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[ Abstract] An unsteady lubrication model of inlet zone in metal rolling was established. The simulation computations

show that for the variation amplitude of the inlet film thickness, the variation of the inlet angle contributes the largest, the

surface mean speed contributes the second and the back tension stress the least. The higher the input frequency is, the

smaller the amplitude output of the inlet film thickness will be. For a sinusoidal input, the inlet film thickness varies perr

odically but is not a sine wave because the system is not linear.
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1 INTRODUCTION

Metal rolling process usually runs in the steady
state. When the mill structure is undergoing a self-
excited vibration known as chatter, the lubricant flow
between the roll and the strip surface is no longer in
the steady state. Many experimental investigations
have pointed out that lubrication is one of the main
factors causing chatter. But very few of the investiga-
tors have made theoretical analysis to explain how and
why chatter occurs through unsteady lubrication phe-

I concluded that tor

nomenon. Moller and Hoggart!'
sional vibration originated from a sudden change in
torque, but the vibration was shown to be stable and
selfsustaining only when the coefficient of friction
decreases with increasing speed. They also reported
that the rolling speed and the concentration of paraf-
fin in kerosene would change the torque variation am-
plitude, which was believed to be associated with lu-
brication. Yarita et all”! concluded from their experi-
mental results that chatter in the cold rolling process
is related to instability of the emulation and fluctua-
tions of the tension in the strip. They also suggested
that the use of a lubricant with good lubricity success
Furui and lida!’!

showed that chatter is a self-vibration caused by the

fully prevent chatter. Tamiya,

phase difference in tension when the influence of

change in tension on the strip thickness is large. Gal-

14 established the range of rolling conditions

lenstein
over which torsional chatter could be produced. He
found that chatter would occur in a certain range of
total roll force and mill speed. When the mill speed
was varied, the chatter amplitude was also changed.

All existing models'> " of friction in rolling
treat the steady state and are not able to capture the

variations in friction under the rapidly changing con-

ditions occurring during chatter. When the process
becomes time dependent, due to roll mill vibration or
chatter, the unsteady term in Reynolds equation is no
longer negligible. Vibrations in various parts of the
mill structure may induce a significant impact on hy-
drodynamic lubrication. Too large a hydrodynamic ef-
fect may cause very high film thickness resulting in
poor surface quality, while too small a hydrodynamic
effect may induce severe metalto-metal contact and
consequent galling and pickup. Alternating high and
low film thickness regions may lead to a “stripped”
surface that could result in the sheet being scrapped.

2 THEORETICAL MODELING

When the rolling speed is high, or the lubricant
viscosity is large, the metal rolling process operates in
the thick film lubrication regime. Fig.1 shows the
process geometry. Fig.2 is the geometry of inlet
zone. It is assumed that there are no surface rough-
ness or thermal effects involved.
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Fig. 1 Geometry of roll bite

@® [Foundation item] Project (59775041) supported by the National Natural Science Foundation of China

[ Received date] 2001- 04— 16; [ Accepted date] 2001- 08— 27



. 58 - Trans. Nonferrous Met. Soc. China

Feb. 2002

Inlet zone

I B L

l 0| Ix

|
|
i
T
!
|
I
!
i

Fig.2 Geometry of inlet zone

As the first step to understand the unsteady lu-
brication mechanism in strip rolling, an inlet analysis
will be developed. The key result from this analysis
will be the inlet film thickness. Unsteady variables,
such as tensions, rolling speed, inlet angle, will be
taken into account. The variation of the inlet film
thickness is very important because it indicates the lu-
bricant quantity that is being carried into roll bite.

In the inlet zone, the strip is assumed to be
rigid. The separation between the strip and the roll is
caused by hydrodynamic pressure that is built up by
wedge and squeeze action. The pressure p generated
in the inlet zone is given by the Reynolds equation

3 — Oh oh
_&_hl_a,zl:_ul_1+_1 (1)

Ox| 121 0x Ox Ot
where hj is the lubricant film thickness, H is the

lubricant viscosity, ¢ is the time, w1 is the mean sur
face speed of the strip and the roll.

