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Forward slip is an important parameter often used in rolling-speed control models for tandem
hot strip rolling mills. In a hot strip mill, on-line measurement of strip speed is inherently very
difficult. Therefore, for the set-up of the finishing mill, a forward slip model is used to calculate
the strip speed from roll circumferential velocity at each mill stand. Due to its complexity, most
previous researches have used semi-empirical methods in determining values for the forward
slip. Although these investigations may be useful in process design and control, they do not have
a theoretical basis. In the present study, a better forward slip model has been developed, which
provides for a better set-up and more precise control of the mill. Factors such as neutral point,
friction coefficient, width spread, shape of deformation zone in the roll bite are incorporated
into the model. Implementation of the new forward slip model for the control of a 7-stand hot
strip tandem rolling mill shows significant improvement in roll speed set-up accuracy.
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Friction
Nomenclature L, . Projected contact length between the
F; . Shear force between roll and strip of the roll and the strip
i roll stand K; ©i™ roll adjustment factor for deter-
fi . Forward slip of the i*® roll stand mining the friction coefficient
Vi ! Plane-strain forward slip of the i*" roll K¢ . Factor for the i roll stand used in the
stand determination of K;.
f . Improved value for forward slip with  Kn  Mill deformation resistance
adjustment for width variation N . Number of coils
h; . Exit strip thickness at the i roll stand  Pn : Mill load
Ah; . Draft of the i*" roll stand P; . Roll force normal to roll surface for the
hw, . Strip thickness at the neutral point of i*" roll stand
the i** roll stand i . Roll pressure for the i™ roll stand
R; . Radius of roll in the i*" roll stand
* Corresponding Author, T - Mill torque
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v; - Exit strip velocity at the i*" roll stand

v? . Circumferential velocity of the i*" roll
stand

UN, . Strip velocity at the neutral point of the
i™ roll stand

wi . Exit strip width at the i roll stand

wn, . Strip width at the neutral point of the i*"
roll stand

X . Horizontal position in deformation re-
gion

a; : Bite angle of the i*" roll stand

B . Neutral angle of the i*® roll stand

Yi . Plane-strain prediction accuracy para-
meter for the i*" roll stand

g . Angular position in deformation region

I . Friction coefficient between the roll and
the strip of the i*® roll stand

w . Parameter based on torque, load and

roll radius which reflects friction condi-
tions in plane strain

0, . Parameter to account for width changes
during deformation in the i*® roll stand

1. Introduction

In a finishing mill, the roll gap and the roll
speed for each stand must be preset in advance
before the front end of strip reaches the entry
side of finishing mill. Hence, the accuracy of the
set-up values directly influences quality of the
front end of the hot strip and the subsequent
performance of the mill control system. A roll
speed model is used to control the mass balance
between adjacent mill stands. So the roll speed
control is responsible for attaining stability of the
strip velocity and accuracy of the strip thickness.
In general, a forward slip model (Koncewicz,
1991 ; Bakhtinov, 1988 ; Zhang, 1995; Lenard,
1997 : Lee, 2002; Zhang, 1989 ; Hum, 1996;
Seregin, 1989) is used for the roll speed because it
converts roll circumferential velocity into strip
speed at each mill stand. In a tandem hot strip
rolling mill, forward slip is difficult to measure
due to high temperature and the harsh environ-
ment surrounding the mill. Hence, the forward
slip in hot strip mill is often obtained from a
prediction model but high accuracy is difficult to

achieve due to many process variables. The pur-
pose of the present study is to develop a better
model for forward slip.

Since, in practice, the velocity of the strip is
calculated from the circumferential velocity of
the roll, it is important to have a reliable roll
velocity model. The roll velocity model influences
not only the thickness of the strip at the front
and back ends but also the thickness profile of
the entire coil and the operational stability of
the mill. Accuracy of the roll velocity model is
directly dependent on the accurate prediction of
forward slip.

2. Basic Model for Forward Slip
Parameter

A schematic of the roll bite geometry for the
i roll stand is shown in Fig. 1. The relative
slip between the strip and the roll surface is one
of the important factors in the control models for
the rolling process. In general, forward slip (/)
is considered as a measure of the relative slip
and defined as the difference between strip veloc-
ity (v;) and roll circumferential velocity (v?)

divided by the roll circumferential velocity, or

fi= vi—v?. (l)

v?

