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Abstract

Flat rolling process is one of the most widely used metal forming processes in
industries. In this process, the thickness of a sheet is reduced by passing it between
two counter-rotating rolls. The rolling process can be classified into three categories
viz., cold, warm and hot rolling based on the working temperature of the process.
The warm rolling has some edge over the hot and cold rolling, for example, the
lower load and energy requirement compared to cold rolling as well as the better
surface finish and dimensional accuracy compared to hot rolling. The modelling of
the rolling process is important for design, proper control and optimization of the
process. Modelling of the process requires input data about material properties and
friction. In batch production mode of rolling with newer materials, separate
experiments need to be conducted for each material to determine the input
parameters. Conducting separate experiments is tedious and time consuming as the
work material gets changed frequently in batch production. In view of it, in the
present thesis, an inverse methodology is proposed to estimate the material and
process parameters in warm flat rolling by the measurement of exit temperature and
slip. For this purpose, first steady-state thermo-mechanical modelling of warm flat
rolling is carried out for the inverse estimation of mechanical properties and friction.
Subsequently, a transient thermal analysis of the roll and strip together is carried out
for the inverse estimation of thermal parameters.

A two-dimensional steady-state thermo-mechanical analysis of the flat rolling
comprises two modules— deformation module and thermal module. Deformation
module uses finite element method (FEM) based on Eulerian flow formulation.
Thermal module uses analytical methods. The determination of temperature
distribution in roll as well as strip through analytical methods has the advantage in
terms of computational time. The proposed thermo-mechanical steady-state model
for warm flat rolling is validated with the experimental results available in the
literature. In the present work, a fast FEM analysis has also been proposed for the
estimation of the steady-state temperature distribution in rolling process. The FEM

results ensure the accuracy of the proposed model using analytical methods to find
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out the temperature distribution in the roll and the strip. The results obtained by the
analytical methods and the FEM model differ by less than about 8%.

For validating the transient analysis of warm flat rolling, in-house warm
rolling experiments were conducted. The rolling experiments were carried out in a
laboratory rolling mill. The experimental results were used to validate the proposed
model by measuring the exit strip temperature at the surface as well as at the
centerline. The coefficient of friction is estimated by inverse method based on the
exit strip temperature measurement with the known material properties.

An efficient inverse methodology to determine the mechanical properties by
the measurement of exit temperature and slip is proposed and validated
experimentally. A heuristic method is used for the minimization of the error between
the experimentally measured and the estimated temperature of exit strip. The
inversely estimated flow stresses are compared with the experimentally measured
flow stresses. The experimental flow stresses are obtained by conducting tensile
tests at different temperatures. A good agreement between the inversely estimated
and experimental flow stresses is observed with a variation of less than about 10%.

A transient thermal analysis is carried out for estimating the average thermal
properties of the roll and the strip as well as friction by inverse modelling. The
inverse modelling requires the transient temperature distribution at the exit strip at
two locations. The coefficient of friction is estimated based on the slip measurement.
For a fixed value of the coefficient of friction, the slip is unaffected by the thermal
parameters. Based on the sensitivity study, a procedure to identify the parameters by
inverse analysis is illustrated. It is seen that there are sufficient number of signals to
predict the thermal parameters uniquely. The uniqueness of the solution has been
studied heuristically and numerically. It is observed that the deviation of estimated
and actual parameters is less than £ 7%.

The inverse methodology proposed in this thesis may be implemented in the
shop floor for the online determination of material and process parameters in rolling
process. The methodology can be extended to other metal forming process. Also, a
methodology can be developed to estimate all material properties and friction

parameter together.

X
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Chapter 1

Introduction

1.1 Flat Rolling

Rolling is one of the oldest and most important metal forming processes. It plays an
important role in industries due to its versatility and high production rate. It is an
economical method for the manufacturing of metal strips or sheets. The
development of rolling process dates back to the 15" century and it accounts for
about 90 percent of all metal working processes (Kalpakjian, 2008). Most of the
steels produced are rolled into strips, sheets, bars and other shapes such as I-beams
and L cross-section. In a rolling process, the raw material (i.e., ingot, billet, slab or
sheet) is passed between a set of cylindrical rolls that are usually supported by back
up rolls. The cylindrical rolls are rotated in opposite directions. During rolling, the
roll gap being less than the thickness of the entering material, the rolls grip the
material, reduce its thickness and force it through to the exit.

The final shape of the product requires the different types of rolling processes.
In industry, various shapes of the rolled product obtained by different types of
rolling processes viz., flat rolling, ring rolling, profile rolling, thread rolling, tube
rolling, and powder rolling. A variety of roll arrangements is found in the rolling
mills such as two-high, four-high and planetary mills. Among all these processes,
the most basic and widely used process is the flat rolling, where the rolled products
are flat strips or sheets. In the process, the thickness of a sheet is reduced by passing

it between two counter-rotating rolls. Figure 1.1 shows a three-dimensional
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schematic diagram of a flat rolling process. The figure shows counter rotating rigid

rolls, metal strip being rolled and the rolling direction.

Upper roll

e

~Inlet strip
Exit strip /

T~
Rolling direction

- : Lower roll

Fig. 1.1. Schematic diagram of flat rolling

Rolling process can be classified into three categories viz., cold, warm and
hot rolling. It has been suggested (Hirschvogel, 1979; Hawkins, 1981; Hawkins,
1985; Pietrzyk and Lenard, 1990) that for hot rolling, the lower limit of the
temperature range should be taken as 0.6Tn,, where Ty, is the melting point of the
metal in K. In hot rolling, the effect of strain hardening is removed by the relevant
active dynamic and/or static softening mechanisms. In cold rolling, the upper limit
of working temperature is 0.3T,, and strain hardening is not relieved. If the working
temperature for the metal is 0.3-0.6 Tn, during rolling, then it is defined as warm
rolling process. In this range of temperature, the degree of strain hardening that
occurs is less as compared to cold rolling.

Warm rolling combines the merits of hot and cold rolling, for example, lower
load and energy requirement compared to cold rolling, better surface finish and
dimensional precision than the hot rolling (Subramanian and Bourell, 1984). In
addition, the mechanical properties may also be improved by warm deformation
processing at certain intermediate temperature (Hawkins and Tsinopoulos, 1978).
Also, the warm rolling is a cost saving process over the cold and hot rolling

processes. This underscores its increased use as a manufacturing process in

2
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industries. Table 1.1 summarized the merits and demerits of warm rolling over the

hot and cold rolling.

Table 1.1. Merits and demerits of warm rolling compared to cold and hot rolling

Warm rolling compared to cold
rolling

Warm rolling compared to hot
rolling

Merits

e Lower forces are required for
deformation.

eless residual  stresses  get
produced in the product.

e Ductility of the material is
increased.

e Complex shape can be obtained by
applying less energy.

e It produces less anisotropy in the
product.

e The product with
strength  properties
obtained.

e Less strain hardening occurs
during the process.

e Better precision of component is
obtained.

e Better surface finish and
superior dimensional control of
the product is obtained.

e There is lesser thermal shock on
the rolls. This causes lesser
thermal fatigue on rolls and
provides greater life.

improved
may be

Demerits

e Arrangement has to be made for
the heating of the material.

¢ Rolled product has poorer surface
finish.

e Arrangement for cooling of the
rolls is needed for achieving long
life of the rolls.

e Higher forces are required for
deformation.

e Rolled product
ductility.

¢ New grains cannot be formed in
the product after rolling.

has lesser

The modelling of warm rolling process drew the attention of a number of

researchers in view of its significant contribution to the overall cost of the product
(Subramanian and Bourell, 1984; Hawkins, 1985; Koohbor, 2015). The modelling is

essential for the proper control and optimization of the process. This requires the

input data about material properties as well as process parameters. In batch

production mode of rolling with newer materials, it may be difficult to determine the

input parameters offline. In view of it, in this thesis, a methodology to estimate these

parameters by the measurement of exit temperature and slip is developed. The main

focus of this thesis is the inverse estimation of material parameters, convective heat
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transfer coefficient and friction in warm flat rolling. The practical importance of
inverse estimation of material and process parameters in rolling process is briefly
described in the next section.

1.2 Importance of Inverse Estimation in Flat Rolling Process

The mathematical modelling of rolling process has drawn the attention of a number
of researchers. Different analytical and finite element method (FEM) based models
have been developed to find out the roll-force, roll-torque, slip, temperature of the
roll and temperature of the strip. However, the difficulty in using these models is
that many times the input data about material properties and the process parameters
are not known. These material properties and the process parameters can be
determined by experiments. Conducting separate experiments for the determination
of material properties are tedious and time consuming. Moreover, in a dynamic
environment, the work material is changed frequently. The inverse method is of
great importance for finding out the material properties and the coefficient of
friction in rolling (Lenard and Zhang, 1997; Byon et al., 2008). The inverse method
utilizes the output response of the process to estimate the input parameters. This
needs an optimization technique to minimize the error between the computed and
the measured data. The inverse method allows reducing the experimentation for
estimating the material properties and the coefficient of friction. The method may be
implemented in the shop floor for the online determination of material and process

parameters in rolling process.

Figurel.2 shows a schematic diagram of continuous casting where molten
metal is directly coming into the mold through tundish. In continuous casting, the
slab is made directly from the molten metal, whose material properties are not
known. The slab is subsequently rolled into strip in a continuous manner. The
inverse methodology can be used for estimating the material properties of the slab,
which will be useful for the control of the subsequent rolling process. Moreover, it

may be possible to predict the product quality with proper mathematical modelling.

4
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A direct mathematical model is essential for carrying out the inverse estimation. In
the present thesis, an inverse methodology is proposed to estimate the mechanical
properties, thermal parameters and the coefficient of friction based on the exit

temperature of the rolled strip measurement.

Molten metal

- Ladle

Solidifying shell

Spray

Spray )
cooling

cooling

_ Supporting

rolls Torch cutoff point

Supporting

rolls
Back-up roll

Work roll

Sheet
S
Two-stand, four-high “
set of rolling mill
Fig. 1.2. Schematic diagram of continuous casting with subsequent rolling
5
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1.3 Scope and Objectives of the Present Thesis

In the existing literature, most of the studies deal with the determination of roll-
force, roll-torque, slip, stresses, strain-rate, strain in the deformation zone, and
temperature of the roll as well as strip with the given input parameters. The
determination of the input parameters is very crucial due to certain difficulties
involved in the experimentation. For example, the flow stress is a function of strain,
strain-rate and temperature; however, often this can be determined only as a function
of strain and temperature due to the unavailability of high strain-rate material testing
facility. This may result in inaccuracy in the analysis. In actual practice, the strain
rate significantly affects the flow stress. In the present work, an inverse
methodology is proposed, which is capable of estimating the flow stress as a
function of strain, strain-rate and temperature by performing a few experiments on
the rolling mill itself. The inverse estimation of the thermal properties of materials
and the convective heat transfer coefficient in rolling has not been studied by any
researcher. The proposed methodology can also be used to obtain the thermal

properties of the materials and the convective heat transfer coefficients.

1.4 Organization of the Thesis

The thesis consists of eight chapters, which are organized as follows:

e The current chapter provides the introduction along with the primary
objectives and organization of the thesis.

e Chapter 2 presents a review of literature of the deformation as well as thermal
modelling of rolling, inverse estimation of material parameters and the
coefficient of friction. Inferences from the literature review and detailed
objectives of the present thesis have been outlined.

e Chapter 3 presents the steady-state thermo-mechanical model of warm flat
rolling. The three different methods to obtain the temperature distribution in
the roll are described along with the comparative study. The parametric study

is also carried out.

6
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In Chapter 4, transient thermal analysis of warm flat rolling is presented along
with the experimental validation. In-house warm rolling experiments were
conducted at different inlet strip temperatures and thickness reductions of
strip. The methodology for carrying out the transient analysis of the roll and
strip together is presented.

Chapter 5 deals with the estimation of coefficient of friction in flat rolling by
different methods. The coefficient of friction is estimated based on
temperature measurement of exit strip by inverse method.

In Chapter 6, an inverse method to obtain the mechanical parameters and the
coefficient of friction in flat rolling based on exit strip steady-state
temperature distribution and slip is presented.

In Chapter 7, inverse estimation of thermal parameters and the coefficient of
friction in flat rolling based on transient temperature distribution of exit strip
and slip is carried out.

Conclusion and scope for future work are presented in Chapter 8 followed by
references and appendices.
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Chapter 2

Literature Survey

2.1 Introduction

Rolling is one of the most popular metal forming processes to reduce the thickness
of the sheet. In rolling process, the sheet is passed between two counter-rotating
rolls to achieve the desired reduction in the thickness. The process is classified into
three categories based on working temperature Viz., hot, warm and cold rolling. The
proper estimation of temperature is important for all kinds of rolling processes,
because it greatly influences the lubricant behavior, roll wear and the properties of
the rolled product (Louaisil et al., 2009).

Warm rolling combines the advantages of hot and cold rolling, for example,
lower load and energy requirement compared to cold rolling, better surface finish
and dimensional precision than the hot rolling (Subramanian and Bourell, 1984). In
addition, the mechanical properties may also be improved by warm deformation
processing at certain intermediate temperature. The thermo-mechanical modelling of
rolling is essential to analyze the roll force, roll torque, stresses, strain-rates, strains,
forward slip, temperature of strip and temperature of roll.

In this chapter, a review of the available literature on the thermo-mechanical
modelling of rolling processes is presented. Section 2.2 presents the various
approaches of investigations for the mathematical modelling of the deformation
analysis of the strip in rolling. The thermal analyses of the strip and the roll carried
out by several researchers are presented in Section 2.3. Section 2.4 presents the

review of the studies on friction at the roll-strip interface. Section 2.5 discusses the
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various techniques for the inverse modelling in the rolling processes. The inference
from the literature of the flat rolling process is discussed in Section 2.6. Detailed

objectives of the present thesis are presented in Section 2.7.

2.2 Deformation Analysis

A number of theoretical models have been developed during the past decades by
making several simplified assumptions to simplify the complex behaviour of the
rolling process. The suitability of the developed models depends on the assumptions
used. The validity of the assumptions depends on the desired outputs of the model.
This section presents a review of the literature from the simplified models to the
present day computational methods on the deformation analysis of the rolling. The
methods of deformation analysis are slab method, slip-line field method, upper-

bound method and finite element method.

2.2.1 One-dimensional Models

The one-dimensional model is mostly based on the slab method to obtain the roll-
pressure distribution at the roll-strip interface. The slab method assumes that the
metal deforms uniformly in the deformation zone. The metal being deformed is
decomposed into slabs. For each slab, simplifying assumptions are made mainly
with respect to the stress distributions. Force balance for the slab results in
differential equations which are solved either by the closed form analytical methods
or numerical methods. The constants of integration are evaluated using appropriate
boundary conditions.

The pioneering work carried out by Karman (1925) was the beginning of the
mathematical modelling of the rolling process. The author suggested the theory of
homogenous deformation based on the equilibrium of forces at an infinitesimal
small slab element in the deformation zone of the strip. The slab method is used for
analyzing the rolling process to obtain the roll-pressure distribution at the roll-strip
interface. Figure 2.1 shows the equilibrium forces acting on an infinitesimal small
slab element specified by the angular coordinate ¢ in the roll bite of strip. In the

figure, p is the roll pressure, u is the coefficient of friction, o, is the mean

10
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horizontal stress in the slab and R’ is the deformed roll radius. Orowan (1943) used
a graphical-numerical method of computaional in order to determine the roll
pressure distribution, roll torque and the power consumption considering the non-
homogeneous deformation. He considered the Coulomb friction model with material
incompressibility. Roll flattening is taken into account using Hitchcock (1935)’s

formula.
pR'd¢

R'd
HP b

o,h+d(o,h) — < o h

#pR'dg i

PR'd¢

Fig. 2.1. The force acting on the slab at the exit of the roll bite

As pointed out by Hartley et al. (1989), the von Karman equation is clearly
based on the assumptions and approximations that might cause serious
inconsistencies under certain conditions. For example, in cold rolling, at the lower
coefficient of friction, the deformation of the material is nearly homogeneous, but
the validity of the homogeneous deformation theories becomes weaker by increasing
the coefficient of friction. The surface layer is likely to be deformed more than the
central region in the deformation zone.

