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NUMERICAL SIMULATION FOR SHAPE OF
COLD ROLLING ALUMINUM STRIP ON
4HIGH MILL WITH ROLL SHIFTED"

Wang Hongxu, Liu Jianjun, Lian Jiachuang and Liu Junbo
Rolling Steel Institute, Yanshan University, Qinhuangdao 066004, P. R. China

ABSTRACT The distribution of pressure between rolls was simulated by the polynomial expression, the
coupled equations were established according to the roll deformation compatibility equations, and then solved
by the least square and collocation method to get the distribution of pressure between rolls, and the roll system
elastic deformation was obtained. A mathematical model for the shape of cold rolling strip on 4-high mill with
roll shifted was established, which was on the base of combination of the least square and collocation method to
solve roll system elastic deformation and the variation method to solve the lateral metal flow. Using the model,
the distributions of tension stresses of aluminum strip were simulated, and the influence regulation of work roll

shifted distance and bending force on the shape were given.
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1 INTRODUCTION

tion of cold rolled and hot rolled strip. It is very important to establish accurate mathematical model for
shapel " 21 The least square and collocation method were not only applied to solve linear problems, but
also to solve nonlinear problems, whose adaptability is rather wide. As the order of the demanded cou-
pled equations is very few and has nothing with the number of collocation points, the demanded com-
puting resources and time are less than those of other methods '
pressure between rolls was simulated by the polynomial expression, the coupled equations were estab-
lished according to the roll deformation compatibility equations, and then solved to get the distribution
of pressure between rolls by the least square and collocation method, which was combined with the
variation method to calculate the elastic deformation of roll system and the distributions of tension

As the mill with roll shifted has good shape-control characteristic, it has been applied to produc

stresses, and to give the influence regulation of shifted distance and bending force on the shape.

2 MATHEMATICAL MODEL OF SHAPE ON 4 HIGH MILL WITH ROLL SHIFTED

2.1

Model of roll system elastic deformation on 4-high mill with roll shifted
The calculated model of roll system elastic deformation is shown as Fig. 1.
The distribution of the pressure hetween rolls is expressed as follow

Sy = Za)

where L .—contact length between rolls, L .= Lp+ Lg; ¢, —simulation coefficients of f (y ).

2. 1.

1 Backup roll equilibrium equations
The force equilibrium equations in vertical direction is
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an S A A B Llljf(}/) y (3) Fig. 1 Calculation model of roll system

2. 1.2 Calculation of deflections of backup roll

elastic deformation

The calculation model of back-up roll deflections is shown as Fig. 2, it can be computed by the en-

ergy method.

gly)

g(y)
» 3 Ty .
\*-L_\_ 1‘5 I'l. § j /
A - - — T
! \ i
L/2 L
I){_
L/2
Py
Fig. 2 Calculation model of backup roll deflections
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v'Pz L SvPy
Baw(y) = 3p7-(5= 5): Bwol(y) = 5o

where FEp, Gp —FElastic modulus and shear modulus of back-up; /g, Ap —Moment of inertia and
section of back-up roll.

The forms of expressions of A orp( i, v), Aoro( i, ¥), Bop(y) and Bopg(y) are similar to those
of Aorp(7, y), Aorg(i, y), Bore(y) and Barg(y).
2. 1.3 Calculation of work roll deflections

The calculation model of work roll deflections is shown as Fig. 3, it also can be computed by the
energy method.
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Fig. 3 Calculation model of work roll deflections

When 0<y< 0.5B,

M
Saw(y) = Zqil Awe(i, y)+ Auro(i, y)]/+ Bire(y)+ Birg(y)+ Y1y (8)
When 0.5B <y <LR,
fi(y) = ZC/[A (i y)+ Aliro(is y)]+ Blire(y)+ Bligo(y) + Yiy (9)
When - 0.5B <y <o,
M
Juwly) = ZqlAwe(i, y)+ Awoli, y)J+ Bue(y)+ Buol(y)+ Wiy (10)
When - Ly <y<— 0. 5B,
fuly) = ZQ[A we( i, y)+ Alwolic y)]+ Bus(y)+ Bio(y) + Yiy (11)
where B —Strip w1dth
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_ 10 v o _ B i+
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" . (5

B ino(y) = oG A L= Fuy- 2P (i+ 2)]
and where FE,, G, —elastic modulus and shear modulus of work roll; /,,, A, —moment of inertia
and section of work roll; p; —simulation coefficients of rolling pressure p (y;); Y1 —relative rotating
angle between work and back-up rolls at the piont y; = O.

The structures of expressions of A p(i, y), A/le(i, v), Awo(i. y), A/lLQ(i, Y),
Bir(y), B ie(y), Bio(y) and B io(y) are similar to those of A rp(i. y), A’ el i, ¥v),
Amo(is y). A'mo(i. y). Bue(y). B ine(y). Bing(y) and B ino(y).