In the inlet zone the geometry can be described
as a function of position x :

h1 = h0+ B (2)
ho is the film thickness at the inlet edge of
the work zone referred to as the inlet film thickness.

where

0 is the inlet angle that is defined as the scope
Oh1/0x at the inlet edge of the work zone. Since all
variables are time dependent due to the vibration of
the mil, the inlet zone geometry varies with time.
The squeeze term on the right hand side of Eq. (1)
can be determined as

aa_hl]' = ho+ x0 (3)

Substituting Eqn. (3) into Eqn. (1) and inte
grating it with respect to x yields

3 :

%ﬁ%: (ho— Ouy)x + izix%r f(t) (4
where f(t) is an arbitrary function of time. A neg-
ligible pressure gradient is assumed at the inlet edge of
the work zone (where hi= ho) so that f(t) is zero.

Since the pressure in the roll bite is large, the

viscosity M is assumed to vary with pressure according
to the Barus equation

M= e (5)
where My is the viscosity at atmospheric pressure
and Y the pressure coefficient of viscosity. To simpli-
fy the analysis, another pressure variable ® may be
defined by

b= & ¥ (6)
So that Eqn. (4) becomes

2

gf: 6yl10|26u12?— 2h02§— OX}E (7)

Eqn. (7) implies that there are three terms that
contribute to the pressure variation along the rolling
direction. The first term on the right hand side of
Eqn. (7), i e.

é = 12%651;? (8)

portrays the wedge effect in which the lubricant is
carried by the converging moving surfaces. When the
vibrating roll moves downward and bites deeper into
the strip, the inlet edge moves outward and the inlet
angle becomes larger. If the inlet angle varies signifi-
cantly due to the position shift of the inlet edge, this
may dramatically change the inlet film thickness. T he
second term

¢ = - 12yuoeho;‘g (9)

1

and the third term

2
é}:—syuo'e% (10)
1

capture squeeze action by up-and-down roll motion.
The second term ( direct squeeze term) depicts the in-
fluence of inlet film thickness variation while the third
term (tilt squeeze term) represents the influence of
the inlet angle variation rate 8. The higher the fre-
quency of the roll vibration, the faster the inlet angle
varies. That is, a higher frequency unsteady motion
makes these terms more important.

To simplify the derivation, two different geo-
metric approximations will be used. For the first two
terms of Eqns. (8) and (9), the linear approximation
from Eqn. (2) will be used. However, due to a prob-
lem with the infinity boundary condition when apply-
ing the linear approximation to the 0 term, a parabol-
ic approximation

2 2
_ X1 X_ . X
hi= ho+ PEE P = ho+ O+ a (11)

is adopted in treating the tilt squeeze term, where a
is the roll radius.

It is easier to integrate Eqn. (7) if it is separated
into two parts. The first part combines the wedge
term with the direct squeeze term

204, 12v —
= %(eul- ho) (12)

which can be rewritten in terms of h by substituting

for x from Eqn. (2)
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a_d)a_ 12¥H| — Ay (hi= ho) (13) x =0, hy= hpandp = 0- 3 (22)
Oh1~ K30 1= g ! 0 where O is the material flow stress and s is the back

Integrating Eqn. ( 13) with respect to h; yields

2yl -k 1L A
¢, = % ui- Jezl = Et 2_"}£%+fa(t)

(14)
The second part, which contains only the tilt
term Eqn. (10), is written as

a ) 2
ﬁ‘:—muoe% (15)

Substituting for A from Eqn. (11) and integrating in
terms of x yields

qﬁ): - 6Y1’10'6.
| 4a’[(a® = 2ho)x + holx+ ab)]
"~ (ab’= 2ho)(2aho+ 2abk + x%)?