The advantages of Orowan (1943) model over the Karman (1925) model are
as follows: (a) the assumption of plane sections remains plane after deformation

reduces the problem to one-dimensional, (b) both slipping and sticking friction is

11
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included and (c) the work-hardening of the material is taken into account. Bland and
Ford (1948) simplified Orowan’s equations by making an assumption of the small
contact angle involved. The authors derived equations for obtaining the roll force
and the roll torque with and without the front and back tensions. Bland and Sims
(1953) developed an approximate analysis for the rolling considering the effects of
elastic deformation at the entry and exit of the deformation zone.

Alexander (1972) used the Orowan’s model for computing the roll-force and
the roll-torque considering inhomogeneous deformation. Roychoudhury and Lenard
(1984) modified the model of Orowan (1943). They obtained the elastic deformation
of the roll by incorporating a two-dimensional theory of elasticity instead of

Hitchcock (1935)’s formula. The Hitchcock’s formula is given as

R':R(1+16(1_V?)Fr} 2.1
7E 1)

r

where F; is the roll force per unit width of the strip, v, is the Poisson’s ratio of the

roll material, E; is the Young’s modulus of the roll material and ¢ is the draft.
However, the formula is not suitable for foil rolling. The Hitchcock’s formula of roll
deformation has been used by many researchers. The elastic loading and unloading
regions in the rolled strip at the entry and exit are analyzed using the one-
dimensional theory of elasticity. The locations of the elastic and/or plastic interfaces
are determined during the solution procedure by using the Huber-von Mises
criterion of plastic flow.

In earlier studies, the roll force is obtained by integrating the roll pressure
distribution along the arc of contact. For avoiding the integration and also
convenient form for the calculation of the roll force, Eklund (1933) had proposed the

following equation based on the study of metal flow during plastic deformation:

55| 16120120
F=6 1+ 2 : 2.2)
2 h +h,
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where F; is the roll force, & is the mean plane yield strength, D" is the deformed
roll diameter, & = (h1 -h, ) is the draft, f is the Coulomb’s coefficient of friction, and

h; and h, are the inlet and exit thickness of the strip respectively. The formula
provided by Eklund’s was very popular in the past due to its simplicity. Later on
Roberts (1965) proposed a simplified model assuming uniformity of pressure along
the arc of contact. As the variation of pressure in the bite zone is not taken into
account, this model may be called a zero-dimensional model. The relation to obtain

the roll force can be written as

F=o(l,+l+L)=0.L, (2.3)
where o_.lp, lg, Ir and L, are the average compressive yield strength, the lengths

associated with the actual plastic reduction of the strip, the flattening of the work
rolls by the normal roll force and the flattening due to frictional effects, effective
length of the arc of contact (not equal to the actual), respectively. The calculation of
the effective length is provided in the book by Roberts (1978) in detail. The work
roll flattening is calculated based on Hitchcock (1935)’s formula.

Of late, the slab method has been replaced by more sophisticated methods.
However, a few researchers have used the slab method with modified analysis of roll
deformation for thin strips or temper rolling analysis. Fleck and Johnson (1987)
studied the foil rolling by assuming that the rolls remain circular. The extension of
Fleck and Johnson (1987) model was carried out by Fleck et al. (1992) to develop a
theory for cold rolling of foil. They considered Coulomb friction model and
deformation of the rolls is modeled by treating them as elastic half-spaces. However,
they did not take into account the effect of frictional traction on roll deformation and
strain hardening. In their model, the roll-strip interface is split into 5 zones Viz.,
elastic zone at entry, plastic reduction at entry, no-slip neutral zone, plastic reduction
at exit and elastic zone at exit (Fig. 2.2). The inlet and outlet thicknesses of the strip
are denoted by h; and h,, respectively. In zone II, thickness is reduced from h; to h.
The strip thickness is approximately constant at h in zone III. The strip thickness
reduces from h to h, in zone IV. Zone I and zone V are often negligible barring the
case rolling of very thin foil. The equilibrium of the strip is used to find the

variation of pressure with rolling direction in the slipping zones. For the no-slip
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neutral zone, a matrix equation is assembled for relating the roll deformation to the
normal pressure that is inverted to find the pressure distribution in this region. To
satisfy the continuity conditions at the boundaries between each of the zones, the

positions of these boundaries are obtained using Newton—Raphson scheme.

Undeformed
roll profile

Plane of symmetry \ Strip

Fig. 2.2. A schematic diagram of thin foil rolling showing 5 zones as per the model

of Fleck et al. (1992) (1-D representation)

Yuen et al. (1996) extended the work of Fleck et al. (1992) to incorporate
strain hardening and the variation of yield stress in the roll bite. They also conducted
the experiments to validate the results obtained from the theoretical model. Le and
Sutcliffe (2001) developed an analytical model for the analysis of cold rolling of
thin strip and foil. They followed the model proposed by Fleck et al. (1992), but
relaxed their assumption of flat central neutral zone. Instead they used Hook’s law
for plane strain condition to calculate the pressure profile in the central region. Shi et
al. (2001) observed significant difference between the roll torque computed by the
energy balance method and by balancing the moments of forces exerted on the roll
by the strip. As the center of the roll may not be at the point at which the moment is
taken, the energy method is more reliable compared to the method of taking
moments. Kumar and Dixit (2006) studied the foil rolling by incorporating the effect
of the strain hardening and friction. In their slab method model, the roll torque is

calculated by balancing the energy.

14
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Recently, Chen et al. (2014) improved Karman (1925) differential equation to
adapt it for hot rolling and obtained the roll-pressure distribution in the roll bite. In
their model, the roll bite is divided into slipping and sticking friction zones. The
authors assumed that the slipping friction occurred if the frictional stress was less
than the shearing yield limit of the rolled metal. If the frictional stress was equal to
the shearing yield limit, then the sticking friction occurred. For different zones, the
corresponding friction laws are applied to derive the differential equation.

The slab method is suitable for plane strain conditions and is based on several
assumptions. The limitation of the slab method is its inability to incorporate non-
homogenous deformation. In the following subsections, the slip-line field, upper
bound and finite element models are presented, which provide greater insight into

the deformation in rolling.

2.2.2 Slip-line Field Models

A slip-line is a shear line which is tangent to the surface of the maximum or
minimum shear stress at every point. During rolling process, the material slips
(deforms) along the slip lines. The slip lines also satisfy the yield condition and
represent a possible flow field everywhere in the deformation zone of the metal. The
boundaries between the roll and the metal (strip) outside the plastic zone are treated
as rigid zones. The slip-line method is based on several assumptions. The slip-line
field approach is limited to the plane-strain problems. However, the slip-line method
has been applied to many practical problems giving good agreement with the
experimental observations. The slip-line field method has also been used for
analyzing the rolling process.

The slip-line method is a mathematically well defined method to obtain the
stress field in a plane strain metal forming problem. However, it becomes very
difficult to find a slip-line field which satisfies all the imposed boundary conditions
for complicated tool geometry and the computational time increases tremendously
with increasing geometrical complexity.

Hartley et al. (1989) presented a detailed review on the applicability of slip-
line field method to analyze the rolling processes. Alexander (1955) presented a slip
line field solution for hot rolling of wide sheets. The slip-line field solutions for cold

rolling were proposed by Firbank and Lancaster (1965, 1966 and 1967). They
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calculated the velocity distribution, local stresses and pressure distribution. Firbank
and Lancaster (1965) proposed a slip line field solution, which predicts a pressure
drop in the middle of the arc, an unrealistic observation. The solution based on the
slip-line field considering lubricated cold rolling problem is reported by Firbank and
Lancaster (1966 and 1967).

Collins (1968) presented a matrix algebraic representation of slip-line
geometries. He developed the computational procedure by approximating the linear
operators using finite-dimensional matrices. Further, he presented a slip line field
solution that showed the presence of small rigid regions in the arc of contact.
However, work hardening of the material was not considered. Dewhurst et al.
(1973) presented a series of slip-line field solutions for hot rolling of wide strip.
These solutions are obtained numerically by solving the governing differential
equations. Nepershin (1999) analyzed a symmetrical steady-state plane strain hot
rolling problem by the slip-line method considering a rigid-plastic material model.

Recently, Oluwole and Olaogun (2011) presented a detailed review on the
different methods to analyze the rolling processes. The authors analyzed cold rolling
sheet mill by slip-line field method for the first and second passes in a lubricated 4-
high reversing mill. The results obtained from their model are wvalidated
experimentally. The authors concluded that each rolling pass needs construction of
separate slip-line fields.

The slip-line field method is suitable for plane strain conditions and is based
on several assumptions. The main drawback of the slip-line method is its inability to
incorporate strain hardening effect easily. Solving the complex problems associated
with metal forming is difficult task by slip-line field method. Hence, other methods
have been tried by many researchers. The methods like upper bound method and

finite element analysis were used to analyze the rolling process.
2.2.3 Upper Bound Models

The upper bound method is a technique based on the assumed kinematically
admissible velocity field, which satisfies the continuity equation and all the velocity

boundary conditions. The total power obtained based on the assumed velocity

16
TH-1513_ 11610339



Literature Survey

provides an upper bound on the actual power. This method does not impose any
requirement of stress equilibrium and stress boundary conditions. This method is
used for estimating the power in rolling. Johnson and Kudo (1960) used upper
bound solution to estimate the temperature distribution using the concept of stream
line for a material which is deformed plastically at faster rate. The work of plastic
deformation was calculated using upper bound method. The authors neglected the
loss due to conduction and radiations while assuming the temperature of rolled metal
same as the surrounding temperature. The material has been assumed to be rigid-
perfectly plastic. Green and Wallace (1962) developed an upper bound approach
assuming that the material in the roll gap is rigid-perfectly plastic and the shear
stress along the arc of contact attains the value of the shear yield stress in plane
strain. It was extended by Green et al. (1964) to include the cases of slipping and
combined slipping and sticking.

Avitzur (1964) applied the upper bound method for the analysis of rolling
process by assuming a continuous velocity field. It provides an expression for the
roll torque and the neutral point location for non-hardening material. However, the
important design parameters such as roll-force and pressure distribution were not
determined. Zhu and Avitzur (1988) analyzed the central burst and split end defects
in plane strain rolling by applying the upper bound method coupled with the
principle of minimum energy. They applied the concept that the defects occur if the
power required for defect-free rolling is more than the power required in the
presence of defects.

Lahoti et al. (1980) studied the effects of the roll-force and the roll-torque at
different reductions theoretically as well as experimentally. In their model, they used
Hill’s (1963) kinematically-admissible velocity field to derive the expressions for
the strain-rate components and equivalent strain-rate. They also used upper bound
method for estimating the lateral spread, elongation, boundaries of deformation zone
and the location of neutral point.

In general, the upper bound method provides the velocity, strain rate and
strain fields but it is unable to determine the accurate stress distribution in the
deforming material. In view of this, Marques and Martins (1990) analyzed the plane

strain rolling process by dividing the deformation zone into several sub-domains.
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The study is based on a general kinematically admissible velocity field using the
method of weighted residuals to determine the stress field. Dogruoglu (2001)
introduced a method to construct the kinematically admissible velocity field in the
deformation zone. The author introduced elliptical flow lines to represent the flow
material in the deformation zone. Sezek et al. (2008) developed a three-dimensional
model of the plate rolling process using the upper bound method. They used dual
stream functions for deriving a kinematically admissible velocity field considering
spread.

Limitations of using the upper bound method when there is Coulomb’s
friction at the interface have been pointed by Drucker (1954). Collins (1969)
observed that the usual definition of a kinematically admissible velocity field is
unnecessarily restrictive when the upper bound theorem is applied. The author also
developed a generalized upper bound theorem which can be used to solve many
problems of practical interest in the presence of Coulomb’s friction. The FEM
model of Dixit and Dixit (1996) incorporated this generalized upper bound theorem
for the accurate estimation of neutral point. Sheikh (2009) used the upper bound
method to estimate the power in the rolling of strip. The temperature distribution in

the strip is also determined.

2.2.4 Models based on Finite Element Methods

Traditional methods used to analyze the rolling processes Viz., slab method, slip-line
field method and upper bound method are based on several assumptions and provide
limited information about the deformation. The finite element method coupled with
analytical approaches is capable for the fast and complete information of the field
variables. The fully analytical models are inadequate for the modelling of forming
processes with high complexity. Conceivably the most versatile of the computer-
based analysis method is the finite element method. In this method the material to be
processed is mathematically divided into many elements or domains each of which
is assumed to deform in very simple manner but collectively deform in a very

complex manner.
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Finite element method (FEM) originated in the field of structural analysis. It
has been rapidly expanding to a wider range of non-structural problems for which
exact solutions cannot be found with the traditional techniques. As the finite element
method together with high-speed computers is capable of predicting the detailed
distribution of field variables. The models are considered to be two-dimensional
(plane strain) or three-dimensional. Predominantly, finite element analysis of metal
forming problems involves large strain and inclusion of material as well as
geometric nonlinearities. The finite element method is expected to be used for
simulating metal forming processes, because realistic boundary conditions and
material properties can be taken into account. In most of the rolling analyses, the roll
is modeled as a rigid or an elastic body. For material behaviour, viscoplastic, rigid-
plastic, elasto-visco-plastic or elastic-plastic model is used. Finite element method is
preferred to other methods, as it is able to relax many of the simplifying
assumptions; it can easily incorporate non-homogeneity of deformation, temperature
dependent material properties and different friction models.

A number of researchers have employed finite element method for analyzing
the rolling problem. Domanti and McElwain (1998) reviewed works of many
researchers that are based on the finite element modelling as well as other traditional
methods in the flat rolling of the metal strip or sheet. Finite element analysis for
rolling process has primarily followed two parallel approaches namely Eulerian flow
formulation and updated Langragian formulation. Literature also contains another
hybrid model, which is termed as mixed or combined Eulerian-updated Langragian
formulation (Abo-Elkhier, 1997).

In the updated Lagrangian formulation, the mesh moves and deforms in
space, in accordance with the deformation history of the material (Shangwu et al.
2003). In an early attempt, Tamano (1973) formulated an elastic-plastic material
model which is suitable for small reduction skin-pass rolling. Liu et al. (1985)
incorporated an elastic-plastic finite element model to solve a plane-strain rolling
problem. The yielding is based on von-Mises criterion and plastic flow on the
Prandtl-Reuss relationship. The effect of unloading is also included. Shivpuri and
Chou (1989) included dynamic effect in the elastic-plastic finite element analysis of

strip rolling. They observed that the elastic response of the roll has a major influence
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on roll force and roll torque results at high R/h; ratios (roll radius to strip thickness
ratio). Lindgren and Edberg (1990) used explicit as well as implicit finite element
formulation in the simulation of rolling. They reported that the roll force prediction
using both the formulations is in better agreement with the experimental results.
Further, they discussed some of the advantages of explicit formulation over implicit
formulation. Lee (1998) carried out a three-dimensional elastic-plastic finite element
analysis of strip rolling. The material to be rolled is assumed to be an elastic-plastic
solid which undergoes large elastic and plastic strains during the rolling process.
Most of the researchers have used Eulerian flow formulation for analyzing the
rolling process because in the updated Lagrangian formulation finite element mesh
may be completely distorted after a number of increments in the case of large
deformation. Remeshing becomes inevitable, which 1is inefficient and
computationally expensive (Gelton and Koter, 1982). Abo-Elkhier (1997) also
illustrated the advantages of Eulerian flow formulation over the updated Lagrangian
formulation while modelling of strip cold rolling using Eulerian fixed mesh
technique.

