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ABSTRACT

The metal rolling industry is in continuous demand for increasing the efficiency of the
process. A new method of partitioning the consumed power in plate rolling into its
constituent parts is presented. The proposed model takes into consideration the spread of
workpiece, making it applicable to more general situations where the height to length ratio
is equal to or larger than one. A mathematical model is proposed to calculate the consumed
power and calculate different losses in the rolling operation. The method is easy and
computationally efficient, which makes it attractive to industrial application.
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1 INTRODUCTION

Rolling is one of the oldest processes used in the metal working industry. In view of the
tremendous volume and wide variety of rolled products manufactured each year, rolling —is
considered one of the most important forming processes-which received many research
efforts. The present work addresses the cold rolling of plates with aspect ratio equal to or
larger than one.

The objective of the flat rolling process is to reduce the thickness of the workpiece from an
initial thickness to a pre-determined final thickness. This is typically accomplished on a
rolling mill, in which two work-rolls, rotating in opposite directions, draw the plate to be
rolled into the roll gap and forcing it through to the exit, causing the required reduction of
the thickness [1]. The process is illustrated in Fig. 1.

Several attempts to measure the pressure distribution between the rolls and
workpiece during rolling were reported in literature. Siebel [2] was among the first to
attempt to measure this quantity using a large (2 x 2 mm) pressure pin. The
homogeneous deformation method proposed requires the selection of an element in the
workpiece and identifying all normal and frictional forces acting on this element. The
principal assumption is that the deformation of metal is homogenous throughout the whole
deformation zone [3].
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Figure 1: work piece from the initial thickness to a pre-determined final thickness [4].

The homogenous deformation method does not take into account the reversal in direction of
the shear stresses since the effect of frictional forces is included as a scalar correction
factor. Von Karman proposed a one-dimensional model for the rolling process, in which he
neglected the spread in width. the ordinary differential equation describing the pressure
distribution was established from a consideration of the equilibrium of forces acting on the
elemental slab in the deformation zone. Hence, the method is typically referred to as the
“slab method" [5].

Orowan’s model [6] and [7] considered to be the most comprehensive. Where the graphical
integration techniques to solve Von Karman’s equation. Sims [8] modified Orowan’s model
by many simplifying assumptions in order to obtain a closed form solution of the
equilibrium equation. Alexander [9], [10] greatly simplified the use of the Von Karman
equation by presenting a computer-aided solution. He obtained more accurate results than
the then existing homogeneous theories.

Since 1980 , finite element models have been used as an effective tool for studying the
rolling process by solving numerically the governing differential equations describing the
three-dimensional deformation behavior of the workpiece. The finite element method do
provide more information with better accuracy than simplified analytic methods. The
drawback is its massive computational requirements, especially in three-dimensional
analysis. In general, it requires a huge CPU time and memory resources because of
complicated adaptive remeshing, adaptive time stepping due to the nature of nonlinear
convergence and treatment of boundary conditions. These factors made the use of FEM in
on-line analysis of rolling force and pressure very difficult.

Therefore, to achieve rapid analysis applicable to on-line control of the operation it is
required to develop an approximate model to catch the most important characteristics of the
process. The slab method has been successfully applied to plate and strip rolling. Since the
slab method is based on the plane strain assumption, it may yield considerable inaccuracies
when applied to processes in which the spread of width cannot be neglected. Thus, it is
highly desirable to develop a more effective method for calculating roll force, and the
deformation power when the spread of width during rolling need to be considered.

In the present work, a model for the partitioning of power as well as rolling force is
proposed. The main motivation is to match the observables in the industrial context i.e. the
measured motor power. The power losses can be fitted to measured motor electrical power
after exclusion of the power consumed in the deformation.
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2 EXPERIMENTAL WORK
The rolling machine designed and manufactured to be used in the present work is shown
in Fig. 2. The dimensions of the working roller and some of the relevant parameters are
listed below:
e diameter of roller 120 mm ,
e AC motor (3 kW) with speed 1420 rpm, and
gear box with a speed reduction ratio 1420/33.