From the volume flow balance between adjacent
mill stands,

hic Vi Wi = hsvaw; (2)

where %; and w; are the strip thickness and width,
respectively, on exit from the i*" stand.

a8
— B
h,f = k|1 = |h

1= N S, A
R

Fig. 1 Schematic drawing of roll bite geometry
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From Eq. (1), the exit strip velocity can be
expressed as

vi=vi(1+£). (3)

Substitution of Eq. (3) into the volume flow
balance equation yields

hi-lvzo'wi—l(l+fi—l) =hiv?wi(l+fi)- (4)

The volume balance is satisfied at any point
within the roll bite. For the neutral point of the
i* stand (defined by the subscript N;),

Ria Vi Wimy = hiinith; Un, WN,. (s)

Rearrangement of Eq. (5) gives

pe=Tn O 0N, Lt (6)
Wi

Substitution of Eq. (3) into Eq. (6) yields

_ by o wn,
fe= ] v

From the geometry, as shown in Fig. I, one can
show that

hn,=h:+2R;(1—cos B:) (8)

where R; is the roll radius of the i* roll and S is
the neutral point angle.
There is no slip at the neutral point. Hence,

vn,=0? cos B (9)

and substituting into Eq. (7), the basic equation
for forward slip can be obtained as

f.'=LZ“Zj—chos Bi—1. (10)
The strip thickness at the neutral point (&y,) can
be calculated from Eq. (8) if cos fB; is known.
Likewise, if the neutral angle (/;) and strip width
at the neutral point (wy,) are known, the forward
slip can be calculated from Eq. (10).
From a force balance in the roll bite region, as
shown in Fig. 2, one can find

[ pawiResin 6 d6+ [ pavuR cos 8 d8
0 ] o (11
_‘/p- iDiU)iﬂz‘Ri cos 8 d6=0

where a; is the bite angle, p; is the roll pressure

Fig. 2 Forces in the roll bite

and y; is the coefficient of friction for the it"
stand.

If the friction coefficient, the strip width and
the roll pressure are constant in the roll bite
region, then Eq. (11) can be solved (Koncewicz,
1991 ; Bakhtinov, 1988) for the neutral angle.
This gives

1 —cos ai>

Hi (12)

sin Bizé <sin a:i—

The bite angle (@:) can be derived from geomet-
rical relationships (see Fig. 1) as

Ri(l—cos a) =5 (hea—h).  (13)

From Eq. (10) and assuming a constant strip
width (w:=ww,) during rolling, the forward slip
for this plane-strain condition is calculated as

fi*Z%“COS ,3;'—] (14)
where, hN,=h;+2Ri(l —Cos ,B;) , and cos ﬁiz
v1—(sin 8:)%. The value for B: can be deter-
mined from Eq. (12) if the friction coefficient is
known.

3. Determination of Friction
Coefficient in the Forward Slip
Equation

To calculate forward slip from Eq. (14), the
friction coefficient must be known. In a produc-
tion strip rolling process, the friction coefficient
depends on a large number of variables, which
may vary during the operation, such as bite angle,
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rolling speed, lubrication, strip surface condi-
tion, etc. The selection of a unique value for the
friction coefficient is very difficult task.

One possible approach to selecting a numerical
value for the friction coefficient is as follows.
It can be shown that the more the strip width
expands during rolling, the forward slip becomes
less. It was assumed in derivation of Eq. (13) that
the strip width does not expand. It is asserted that
sin f; is at a maximum value for this condition.
Hence, as the friction coefficient approaches a
minimum value, the value for sin ;, as calculated
from Eq. (12) increases and approaches a more
realistic value because it can compensate width
variation during rolling.