In the past, researchers have assumed no slipping between the strip and the
roll surfaces to provide a simple velocity boundary condition in plane-strain rolling.
Employing this assumption, Tamano and Yangimoto (1975) determined the stress
and strain distributions in skin-pass rolling by the elastic-plastic finite element
method. In their approach, the error in the stress due to the numerical integration
accumulates significantly when a large deformation is simulated. Rao and Kumar
(1979) analyzed a plane strain rolling problem using the finite element method. The
incremental displacement method was used for the non linear analysis of the
problem. They studied the convergence of the method, the flow of the material
under the rolls and the pressure distribution on the rolls.

In Eulerian or flow formulation, the material to be rolled is considered as a
rigid-plastic material behaving like non-Newtonian fluid and a spatial description is
used, whose independent variables are the present position occupied by the particle
and present time. As this method fixes the attention on a given region of space, it is

suitable for the steady-state problems. The application of the rigid-plastic
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formulation for simulating metal forming processes started about in 1970s and with
pioneering works of Lee and Kobayashi (1973) and Zienkiewicz and Godbole
(1974) who considered the metal forming process (like extrusion and punching) as a
flow of plastic solid and developed a rigid-plastic finite element technique.
Zienkiewicz et al. (1978) considered the rolled material to be rigid-visco-plastic and
incompressible. They simulated the friction at the roll-strip interface by introducing
a thin layer whose yield strength is assumed to be function of the friction and mean
stress of the material. However, neutral point was not estimated in their formulation.

Atreya and Lenard (1979) developed a model that is a combination of a finite
element method and slab method. The model describes the roll deformation with an
elastic finite element model while the strip deformation is described with a slab
model. The roll torque obtained from the model is in better agreement with the
experimental results in comparison to Orowan (1943) model. However, the roll-
force predicted by Orowan (1943) model is more accurate. Mori et al. (1982)
minimized a functional with respect to the position of neutral point in their
formulation, thus making the analysis more realistic. They have used Coulomb’s
friction model in their formulation. Velocity-dependent friction frictional stress for
the treatment of the neutral point problem was developed by Li and Kobayashi
(1982). Assuming the existence of rigid-plastic material and rigid roll, Li and
Kobayashi (1982) have compared their predictions with the previously reported
experimental results in the literature and observed that there is a good agreement
between the FE based results and experimental results.

Park and Kobayashi (1984) used the rigid-visco-plastic FE method for three-
dimensional analyses. They found that the interface friction did not remain constant
during deformation. Kim et al. (1991) studied the three dimensional shape rolling
by extending the two dimensional rigid-plastic FEM model with the slab method.
Gratacos et al. (1992) considered the elastic deformation of the rolls in their finite
element analysis for thin strip rolling. Hwang and Joun (1992) developed an
approach based on the rigid-viscoplastic finite element method and employed a
penalty algorithm to relax the contact boundary condition for the determination of
the stress distributions at the roll-strip interface. Prakash et al. (1995) presented a

FEM formulation in which the neutral point is found iteratively from the condition
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that the interfacial shear stress changes its sign at the neutral point. Dixit and Dixit
(1996) proposed a model for steady-state plane strain cold rolling of a strain
hardening material using the mixed pressure velocity formulation to measure the
deformation and torque of the material. The model is able to predict important
design parameters without any need of a highly refined mesh in the plastic zone. The
authors also carried out the analysis with the help of fuzzy set theory in which the
material properties and the coefficient of friction are taken as fuzzy input
parameters. Dixit and Dixit (1997a) extended their FEM model to present the results
of modelling of anisotropy for cold flat rolling using an appropriate yield anisotropy
criterion. Dixit and Dixit (1997b) further attempted the different approaches for
determining the residual stress and discussed the difficulties associated with the
methods. The authors reported a simplified approach to find the longitudinal residual
stress (stress in the direction of rolling) using the flow formulation. A detailed
parametric study was carried out to show the influence of process parameter on the
residual stress distribution pattern. Thomson (1982) and Malinowski and Lenard
(1992) wused updated Lagrangian formulation and mixed Eulerian-updated
Lagrangian, respectively. However, these approaches are computationally
expensive. Chandra and Dixit (2004) studied the temper rolling process using a
rigid-plastic FEM model. They analyzed the roll deformation by assuming the roll to
be an elastic half-space.

Artificial neural network models have been used for faster prediction of the
roll force and roll torque. Some researchers attempted to assist the FEM model by a
neural network modelling for enhancing the computational efficiency. For example,
Gudur and Dixit (2008a) presented a methodology for assisting a FEM model by
neural network modelling. The authors employed a neural network model for the
prediction of velocity field and location of neutral point. The neural network is
trained by using the data obtained from a FEM model. The well trained neural
network provides a highly accurate guess of a complete velocity field and the
location of neutral point, which is employed for finding out the refined velocity field
and pressure field using an FEM model. The refined velocity and pressure field is

post processed for computing the roll force, roll torque, stress, strain-rate and strain
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fields. It is observed that the neural network assisted FEM modelling has a potential
of providing a highly accurate results with less computational time.

A few researchers employed neural networks modelling for the prediction of
roll force and roll torque (Larkiola et al., 1998; Gunasekera et al., 1998; Chun et al.,
1999; Dixit and Chandra 2003; Yang et al., 2004). In most of these works, neural
networks are trained using the data obtained from either FEM model or experimental
results. Theses trained networks have the capability to predict roll force and roll
torque. However, these models did not predict stress, strain-rate and strain fields.
Gudur and Dixit (2008b) used the finite difference method (FDM) to obtain the
pressure field. The authors used a mixed pressure-velocity FEM formulation to
obtain the velocity field during the rolling process. In their work, the values of Levy-
Mises coefficient and strain-rate components are predicted by neural network
modelling. These values were required for the FDM model for solving the
momentum equation. It was found that the proposed method provides a good
agreement with experimental results.

Zhang et al. (2010) developed a fast rigid-plastic FEM model for the online
estimation of the roll force. The authors employed five-step procedure to obtain the
roll force in plane strain rolling. First a refined neural network was established to
generate the initial guess. The initial guess is treated as an input for the Newton-
Raphson iteration. Secondly, the Hessian matrix is divided into sub-domains for
performing the parallel computation. Thirdly, a method is employed to speed up the
line search for the relaxation factor. Fourthly, the energy functional is partitioned
according to the numbering of elements for parallel computing. Finally, an energy
method with high numerical stability is proposed for predicting the rolling force.
The fast rigid-plastic FEM is able to enhance the computational speed along with the
required accuracy.

The finite element method (FEM) is widely used for analyzing complex
rolling process. This method is capable of predicting quite accurate deformation
behaviour such as stress distribution, roll force, roll torque, forward slip and
temperature of the roll and strip. The analyses using FEM techniques can be

computationally expensive and the time required for a fully converged solution.
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Figure 2.3 shows some of the major contributions in the modelling of deformation in

the rolling process.

« von Karman (1925)

- Orwan (1945)

« Hartley et al. (1989)

« Bland and Ford (1948)

One dimensional method | fr—————— < Bland and Sims (1952)

- Roberts (1965)

+ Roychoudhury and Lenard (1984)
- Fleck and Johnson (1987)

- Shi et al. (2001)

- Kumar and Dixit (2006)

+ Alexander (1955)

* Firbank and Lancaster (1965, 1966, 1965)
« Collins (1968, 1969)

+ Dewhurst ez al. (1973)

« Nepershin (1999)

* Oluwole and Olaogun (2011)

Slip-line method —

* Johnson and Kudo (1960)

* Green and Wallace (1962)
el Green ef al. (1964)

Upper bound method - Avitzur (1964)

+ Lahoti et al. (1980)

*Sezek et al. (2008)

* Johnson and Kudo (1960)

- Green and Wallace (1962)

- Green et al. (1964)

- Abo-Elkhier (1997)

Finite element method »| - Lee and Kobayashi (1973)

- Zienkiewicz and Goodwole (1974)
- Atreya and Kobayashi (1979)

* Park and Kobayashi (1984)
-Hwang and Joun (1992)

Fig. 2.3. Representative papers in the deformation modelling of rolling process
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2.3 Thermal Analysis

In the literature, various methods have been employed to solve the governing heat
transfer differential equation. The analytical and numerical methods are used to
obtain the temperature field in the roll and the strip. The analytical methods are
usually based on the separation of variables or integral transform techniques and the
numerical methods include the finite difference method (FDM) and finite element
method (FEM). Several researchers carried out both the steady-state as well as the
transient temperature distribution in the rolls and the strip, whilst many concentrated
on the steady-state solutions (Hwang et al., 1993; Tseng, 1993; Galntuchi and
Tricarico, 1999; Shahini, 2009; Khalili et al., 2012; Koohbor et al., 2015). In the
following subsections, the different methods used to compute the temperature

distribution in the rolls and the strip are summarized.

2.3.1 Method of Separation of Variables

In the method of separation of variables, the underlying assumption is that the
solution function can be broken down to as a product of two or more functions,
which contains the lesser number of the variables than the original solution function.
Patula (1981) used a classical approach of separation of variables with complex
functions to obtain the steady-state temperature distribution in the roll. An Eulerian
reference frame has been used. The axial heat conduction in the roll is neglected
considering the length of the roll to be large. The thermal properties considered are
independent of temperature. However, only the roll was analyzed; the analysis of
the strip has not been carried out.

Tseng et al. (1990) developed an analytical model to determine the
temperature distribution of the rolls and strip using an Eulerian approach. The strip
temperature is obtained by solving the governing heat transfer equation using the
method of separation of variables. The roll temperature is estimated using the
Fourier integral technique. At the roll-strip interface, the average temperatures of the
roll and the strip are matched. Thus, a perfect contact between the roll and the strip
is assumed. Yuan (1985) has considered a scale layer between the roll and the strip.

The heat generation due to the plastic deformation and friction is calculated
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numerically by Maslen and Tseng (1981) model, which is essentially a slab method
model.

Arif et al. (2004) studied the temperature distribution in the rolls and the strip
based on the work of Patula (1981) and Tseng et al. (1990). However, the difference
is that they considered a non-uniform heat input into the roll from the strip in the
analysis. They carried out the deformation as well as steady-state thermal analysis of
the strip. The flow stress model in the strip takes into account the effect of the strain,
strain-rates and the temperature. However, the roll deformation is not considered.
The maximum 5% deviation is observed by employing the assumption of uniform

heat input to the roll.

2.3.2 Integral Transform Technique

The integral transform of a function f(t) is defined by the following definite integral:
b
F(B)=[K@B.D(t)dt. (2.4)

This function F(/f) is called the integral transform and K(/, t) is called the integral
kernel of the transform. The integral transform method solves the partial
differential equations along with initial and boundary conditions. Laplace transform
is a type of integral transform.

Fischer et al. (2001) used a Laplace transform technique to find the
temperature distribution in the roll. They neglected the heat conduction in the
circumferential direction considering high rotational speed. Fischer et al. (2004)
proposed an approximate solution for plane strain hot rolling using Laplace
transform technique and compared it with the FEM results of Sun et al. (1998) and
Hwang et al. (2002). The maximum deviation is lesser than 10%.

A transient analysis is carried out by DesRuisseaux and Zerkle (1970) using
the Laplace transform technique. They presented an analytical approach to compute
transient temperature distributions and circumferential stresses in a work-roll
surface. The analytically obtained temperature distribution of the work-roll surface
is compared with experimental results of Stevans et al. (1971). Guo (1998) proposed
a Laplace transform method to obtain transient solution for a particular boundary
condition. The Duhamel’s theorem was used to obtain the complete solution for
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various boundary conditions. However, the thermal analysis of the strip was not

carried out.

2.3.3 Finite Difference Method

The finite difference method (FDM) is a numerical method for solving differential
equations by approximating them with difference equations, in which finite
differences approximate the derivatives. The domain is partitioned in space as well
as in time and solution is calculated at the discrete points in the space and time. In
essence, the differential equation gets converted into a system of simultaneous
equations. To obtain the temperature between two adjacent points of the finite
difference grid, the interpolation can be carried out.

Lahoti et al. (1978) presented a finite difference method (FDM) model to find
the temperature distribution in the roll and the strip. The upper bound method is
used to estimate the roll force and roll torque under hot rolling conditions. Tseng
(1984) developed an FDM model to estimate the temperature distribution in the roll
and the strip. The input data for the heat generation was taken by the direct
measurement of power. Further, the 6.5% of the 90% total power was assumed to
dissipate as friction heat. An Eulerian formulation is employed. Considering high
speed rolling, an upwind differencing scheme is chosen to overcome the numerical
instability. Assuming the surface temperatures of the roll and the strip becomes

equal by neglecting the thermal resistance of the film at the interface (Tseng, 1984):

(o), = (7o), (2.5)
where subscript b represents boundary, respectively. The heat flux into the roll and

the strip at the interface must equal the heat generated by friction, i.e.,

oT oT
r(ar Jbr S(an jbs o 26

where 0/on represents differentiation along the normal to the strip boundary

(positive outward), k; and ks are the thermal conductivity of the roll and the strip,

respectively, (, is the heat generated due to friction at the roll-strip interface. The

boundary condition for the remaining region of the roll circumference is
oT ( R, 49)

kr
or

=h(0){T,-T(R,0)}, (2.7)
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where T is the ambient or coolant temperature. However, the methods require too

much computational time. Wilson et al. (1989) estimated temperature distributions
at the roll-strip interface in cold rolling using an FDM model. Only advection
parallel to the roll-strip interface and conduction along the thickness direction is
considered. The heat distribution between the roll and the strip is obtained by
matching the surface temperatures of the roll and the strip.

Chang (1999) used an FDM model assuming a steady state rolling condition
and a non-uniform heat flux in the deformation zone to predict the work-roll
temperature field and the resulting stresses. Luo and Keife (1998) used an FDM
model to investigate the temperatures distribution in the roll and the foil considering
the affect of lubricant. Khan et al. (2004) studied the temperatures distribution in the
roll and the strip using FDM. FDM is a well-established technique for determining
the temperature distribution in the roll and the strip. However, it requires a lot of

computational time.

2.3.4 Finite Element Method

The finite element method (FEM) has attracted a number of researchers as it helps
to find different process parameters and develop the model in rolling process. It
gives detailed information about the required force, stress, strain, strain-rate and the
roll and strip temperatures distribution of the process. The models can be two
dimensional (plane strain) or three dimensional. FEM has been widely used for the
modelling of deformation in the rolling. However, like FDM, FEM also requires
too much computational time. Shifting of the preference of the researchers from
FDM to FEM can also be attributed to the availability of a number of commercial
FEM packages. A brief literature review on the estimation of temperature in rolling
are presented.

Hwang et al. (1993) carried out both deformation and thermal analyses using
rigid-viscoplastic FEM model. An iterative scheme is adopted for metal flows and
temperature in hot strip rolling. It is assumed that the friction heat is equally divided
into the roll and the strip. Sheikh (2009) presented an FEM model coupled with an

upper bound method to predict the temperatures distribution during hot strip rolling.
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Khalili et al. (2012) used combined FEM and slab method to predict the thermo-
mechanical behaviour of the roll and the strip during warm strip rolling.

A number of mathematical models are developed to estimate the transient
temperature distribution in rolling. Lee et al. (2000) presented an FEM based three-
dimensional thermal analysis of the roll. The deformation analysis was not carried
out; instead a constant value of heat flux input into the roll was assumed. The
computational time issue was not discussed. The predicted results match well with
the model of Guo (1998) for two dimensional case.

Pietrzyk and Lenard (1990) studied the effect of the temperature rise of the roll
during flat rolling by FEM and experiments. They conducted the rolling experiments
at different working temperatures and validated their FEM model. Galantucci and
Tricarico (1999) carried out the thermo-mechanical simulation of rolling process.
However, detailed description of the FEM formulation has not been provided. The
sensitivity study of rolling parameters, Viz., rolling speed, roll radius and reductions
in strip was carried out by calculating the temperature. The temperature was
calculated at the surface of the plate as well as the roll periphery.

