip non-flatness occurs at a certain largest admissible

elongation non-uniformity which can be found experimentally. In

other words, in controlling the strip geometry, the inequality

iy
- ( )| < [6,] (6.10)
i-1 Ji By 1
should be met, where:
i = ordinal number of the stand, (i = 1,2,...,N);
[§.] = largest admissible value of non-uniformity of

elongation along the strip width at which the strip

maintains stability.

Let us use the inequality (6.10) as a constraint in strip geome-
try control; for this purpose let us express (6.10) through the

technological parameters.
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Let us take up the first inter-stand area

APq = Mgy Ry 8Hq + Mg Ry ATy = M Kgq45,
Denote:
Mei _ M
= Y. ; K,. =
Cry 7 oM+ H
mi = Sti
Then
1 -
f1 = AP, E;T = (Y1KH1)AH1 + (Y1KT1)AT1 - (Y1RS1)AS1
Bi-q
Replace the ratio ( H ) in the inequality (6.10) by the ratio
h. 1 h.
(—%—lLEQE) ; then, denoting —i=1 nom _ a; gives the flatness
i nom i nom

condition for the first inter-stand area,

£o = g Y Kgq8Hy = oV Ko ATy + o vy R g A8, 1 208,

or, assuming that the roughed slab of the first stand does not

have lateral thickness variation (f. = 0), we will have

O
AS Koy < [64] - AW,
where
Koq = av,Rg, (Yg = ¥y = =0+ = Y7 =7) (6.11)
AW, = R71AH1 + R AT,
(where

R79 = ~yeqKyy i Ky = = yayKpq)
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Let us take up the second inter-stand area (i = 2):

4P, = MSt2AHZ ; AHz = KHzAﬁz + Kp AT, + Ko 0S,
P, = Mg oKy RypBHy + Mg Ko ATy + AT, + Mg, oKpoAT) +
+ Mgy Ko Kyp8Sy = M oKo88,
£y = VoRyqKyplHy + YRy Kyp8Ty + v K ATy +

t YK K88 = Y K588, .

Then the condition (6.10) for the second inter-stand area will be

|f1 - a2f2| = ]AH1(Y1KH1) + AT, (Y Kpq) + 88 (= v Roy)

51
- ARy (o) Y Ky Kyy) = AT (0¥ 5K Kyy)
= ATy (agYoKpg) = 85 (a, Y K Kyy) + A5, (ayy,Kg,)
or (6.12)
AS KRy + BS, K,y < |d6| R\
where
M
K . = YKo (= o8 0 K.} 3 K. = yo.R ;
61 s1'” M 27H2 i 62 ~ Y%2Rgpy i
st
AW6 = AH1R61 + AT1R62 + AT2R63 ;
Rg1 = YKyyBy i Ko = YKpqBy 7
R . = K

63 = ~ YooKpy By =1 -0y
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Following analogous transformation, we will have for i = 3,
Kgq8S 1 + KgoAS, + K 4AS, < |65| - bW, (6.13)
bW = R51Aﬁ1 + RSZAT1 + RogAT, + RSHATB ,
where
M
K51 = YRg1RuaB3 i Kgy = YRy O = MEEL - 93Ky3y
St2 i
Kg3 = voagRgy By = 1 - a3Kyy
K51 = YRy KBy i Rgy = VKpqKypBy
K53 = YKpyB3 Rgy = = 7o3Kq3
For i = 4
Ky 88, + Kyp08, + Ky 3085 + K4S, < |6u| - AW, (6.14)
AW, = Ku1AH1 + RuzAT1 + Ru3AT2 + RMAT3 + RUSATU ,
where
Ky1 = YRg1RuoRu3By 7 Ryp = YRgoRy3By 7
Kyy = vK3l= ;gzz T oKy, Ky T ovoyRgy
By =1 = oyRyy 7 Ry1 = YRy Ky Ky3by
Ryp = YKo KypKy3by i Ry3 = YEppKysBy