For the strip to enter the roll bite,

Ficos a;= P, sin a; (15)

where F; is the shear force due to friction at the
interface between the roll and the strip and P; is
the normal force (see Fig. 2). Rearrangement
yields

£ sina

P; " cos a;’ (16)

From the definition of the friction coefficient
F:=u,P;, one finds

1
ﬂiZtMQiz<¥i>z- (17)
The minimum friction coefficient is the value
satisfying the equality of Eq. (17). The minimum
friction coefficient is

Ak )%. (18)

.Ui,mm—< R,
The minimum friction coefficient of Eq. (18) can
be easily used for the determination of forward
slip and hence for the roll-speed control model,
but it should be refined in order to compensate
for the characteristics of individual mill stands.
The refinement can be done through the use
of mill processing data. The rolling torque is
strongly correlated with the friction coefficient.
Hence, a refinement based on the roll torque
is developed to obtain more realistic value for
the friction coefficient in the roll-speed control
model.

The mill load (Pn;) for each stand can be
obtained from the mill deformation resistance
(Km,:) and the projected contact length (L,,)
between the roll and the strip by

Pm.x' _/‘Lp.r A
o= Ko, idx (19)
The roll torque {Tp,:) can be calculated as

T [ " (1t Kmidx) R:
we S W, (20)
—WR: [ Knadix

By substituting Eq. (19) into Eq. (20), one can
obtain

FPs

Ton.i
] w:

Smi— R,

From Eq. (21), a new parameter that reflects the
frictional conditions is determined as

R

M= RPor (22)

Instead of using the minimum friction coefficient
of Eq. (18) in the roll-speed model, one can
select a friction coefficient based on the operating
parameters as

w=Kyl. (23)

The value of g} can be obtained from Eq. (22)
and the value of K; can be determined from
averaging across all the mill stands because the
exact value for each stand is difficult to obtain in
actual tandem mill. For a seven-stand tandem
mill, K; is
K=K /(52K )

| (24)

with K =WJ=21 T/ ( PrsiR;)

where NV is the number of coils that have been
rolled and K7 is found by averaging over th
¢ number of coils that have been rolled. There-
fore, forward slip for the plane-strain condition
can be obtained from Eq. (14) if the value of the
friction coefficient from Eq. (23) is used to de-
termine the neutral point angle in Eq. (12).
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4, Consideration of Strip-width
Variation

During production rolling, plane-strain condi-
tions are not maintained within the roll bite
and the characteristics of each roll are different
from one another. Therefore, the forward slip
value calculated under the plane-strain condition
should be revised according to the width varia-
tion by using operational rolling data.

The basic forward slip model, given in Eq.
(10), can be re-written using the parameter @,
which compensates for width variation as

_ h”-'
=

fi D cos ﬂi_l (25)
If one uses a predicted friction coefficient, which
determines the most accurate value for forward
slip, 7, then the most desirable situation would be
that the predicted friction coefficient is equal to
real friction coefficient, leading to

fi:fi (26)

From Egs. (14), (25) and (26) one can obtain,

Fi=(fr+1) @0:—1 (27)

Therefore, the parameter that compensates for
width variation can be defined as

_ fih

Ry (28)

0;
Hence if the predicted friction coefficient, which
allows calculation of the most accurate value
for forward slip (), can be determined, then the
average value of parameter @, shown in Eq. (28)
can be obtained at each stand, and the optimal
forward slip can be obtained from Eq. (25).

5. Determination of f

To determine the friction coefficient that pro-
duces most accurate value for forward slip (F).
the following procedure has been used.

For a plane-strain condition, the circumferen-
tial velocity of the i*" roll can be determined from
Egs. (4) and (14) as

[ *
o _ UVnwem (1+ fivewn ) e
VT Fivem) (29)

which uses the exit velocity, exit thickness and
forward slip from the last mill stand (i=7).
The subscript ‘NEW 1’ notes the calculations
are based on the plane-strain forward slip model.

For the revised situation where width variation
in the roll bite can occur, the forward slip based
upon the refined model (f), yields

V3 newe (1 4+ Fanews) bz

O wew2= — 30
VEREWE T F Frmiewa) B (30)

where the subscript ‘NE W 2’ denotes the forward
slip model after refinement (f).

To estimate the prediction accuracy of the
plane-strain forward slip model, the parameter
(7:) is defined as

yi= Ugmaczor — Vinem (31)
Vi NEW1
where the target circumferential speed (09 rarcer)
is the actual measured speed after strip stability
has been achieved in the mill. Therefore, when the
predicted circumferential speed (v%wew:1) is the
same as target circumferential speed (2 rarcer) . 7:
would be zero.

For the refined model, the following must be
satisfied.