Using FEM, Serajzadeh et al. (2002) obtained the transient temperature
distribution in the roll and the strip in a multi-stand mill. They also conducted the
experiments to validate the FEM model. The hybrid model to analyze the hot rolling
was proposed by Serajzadeh (2006). The thermal and deformation analyses were
carried out by FEM. During analysis, the flow stress data as a function of strain,
strain-rate and temperature was supplied with the help of an artificial neural network
(ANN). The model was examined on a low carbon steel strip and a reasonable
agreement is shown with experimental data.

Kiuchi et al. (2000) developed a three-dimensional FEM model to investigate
the temperature distribution in the roll and the strip. The heat generations due to
friction and plastic deformation were estimated by FEM. Tudball and Brown (2006)
developed a transient 3D FEM model to estimate the temperature distribution in hot
rolling of steel. The model was validated with plant recorded data. Yu et al. (2012)
studied the temperature distribution in the rolling of cold magnesium alloy strips

with heated roll.
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FEM and FDM based models provide a reasonably accurate temperature
distribution in the roll and the strip, but these methods require a lot of computational
time. The analytical solutions are usually in the form of summation of some infinite
series, in which a judicious decision is required regarding the finite number of terms

needed for convergence. Figure 2.4 mentions the representative papers of thermal

modelling.
Steady-state analysis of roll
* Patula (1981)
Method of separation of Steady-state analysis of strip
variables * Tseng (1990)

Steady-state analysis of roll and strip
* Arif et al. (2004)

Steady-state analysis

* Fischer et al. (2001, 2004)

. Transient analysis for roll
technique - DesRuisseaux and Zerkle (1970)
+ Guo (1998)

Integral transform

Steady-state analysis of roll and strip
* Lahoti et al. (1978)
« Tseng (1984)
Finite difference method « Wilson et al. (1989)
- Chang (1999)
- Lou and Keife (1998)
- Khan et al. (2004)

Steady-state analysis of roll and strip
* Hwang et al. (1993, 2002)
* Sunetal. (1998)
+ Sheikh (2009)
- Khalili et al. (2012)
« Pietrzyk and Lenard (1990)

Finite element method

Transient analysis of roll
- Lee et al. (2001)
* Galantucci and Tricarico (1999)
* Serajzadeh (2002)
* Kiuchi et al. (2000)

Fig. 2.4. Representative papers in the thermal modelling of rolling process
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2.4 Friction at the Roll-Strip Interface

The study of friction remains fundamental to the development of all rolling models.
In fact, the process of rolling actually takes due to friction. At the roll-strip interface,
both normal and shear stresses exists but moves along with the strip as it passes
between the rolls. In addition, the frictional force changes direction within a small
contact region. A number of experimental investigates have been carried out to
indicate that the ratio of frictional force to normal force is not constant but varies

along the contact length.

2.4.1 Experimental Investigation on Friction
In the beginning, experimental investigations of friction at the roll-strip interface and
roll pressure distribution in the roll gap were carried out by Seibel and Lueg (1933).
The author conducted several experiments to obtain the friction at the roll-strip
interface for considering the strip made of copper, iron and aluminum strip. The
material of roll was an annealed aluminum for conducting all the experiments. The
authors used piezoelectric technique where pressure was transmitted through the
transducers that were embedded in the roll. Rooyen and Backofen (1957) mounted
two pressure-sensitive pins into the surface of the rolls. One pin was mounted radial
to the roll and one at an oblique angle. This concept enabled separation of the
normal and frictional stresses. Al-Salehi et al. (1973) estimated the friction using
smaller pin transducers to measure stresses along the arc of contact and mill
mounted load and torque cells to measure roll loads and torque during cold rolling.
Lenard (1991 and 1992) estimated the average coefficient of friction in dry rolling
and it was observed that material yield strength, hardness and strain hardening
exponent influenced the friction. Jeswiet and Cao (1994) performed experiments to
measure normal and friction forces at the roll-strip interface in dry cold rolling of
aluminum. The authors discussed the effect of the degree of aspect ratio
(width/thickness) upon friction and normal forces.

Stephson (1983) pointed out the reliability and practical significance of
measurements using embedded pins. Later on, an improved pin technique was
developed by Tuncer and Dean (1987). The authors used a conical pin fitting into a

conical bore in the roll. The aim was to prevent the material from penetrating the roll
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at high pressure. Lenard and Kalpakjian (1991) conducted the experiments to
measure the coefficient of friction at the roll-strip interface as a function of speed
and temperature of the strip.

Tieu and Liu (2004) measured friction variation along the roll-strip interface
by using a sensors-roll, where four pin-transducers are embedded in the sensor roll.
The authors observed that the coefficient of friction was not constant along the
contact length of the roll-strip interface and there was an error in matching the peak
pressure with the location of the neutral point. Jeswiet et al. (2006) studied the
various methods for measuring the friction in rolling that have been used in the past.
The authors concluded that some of the recent sensor—designs may be useful to
measure the accurate friction.

Instead of assuming a constant coefficient of friction along the roll-strip
interface, Rao and Lee (1989) used experimentally measured velocity profile (the
ratio of the interface velocity at any location to the exit strip velocity) along the
contact length as an input to FEM model for analyzing strip rolling. The authors
obtained the variation of the coefficient of friction in the contact region by taking the
ratio of shear stress to normal pressure. They found the coefficient of friction does
not remain constant in the roll gap. Other researchers also observed the variation of
friction at the roll-strip interface (Rooyen and Backofen, 1957; Al-Salehi et al.,
1973).

2.4.2 Theoretical Investigation on Friction

In a simplified mathematical modelling of rolling process, Roberts (1976) described
a method of finding the coefficient of friction from the roll and strip material data.
In most of the early mathematical modelling of rolling processes, either Coulomb’s
friction model or constant friction model is employed. Wanheim and Bay (1978)
suggested an improved model for the frictional shear stress, assuming it to be a

certain function of the roll pressure p and friction factor m. The authors observed

that at low normal pressure (p/ oy, < 1.5), the friction stress is proportional to the

normal stress whereas at high normal pressure (p /oy, > 3), the friction is almost

constant. The two ranges are combined via an intermediate transition region.
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The appropriateness of Wanheim and Bay’s friction model was shown by
Christensen et al. (1986) and Zhang and Bay (1997) for analyzing the plate and
cross shear plate rolling, respectively. Cross shear rolling is a process in which each
work roll rotates with different peripheral speed. Richelson (1991) incorporated
Coulomb’s as well as Wanheim and Bay’s friction model in their finite element
formulation for simulating the plane-strain rolling. Later on, Richelson (1994)
analyzed the combined contact and friction problem using an interface element,
using a realistic friction model with a non-linear dependence of the friction stress on
the normal pressure.

Lenard (2000) presented a review of various techniques to obtain the friction
in metal rolling. Kumar and Dixit (2006) used Wanheim and Bay’s model for the
analysis of foil rolling process. They observed that friction model has great
influence on qualitative and quantitative prediction of foil rolling process. Frictional
shear stress predicted by Wanheim and Bay’s model is considerably lower than
these predicted by Coloumb’s model at high pressure is also observed. Li et al.
(2003) applied the digital image correlation technique to measure the velocity
distribution in roll gap during cold rolling. The digital image correlation technique
allowed capturing the various rolling parameters, Viz., the neutral point location,
neutral angle, forward slip, backward slip, length of arc of contact. The authors
estimated that the coefficient of friction based on the forward slip measurement.
Jiang et al. (2008) observed the variation of friction in both longitudinal and

transverse directions at the roll-strip interface.

2.5 Research on Inverse Techniques

The mathematical modelling of rolling has drawn attention of a number of
researchers. Various analytical and numerical models are developed to find the roll
force, roll torque, slip and temperature of the roll and strip. However, the difficulty
in using these models is that often some thermal and material parameters of the strip
and the roll as well as the coefficient of friction are unknown. In batch production
mode of rolling with newer materials, separate experiments need to be conducted for

each material to determine the input parameters. Conducting separate experiments is
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tedious and time consuming as the work material gets changed frequently in batch
production. An inverse modelling that reduces the experimental efforts provides an
alternative possible way to find out the material and process parameters. The inverse
methodology proposed in this thesis can be implemented in the shop floor for the
online determination of material and process parameters in rolling process. In the
present era, use of inverse modelling is important for accurate and efficient
modelling of rolling. In inverse modelling, a suitable optimization technique is used
to identify the unknown parameters when the measured results are closer to those
calculated by the direct models. The direct model relies on the analytical and/or
numerical models. The results obtained from analytical and/or numerical model are
compared with the experimental results. The values of unknown parameters are
obtained by minimizing the error between the measured and the calculated
dependent parameter.

Several authors have been attempted to find the coefficient of friction, heat flux
input into the roll and the material properties of the strip by using inverse analysis.
Lenard and Zhang (1997) estimated the friction through an inverse technique by
matching the measured and computed roll force, roll torque and forward slip. Lenard
and Nad (2002) estimated the coefficient of friction in rolling as a function of
process and material parameters by an inverse analysis. The basis was matching of
the measured and calculated roll force and roll torque.

Kusiak et al. (1996) proposed a methodology for the evaluation of material
parameters in hot forming of metals by an inverse analysis. The methodology was
tested for hot compression of medium carbon tool steel. Cho and Ngaile (2003)
proposed an inverse method to determine the flow stresses and the coefficient of
friction. The inverse method was based on the minimization of the difference
between the experimental loads and the corresponding FEM predictions. In their
work, the rigid visco-plastic finite element formulation was used to obtain the flow
stress while optimization algorithm adjusted the parameters used in the simulation
until the calculated response matched the experimental measurements within a
specified tolerance. Han (2005) applied a modified two-specimen method (MTSM)

for the online determination of flow stresses and the coefficient of friction in rolling.
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In their method, the strip is rolled twice with two different sets of roll radii. Instead
of real experiments, ABAQUS FEM simulations were used for validating the
methodology.

Cho and Altan (2005) proposed an inverse method to determine flow stress and
friction factor of the bulk and sheet materials under isothermal condition. First, the
material parameters are determined by minimizing the difference between the
experimental and calculated loads. Afterwards, the shape of the deformed specimen
was compared with the computed shape. If they did not match, the friction factor
was adjusted in order to reduce the difference in the next iteration. The methodology
was applied to the ring compression and the modified limiting dome height test.
Byon et al. (2008) proposed inverse method for the prediction of flow stress-strain
curve and coefficient of friction using actual mill data. The roll force and forward
slip is taken as the basis for inverse estimation. In their work, forward slip decides
the coefficient of friction and the material parameters are subsequently obtained
based on roll force matching.

Huang et al. (1995) applied the conjugate gradient method to estimate the heat
flux and the temperature distribution in the roll. The method requires the
measurement of surface temperature of the roll. Yoneyama et al. (1999) conducted
the experiments to measure the temperature of roll surface at the contact zone during
the hot rolling of aluminum sheet. A number of temperature sensors were embedded
on the roll surface to analyze the influence of different rolling process parameters.
Further, a one-dimensional FDM model was used to predict the heat transfer
coefficient (HTC) at the interface between roll and the sheet. HTC is calculated in
an inverse way by comparing the measured and calculated temperatures.

Hsu et al. (2000) predicted the thermal behaviour of work-roll in rolling by
three-dimensional inverse model. The temperature measurements are carried out at
several locations inside the roll. Chen and Yang (2010) proposed an inverse analysis
to estimate the heat flux at the roll-strip interface by measuring the temperature
distribution of roll. In their analysis, the strip was not included. It was assumed that
the heat flux entering into the roll is constant. For validation of the proposed

method, the simulated temperatures were used instead of the real experiments.
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Weisz-Patrault et al. (2011) proposed an inverse method to determine the
temperature field at the surface of the roll by measuring the temperature using
thermocouple at only one point of the roll. Further, they extended their work
(Weisz-Patrault et al., 2012; Weisz-Patrault et al., 2013) to predict the contact stress
in the roll gap by measuring the stress tensor with fiber optics at only one point of
the roll. Weisz-Patrault et al. (2012) proposed an inverse method to determine the
temperature field at the surface of the roll by measuring the temperature using
thermocouple at only one point of the roll. The inverse method was applied on the
basis of the thermal analysis of the roll. In their recent paper (Weisz-Patrault et al.
2014), they presented a fully three-dimensional inverse analytical method to
determine the temperature field and the heat fluxes (input into the roll) by measuring
temperatures at several locations in the rolls.

Yadav et al. (2011a) proposed an inverse method for estimating the
coefficient of friction based on the exit strip temperature measurement. A
methodology to predict the coefficient of friction and flow stress of the strip material
by inverse method based on the measurement of the forward slip and exit strip
temperature was presented for cold rolling in Yadav et al. (2011b). Figure 2.5 shows

the some of the representative work in the inverse estimation of rolling process

parameters.
- Lenard and Zhang (1997)
’—P Coefficient of friction * Lenard and Nad (2002)
* Yadav et al. (2011a)
- Kusaik et al. (1996)
- The flow stresses and E[Zg ?;SOI;J; gaile (2003)
Inversely determined || 1 [ e coefficient of
i . * Cho and Altan (2005)
rolling parameters friction
+ Byon et al. (2008)
* Yadav et al. (2011b)
+ Huang et al. (1995)
+ Yoneyama et al. (1999)
——py el and * Hsu et al. (2000)
cmperature + Chen and Yang (2010)

» Weisz-Patrault et al. (2011, 2012, 2013, 2014)

Fig. 2.5. Representative papers in the inverse modelling of rolling process
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In the rolling industry, the feed forward and feed backward models have been
implemented to stabilize the process. The purpose of feed forward and feed backward
models is used to control the rolling process parameters Viz., thickness of the rolled
strip, temperature of the strip and the roll, etc. The applications of advanced control
techniques and an efficient mathematical model are essential to get the better rolled
product quality and fast production rate. The inverse models described in the present
thesis can be used in feed forward or feed backward models to control the temperature,
roll force, roll-torque and slip for enhancing the product quality. For example, Rigler et
al. (1996) proposed the strategy to control the thickness of rolled strip and temperature
distributions in the strip during multi-stand hot rolling. They implemented Kalman
filter algorithms in the mathematical modelling to identify the local changes in the
rolling process parameters Viz., thickness and temperature of the strip. The feed forward
control system was used to get exact accuracy in the strip thickness at the finishing
stage in multi-stand rolling mill. Heeg et al. (2007) developed the strategy to feed
forward control of the plate thickness in reversing the plate mills. They suggested that
the direct measurement of the plate thickness is the difficult task during rolling.
Therefore, the thickness is controlled indirectly by means of calculating the quasi-static

stretch of the mill as a function of measured roll-forces.

2.6 Inference from the Literature

In the field of metal forming, the flat rolling process drew the significant attention of
the researchers. The literature survey reveals that most of the works have been reported
on the cold and hot rolling processes. The warm flat rolling is less investigated
compared to the cold and hot flat rolling. Commonly, industries find easier to carry out
either cold or hot rolling. Warm rolling is an intermediate stage and it is important to
decide proper temperature range for it. Recently, warm rolling process has been
considered as an efficient means to produce flat steel products due to its considerable
cost saving as well as desired product properties (Koobhor, 2015). Yanushkevich et al.
(2016) analyzed the warm rolling process for enhancing the mechanical properties of
the rolled strip at elevated temperatures. The influence of temperature on mechanical

properties considering warm and hot rolling is studied by Belyakov et al. (2016). The
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authors found that rolling under warm working conditions can be considered as the
promising thermo-mechanical treatment for production of advanced high-Mn
TWIP/TRIP steels with desirable mechanical properties. The warm flat rolling process
provides the following advantages:
o [t requires lower loads and energies compared to cold rolling.
o [t achieves better surface finish and dimensional accuracy compared to hot
rolling.
o It is an efficient process to produce flat steel products due to its ability to
obtain the desired rolled sheet properties at reduced cost.
Due to the above advantages, the present thesis work focuses on the warm flat
rolling process. The warm flat rolling process is carried out by a few researchers
considering steady-state temperature distribution. Recently, Koohbor (2015)
mentioned that warm rolling is becoming an efficient means to produce flat steel at
low cost. For maintaining the proper productivity and quality of the product,
mathematical modelling of the warm rolling process is an essential requirement.
There are major uncertainties associated with the modelling of any sort of rolling
process (Domanti and McElwain, 1998). The first of these concerns is the nature of
the contact between the roll and the strip and to find out the friction. The direct
measurement of friction by experiment is difficult. The second major uncertainty
lies in the description of the material properties. In view of these, the present thesis
is proposing a methodology to find out the material parameters as well as the
coefficient of friction dependant on the process parameters.