=
I

Ryy = YKp3By T
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For i = 5,
(6.15)
K188, + K308, + Ky3AS, + K AS, + K gASc < |63| - LW,
Aw3 = K31AH1 + R32AT1 + K33AT2 + R3uAT3 + K35ATu + R36AT5
where
K31 = YKg1KgoKgsKyybs 7 K3p = YRg Ky3KyBg i
M
K.. = YK..K.. Be K. = yK. (- =33 _ o K.}
33 = YRg3tguPs 7 34 s4'T M 5°g5’
St3
Kyg = vogRgg 7 By = 1 - agKyg
R31 = YKy KyoKyyBs Ryp = YK KypKy3Bg i
K33 = YRy KyoKysKyybfs 7 Ry = YKp3KyyBs s
K35 = YKpybs Ry = = YogKqps
For 1 = 6,
(6.16)
K. AS. + K.-AS+ + Ka.0S. + Ko .AS, + K..AS. + K. .AS, =

21771 22772 23773 24774 25775 26776

= [6,] - oW

2
AW, = R21AE1 + R22AT1 + R23AT2 + RzuAT3 + K25ATLl + RygOTg +
+ K27AT6 '
where
Kp1 = YRgqKyp *7" Kusbs 7 Kpp = YKgpKyy °°° Kysfs

23 T YRg3KyyRysBe i Koy = YKyKygBg i
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M

Kys = YKgg (= ﬁ%? - 0Ky Kyg = YagRg
Ry1 = YRyq---Kysbg 7 Ry = YEpqiKyp- - -KysBe
Ry3 = YKpoKygsKyyKysBs Ryy = YKp3KyKysBe
Ros = YKpyKyshe Ryg = YEpsBg 7
Ky = = YogKyg B = 1 = %6Kys

For i = 7,
K1qA8, + Ky A8, + =+ + K, 05, < |61| - AW, (6.17)
MWy = Ry qBHg + Ryp8Ty + RygaTy + coe + RyghTy

where
Ki1 = YKgqRyy = o0 Kyghy i K12 = ¥Kq5Ky3 KueBy 7
Kiz = YRg3Ryy = o0 Ryghy 7 Kyy = YKg RysKyghy i
Kis = YRgsKyehy i Kyg = YEgg = 1 -aKyg)
K7 = Y7Kg7 By =1 = agKyg
Ryq = YRygy c° KyeBy i Ryp = YKpiKy, RugBy
Ryz = YKpoKyy 00 KyeBy Ryy = YKp3Kyy Ryghy
Ris = YRpyKysKyshy Rig = YKpsKygby

Ri7 = YKpgBq Kig = = YoRpy -
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6.4 Solution Procedure

Making the optimality criterion (6.8) equal to zero, we will have

KO1AS1 + K02A52 + e + KO7AS7 = - Awo (6.18)
Mg = RoqHy + Rgp8Ty + »ov + Ry AT + RygdTy
where
Ko1 = Bu7Rue """ KoKy i Koz = Ky7¥ye Ryako 7
Koz = Ky7%use RypKo i Koy = Ky7RueRusky
Kos = Ry7¥ueXgs 7 Koe = KurRse 7 Ko7 = Kgg i
Ro1 = Kg7¥ye RKap 7 Koz = Kgg **° KygpKpq
Koz = Kgg *7 KypKpo Roy = Kgg =* KyyKpy
Ros = Ky *°° KysKpy 5 Ko = Ky7¥peKps
Ko7 = Kg7¥ge 7 Rog = Kp7

A complete inequality system for no non-flatness in all inter-

stand areas and on the delivery table will be

Kiq88 ) + Ryp88, + »=+ + K A5, < &, - AW, (1) (6.19)
- K11AS1 - K12A82 - s -~ K16AS6 < 61 + AW1 (2)

KyqBSy + KyoBS, + ove 4 K ghSg < 6, + LW, (3)
- K21AS1 - K22A82 - e - K26AS6 < 62 + AW2 (4)

K31AS1 + K32A82 + e 4+ K36AS5 < 62 - Aw3 (5)



-67-

AS, = K_.AS., - +++ = K (6)

o>
4p]
A
(o2
+
>
=

31771 32772 3675 3 3
KMAS1 + KuzASZ + e + Ku6ASu < 64 + AW, (7)
- K,,48, - KyphSy = vee - KyehS, < 64 + AW, (8)
K71AS1 < 67 - AW, (13)
- K,,AS < 8, + AW, , (14)

7171 7 7

where the first two inequalities define the conditions for non-

flatness at the last stand (i = 7); the subsequent two inequalities
define the non-flatness conditions at the sixth stand exit (i = 6),
etc.