2a%(ho+ a®)(x + ab)
(a®= 2ho)%(2aho+ 2aly + %)

a’(ho+ af’) .
(a® - 2h0)2 J a( a® - 2ho)
x+ af- Jm
x+ af+ Jm
Sfo(t) (16)

The complete reduced pressure ¢ now

In

can be obtained by superposition as

b= ¢a+ qbb+
f(t) (17)
where

ft) = falt)+ fu(t) (18)

Since the reduced pressure ¢ tends to unity as x
and h tends to infinity, the upstream boundary con-
dition

x= 0 h;y= oo and ¢= 1 (19)
will be applied. After applying the boundary condr
tion, the arbitrary function of time is obtained as

fe)=1 (20)
Therefore, the complete reduced pressure ¢ can be
written as

_ 12— ho|| L ho
M ETEY | RVTRE YT
6 YH, 0 »

| 403 (a®— 2ho)x + holx + ab)]
"~ (ab®= 2ho)(2aho+ 2abk + x%)*

2a°(ho+ a®®)(x +_ab) N
(a® = 2ho)%(2aho+ 2abs + x?)

az(ho+ (192) .
(a® = 2h0)% Ja( a® = 2ho)
x+ af— J a(a92— 2hg)
x+ ab+ Ja(ab®- 2ho)

At the inlet edge of the work zone, the pressure

In

(21)

can be obtained by applying the Tresca yield criterion

stress. The reduced pressure at this point is
p= & (Y (23)
Substituting Eqns. (22) and (23) into Eqn. (21)
yields

@ 6 Yy — .
1- e &) - EOQ uji— %Q + 6Y4,0CR

(24)
where the inlet angle variation rate factor Cr is given
by

— 34’0
Cr= - 2h0)2 "
a’(ho+ ab’) .
(a® - 2h0)? Ja( a® - 2ho)
a0= Ja(a®= 2h)

In 25
al+ Ja(aez— 2ho) (%)

The inlet film thickness variation rate can also be

determined by rearranging Eqn. (24)
~ Ohyfl- &MY
S G~ 6 v

+ OzhOOCR
(26)

Four basic variables are important to the inlet
film thickness variation: back tension s, mean sur

face speed wy, inlet angle 0 and its rate of variation

0.

The variation of the mean surface speed u; may
be from two different sources. One is from the mill
speed variation, which is directly from the accelerated
mill motions due to the mill torque variation. The
other one is from the inlet strip speed variation,
which is due to the variations of the friction and the
back tension stress s. The back tension stress varia-
tion is induced by the relative motion between the in-
let edge of the present stand and the outlet edge of the
prior stand. The inlet angle 0 and the inlet angle
variation rate 0 are due to the roll translation and ve-
locity relative to the strip.

When the unsteady terms in Eqn. (26) are elimr
nated, Eqn. (26) becomes

6 You,
Of1- & >y
which is the isothermal Wilsor Walowit' '?! inlet film
thickness with back tension stress. This result is not

ho = (27)

a surprise because unsteady lubrication is simply an
extension of steady state lubrication. The inlet film
thickness is changing at a rate determined by the cur-
rent conditions. Thus the current film thickness re-
flects the history of the operating conditions. The
phenomenon shown at each moment is simply the
transported result of the last moment plus the input of
the operation conditions at the current moment. It
should stay unchanged while there is no structure
changes with respect to time.
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3  NONDIMENSIONAL INLET FILM THICK-
NESS

Nondimensionalization of the variables can help
to deeply understand the physical meaning of an equa-
tion. Here because our concern is to see the influence
of the unsteady terms, each unsteady time dependent
variable will be divided into an unsteady state value
and a steady state one that is known and fixed under
certain condition. For example, the back tension
stress s can be written as

s= so+ Os (28)
where sg is the steady component and Os is the vari-
ation. Similarly

w1 = up+ Ou, v = vo+ Ov,

B i% 0= 0+ 50

where wio, vo, 0 are the steady state strip speed,
roll speed and inlet angle respectively and Sui, v,
60 are the corresponding unsteady components. The
latter can be seen as inputs to the unsteady inlet lubri-
cation problem.