Figure 2: The rolling machine used in the experimental work.

The material used as a stock was brass alloy in the form of a flat bar with dimensions
12.73 x12.73 mm. The cold rolling process starts after preparation of the sample and
adjusting the gap between two roller by using a filler. The motor power was measured by
using clamp wattmeter that measures the total power consumed during the process. This
process was repeated for different drafts by changing the gap between the two rolls and
measuring the input power to the motor during the process.

After each rolling pass, a sample was cut parallel to the direction of the rolling, and a
standard tension test specimen was prepared in order to evaluate the yield strength of the
material and the work hardening behavior. For each rolling pass with a specific draft, two
tension samples were prepared and the average of the yield strength measured was
calculated. Those average values are the ones that are substituted in the mathematical model
later.

3 MATHEMATICAL MODEL

The power supplied by the motor shaft to drive the rolls of rolling mill could be

partitioned into the following components:
SOPPRER . e )

Where Py is the power needed to achieve the plastic deformation of the rolled part, P is

the additional power needed to overcome the frictional forces appearing during rolling in
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the mechanical components of transmission. Pigje is the torque of idle running (i.e. running
the machine without rolling), and Pgynamic is the dynamic component loading the motor shaft
in order to overcome the inertial forces due to non-uniform rotation of the rolls. Since the
power partitioning at the steady state, is of main increase the dynamic component will be
neglected.

3.1 Deformation geometry

A schematic representation of the deformation geometry of the workpiece-rolling process
is shown in Fig. 3. Cartesian coordinates X, y, z are chosen to be the directions of workpiece
length, height and width respectively, with the origin of axes at the midpoint of the entry
plane.

The x-y and y-z planes are planes of symmetry; 2h,, 2h; are the initial, final heights and
2hy is the height at distance x and 2b,, 2b; are the initial and final widths and 2by is the
width at distance x from the entry plane.

e =

+

Figure 3: Cross-sectional plane of the rolling process [13].
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Figure 4: Half section of x-y.

To describe draft and spread deformation shown figure 4, the projected length of the roll bite L may

be expressed as a function of the geometric variables, i.e. L = Rsinf = Rv/1 — cos?d
The equation for biting angle is given as
R — Ah
cost) = ——— 2
7 )
Where R is the roll radius and the roll is assumed to be rigid, and the draft is defined as
Ah=h, —h (3)

Substituting Eq. (2) into the projected length of the roll bite and considering that the draft Ah is
much smaller than Rresultsin -, _ 5 7R7 _ _
The equations of the deformation geometry is formulated as follows:
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h, =R+ h, + \/RZ — (L —xz)? (4)

()

And we define , ~_ (4 9p,,)/3 8in[13].

3.2 The power of deformation

Wang et al. [13] suggested the mathematical expression of the equal perimeter EP yield
criterion and the derivation of the specific plastic work rate. The mathematical expression
of the EP yield criterion in the Haigh—Westergaard stress space:

1 3 e 1
01— —0y — —03 = 0, if 09 < ~(01 + 03)
3 + 1 i S 1( + o)
—01+ —09 —03=0,if 05> —(01 + 0
4t y" 3 y 2= 5191 2

The geometric representation of the yield criterion on the m-plane is equilateral but non-

equiangular as shown in Figure 5.
Ao,

TSS

Figure 5: Yield loci on the m-plane.

According to Levy-Mises flow rule, the specific power of plastic deformation of EP yield
criterion could be written:

D((u) = 0-589703;(6}”@:1' - t:-'m.i'u'.) (7)

From equation (7) it is noted that the specific plastic power is a linear function of the yield
strength of the material, the maximum and the minimum strain rate. This linearity is the
cornerstone for the direct evaluation of the power.

A kinematic admissible velocity field typically postulated as:

h, — Iy
Uy = U, (l + Au)
hy

. 1 dh,
Uy = Up(A — l)yf . (8)

UV, = U, (J. + /\ho _ hﬁ') - 1 dh,

hy AE dx
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Where the value of A can be obtained according to the conservation of mass as:

Abh, 9
Ahb,, ©)

It was assumed that the workpiece exits the roll bite with velocity, vi = wR where w is the roll
angular velocity. So, in the present work the forward was not considered.