The last two inequalities define the non~flatness condition at the
first stand exit (i = 1). Let us transform the inequalities

(6.19) into a system of equations; to do this, add the non-negative
variables V1, V8’ Vz, V9, V3, V1O’ Vu, V11, V5, V12' V6’ V13, V7,
V14 to the left-hand parts of inequalities (1), (2), (3),...,(14),

and then add up the equations and arrive at an equivalent system

K11AS1 + K12A82 + eee 4+ K16AS6 + V1 = 61 - Aw1 = A1
KpqlSy + KpphSy + ore + KpghSg + 7y = 6, - AW, = A,
K31AS1 + K32AS2 + eee + K35ASS + V3 = 63 - Aw3 = A3
KyqBSq + KyphSy + = + KAy + V) = 8y = bW, = Ay
K515y + KgphSy + ove 4 Vg = 85 = AWg = Ag
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K_.AS., + K. ,AS, + ... + v, =6, - AW, = A

61 1 6272 6 6 6 6
K71AS1 V7 = 67 - Aw7 = A7
V1 + V8 = 261 (6.20)
V2 + v9 = 262
V7 + V1u = 267 .

Denote Vi - Ai = vy (i =1,2,...,7). Then, for the vector

components AS(AS11A82,.."AS6), following the appropriate solutions,

we will have the expression

|24l 1

1=1
AS, = ) _qyD_ ———— Y q_ — Y oL , (6.21)
i m—1( 1) "'m T (8-m) Kig-i),1i (8-1)

where the matrix Ai1 of the sum (6.21) is found through trans-

formation of the initial matrix:

K51K52Ko 3Ky Kog

- K34K3,K33K5Kag

Bio ~ Ky 1Ky oKy 3Ky yKys ' (6.22)

K5 1K5K53K5 K55

Ke1K62863%6uKe5

by crossing out (6 - 1) upper rows and as many right-hand columns.
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Hi1 is the product of the technological factors and is determined

as [ K62K53KHHK35K26 by making (6 - i) multipliers on the

o~ %71
right-hand side equal to unity.

The matrixes Ai2'Ai3""’A are obtained from the matrix by

i,i-1
crossing out 1,2,...,(i - 2) columns on the left and as many

lower-most rows.

The products Hi2’ni3""’Hi,i—1 are obtained by equating
1,2,...,(i - 2) multipliers on the left to unity; n is the

number of zeros in the matrix Aim

Thus, for the increment of the coordinate of the screw-down in

the fourth stand (i = %), we will have
Ky1KyoKy3
Kg1K5,K53 KyoKy3
K. .K,_.K K. .K
71762553 4y 6255344
K
43 1
+ o—— (Vo = A.) - — (V, - A4,)
KgaKyy 3 57 Ky, 4 4

Substitution of (6.21) into (6.20) gives an equation for flat-
ness in the inter-stand areas

b11v1 + b12V2 + e 4 b17v7 = Z1 (6.23)
= % %* . oo
Zq = b¥ 4B+ D¥ oA, 4 + b* oA,
where
by = b*,. (i =1,2,...,7) (6.21)
b = (o1)P*] 1Basl
11 ...
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b1i is a matrix obtained from transformation of the matrix:

K11K12Ky 3K 4K 5K 6

K21RooKy 3K, Ky 5K

K,.,K,,K,,K,,K,-.0

B,q = 3173273334735
Ky1RyoKyaKyy© 0
KgqKgpK530 0 0
K61K620 0O O O
by crossing out (7 - i) columns on the left and as many rows
below;
H1i is a product of the technological parameters obtained from
the product I = Ko, K K. K, K,-K by equating (7 - i)

17 717627°537°44735726
multipliers on the left to unity; in other words, the factor of

Vu (or b1u) is

n+1 K14X95K16
Byy = Kb;g K
5uX35K0¢

14 KoyRosKopl i

K3yK35K36

n. is the number of zeros in the transformed matrix B1i'

Substituting equation (6.18) into (6.21) and defining zero thick-

ness variation at the output of the last stand gives

O+ basVy + banaVo + e + b27V = 7 (6.25)

by 222 233 7 2

= * * .. e
z b*, Ay + b*, A, + + b*,oA,
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where