The following nondimensional variables can be
defined as

h
Ho= 7% Ui= =, v= 2 0=
hoo Vo Vo 0o
where hqo is the steady state inlet film thickness:
6 Yiou
hoo = Hou g (29)

Qf 1— & (]

The nondimensional time scale in the inlet zone
is defined as

L _ 1w o 6o
(hoo/vob) = hoo
The denominator hg/ v o8 is roughly the time period
for the lubricant to flow through the length of the in-
let zone when the lubrication system is in steady

T = (30)

state. Using these nondimensional variables defined
above, Eqn. (26) becomes

) - - o ¥%s)
Ho= OU- Uy ©®H, IRV
1-e o
&H o €Cy (31)
where Uy is the nondimensional steady state mean

inlet surface speed defined by

Ui = (uwio+ vo)/2  wig
10 = Vo - /U(),
Op= (32)
Vo
Cri= 6Cr
or
38
Cri (& 2CH0)2+
@+ CHq

(- 2CH)? [P 2¢H, .

I - ,l@z— 2CH g (33)
n
O+ ,I@z— 2CH

where C is a constant given by
hoo
C="mn (34)
at

A Matlab program using a 4th order Runge-Kut-
ta method has been developed to solve Eqn. (30) for
the inlet film thickness Ho. The program is designed
to use sinusoidal inputs either independently or com-
bined so that

Gs= Ospsin @, Ou;= Oujosin @,

Sv= Ovosin @, 8§0= 60psin «r (39)
The time derivative of Eqn. (35) is
0= &0 wcos (36)

The frequency of vibration can also be nondimension-
alized as

_ Ghog
Qi_ ﬂoe() (37)
thus
QT = « (38)

4 AN EXAMPLE COMPUTATION

The rolling mill and lubricant characteristics are
listed in Table 1. Figs.3, 4, 5 are respectively inlet
film thickness variations with sinusoidal back tension

stress s, surface mean speed wuj, inlet angle 0. The
inlet film thickness solutions with different back ten-
sion stress input frequencies are plotted in Fig. 6. The
angular displacement shown here is the product of
nondimensional angular frequency and nondimensional

Table 1 Condition for lubricant characteristics

Initial strip Strip flow Back tension

: Reduction,
thickness, stress, stress, R/
¥ 10/ mm 0/ M Pa s/ MPa mm
0.254 552 138 025

Lubricant base Lubricant pressure

Roll radius, Roll speed, viscosity, coefficient,

a/ mm vo/ (m®s” 1) Ho/ (Pa®s) Y/ MPa™ !
76.2 10.2 0. 0689 0.0145
1.0012
% B 1.0008F
T ¥1.0004
= A
gﬂ 1.0000
45
ZS% 0.999 6|
0.99925 0 20 30
Angular displaceraent/rad
Fig. 3 Inlet film thickness variations with

sinusoidal back tension stress
( Q,' = 1, 0, 6.9()/.90 = 25% )
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Fig. 4 Inlet film thickness variations with

sinusoidal roll and strip speeds
( &= 1.0, Sui/ uw= 10% )

%% 5 10 15 20
Angular displacement/ rad
Fig. 5 [Inlet film thickness vriations with

sinusoidal inlet angle
(9= 1.0, 80y/ 8= 0.35%)

Fig. 6
sinusoidal back tension stress of various frequencies
Nondimensional Freq. = 0. 5;

Inlet film thickness variations with

------ Nondimensional Freq. = 1. 0;
--—-Nondimensional Freq. = 2.0

time.

For a nondimensional frequency of 1.0, a sinu-
soidal back tension stress input with a variation ampli-
tude of 25% results in an output of only 0. 1% ampli-
tude (Fig.3). On the other hand, a sinusoidal roll
and strip speed input with only 10% amplitude can
obtain an output as large as almost 1% (Fig.4),
while the inlet angle case can reach almost an output
of 2% (Fig.5). The solutions for higher frequency

inputs have smaller amplitude outputs. The inlet film
thickness varies periodically but is not a sine wave be-
cause the system is not linear.

S CONCLUSION

The unsteady lubricating model established in
this paper contains the equation of Wilson and
Walowit''"” for the steady state lubrication in strip
rolling process. It has important theoretical value and
practical sense. The simulation computations show
that for the variation amplitude of the inlet film
thickness, the variation of the inlet angle contributes
the largest, the surface mean speed the second and
the back tension stress the least. The solutions for
higher frequency inputs have smaller amplitude out-
puts. The inlet film thickness varies periodically but
is not a sine wave because the system is not linear.
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