Vinewe=vinem (1+7.). (32)
Eq. (32) can be expressed as

9 newz (14 79 vews)
(1+ Finewn)
_ V3 newr (1 + finew ) (
(1 +finewn )

(33)
1+7:).

In the mill set-up, speed for the final (7*) stand
does not change significantly, Hence o9new is
nearly the same as 09 yewz. Therefore,

7. _ (14 fivew ) (14 Frnews)
sNEwE (l +f7‘,‘NEW1) (1+ 7’:‘)

—1.  (34)

To calculate finewe from Eq. (34), f7.xewz must
be known.
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The value of fJxewz in the right side of Eq.
(34) can be initially approximated by fr'vewz.
Then, Eq. (34) becomes

(0 +fivew ) (1 + foiwewn)

fi'Nsz_ (1 +f7TNEW1) (1 + 7;’) B
. (35)
— fi,NEWl —7Yi
(1479
From Eq. (35), F2.nEwz can be obtained as
* —
7 'i,lvswz=—gf7'mgw1 1l (36)

(1+ )

By substituting Eq. (36) into Eq. (34), the final
expression for the £; can be obtained as

]T i=f7 L NEW?2

B (]+fiTNEW1)<l+m$):;y7> . (37)
N I+ fwew) (14 7:) '

6. Calculation of Forward Slip

Figure 3 shows the predicted friction coefficient
at each stand from operational data. The friction
coefficients obtained by Eq. (18) show a steeply
decreasing trend with increasing stand number.
On the other hand, friction coefficients obtained
by Eq. (23) do not show a steep decrease for the
later stands.

Figure 4 shows the predicted forward slip at
each stand from operational data. The forward
slip obtained by Eq. (25) lies in the range of

05
-y = (Sh/RM?
——y =K s u”
0.4}
3
§ 03|
s 02 s _ o -~
B T T
o1} e
\\l‘
~—
.
0.0 t 2 L L 1 Il 1
F1 F2 F3 F4 €5 F6 7
Stand number

Fig. 3 Friction coefficient at each stand

0.03—0.09 and shows maximum at the 3™ and
4™ mill stands.

Figure 5 shows an implementation of the newly

N old model

042 b new model
-
g
®
k)
& 008
5
-
°
&
® 0.04 1
4
]
>
<

0.00

F1 F2 F3 F4 F5 F6 F?

Stand number
Fig. 4 Predicted forward slip at each stand
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[ Inew model
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(a) Standard deviation of Vierror

N oid model
["1new model

orroc’ %

o

i—xﬂhﬂ

Average of V

T

at

F1 F2 F3 F4 F5 F6
Stand number

(b) Average of Vierror

Fig. 5 Comparison of strip speed prediction error
( Vi,ETfDT)
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Forward Slip Mode!
S= A M cos -1

o

Fticlion coellicient.
(rolf rorque)

Force
aquilibrium

F.a tom
rolling data

Fig. 6 Summary of forward slip calculation

developed model. The operational data obtained
by existing forward slip model, designated as
‘old model’, had been compared with newly
developed model. Although not specifically ex-
pressed in this paper, the semi-empirical old
model had only considered reduction ratio and
strip thickness at each stand in the calculation
of forward slip and the prediction accuracy had
not been so good.

As seen in the figure, the roll speed set-up
accuracy is significantly increased when using
the newly developed model. In Fig. 5, the strip
speed prediction error, Viemor can be obtained
by Eq. (38).

_ I/i,actual -

Vi.error - Lpredict (38)

I/i,predict
where Vaciua: 15 the actual strip speed measured
by pulse-generating speedmeter after strip stabili-
ty is obtained, and V;presic is the predicted strip
speed from the forward slip obtained from Eg.
(25).

The newly developed forward slip model is
schematically summarized in Fig. 6.

7. Conclusion

A new forward slip model based on strip
geometry, roll diameter, neutral point, friction
coefficient, volume fractions undergoing width

spread, shape of deformation zone and roll tor-
que has been developed. For the application
of theoretical model, a methodology to convert
some ‘difficult-to-measure’ parameters from op-
erational mill data has also been developed. Im-
plementation of newly developed model shows
good improvement in roll speed set-up accuracy
for a 7-stand hot strip finishing mill.
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