- AW, = A ; b,. = b¥*

21 21

The coefficients b2i are determined by the same formulae as bi
or (6.24) 1if A1,V1,K

1

are replaced by AO,O,K respectively;

1i
in other words, for the transition bi

oi’

" bi2 it 1s necessary that

A, = A H v, = 0 ; K1i = KOi

Then we will have

B, .|
_ n+1 | 21
b2i = (-1) i (6.26)
21
where II,. = 1., |B2i| = |B1i| with K, = K,;7 n is the number
of zeros in the transformed matrix B2i'

Consequently, the solution of the problem is reduced to solving

the equation system

b11v1 + b12V2 + e + b17v7 = Z1 (6.27)
D0+ bpyVy + ree F byaV, = 2,
V1 + V8 = 261
V7 + V1u= 267
To solve system (6.27), let us use a simplex method. Introduce

a number of non-negative variables Vi that is equal to the number

of equations in system (6.27).
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Then we have the following linear programming problem:

find a vector V(V1,V2,...,V1u), minimizing the linear form

Il ~7Q

U. - min (6.28)
3=1
whose variables satisfy the constraints
(6.29)
bHV1 + b12V2 + b13V3 + wa4 + b15V5 + b16v6 + b17v7 + U0, = Z
b22V2 + b23V3 + bzuvu + bV + b26v6 + b27V7 + U, =2,
V1 + Vs + Uy = 261
Vg + Vig + Ug = 267
U1 20 U2 20 ... V1 20
Vy 20 Gevennnns Vyy 2O

The problem was solved on an ICL 4-70 Computer for a 1700 HSM.

6.5 Computation Results

The above approach was tested on thin sheet rolling with the use

of the above models.
Table 6.1 gives the reduction conditions in the finishing train.
Table 6.2 gives data characterizing the finishing rolling

temperature in the finishing stands (from the head end of one
strip to the tail end of the other).
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Table 6.1

Strip Thickness

and Width, mm

Absolute Reduction of Metals in Finishing

Train Stands (mim)

Stand Number

1 2 3 4 5 6 7
1.2 x 1250 15,00 5,90 2.35 1,30 0.80 0.28 0,17
1.6 x 1250 14.50 6.10 2.30 1.20 0.30 0.35 0.15
1.8 x 1250 16.00 7.20 3.70 1.40 1.20 0.45 0.25
2.0 x 1250 16,00 7,00 3.40 1,70 1,20 0.45 0.25
3.0 x 1250 18.50 6.30 3,20 1,75 1,21 0.79 0.25
4.0 x 1250 13.60 8.10 3.80 2.50 1.59 0.99 0.42

Table 6.2

Strip Thickness

and Width, mm

End-of-Rolling Temperature in the Finishing
Stands, °C

Stand Number

x 1250
x 1250
x 1250
1250
x 1250
x 1250

= w N =
©c O © o O N
»

-174 -144 -110 -82 -63 -48 -36
-94 -74 -62 -53 -45 -35 -28
-84 -71 -56 -48 -40 -30 -23
-73 -62 -52 -45 -38 -30 -26
-65 -56 -48 -42 -37 -30 -25
-48 -42 -37 -33 -30 --26 -24
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Figures 6.3 and 6.4 graphically represent the results of simu-
lating the control of 1.2 x 1250 mm strip gage by the method
proposed, and by the Sims-Golovin method. The strip length was
divided into five sections, and the thickness adjusted at the

end of each section. The gage controllers implementing the Sims-
Golovin method are ideally adjusted; in other words, they fully

compensate for all the disturbances in the mill line.

Figure 6.3 is a plot of the screw replacements for the cases
considered and Figure 6.4 shows the associated increments of

stand load along the strip length.

Figures 6.5-6.10 represent similar functions for strips measuring
1.6 x 1250 mm, 1.8 x 1250 mm, and 2.0 x 1250 mm.

Analysis of the resulting dependences reveals that, in the method
proposed, the last continuous group stands are unloaded and the

first ones are loaded. As a result, the stand load is stabilized,
and consequently the strip is always flat in the last inter-stand
area. This is confirmed by the curves of Figures 6.11-6.14. The
strip stability margin is obviously much better than that obtained

by the conventional method of gage control.