A few researchers have attempted to find out the material parameters and the
coefficient of friction of the rolled sheet in warm rolling. There are only a few
publications that try to present in depth information. Some challenging issues are as
follows:

e In the literature, most of the researchers analyzed the rolling process
considering the steady-state temperature distribution in the roll and strip. A
few researchers have attempted to study the transient behaviour of either the
roll or the strip (Lee et al., 2000; Guo, 2000; Serajzadeh et al. 2002).

However, none of the researchers have carried out the coupled transient
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thermo-mechanical analysis taking into account the roll and the strip
together. Therefore, there is a need to develop an integrated thermo-
mechanical model for complete understanding the transient behaviour of the
flat rolling process.

Most of the models are based on FEM and/or FDM to obtain the temperature
distribution in rolling but they are computationally expensive. In the present
era, FEM based packages are easily available to analyze the thermo-
mechanical behaviour of the rolling process. Some of the authors have
carried out (Galantucci and Tricarico, 1999; Shahani et al., 2009; Koohbor,
2015) thermo-mechanical analysis using FEM based packages. But their
analysis requires too much computational time. Hence, there is a need to
develop an efficient methodology for enhancing the computational efficiency
to obtain the temperature distribution in rolling.

The warm flat rolling is performed at elevated temperatures, but below the
recrystallization temperature. Therefore, the flow stresses of the rolled sheet
is reduced and also some amount of strain hardening is achieved
(Hirschvogel, 1979). Hawkins (1985) reported that the component produced
by warm working is usually heat treated for improving the microstructure
developed during warm working process. A proper mathematical model for
warm rolling with ability for inverse estimation is of paramount importance.
A few researchers have proposed the inverse methodology to obtain the flow
stresses and the coefficient of friction in rolling based on roll-force and roll-
torque measurement (Lenard and Nad, 2002; Cho and Ngaile, 2003; Byon et
al., 2008). It is not convenient to measure the roll-torque and roll-force
during rolling in practice. However, the temperature at the exit of the roll
bite can be easily measured using non-contact type temperature sensor in the
shop floor. This provides a scope in determining the material parameters and
coefficient of friction on the basis of temperature measurement using an

inverse methodology.
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2.7 Objectives of the Present Thesis

Based on the literature survey and major challenges identified, it is decided to
investigate the following aspects of the warm flat rolling process in this thesis:

1. Modelling of warm flat rolling: A thermo-mechanical modelling of the roll
and the strip in the warm flat rolling process will be carried out. The
modelling will include the deformation analysis of strip using FEM and the
thermal analysis of roll and the strip by an analytical method. The thermal
analysis will be simulated in ABAQUS for validating the analytical model.
The thermo-mechanical model (described in the following chapter) will be
capable of determining the steady-state as well as the transient temperature
distribution in the warm flat rolling. The experimental verification of the
thermo-mechanical model will also be carried out. The coefficient of friction
between the roll and the strip will be determined experimentally.

2. Inverse analysis based on temperature measurement in warm flat rolling:
Mathematical model of flat rolling process requires the knowledge of material
parameters and the friction between the strip and the roll. Material parameters
are obtained by carrying out compression and/or tensile tests. Conducting
separate experiments for the determination of material parameters and friction
is tedious and time consuming. Moreover, in a dynamic environment, the
work material is changed frequently. In view of this, the present thesis
proposes an inverse methodology to obtain the material parameters,
convective heat transfer coefficients and the coefficient of friction. In inverse
analysis following sub-objectives are covered:

o Estimating the coefficient of friction by measuring the temperature at
the exit assuming that the material properties are known.

e The determination of the mechanical properties and the coefficient of
friction based on the measurement of temperature at the exit (at one

point) and slip.
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e The determination of the thermal parameters and coefficient of friction
based on the measurement of temperature at the exit (at two points)
and slip.

The research plan is shown in Fig. 2.6.
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Chapter 3

A Steady-State Thermo-Mechanical Model of Warm
Flat Rolling Process

3.1 Introduction

Flat rolling is an important industrial bulk metal forming process. In this process, the
thickness of a sheet is reduced by passing it between two counter-rotating rolls. The
warm flat rolling is an efficient process to produce flat steel products due to its
ability to obtain the desired rolled sheet properties at reduced cost (Hawkins, 1985).
It is important to improve the process productivity and the quality of the rolled sheet.
For maintaining the proper productivity and quality of the sheet, mathematical
modelling of the warm rolling process is an essential requirement. During warm flat
rolling, strip is rolled at an intermediate temperature such that the flow stress of the
rolled sheet reduces without alteration in the microstructure. Here, a steady-state
thermo-mechanical modelling of warm flat rolling process is developed. The
particular emphasis is on predicting the temperature of the exited strip, which can be
helpful in an inverse analysis. The measurement of the temperature is relatively
easier in comparison to roll force and roll torque measurement and it can help in the
inverse estimation of material parameters as well as the coefficient of friction.

In this chapter, a two-dimensional thermo-mechanical modelling of warm
flat rolling is described. The deformation analysis is carried out by the finite
element method (FEM) model based on Eulerian flow formulation of Dixit and
Dixit (1996). Subsequently, thermal analysis of the roll and the strip is carried out
by two analytical methods and an FEM model. The methods of thermal analyses are

compared. The organization of the chapter is as follows. Section 3.2 presents an
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overview of the developed thermo-mechanical model for warm flat rolling. The
deformation analysis of strip by FEM is described in Section 3.3. Section 3.4
presents the approximate method for computing the temperature distribution in the
roll. Section 3.5 presents the integral transform technique to find out the
temperature distribution in the roll. The analytical model for the estimation of
temperature distribution in strip is presented in Section 3.6. The finite element
analysis for finding out the temperature distribution in the roll and the strip is
described in Section 3.7. Section 3.8 presents a comparative study of the proposed
thermo-mechanical model of warm flat rolling using analytical methods and an
FEM model. Section 3.9 discusses the validity of the assumption that average
temperatures of roll and strip at the roll-strip interface are equal. The influence of
different process parameter on the average temperature distribution of the roll and

the strip is illustrated in Section 3.10. Section 3.11 concludes the chapter.

3.2 An Overview of a Thermo-Mechanical Model of Warm Flat

Rolling

In this section, an overview of thermo-mechanical model for plane strain warm flat
rolling is described. The analysis comprises two modules— deformation module and
thermal module. Deformation module is based on the Eulerian flow formulation of
finite element method (FEM). In this work, two analytical methods and one FEM
model have been considered for thermal module. Initially, the deformation module
takes the mechanical properties of the strip corresponding to the entry temperature.
The deformation and friction powers provided by the deformation module are used
as input in thermal module. From the output of the thermal module, the temperature
in the deformation zone can be obtained. Now, deformation module is activated
again to carry out the analysis with mechanical properties corresponding to the
temperature of the deformation zone. Figure 3.1 shows the overall view for the
development of an integrated model for warm flat rolling. It consists of two
modules— (1) deformation analysis of strip considering constitutive relation and

friction model and (2) thermal analysis of the roll and the strip.
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Strip temperature

\

Deformation
module

Constitutive relation

\ i

Based on Eulerian

flow formulation »| Roll temperature

Friction model

Y

I > Average temperature of roll and strip
at the interface
rThermal module ]
Based on »|Heat partition factor A
Analytical methods
Thermal parameters y and/or . |Roll-force, Roll-torque, Distributions
Based on FEM " | of stress, strain, strain-rate
using ABAQUS
~ < > Slip

Thermo-mechanical model for flat rolling

Fig. 3.1. An overview of thermo-mechanical model of plane strain rolling

For the thermal analysis, two sub-modules are developed for obtaining the
temperature distribution. One sub-module finds the temperature distribution in the
strip. The other sub-module estimates the temperature distribution in rolls, when the
heat transfer through the roll-strip interface is known. Actual heat transfer through
the roll-strip interface is not known. Here, it is obtained by an inverse procedure
such that both the modules predict the same average temperature at the interface of
roll and strip. If Qr is the total heat generated due to friction and plastic
deformation, the quantity AQ7r is assumed to pass to the rolls and (1-4)Qr remains
in strip. The value of partition factor A is obtained to match the temperatures at the
roll-strip interface from both the sub-modules. These sub-modules are described in
Sections 3.3-3.7. The equality of average temperatures of the roll and strip at the
interface implies zero contact resistance. Justification for this assumption is
provided in Section 3.9. This assumption has been employed by Komanduri and
Hou (2001) in analyzing the temperature distribution in the sliding systems and by
Wilson et al. (1989) for analyzing the temperature distribution in dry rolling. It is

not difficult to relax this assumption. The heat flow can be taken directly
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proportional to temperature difference between the roll and the strip and inversely
proportional to thermal resistance between the roll and the strip. However, it has
not been considered in the present work.

The algorithm of the whole procedure for the determination of heat partition
factor A is as follows:
Step 1: Carry out the deformation analysis using FEM module based on Eulerian
flow formulation.
Step 2: Assume that all the frictional heat goes into the roll and 90% of plastic
deformation power goes as heat into the strip. A part of frictional heat may go into
the strip as well depending on the relative temperature difference between roll and
strip, but it is better to begin the analysis by assuming that the roll is colder than
strip due to forced or natural cooling, causing entire frictional heat to flow into the
roll. Assumption of 90% of energy of plastic deformation dissipating as heat and
remaining as increase in the internal energy of metal is commonly made in metal
forming (Jiang et al., 2004 and Khalili et al., 2012).
Step 3: Carry out thermal analysis of roll and strip. Use modules for the estimation
of roll and strip temperatures.
Step 4: If average temperature of the strip and roll are equal at the interface go to
Step 7.

If the average temperature of the strip at the interface is less than average
temperature of roll then go to Step 5.

If the average temperature of the strip at the interface is greater than average
temperature of roll then go to Step 6.
Step 5: Transfer the appropriate amount of heat from roll to strip for making the
roll and strip average temperatures at the interface equal. This can be done using
bisection method (Gerald and Wheatley, 1997). Go to Step 7.
Step 6: Transfer the appropriate amount of heat from strip to roll for making the
roll and strip average temperatures at the interface equal. This can be done using
bisection method. Go to Step 7.
Step 7: Record the temperatures distribution of roll and strip. At the obtained

temperature of strip, find out the material properties. If the material properties are
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significantly different, go to Step 1 and carry out the next iteration with new

material properties. Else stop.

Give the input data, material parameters and inlet temperature. Assume
inlet temperature to be the average temperature of deformation zone.

b 4

Carry out deformation analysis by FEM and thermal analysis by
analytical or finite element method.

!

/ Obtain roll-torque, roll-force, forward slip, plastic power, /

friction power and temperature of the roll as well as the strip.

vy
Obtain the average temperature of roll and strip at the
interface by assuming some heat partition factor A.

| Adjust A I
Update mechanical as
well as thermal
properties corresponding
to average temperature

A

Does the average temperature
of roll and strip match at the
interface?

Find out the average temperature of deformation zone.

Is current value of average
temperature
of deformation zone close to

previous value?
less than 1%

Record the roll-torque, roll-force, forward slip, plastic
power, friction power and average temperature of the
roll as well as the strip.

Y
Activate the thermal module in the inter-stand zone to find
out the temperature at any location of the deformed strip.

Fig. 3.2. A flow chart illustrating the methodology of thermo-mechanical
modelling of flat rolling
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The material properties (flow stresses) are updated after the each iteration
with the corresponding average temperature of the deformation zone. It is to be
noted that the flow stresses are updated till the average temperature of the
deformation zone gets converged. The convergence is considered to be achieved if
there is less than 1% change in temperature distribution in the deformation zone as
illustrated in the flow chart (Fig. 3.2). With this much change in temperature
distribution, material properties will not be significantly different. Figure 3.2 shows
the flowchart of the procedure for determining the temperature in rolling. To start
with initially, the deformation analysis is carried out using FEM with the
mechanical properties at the initial strip temperature and then the thermal analysis
is carried out. After the strip temperatures are obtained by thermal analysis, the
deformation analysis is again carried out with the mechanical properties
corresponding to previous thermal analysis temperature. This procedure is repeated
till the convergence is obtained. The convergence of the iteration is said to be
obtained if there is no substantial change in temperature distribution in the
deformation zone. It is to be noted that temperature dependent mechanical

properties are considered for the deformation analysis.

3.3 Deformation Analysis by Finite Element Method

Considering plane strain condition, an FEM based Eulerian flow formulation is
employed to analyze stresses, roll torque, roll-force, strain, strain-rate and forward
slip. The formulation of Dixit and Dixit (1996) has been used. It should be
mentioned that this formulation is based on the steady-state deformation of the
strip. Due to the symmetry, only upper half domain is considered in the analysis.
The finite element mesh of the strip along with the boundary conditions is shown in
Fig. 3.3. A fine mesh is used in the deformation zone and coarse meshes are used in
the inlet and exit zones. The element height is gradually reduced from the center to
the surface of the strip. This is because the stress gradient is expected to be higher
in the vicinity of the roll-strip interface. The elastic deformation is small as

compared to plastic deformation. As the goal is to find out the powers, the elasticity
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is neglected and the plastic strain can be considered as the total strain. Roll
deformation is taken into account using well-known Hitchcock’s formula (Dixit and

Dixit, 2008).

X2 A ¢ (bite angle after roll deformation)
deformed roll radius
R')
Al v=0,1=0 B 7
v =0
L= 11 c v,=0,4=0 p
I
v,=0 k)2
LT
I . o Jddo e o A .
Gl v,=0, 7,=0 H E X,
[ — 3/’11/2 —{ Line of symmetry, — 3/’12/2 —

Fig. 3.3. A meshed domain of strip with boundary conditions

The rigid-plastic material behaviour is assumed. As per the Levy-Mises flow

rule, the deviatoric part S, of the component of stress tensor O, is related to the
component of strain-rate €, as

Sij :2771éij9 3.1
where 7], is the proportionality factor. It is to be noted that the plastic

incompressibility condition is implicit in Eq. (3.1). The use of von-Mises yield

criterion provides

(o3
=5 (3.2)

where £, is the equivalent strain-rate defined by

) 2. .
&y = Egijgﬁ. 3.3)

In the above expression, the Einstein summation convention is employed.

Considering plane strain, the indices i and j vary from 1 to 2. In unabridged form,
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. 2 %) ) %)
g, = \/g(% +82,+28). (3.4)
The flow stresses of the strip may be described by Johnson-Cook (J-C) model
(Johnson and Cook, 1983):
g T-T,, )
o, =(A+Be" )| 1+Cln—L || 1| ——2= , 3.5
(v ﬂ = H 33

amb
where 4, B, C, m and n, are the material constant, &,is the reference strain-rate,

T, is the ambient temperature of the strip and 7, is the melting temperature of the

strip. The J-C model has a fairly wide range of applicability.
Two-dimensional continuity and momentum equation for the steady state

process are solved, which are given in index notation as

ov,
1 — O’
—axi (3.6)
ol A
Ox; Ox, Ox;

where p is the hydrostatic pressure. These constitutive relations are implemented
using Eulerian based finite element formulation (Dixit and Dixit, 1996). Roll-force,
roll-torque, stresses, strain and slip are obtained. Wanheim and Bay (1978) friction
model is used instead of Coulomb’s model. At low normal pressure, the Wanheim
and Bay (1978) model matches with the Coulomb’s model and at high normal
pressure, it approaches constant friction factor model. In between there is a smooth
transition zone. In the notations of this chapter, f is the ratio of the magnitudes of
normal and tangential tractions at the roll-work interface and u is the equivalent
Coulomb coefficient of friction. The Galerkin formulation given by Dixit (1997) is
briefly described in Appendix A.