2. 1.4 Equations of deformation compatibility between work and backup rolls
Equations of deformation compatibility between work and backup rolls are
Zup(yr) = for(yr) = Sar(yr) = Mu(yr) = Mp(ys)+ Zup(0) (12)
Zup(yi) = Solyr) = Saly)) = Mu(yi) = Mp(y))+ Zup(0) (13)
where M., (yy), Mg(y;) —distributions of work and back-up roll crowns; Z,.r(y;) —elastic flat-
tening between work and back-up rolls at the point y;, it is calculated by the following expression:

Zup(yy) = Cup(yi)f(¥))

where
1- v2 D, 1- Y3 Dy
Con(yr) = 2 35 [lnB( T+ 0,407/ T [lnB( T+ 0,407

«t+ Dp
and where Y, ¥Yp —poisson ratios of work and back-up rolls; D,, Dp —barrel diameters of work
and back-up rolls; B.(y;) —flattening width of work and back-up rolls at the point y;.
Substituting Eqns. (6), (7), (8), (9), (10) and (11) into (12) and (13), we have
when 0 <y;< 0.5B,

M _ u AT

SAwe(is yr)qi= Vivi= Cop(ys) Zqi(7 )+ Zup(0) + BMre(y;) = 0 (14
when 0.5B <y] <Ly

o, . M 2yy ’

ZA vl yy)qim Yiyr= Conlyr) 20070 ) "+ Zup(0) + BM we(yy) = 0 (15)
when - 0.5B <y; <0,

2D, Dp 1- Y2 1- Y3
B('(yf) = D ( Tk, + TE 5 )f(yf)

M ] M lﬁl ;

ZAwe(is y)qi= Yiyy= Cup(yy) 2qi(7; )"+ Zup(0)+ BMip(y;) = 0 (16)
when - Li <y;<- 0.5B,

o, . M AN ’

A el ) qi= Yiyy= Cup(yy) 2077 )+ Zup(0)+ BM 1p(yy) = 0 (17)

where
Awe( i, y7) = Aore( i yy)+ Aoro(is yy)— Awe(i. y7)— Auo(i, ¥7);
BMR/P(W) = Bore(ys) + Boaro(ys) = Bire(ys) - B:m(g(w)— Mu:(/w)— Mp(yy):
Avwre(i, y7) = Aore(i. yy)+ Aoro(i. y7)— A re( i, y7) = A ro( i yy):
BM we(y;) = Boawe(ys) + Bao(yr)— B awe(yr) = B imo(vs) = Mu(y;)— Mp(y;)
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The forms of expressions of A 1p(t, y;), A/Lp(i, vs), BMip(y;) and BM/Lp(y]) are similar to
those of Arp( i, yy), A re( i, v7), BMgpe(y;) and BM’ re( vy ). Pressure distribution between rolls is
calculated by collocation and iteration methods in the case of known Z,5(0).

2. 1.5 Calculation of pressure between work and back-up rolls

N 1 points are collocated uniformly in the range of - L Sy < — 0. 5B, N points in the range of
~ 0.5B <y K0, N;points in the range of 0 Sy < 0. 5B and N 4 points in the range of 0. 5B <y

< L. thus the residual error equations of Eqns. (14), (15), (16) and (17) can be written as

Lo . 2yr ’
Ryp= 2[A (i, yi) = Cup(y)) (7 )1 qi= Yiys+ BM we(ys) + Zup(0)
(1 <J SNy
Y . 2ys
Ry= 2[Aw(i. y))= Cuply)) () Tqi= Yiys+ BMue(yy) + Zup(0)
(Ni+ 1 <J SN+ Nayj
Y . 2y1
Ryp= 2[Are(i, yi) = Cup(yy)(7) T qi= Yiys+ BMye(yy) + Zup(0)
(Ni+ No+ 1 <J SN+ Nat+ N3
uo, . 2y; ,
Ryp= 2[Awe(i, yi) = Cup(yi) () Tqi= Yiys+ BM we(ys) + Zup(0)

(Ni+ No+ Na+ 1 J SN+ Not+ Nz+ Ny (
Let N = Ni+ N+ N3+ Nyg, the coupled Eqns. (18) has N equations and M + 2 unkown pa-
rameters, and it is a nonlinear coupled equations, as N is greater than M + 2, it is solved by the least

(18)

square method and iteration method. The calculation precision of engineering can be met when M is e
qual to 12.

The solved process is shown as follows:

(1) Assume ¢;(¢= 0, 1, 2, .., M);

(2) Calculate f(y;), Bo(yy) and Cup(yy)(1 SJ SN ):

(3) Compute ¢; and Y; with the least square method.