The rolling power Pr in Eqg. (1) should be decomposed into two components, the part that
provides the work required for achieving the preset plastic deformation Pp, and the part to
compensate for the frictional losses between the roll and the workpiece being rolled due to
velocity difference between the roll and the workpiece .

The power of plastic deformation can be computed by integrating Eq. (7) with respect to
volume, to give:

A=1

h
P, = 2.3588 0, v,b, ((1 — \)Ah + 2\, In ;—> (10)
: -

1
Note that this equation is missing the power consumed in overcoming the friction losses due
to velocity difference between the roll and the workpiece P..
It is then assumed that

P, =P, + uP; (11)

In order to approximate the value of the P, and considering that forward slip is neglected (i.e. the
neutral angle is the deformation angle). The frictional losses can be described as:

T,

P. =4—LRuv,b,,0

V3 (12)
where p is Coulomb friction coefficient, and @ is the angle subtending the plastic deformation zone
[14].

Our main assumption is that the frictional losses during rolling in the transmission and bearings

are proportional to the power corresponding to the separating force F,u.

The separating force is computed from the torque corresponding to the plastic deformation torque,
P
Fg=—"—
° wyx L (13)

Where the arm factor y refer to the following equation:

X = 0.39 + 0.295 exp (—U,1932? ) (14)
b
And hy, is defined as:
Ah  R%*9
hy = hy _—— 15
! 11+ 5 5T (15)

In the exit section of the deformation zone, the velocity in the z direction equals zero, and
since we are neglecting the forward slip, it is sufficient to consider the velocity in the entry
section. Here, it is considered that if the double barreling in plate rough rolling occurs, then
a parabolic distribution of vz along z-direction would be a valid assumption. Thus, on the
entry section, the following average velocity in the z-direction as:
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v, tan 6
So, the final power partition that is suggested:
P,, — P — P = nP; + AF,v, 17)
This model represents an over-determined system, provided that the number of measurements of

Pn are more than two, the unknowns in the model are p and A. The system of equations is
formulated as a linear system, which are then solved using least squares method.

(16)

4 RESULTS AND DISCUSSION

In figure (6) the relationship between the experimentally measured motor power minus the
idle power and friction losses in plastic deformation power pPt. The fiction losses are
evaluated based on the value of the friction coefficient solved from the Eq. (7). The friction
losses are plotted versus the different values of rolling draft used in the experimental study.
The general trend of increasing losses are witnessed, this may be attributed to the increase
in the displaced volume of material as the draft increases.

In figure 7 the relationship between the motor power measured and predicted friction losses in
transmission AF.v. due to rolling as a function of rolling draft. The power friction losses in
transmission due to rolling is less than the friction losses in plastic deformation power, also friction
losses in transmission due to rolling is almost constant with the different values of draft.

Figure 8 shows the relationship between the motor power measured and plastic deformation
power calculated from Eq. (11) with the experimentally measured geometrical values as a function
of the draft.
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Figure 6: The proposed model of friction losses in plastic deformation power compared with the
measured motor power — idle power.
Figure 9 shows the relationship between the motor power measured and total predicted power due

to rolling (the sum of powers). The predicted power includes the plastic deformation power, friction
losses in plastic deformation power and the power friction losses in transmission due to rolling. The
overly predicted values of the power in the small draft are an artifact of the linearity assumption.
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Figure 7: the proposed model of power friction losses in transmission due to rolling compared with
the measured motor power — idle power.
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Figure 8: The proposed model of power of plastic deformation compared with the measured motor
power — idle power.
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Figure 9: The proposed model of predicted power compared with the measured motor power — idle

power.

5 CONCLUSION

The predictive tenets of the proposed model have been demonstrated. The value of the
model in the industrial setting, where the main measurable quantity is the motor power, for
servicing and online control are the major motivation for the present work. The linearity of
the model, and the simplifying assumptions regarding the exit and entry velocity may not be
generalizable, which would be addressed in future work.
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