Following the standard Galerkin formulation, the global equations after

application of all the boundary conditions are obtained in the following form:

[K]{a}={F}, (3.8)
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where [K ] is the global coefficient matrix, {A} is the global vector of nodal

values of velocity and pressure and {F } is the global right-hand side vector. The 9

nodes per element are chosen for velocity components and 4 nodes for pressure.
Once the solution is obtained in the form of nodal velocities v; and pressure, the
secondary variables, viz., roll-force, roll-torque, stresses, strain, and slip are
computed. The roll force per unit width (F)) is given by

ly

F = j(tn cos@—t_sin ¢) ds (3.9)

0
where /; is the arc of contact, ¢ is the angular position of the point on the roll-strip
interface, # and ¢, are the tangential and normal components of interfacial stress
vector t. The roll torque per unit width (7%) is computed by following relationship
__ PR
= 7 ,

where V is the surface velocity of the roll (equal to the velocity of strip at neutral

T, (3.10)

point), R is the roll radius and P is the total power. The total power P consists of
following two parts:

(i) Power required for plastic deformation given by
Pp = J‘SljgljdA (311)
4

(i1) Power required to overcome friction at the work-roll interface given by

Ly

P, = [|t,||av,|dT (3.12)

0

where Avy is the relative velocity with respect to the neutral point velocity.

3.4 Approximate Temperature Distribution in Roll by Adapting the
Method of Fischer et al. (2004)

The temperature distribution within the roll is obtained by solving two-dimensional
heat transfer equation considering FEulerian reference frame. The following

assumptions are made:
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(i) The heat transfer along the axial direction to the roll is negligible. Thus, the
problem is essentially two-dimensional.

(i1) Thermal properties of the roll material are independent of the temperature.
These are taken as the properties at average temperature.

(iii) Heat flux input into the roll is uniform along the roll-strip interface.

(iv) The rotational speed of the roll is constant.

Fig. 3.4. A stationary heat source with rotating roll

Figure 3.4 shows a rotating roll with heat flux at a fixed location. Heat
conduction is considered for a plane configuration by representing the roll as a
circular disk (considering the case of plain-strain rolling). There are a number of
methods for the estimation of temperature in rolling. The prominent among them
are finite element method (FEM) and finite difference method (FDM). Some
analytical solutions have also been proposed, which invariably are in the form of
summation of infinite series containing Bessel functions (Patula, 1981;
Yiannopoulos et al., 1997). These methods are useful for an accurate analysis, but
often the designer or control engineer is interested in a fast estimation by sacrificing
the accuracy to some extent. The present work proposes an approximate method for
the estimation of temperature distribution in the roll. The proposed method is

simpler and faster compared to available methods in literature such as solution
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employing Bessel function and Fourier series expansion by Patula (1990) and
Yiannopoulos et al. (1997).

Here, the temperature distribution in the roll is computed based on the
superposition of steady-state temperature from the work of Fischer et al. (2004) and
the average temperature of the roll at any radial location calculated from heat
balance equation. Superposition provides the steady-state temperature distribution
within the roll along the radial as well as circumferential directions. An Eulerian
reference frame is applied with a horizontal x-direction on the surface of the
halfplane and the y-direction pointing towards the inside of the roll as shown in Fig.
3.4. The roll is considered as a half plane. The heat source g acts in the interval [0,
23] on the surface and is assumed to be spatially fixed, too. Hence, the roll material
moves with respect to this coordinate system with the angular velocityw.
Introducing the material derivative, the governing heat conduction equation in the
steady-state is

O’T 0T wROT
o a o

(3.13)

where @ is the angular velocity of roll, R is the radius of roll and «, is the thermal

diffusivity of roll. The Peclet number (P.), the ratio of advective transport rate to

diffusive transport rate, is given by

(3.14)

For large Peclet number, the heat conduction in the direction y (or radial) only is

relevant (Fischer ef al., 2004). Thus, Eq. (3.13) becomes

2
oy a, Ox
with initial condition
T=T, at t=0, (3.16)
and boundary condition
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] for 0<x<2bf, y=0
or {Oq(x) or 0<x<2bf, y=0 (3.17)

-
oy for x>2b4,y=0

Considering non-dimensional coordinates x =28b&, y =04, where 6 is heat
penetration depth given by (Fischer et al., 2004)

2bpa,
oR ’

5= (3.18)

the temperature distribution for zero initial temperature in the roll is obtained as

(Fischer et al., 2004)

T(¢.¢)= max{fexp(—rgj—%gil erf[i\/gﬁ} for0<&<1, (3.19)

T(£.¢)=1T, i for & >1
‘L@ex"(lé—l)}_ﬂg [2F m
(3.20)
where Tinay is given as
.l (3.21)

and ¢qis the constant heat flux in the interval [0, 2/]. In Egs. (3.19) and (3.20), erf is

the error function. Here, the error function corresponds to the diffusion equation of
heat transfer. The error function is defined as
erf exp dn. (3.22)
-1

Equations (3.19) and (3.20) provide the temperature distribution for initial

condition of zero temperature distribution in the roll. For the steady-state case, a
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constant temperature 7, (Z')is imposed at radial location corresponding to 7 such

that
(#1B)

[ T(&7)e

TU(T)JFO(HT:TW"’ (7), (3.23)

where 7, (z’) is the average temperature of the surface at the radial location
correspondingz, which is obtained as follows.
At steady state, the heat balance provides
27mhl.(Ta—]})+(27z—2ﬂ)bhe(1;—Te)=2,6’bc'], (3.24)
where ¢,a,b,T,,T),T;, T,,hi and h. are the heat flux, inner radius of roll, outer radius

of roll, average temperature of inner radius, average temperature of outer radius,
ambient temperature at inner roll periphery, ambient temperature at outer roll
periphery, convective heat transfer coefficient at the inner radius and convective
heat transfer coefficient at the outer radius of the roll, respectively. As there are two
unknowns, viz., T,and T}, one additional equation is needed which is provided by

the boundary condition at inner periphery of the roll:

{—k,,a—Tm,. (T —z)} Yy (3.25)

or

The finite difference form of the above equation is described in Appendix B.

Substitutioh 6f Z_T fromiAppendix B in Eq, (3.25)ffovides
r

(3.26)

hi(Ta _7:):2bkrlj;2):i—;2 *

Solving Egs. (3.24) and (3.26), the average temperatures 7, and T, along the roll
periphery are obtained. It can be assumed that average temperatures are the linear

function of radial distance and thus knowing the outer and inner average

temperatures, the average temperature 7

avg

(7) at any radial distance can be
obtained. Equation (3.23) can now provide temperature 7,(7) to be superimposed
on the temperature distribution for different radial locations.
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3.5 Computing Temperature Distribution in Roll using Integral

Transform Technique of Yiannopoulos et al. (1997)

In this section, the solution of two-dimensional heat conduction equation with time-
dependent, non-homogeneous boundary condition is presented using Lagrangian
approach. Let the heat input be given at outer radius b in the zone 2/ angular
displacement as shown in Fig. 3.5. Remaining outer surface of the roll is subjected
to convective heat loss. The inner surface at radius a is subjected to convective loss
only. The work roll is assumed to be rigid, fixed in space and heat source rotates

with constant angular velocity w.

Fig. 3.5. A moving heat source with stationary roll

Consider the roll as a hollow cylinder, the governing differential equation in

r—6 coordinate system for heat conduction is given for the domain a <r <b as

2 2
T 10T 18T 10T (3.27)

et =——
or* ror r*o0* a, ot
where o, is the thermal diffusivity of work-roll given by
k,

o =—r— (3.28)
p]‘cpl‘
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In Eq. (3.28), £, is the thermal conductivity of roll material, p, is the mass density
and c,, is the specific heat. The boundary conditions are expressed as

ka—T+h( T)=q(6)  atr=b (3.29)

k alJrh( T)=0 atr=a (3.30)

where q(@) is the heat flux at the outer surface, /. is the convective heat transfer

coefficient at the outer surface, #; is the convective heat transfer coefficient at the
inner surface, 7; is the ambient temperature at the inner roll periphery and 7, is the
ambient temperature at the outer roll periphery. The heat flux at the outer surface at

any time is expressed as

' g for (¢—ﬂ)£0£ (¢+ﬂ)
q(0)= : (3.31)
0 for (¢+,B)SHS (27r+¢—,6’)
The initial condition is expressed as
T(F,H,I)ZYB fort=0 inregiona<r<b, (3.32)

where 1) is an initial temperature of the roll.
Details of the derivation of solution are described in Appendices C and D.
The heat conduction equation is solved using integral transform method. The

temperature distribution from the solution is obtained as (Yiannopoulos et al.,

1997)

(r,0,0,1) JBZLGO exp( a,ﬁ,it)

+(7rﬂen+kiﬂJ2M(1—exp(—arﬁ,ir))

r m=1 E)

HaTZ ﬂm’ Ry(B,.a )(l—exp(—a,ﬁf,t))

m=1

4 q iz ﬂm, smnﬂ

r n=l m=1 n
cosn(6—¢)—/1n smn(¢9—¢)+(/1n sin né — cos n@)exp(—a,ﬂ,ﬁt)
* 1+ 22 ’
(3.33)
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where A, :a)n/(a, m). The expressions for Ro(ﬂm,r), Ro(ﬂm,a),Rn (,Bm,r), Fo,
F., Gy, H;and H, are provided in Appendices C and D. It is to be noted that Eq.
(3.33) provides the transient as well as steady-state temperature distribution in the
roll. The steady-state temperature distribution in the roll is obtained when ¢t—oo.
The time dependent terms appearing in exponential form vanish as the time variable
becomes large enough. Thus, only the sinusoidal and constant terms remain in Eq.

(3.33) yielding the following equation:

T(r,9,¢):(7rHeﬂ,+kiﬂjiM +2 a0 Tz ﬁ’"’ Ry (B,.a)

r m=l1 Fb
;& &R, ( ,Bm, ) sinn cosn (8- ¢) ﬂ”smn(e—(ﬁ)
HEETE %
(3.34)

The temperature distribution in the roll as a function of radial and circumferential
coordinates is obtained by rotating the heat source with a constant angular velocity
(w). The rotating heat source position, ¢ may be expressed as a linear function of @
such that ¢ = ¢, where ¢ is the time parameter.

Using Eq. (3.34) the steady-state temperature distribution in the roll at any 7-
6 locations can be obtained for any angular velocity, o of the rotating heat source.
Here, 6 represents the any circumferential location at which temperature is to be
measured and ¢ represents the circumferential location of the rotating heat source
at the outer roll periphery. For any fixed 6, the temperature distribution in the roll

can be determined as a function of ¢.

3.6 An Analytical Model for Temperature Distribution in Strip

The temperature distribution in the strip can be obtained by solving the heat
conduction equation in the bite zone (BCHG) and the outer zone (CDEH) as shown
in Fig. 3.6. It is assumed that the plastic deformation occurs in the strip in the

domain BCHG, although the actual plastic deformation zone depends on the
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process parameters. It is observed that about 90% of the work of plastic
deformation gets converted into heat (Jiang et al., 2004 and Khalili et al., 2012).
Assumption of 90% of plastic deformation going as heat and remaining to increase
the internal energy of metal is commonly taken in metal forming (Serajzadeh and

Mohammadzadeh, 2007).

R

Roll

Fig. 3.6. A schematic diagram of flat rolling

The heat generated due to frictional work is distributed in the roll and strip
(depending upon the difference of roll and strip temperature). Assume that the total
heat Q7 comprises the total heat due to plastic deformation, frictional heat and heat
due to movement of hot strip. A portion of this heat, AQr goes into the roll and
(1-2)Qr remains in the strip. The value of heat partition factor A is obtained by
matching the average surface temperature of the roll and the strip at roll-strip
interface. The methodology for this has been already explained in Section 3.2.

The temperature distribution in the bite zone (BCHG) and after the roll bite

of the strip is obtained following an approach similar to the work of Kim et al.
(2009). The expression for rate of heat generation per unit volume Qand average
heat flow rate at the roll-strip interface ¢, in the present work differs from the

expression taken by Kim et al. (2009). Kim et al. (2009) employed mathematical
expression developed by Lee et al. (2004) on the basis of FEM. However, in the

present work these powers are calculated by FEM model described in Section 3.3.
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For the sake of completeness, the analytical solutions of Kim et al. (2009) and its
modification have been described here.
Considering the heat transfer in the longitudinal direction of the strip to be

insignificant, Kim et al. (2009) employed heat conduction equation given as

o, oT.1) |, , T (y,1)
— | k + =pcC s 3.35
ay[: o ]Q(y) ped T (3.35)
with the boundary conditions
TD _g gt y=o, (3.36)
oy
¢, ZEE") SPR (3.37)
y

where p is the density, ¢, is the specific heat, k; is the thermal conductivity and 4

is the average semi-thickness of the strip. The initial condition is
I(y,0)=T,(»). (3.38)

The above differential equation with boundary conditions is solved using
eigenfunctions method. Details of the derivation is given in the Appendix E.
Temperature distribution in the bite zone as per the coordinate system of Fig. 3.6 is
given by

h

U (v o 4 o aS K, 2yt (o k
ZE(y,f)—h_([To()/) y+h/2gc,zv qs+_([Qdy HZ‘ exp| —4, p?icpt an(0)+W£ g, exp %EZ

AR
+ln2ksh [1 exp( A " tj]_([Qcos(ﬂhy)dy}cos(ﬂny),
(3.39)
where
_nr 3.40
f = (3.40)
and
2 h
an(0)=ZITo(y)COS(/1,,y)dy, (3.41)
0

72)( y) is the initial strip temperature, /4 is the average thickness of strip at

deformation zone, k; is the thermal conductivity of strip, ps is the density of strip,
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Cps 1s the specific heat of strip, Q is the heat generated per unit of volume, ¢, is the

average heat flow rate to the strip at the roll and strip interface. It can be noted that
there is no variation of temperature along longitudinal direction in the deformation
zone as observed by Kim et al. (2009). The same observation was found by FEM
analysis of the roll and the strip. The approximate time #, spent by the strip in the
roll bite can be calculated by dividing L with the average velocity of the strip. The
time 7, is substituted in Eq. (3.39) to obtain the temperature in the roll bite. The rate

of heat generated per unit volume Q and the average heat flow rate to the strip at the

roll-strip interface ¢, are given by

0.9P,

=— 7P 3.42
° 0.5(h +h,)Lw (:42)
. _ 5 (3.43)
qf - Wld ) .

where P,, Py, hy, ha, L, w and [, are the plastic deformation power, friction power,

sheet thickness at inlet, sheet thickness at outlet, length of plastic deformation zone

(=GH in Fig. 3.6), width of the sheet and contact length of roll and strip

respectively. The plastic deformation power P, and friction power P, are obtained

from the deformation module. In the present work, P, and P, are estimated by an

FEM based deformation module using Egs. (3.11) and (3.12), respectively. It is
assumed that there is no variation of temperature along longitudinal direction in the
deformation zone. The approximate time ¢, spent by the strip in the roll bite can be
calculated by dividing L with the average velocity of the strip. This time ¢, is put in
Eq. (3.39) to obtain the temperature in the roll bite. Equation (3.39) provides
approximate temperature in the bite zone, assuming that there is no significant
change in the temperature in the longitudinal direction.