The proposed method of simultaneous gage and shape control of the
strip has one disadvantage in thin strip rolling. With the low
threading speed, the front part of the strip usually has a
finishing rolling temperature lower than that of the remaining
part, due to higher load in the last stands. Thus, in the pro-
posed method, metal reduction in the first stands is increased

in order to keep the load of the last stands at the predetermined
value. But increased metal reduction in the first stands results
in higher heat losses of the metal and additional decrease in
finishing rolling temperature. Therefore, this method can be
used only in cases where the finishing rolling temperature is not
limited by the rolling speed, that is, for thick strip rolling

and for rolling thin strips after coiling has started.
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For thin strip rolling, metal reduction in the last stands should
thus be increased when rolling the front part of the strip; the
shape is controlled by roll bending hydraulic systems. After the
rolling speed has increased sufficiently, the proposed method

can be applied.
Conclusion

As has been shown, the problem of increasing hot strip mill pro-
duction efficiency consists of several interrelated sub-problems,
some of which are of a conflicting nature. Investigation by
systems analysis has permitted identification of the most critical
combinations of technological limitations, and formulation of

some new methods for reducing the influence of those limitations
on the production process. In general, the problems are related
to obtaining the required finishing rolling temperature and strip

shape at the highest permissible rolling speed.
The new methods proposed in this paper are:

1) The use of thinner slabs when thick strips are to be rolled

(to permit a lower slab heating temperature);

2) The use of roughed-slab head end heating when rolling thin

strips;

3) The use of roughed slabs of varying thickness to obtain higher

finishing rolling temperatures when thin strips are manufactured;

4) The redistribution of metal reduction among the finishing stands
to obtain a higher finishing rolling temperature of the strip
head end and a higher rolling speed after the strip is threaded
into the coiler;

5) The redistribution of metal reduction among the finishing

stands to stabilize strip shape and gage.
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Figure 5.9. Dependence of optimal slab temperature
(Tsl) and rougher exit metal temperature

(Tp) on strip width and thickness
(HSl = 240 mm).
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Finishing rolling speed
distributions along the strip length
temperature distribution along the roughed-
(c), roughed-slab thickness
2000 mill).
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(strip size 1.5 x 1250 mm,
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a = 0.064 m/s2.

The curves were obtained in the experiment
( ) and with the mathematical model (----);

a - without strip inter-stand cooling;

B - with strip inter-stand cooling.
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Figure 6.1. Roll bending by the rolling

forces.

Figure 6.2.

B)

Strip cross-section at the stand input
(a) and output (b).
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Figure 6.3. Stand screw-down replacements along the
strip length caused by the gauge control
(strip size 1.2 x 1250 mm)

---------- Sims-Golovin method,

Proposed method.
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Figure 6.4.

L; m

Stand load changes along the strip
length L caused by the
(strip size 1.2 x 1250 mm):

Sims-Golovin method,
Proposed method.

Allowable ¢ in the finishing stands

I - VII are respectively: 0.22; 0.24;
0.025; 0.08; 0.015; 0.008; 0.002 (see
formula 6.10).
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Figure 6.6.

Same as Figure 6.4 (strip size
1.2 x 1250 mm); 8§ + 0.06; 0.053;
0.03; 0.02; 0.0015; 0.008; 0.002.
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Figure 6.8.

Same as Figure 6.6 (strip size

1.8 x 1250 mm).
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Same as Figure 6.3 (strip size
2 x 1250 mm).
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Figure 6.10.

Same as Figure 6.4 (strip size
2 x 1250 mm); § -+ 0.03; 0.03;
0.025; 0,011; Q.0015; 0.00Q8:
0.002.
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Figure 6.11. Change of non-flatness along the strip length

in the finishing stands V-VII (strip size
1.2 x 1250 mm). The identification is the
same as 1in Figure 6.4,
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Figure 6.12. Change of non-flatness along the strip

length (strip size 1.6 x 1250 mm). The
identification is the same as in
Figure 6.4 and in Figure 6.11.
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Change of non-flatness along the strip
length (strip size 1.8 x 1250 mm). The
identification is the same as in
Figure 6.4 and in Figure 6.11.
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Change of non-flatness along the strip length
(strip size 2.0 x 1250 mm). The identification
is the same as in Figure 6.4 and in Figure 6.11.
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