The coupled Eqns. (18) can be written in the following form

Rys= AQ- Fus (19)

where Rys=[Ri, Ry Rs, - Ry]'; O=/qo q1. q2 s g i/’

Fysis N X 1 order coefficients matrices made up of — BM 1p(y;) — Zuwp(0), — BMip(yy) -
Ze8(0), — BMyo(yy) — Zup(0) and— BM po(y;)— Zup(0);

/ AT
A s N X ( M+ 2) order coefficients matrices made up of A tp(i, y;)— Cup(yy) (zﬂ) , Arp(i,

AR . 2¥r 0 . AR,
yi) = Cu'B(YJ)(L(.) . Arp(i, yy) - Cu'B(YJ)(L(.) . Are(i, yy)— Cuplyy) % (L(.) and Y.

Let ITexpress a sum of squareness of residual error equations, that is
T
IE RysRys (20)
The following system of algebraic equations is obtained by minimizing the total error Il with re-
spect to the free parameters

Q11 011

aqi = O’ aYI - O (L = O? 19 29 T M) (21)
The coupled Eqns. (21) can be written as
ATAQ- ATFys= 0 (22)

In the above coupled equations, M + 2 equations are established to solve M + 2 optimal approxr
mate results of free parameters ¢; and Y.



- 390 Trans. Nonferrous Met. Soc. China Sep. 1998

(4) Calculate the distribution of pressure f (y;) between rolls according to ¢; in the step(3), and
the points of  (y;) <O are removed, that is, the uncontacted ones at the edge of work and back-up
rolls, then simulate the distribution of presure f (y;) with the least square method to get q/i, which is
compared with ¢; in the step( 1), if max q/i— qi [I <€ optimal approximate results of ¢; and ¥ are
obtained, otherwise, exponential smoothing method should be used to modify ¢;, towards the step(2).

The modification of Z,5(0) is that if the B.(y;) is the constant, let Z,5(0) = C,p(0)qo, the
coupled Eqns. (18) is a linear coupled equations, then the following expression is established as long as
that the collocation number NV is greater than a certain value, and iterative method is not used to modr

fy Z.p(0),

=0 (i) dyse 260 = 3 (o) s L7137 () ) <007 (23)
If B.(y;) is not a constant, the secant method is used to modify Z,5(0) to meet Eqn. (23)'*. In
this paper the secant method is applied to modify Z,5(0).

2.2 Elastic flattening between the work roll and strip

The elastic flattening between the work roll and strip is calculated by Tozawa formula '
3 METAL MODEL

Metal lateral flow is solved with the variation method.
The transverse distributions of the front and back tension stresses can be expressed by the follow-

ing equations[(” 7l
T I h(v) Hi{vy]) ’ AB
(0] ;] = _—]' — v ] — 24
T E Hh(yl[1+ u (v])]
Gfy) = Tr+ e (25)

B 1= Y0 ()14 2u( )/ B

where T, To—total front and back tensions; H, h —integral averages of H(y) and h(y) across
the whole width of strip; wu(y), AB —lateral displacement function of strip at the exit and width
spread; F, Y —elastic modulus and poisson ratio of strip.

The lateral displacement function of strip at the exit can be calculated by the variation method'®!,
the distribution of rolling pressure can be computed by Stone formula. The model of elastic deforma-
tion of roll system is combined with metal model to simulate the shape of cold rolling strip.

4 SIMULATED RESULTS OF SHAPE ON 4 HIGH MILL WITH ROLL SHIFTED

In order to verify the established mathematical model, the shape and profile of cold rolling alu-
minum strip at the exit on 4-high mill are simulated. A special position (shifted distance Lg = 0. ) is
selected to simulate on 4-high mill with roll shifted, the simulated results are shown as Fig. 4. Accord-
ing to calculation conditions in the Ref. [ 6, 7], the calculated results have shown good agreement with

experimental results' © 71, the theory was proved to be correct by the author.
Fig. 5 shows the influence regulation of the shifted distance and bending force on the shape, from

it, we can see that the shifted distance improves the ability and the bending force controls the shape.
5 CONCLUSIONS

The model of the roll system elastic deformation on 4-high mill with roll shifted is established by
the least square and collocation method for the first time in this paper. The least square and collocation
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Fig. 5

Influences of the shifted distance and bending force on shape

(a) —Influence of the shifted distance on shape; (b) —Influence of the bending force on shape

methods are combined with the variation method to establish the mathematical model for the shape of

cold rolling strip on 4-high mill with roll shifted. The distributions of tension stresses of aluminum

strip are simulated by using the model, and the influence regulation of roll shifted distance and bending

force on the shape are given. When the distribution of pressure between rolls are solved by the least

square and collocation method, because of the few unknown parameters, the calculated speed is very
fast and the efficience is rather high. The method is suitable for the study on the shape of wide strip
mill and optimal design of technology parameters.
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