From the exit of roll bite to the temperature sensor (location where

measurement of temperature is needed), the heat transfer is governed by
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with boundary conditions
oT(y,t
TG _ g 4t =0, (3.45)
k2T -1} aty="2, (3.46)
o\ oy 2

where 4, is the heat transfer coefficient and 4, is the exit thickness of the strip. The
initial condition is
T(»,0)=Ty,t,). (3.47)
The solution of the one dimensional heat conduction problem is obtained by the
method of separation of variables.
Details of the derivation of solution are described in Appendix F. The

temperature distribution of strip at the exit side is given as (Kim ez al., 2009):

44,

o —_ | &

T,(,0)cos(4,y)dy—4T, sin(/ln }’22)

Ah, + sin(/Inh2 )

T(y,t)=T, +iexp[— ks ﬂ,ftJ

— cos(ﬂny),
n=1 s P

(3.48)
where 7 (1,0) is the temperature at the exit of deformation zone that corresponds to

time =0, T, is the temperature of the coolant, %, is the convective heat transfer

coefficient at the strip surface and A is the positive roots of the transcendental

equation obtained by solving the following equation:

k A, sin (ﬂn hz_zj —h, cos [ﬁn hz_zj =0. (3.49)
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3.7 Determination of Temperature Distribution in Roll and Strip
by Finite Element Method

In this section, finite element method (FEM) based model is presented to estimate
the temperature in the strip and the roll. A two-dimensional thermal problem is
solved assuming constant heat flux input into the roll at the roll-strip interface.
Figure 3.7(a) shows the thermal and geometric boundary conditions of the roll. The
convective heat transfer loss in air at the outer and inner periphery of the roll is
considered. For finding out the temperature distribution in the roll, the roll is
assumed to be stationary and heat flux is moving around its outer periphery with
constant angular velocity. Figure 3.7(b) shows the thermal boundary conditions of
the strip. It is assumed that heat loss at the outer surface of strip is zero except at the
roll-strip interface. Due to symmetry, the heat loss at the centerline of the strip is
Zero.

convective
cooling
h T

€ €

uniform heat flux

(a)
qg=0 .
roll-strip interface
B Yy q=0
T T atienr| (0:5 7 heat generation _
due to plastic work 0.5h, |4=0
k. k.

g=0 \_Line of symmetry
(b)

Fig. 3.7. Boundary conditions for the FE model: (a) thermal boundary conditions for
the roll and (b) thermal boundary conditions for the strip
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There are many commercial FEM based packages for modelling the
manufacturing processes, like DEFORM that can solve the coupled thermo-
mechanical rolling process. Often these packages are used as black box and the user
does not have full control over the package. However, general purpose FEM
packages like ANSYS and ABAQUS are easily available and affordable. The
present work uses an FEM flow formulation (Dixit, 1997) for the deformation
analysis. The heat flux due to plastic deformation and friction is calculated
employing Eqgs. (3.42) and (3.43). Here, a general purpose code ABAQUS 6.10
taking heat flux into account is used for carrying out the thermal analysis.

The average temperature of roll and strip is obtained at the roll-strip interface
separately. The matching of the average temperature of roll and strip is carried out
by adjusting the heat input rate into the roll from the strip at the roll-strip interface.
It is assumed that the quantity AQ7r pass to the rolls and (1-2)Qr remains in the
strip, where Qr is the rate of heat input. The value of heat partition factor A is
obtained to match the average temperature of the roll and strip at the interface. The

methodology for finding out the value of 4 has been presented in Section 3.2.

3.7.1 Temperature Distribution in Roll

The temperature distribution in the roll is obtained by providing a specified heat
flux. Here, the problem is formulated in the ABAQUS considering the roll and strip
separately. The steady-state temperature is obtained by carrying out a transient heat
transfer till the steady-state is attained. It is observed that for attaining the steady-
state, the analysis requires a screen time of about 2 hours. In the present work, an
attempt has been made for reducing the computational time to find out the steady-
state temperature distribution in the roll by FEM. For improving the computational
efficiency, a methodology is developed to obtain the steady-state temperature
distribution in the roll. A 4-noded linear quadrilateral element (DCC2D4) is chosen
for heat transfer analysis of both roll and strip.

The methodology for determining the steady-state temperature distribution in

roll is as follows:
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Step 1: First obtain the circumferentially averaged temperature of roll by applying

the uniform heat flux around its periphery. The average heat flux O, applied along

the outer periphery is calculated by the formula O, = 326§ ~x AQ,, where 2/ is the

bite angle and AQ;is the heat input rate at the roll gap. (As discussed in Section

3.2, A is an adjustable parameter that is determined by matching the average
temperature of roll and strip at the interface).
Step 2: The entire outer periphery is divided into n equal parts for applying heat
source as shown in Fig. 3.8a. Each part is further subdivided into m user defined
parts depending on the requirement of mesh refinement. Depending on the bite
angle, the heat source may occupy m subdivisions at a time. A transient analysis is
carried out in which at each time step, the heat sources moves counterclockwise by
one subdivision. The initial temperature in the transient analysis is taken as
circumferentially averaged temperature. The temperature at the end of each time
increment is measured at the lowest point of the roll, i.e. at P. Thus, at each time
increment, temperature at P indicates the temperature at different angular locations
of heat flux. (Angular location of the heat flux is specified by the leftmost point of
the heat flux). Once the temperature at the point P is obtained for various angular
locations between 0° to 360°, the steady state temperature distribution can be
plotted. One can note that the temperature due to moving heat source at a fixed
point is same as the temperature at corresponding angular location due to rotating
roll and fixed heat source.
Step 3: The procedure of Step 2 is repeated several times, till convergence is
obtained. Convergence is assessed by comparing the maximum temperature with
expected exact maximum temperature. The expected exact maximum temperature
is obtained by convergence acceleration method of Aitken and Steffenson described
in Zyczkowski (1981). As per this, let x;, x, and x3 denote the maximum
temperature of three consecutive iterations. It is assumed that they approach their
limit x as geometrical series i.e.,

XX _ XX

, (3.50)
X=X, X—X,
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From the above equation, the expected exact temperature x can be calculated as

ro SN (3.51)

X, +x;,—2xx,
The iterations are stopped when the error between the maximum temperature and
expected exact maximum temperature is below a specified value. Figure 3.8a shows
the location of the instantaneous moving heat source at the beginning over the outer
periphery of the roll. The location of the moving heat source at any instant of time

is shown in Fig. 3.8b. The temperature is recorded at location P as shown in Fig.

3.8 while heat source is rotating over the interface.

m subdivisions

() (b)

Fig. 3.8. Two dimensional configurations for temperature measurement in roll (a)
position of heat source at the beginning and (b) instantaneous position of the heat
source after rotating an angle &
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3.7.2 Temperature Distribution in Strip
The strip temperature is estimated by taking the boundary conditions shown in Fig.

3.7(b) and considering heat generation, a transient heat conduction analysis is
carried out for a time interval of /, /V, where /,is the contact length and V is the

average speed of the strip. The temperature obtained after this time interval is
considered as steady-state temperature of the strip in the considered domain. The
basis of this assumption is that on an average, any portion of the moving strip

receives heat for a period of /,/V . Moreover convective term in the heat

conduction equation is small in comparison to heat generation due to plastic
deformation and friction. The finite element based package, ABAQUS 6.10 version
is used for heat transfer analysis of the strip and roll. The problem is solved using

ABAQUS-Explicit code.

3.7.3 A Note on the Fast Estimation of Temperature Distribution by FEM

It is mentioned in Subsection 3.7.1 that to obtain the steady-state temperature in the
roll by carrying out a transient heat transfer analysis in FEM takes about 2 hours of
the screen time. However, employing the proposed methodology, the time required
for the analysis is reduced to about less than 10 minutes. The computational time
may be reduced further to less than 1 minute by solving it using DFLUX subroutine
in ABAQUS. The DFLUX subroutine written in FORTRAN language is provided
in Appendix G. The faster estimation of the temperature distribution in the roll may
be attributed to the superimposition of the averaged steady-state temperature of roll
with transient temperature. Initially, by applying the average heat flux around the
outer roll periphery, the circumferentially averaged temperature of roll is obtained.
Now, the circumferentially averaged temperature of the roll is treated as an initial
temperature for the transient analysis. While employing the transient analysis, the
maximum temperature of roll is calculated (at point P as shown in Fig. 3.8) after
completing each revolution of the moving heat source. The convergence of the
steady-state temperature is assessed by comparing the maximum temperature with
expected exact maximum temperature. As the initial circumferential averaged

temperature is superimposed to the transient temperature during the analysis
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procedure, it reduces the number of iterations to reach the steady-state temperature.
Due to this, the computational time for achieving the steady-state temperature in the

roll is significantly reduced.

3.8 Comparison of Thermal Analysis by Analytical Methods and
Finite Element Method

In this section, a comparative study of analytical methods and finite element
method is presented. First the steady-state temperature is compared while
considering a thermal analysis of roll only. Further, a thermo mechanical analysis
of strip is carried out. Finally, the average temperature of the roll and strip at the
roll-strip interface is calculated. For this an appropriate heat partition factor A is
determined by matching the average temperature of the roll and the strip at the

interface.

3.8.1 Study on Mesh Sensitivity of FEM Model for Thermal Analysis

In order to select appropriate element size for the steady-state temperature
distribution of the roll, a mesh sensitivity study is performed. The material of the
roll and the strip is considered to be made of steel. The thermal material property
and geometry of the roll is given in Table 3.1. The mesh sensitivity of the roll and
the strip is done on the basis of maximum temperature measurement. Table 3.2
shows the maximum temperature of the roll after 20, 40 and 60 revolutions for
different meshes, when the roll speed is 0.1 rad/s. The maximum temperature was
recorded for different combination of mesh size for different number of revolutions.
It is seen from Table 3.2 that although the maximum temperature keeps on
increasing as the mesh is refined, the change is not much substantial. However, the
computational time keeps on increasing at order of n’, where n is the number of
elements. A compromise is reached for 4 elements in the radial direction and 400
elements in the circumferential direction. In the similar manner, for the strip, a
mesh consisting of 400 elements is taken (80 elements in the length direction of the

strip and 5 elements in the thickness direction).
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Table 3.1. Material constants and geometric parameters for thermal analyses for

roll (steel)
Parameter Value
Inner roll radius (a) 0.23 m
Outer roll radius () 0.25m
Convective heat transfer coefficient at outer periphery (%,) 260 W/m’-°C
Convective heat transfer coefficient at inner periphery (4;) 2.6 W/m*-°C
Thermal conductivity (k) 52 W/m-°C
Thermal diffusivity (a,) 0.144x10 " m%/s
Initial temperature at the inner and outer periphery (7;,7,) 30 °C
Semi-bite angle (f) 8°
Heat flux (§) 5x 10° W/m®

Table 3.2. Maximum temperature of roll for different mesh size

Divisions of roll Maximum temperature (°C) in the roll
Radial Circumferential after 20 after 40 after 60
direction direction revolution revolution revolution

1 400 1093 1101 1111
2 400 1259 1260 1277
3 400 1233 1334 1351
4 400 1359 1360 1377
5 400 1370 1371 1388

100 1321 1322 1339
4 200 1345 1346 1363
800 1361 1362 1379

3.8.2 Steady-State Temperature Distribution in Roll for Specified Heat Input

The results of the two-dimensional thermo-mechanical analysis to obtain the
steady-state temperature distribution of the roll and the strip are described. First, the
temperature distribution in the roll is obtained by three different methods viz.,
approximate method based on Laplace transform, series solution using integral
transform technique (Yiannopoulos et al., 1997) and FEM using ABAQUS. A
number of numerical experiments were conducted for different roll geometry and
thermal properties to determine the appropriate number of terms of series
expansions— m and n. Here, m=30 and n=15 is considered to find out the
temperature distribution in roll within less than 1% accuracy. For the sake of
simplicity in the analysis, the average thermal properties of the roll and strip are
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considered. However, a few runs with the temperature dependent material
properties of a typical steel showed insignificant error in the results. The material
properties and the dimensions of the roll are tabulated in Table 3.1.

Figure 3.9 shows the temperature distribution on the surface of the roll at
different angular velocities based on the input data of Table 3.1. This data is the
same as taken by Yiannopoulos et al. (1997) for analyzing the temperature
distribution in roll. It is observed that the peak temperature of the roll decreases with
increasing angular velocity in a steady-state. The result of the approximate method is
compared with the results of the (Yiannopoulos et al., 1997) and FEM by taking
only the thermal module. The FEM simulations were carried out by using
ABAQUS. The results obtained by FEM based procedure have been taken as the
basis for assuring the accuracy of the present approximate method. Transient
temperature distribution in the form of a series solution using integral transform
technique is obtained. Approximate method employing the closed form expression

for temperature calculation is mathematically simpler compared to Yiannopoulos et

al. (1997).
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L[ Approximate ] L | Yiannopoulos ef al. (1997) | :W ]
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Fig. 3.9. Steady state temperature distributions in a rotating roll at the outer surface
for heat input rate of 5 MW/m?: (a) Approximate method based on Fischer et al.
(2004) (b) Yiannopoulos ef al. (1997) and (c) FEM
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Figure 3.9 compares the temperature distribution predicted from the
approximate method with that predicted by Yiannopoulos et al. (1997) and FEM.
The difference of predicted peak temperatures by three methods is less than 8% at
o = 0.1 rad/s. The difference decreases with increasing @. The maximum
temperature of roll decreases with increasing angular velocity. Figure 3.10 shows
the temperature distributions on the inner and outer surface of the roll at the angular
velocity of 0.314 rad/s. It is observed that at the outer radius of the roll, the

temperature variation on the periphery is more as compared to the inner radius. The

agreement between temperature distributions obtained from three methods is good.
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Fig. 3.10. Steady-state temperature distribution in a rotating roll at the inner and
outer radii for heat input rate of SMW/m?: (a) Approximate method based on
Fischer et al. (2004) (b) Yiannopoulos ef al. (1997) and (c) FEM

Table 3.3 shows the comparison of peak temperature for all three methods at

different angular velocities of roll. It is observed that at high angular speed of the

rolls, the peak temperature is nearly the same in all the three cases. In all the cases,

deviation between predictions is less than 10%.
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Table 3.3. Comparison of the maximum steady-state temperature at different
angular velocities

Peak surface temperature in roll (°C)
S.No | Angular velocity Approximate Yiannopoulos | FEM
(wrad/s) method et al. (1997)
1. 0.1 1420 1348 1360
2. 1 1055 1028 975
3. 10 940 931 896
4. 100 903 900 878

Figure 3.11 shows the temperature distributions on the inner and outer
surface of the roll at the angular velocity of 1 rad/s. Here, the inner roll radius a is
0.25 m and the outer roll radius » is 0.30 m. The other parameters are given in
Table 3.1. It is observed that the approximate method predicts the larger error than
the series solution using integral transform technique in comparison to the FEM
predictions which are considered to be the reference values. However, the

maximum error is less than 6%.

Angular displacement & (degree)
(@)

Angular displacement & (degree)
(b)

Angular displacement & (degree)

(©)

Fig.3.11. Steady-state temperature distributions in a rotating roll at the inner and
outer radii for heat input of 5 MW/mz, hi=5.2 W/m?-°C and he =520 W/m?-°C: (a)
Approximate method based on Fischer et al. (2004) (b) Yiannopoulos et al. (1997)
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The approximate method takes the minimum computational time compared

with other two methods. The series solution using integral transform technique

given by Yiannopoulos et al. (1997) involves the roots from the transcendental

equation. These roots are function of the roll dimensions, thermal conductivity and

convective heat transfer coefficient of the roll and need to be evaluated for different

sets of parameters.

Table 3.4. Comparison of three methods for carrying out the thermal analysis of

the roll

S.No.

Method

Computational
screen time

Remarks

Approximate
Method based
on Fischer et
al. (2004)

less than 10
second

Steady-state temperature is obtained.
Constant initial temperature of roll
(To) is used to obtain a closed form
solution.

No provision for incorporating

temperature  dependent material
property data.
The roll is assumed to be made of

homogeneous material.

Yinnopoulos
et al. (1997)
(transient  as
well as
steady-state)

about 25-30
minutes

e Transient as well as steady-state

temperature is obtained.

e Initial temperature of roll can be

considered as function of radial and
circumferential coordinates.

e Incremental analysis can be carried

out (by this time varying heat input
into the roll may be considered).

No provision for taking temperature
dependent material property data.

e Homogeneous material of the roll is

assumed.

FEM

about 10 minutes
for steady-state
analysis by the fast
FEM (described in
Section 3.7) about
2 hours for
transient analysis.

e Initial temperature of roll can be

considered as function of radial and
circumferential coordinates.
Temperature material

property data can be considered.

dependent

e Composite or functionally graded

material (FGM) can be considered.
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Table 3.4 shows the comparison of results with three methods. Three
methods for determining the temperature distribution in the roll are proposed in the
present thesis. These three methods are approximate method, series solution using
integral transform technique and an FEM model. The strip temperature distribution
is calculated by an analytical method and an FEM model. The FEM model results
are considered as a benchmark for the other two methods while making
comparisons. The determination of temperature distribution through analytical
method for the roll as well as strip is advantageous in terms of computational time.
The analytical solutions are incorporated along with FEM deformation module to
alleviate the complexity of the process and faster prediction of the temperature

distribution in the roll and the strip.

3.8.3 A Comparison of Approximate Method and FEM Results with the
Experimental Results of Jeswiet and Rice (1975)

The thermo-mechanical analysis of strip and roll is carried out to calculate the rise
in temperature at the roll-strip interface. It is required to find out the power due to
plastic deformation and friction power by FEM and choose an appropriate partition
factor for heat transfer between the roll and the strip. This was carried out here with
the roll and strip properties as shown in Table 3.5. The ambient temperature is
always taken as 30 °C. The roll-strip interface temperature is compared from the
experiments of Jeswiet and Rice (1975). The material of the strip is Alloy 1100-
H141 of dimensions 280x23x9.8 mm’. The material properties of Alloy 1100-
H141 and the roll are taken from Wilson et al. (1989). The strain-rate is kept

constant for validating the results of the present model with the experiments of

Jeswiet and Rice (1975).
Table 3.5. Aluminum alloy strip and steel roll properties
Parameter Alloy 1100-H141 (strip) Roll
Conductivity (W/m-°C) 284 54
Density (kg/m’) 2707 7833
Specific heat (J/kg-°C) 896 465
Flow stress (MPa) o, :100(1+0‘9504355)
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Fig. 3.12. Comparison of the present method with experiments of Jeswiet and Rice
(1975) and FEM for Alloy 1100-H141

Roll radius and exit speed of strip are 75 mm and 0.096 m/s respectively.
With this data, simulations were carried out for different reductions in strip, and the
temperatures of roll and strip are recorded. The value of heat partition factor was
determined by matching the average temperature of roll and strip at the roll bite. The
quantity of heat distributed between the roll and the strip was obtained by one
dimensional search. Figure 3.12 compares the predictions of present model and
experimental measurements of interface temperature rise for different percentage of
reductions. It is seen from Fig. 3.12 that the approximate method and FEM
predictions are in good agreement with experiments except for the case of 19%
reduction. The same observation is also reported in Wilson et al. (1989) based on
finite difference method. Wilson et al. (1989) suspected that the deviation for 19%
reduction case may be due to experimental results. Wilson et al. (1989) did not
provide the details about the deformation modelling, for which they developed a

FORTRAN 77 code entitled THERMAL for the estimation of temperature. The
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exact detail of computational time has not been provided by them. The information
could have been any way only indicative due to large difference in computer
hardware in 1989 and at present in 2016. The present method carries out the
deformation analysis by FEM, but due to convergence acceleration techniques
adopted, it takes less than 10 minutes of screen time in 2.6 GHz processor and 3.25

GB RAM AMD Phenom II PC.

3.8.4 Further Comparison of FEM based and Approximate Methods

In this subsection, a comparison of the results obtained by approximate method and
by an FEM based model is presented. This comparison is essential to throw light on
certain aspects such as the effect of roll radius and exit velocity of strip.
Approximate and FE methods were used for carrying out thermal analysis as
described in the previous sections. However, deformation analysis is carried out
solely by FEM. The output from deformation analysis subsequently forms the input
to the thermal analysis for estimating average temperature under steady-state
condition at the roll-strip interface. This temperature is estimated by taking into
account the heat partition factor between the roll and the strip which is also evident
from the approximate method. It can be reasonably argued that the average
temperature at the roll-strip interface depends on the temperature gradient between
the roll and the strip which is the driving factor of heat flow across the interface.

In order to further assess the accuracy of the proposed model, the new set of
numerical experiments was carried out under cold rolling conditions by taking into
account the thermal properties of strip and roll as per Table 3.6. The thickness of the
roll cylinder was kept constant at 20 mm. It was assumed that the actual flow stress
of strip is governed by the following empirical relation (Dixit and Dixit, 2008)

considering strain-rate kept constant:

o, =(0,), {1+%} : (3.52)

where (O'Y ) ,is the yield stress of the material and b and n are material hardening

parameters.
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Table 3.6. Steel strip and roll properties

Parameter Strip Roll
Conductivity (W/m-°C) 30 52
Density(kg/m’) 7800 7850
Specific heat (J/kg-°C) 470 460
Diffusivity (m’/sec) 0.82x10°° 0.144x107

Tables 3.7 and 3.8 show the comparison of the results obtained by
approximate method and FEM for two different exit velocities of the strip. The
mechanical properties of the strip and other required process parameters are
provided in the captions of tables. The maximum error in the average interface
temperature estimated by the approximate method and by FEM is 11%. In many
cases, the error is much lesser than this. Thus, the proposed model in this work is in
good agreement with both an approximate method and an FEM. The computational
time with the approximate method is less than 10 seconds, whereas the FEM
analysis takes about 10 minutes. The reduction in computational time is highly
significant for online and offline optimization of the process. Assume that the
process parameters are to be adjusted based on 10 function evaluations in an
optimization routine. If the computational time is 10 second, the whole procedure
takes less than 2 minutes. On the other hand, if the computational time is 10
minutes, the procedure takes about 1 hour and 40 minutes!

Table 3.7. Comparison of approximate method with FEM for exit velocity of 1 m/s
(hy = 1mm, ry = 24%, h; = 2.6 W/m*-°C, h. = 260 W/m*-°C, 1= 0.14, (UY )0= 400

MPa, b =0.052, n=10.295, Ty = 30 °C)

Approximate method FEM
Roll Power (kW) Power (kW)
radius Plastic Friction Average Plastic Friction | Average
R deformation ( P ) temperature | deformation ( P, ) temperature
(mm) ( P ) ' at the ( P ) ' at the
P interface (°C) P interface
(W)
35 81.64 19.04 72.51 81.13 20.12 75.21
65 82.08 29.54 91.41 81.99 32.53 94.5
130 84.12 67.98 159.3 84.21 68.32 178.72
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Table 3.8. Comparison of approximate method with FEM for exit velocity of 2 m/s
(b1 = 1mm, ry=24%, hi=2.6 W/m’-°C, h =260 W/m’-°C, u=0.14, (o, ), = 400

MPa, b =0.052, n=10.295, Ty = 30 °C)

Approximate method FEM
Power (kW) Power (kW)
Roll Plastic Friction Average Plastic Friction Average
radius | deformation ( P ) temperature | deformation ( P ) temperature
R ! h ! h
( P ) at the ( P ) at the
(mm) P interface P interface
(9] (9]
35 163.27 38.08 91.82 162.25 40.24 94.82
65 164.15 59.08 102.12 163.97 65.075 111.25
130 187.89 152.98 182.63 168.56 136.49 197.85

The results presented in Table 3.7 and Table 3.8 show that the power
required for plastic deformation and frictional work is linearly dependent on the
exit velocity of the strip keeping the others parameter constant. It is observed that
the exit velocity increases by 2 times, the power required due to plastic deformation
and friction work becomes double approximately. This can also be inferred by
comparing the power required for the plastic deformation (#,) and the frictional
work (P)). Thus, the heat generation in the strip (due to plastic deformation as well
as the friction work) is dependent on the exit velocity of strip. One observation is
that the difference between approximate method and FEM is relatively higher for
increased roll radius. With the increased roll radius, the contact area and periphery
of the roll increases causing enhanced variation of temperature along the periphery.
In the present work, the steady-state average temperature of the roll is
superimposed on the analytical temperature calculated by Egs. (3.19) and (3.20).
Also, the interface roll temperature and strip temperature are matched based on the
average temperature and point by point matching is not carried out. These
approximations are valid for the small roll radius cases, where the periphery and
contact length are smaller. Validity starts becoming weaker as the roll radius
increases. Nevertheless for practical rolling conditions, in spite of the
approximations employed, one can expect reasonable results with this method. A

detailed parametric study has been carried out in Subsection 3.10.2 using
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approximate method. Further, some results of parametric study using fast FEM

model are presented in Appendix H.

3.9 Assessment of the Assumption of the Equality of Temperatures

of Roll and Strip at the Interface

In the present work, the heat input into the roll is calculated on the basis of average
temperature matching of roll and strip at the roll-strip interface. It is based on the
assumption that the heat transfer coefficient at the roll-strip interface, 4., is infinite,
i.e., there is a perfect contact. Based on experimental finding, Hlady et al. (1995)

proposed the following empirical expression for evaluating /.:

hC = (ﬁj , (3.53)
k o

where k is the mean of the thermal conductivities of the roll and the strip, P is the
mean roll pressure in kg/mm?, o is the flow stresses of the strip in MPa, m, is the
constant of the strip material and C is a surface roughness parameter of the roll
material. Here, one example is presented to give an estimate of /..

The material constant m, = 1.7 and surface roughness parameter C = 35 uym
given by Hlady et al. (1995) is used to calculate the value of 4. with the input
parameter given in Table 3.6. The flow stress of strip (steel) is governed by J-C model
(Eq. 3.5), where the constants of J-C model are taken from Meslin and Hamann

(2003) and are as follows: 4=598 MPa, B=768 MPa, n; = 0.2092, C=0.0137, m; =

0.807. The reference strain rate (&,) is 0.001s™" and melting temperature (7y) is

1768 K. The initial temperature of roll and strip are taken as 15 °C and 250 °C,
respectively. The outer radius of the roll (R) is 65 mm and the thickness of the roll
is considered to be 20 mm. The computations are carried out for 28% reduction of
inlet thickness of strip (#; = 1 mm), taking the equivalent Coulomb coefficient of
friction as 0.20. The value of 4, is obtained as 19.6x10°® W/m?°C. The differences in
the roll and the strip temperature at the interface is calculated using the following

heat flux balance equation ¢ = h(7,—T,), where g denotes the heat input into roll
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from the strip at the steady-state condition. The value of ¢ is 6.5x10° W/m” The
temperature differences in the roll and the strip temperature (7,—7,) is equal to 0.33
°C. This is very small. Hence, the assumption of the same strip and roll temperature

is justified.

3.10 Typical Results Obtained from the Proposed Model

A thermo-mechanical model for warm flat rolling is developed using FEM for
deformation analysis and an analytical methods for thermal analysis in Sections 3.3
and 3.4. The model is first validated by calculating the roll-force, roll-torque and
steady-state temperature distribution in the deformation zone. A parametric study of
the average temperature distribution at the roll-strip interface with two different roll
radii for different reductions is carried out. The effect of yield stress of the material

is also studied.

3.10.1 Validation

To test the validity of the model developed, the results obtained by model are
compared with experimental data of Shirizly and Lenard (2000). They performed
rolling experiments on cold rolled low carbon steel AISI 1018 with steel rolls. In
their experimental work, the specimens were preheated in air at 850 °C for 60 min
to ensure a homogeneous deformation temperature. The rolling speed is 157 mm/s

and the coefficient of friction is 0.25. The strip dimension is taken as (305x44x4.71)

mm’. The outer diameter of the work-roll is 150 mm. The inner diameter of the roll
is not mentioned by Shirizly and Lenard (2000). Here, it is assumed as 130 mm,
considering typical practical value. (Later on, the inner diameter of 120 mm was
also chosen and it was found that results differ by an amount less than 1%. Thus,
the inner diameter has an insignificant effect on roll torque and roll force in this
case.) The convective heat losses at the outer and inner periphery roll are assumed
as 260 W/m*-°C and 2.6 W/m®-°C respectively. The thermal properties of strip and
roll are taken from Khalili ef al. (2012).
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The flow stress of the strip material is governed by modified J-C model. The
modified J-C model material parameters are taken from Vural et al. (2003) for AISI
1018 cold rolled. In the modified J-C model, two separate J-C models are modeled
for low and high strain rate cases. Vural et al. (2003) have suggested the smooth
transition between two models over a narrow strain-rate zone. However, here
discontinuous model is taken, as it does not pose any problem in FEM code. The

parameters of J-C model given by Eq. (3.4) are 4 = 560 MPa, B = 300 MPa, n, =
0.32, m; = 0.55, T,, = 1773 K. For strain rate of less than &, , C is given by

C=n, (ij ; (3.54)

C=n, (i] , (3.55)
€02
where &, is calculated as
. . \/ny - \(m—ny) /g
ép=(01)""" (& )( ins (3.56)

For AISI 1018 cold-rolled steel (Vural et al., 2003), n, = 0.007, n; = 0.075,
0 =5%10° s and & =96 s".

Figures 3.13 and 3.14 compare experimental and simulated roll forces and
roll torques, respectively with Shirizly and Lenard (2000). The input process
parameters are given in the figures. It is seen from Fig. 3.14 that the roll torque
gives the maximum 12.6% error with experimental results of Shirizly and Lenard
(2000). However, the roll forces obtained from the proposed model were closed to

experiment results obtained by Shirizly and Lenard (2000) as shown in Fig. 3.13.
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Fig. 3.13. Comparison of proposed model with experimental results of Shirizly and
Lenard (2000) of roll force per unit width
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Fig. 3.14. Comparison of proposed model with experimental results of Shirizly and
Lenard (2000) of roll torque per unit width
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Further, an attempt was made to validate the roll surface temperature with
the average temperature at the interfacing surface of the strip. The average
temperatures at the deformation zone are compared with the experimental results of
Serajzadeh and Mohammadzadeh (2007). Serajzadeh and Mohammadzadeh (2007)
performed the warm rolling experiments of low carbon steel with steel rolls. They
conducted the experiments with inlet strip temperature in the range of 500-750 °C

for different rolling speed and percentage of reduction. The dimension of the strip

was (100><5><3) mm® and the work-roll diameter was 150 mm. The flow stress of

the strip material is governed by the following power law given by Serajzadeh

(2004):
o, =Bs"e", (3.57)
where B, m and n are the temperature dependent material constants expressed by

B=1198-0.084T —0.00272,

(3.58)
m=0.788-0.0046T +9.11x107°T* =7.04x107 T +1.9x10°°T*, 5 oo
_ il -4

n=0.36-2.96x10"T, (3.60)

where T is the temperature in °C. The inner diameter of the roll and convective heat
transfer coefficients are assumed as in the previous example.

Table 3.9. Comparison of proposed model with experimental results of Serajzadeh
and Mohammadzadeh (2007)

Initial Inlet [Reduction,|Revolution| Average Expt.
temperature| thickness| #;(%) |per minute | temperature| (Serajzadeh and %

of strip of strip (r.p.m) of at Mohammadzadeh| error

(°O) hi(mm) the roll, @ | deformation 2007)

zone Temperature
(°O) Q)

500 3 30 50 426.95 441 -3.19
650 3 15 50 599.62 595 0.78
650 3 30 50 577.16 530 8.89
750 3 15 65 692.52 700 3.28

For different values of the inlet temperature of strip, inlet thickness of strip,

percentage of reduction and angular velocity of roll, results of the present work and
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Serajzadeh and Mohammadzadeh (2007) are given in Table 3.9. It is observed that

the error in the prediction of temperature is less than 9%.

3.10.2 Parametric Study

The parametric study has been carried out to obtain the average temperature at the
roll-strip interface with different roll radius, flow stresses of the strip material,
coefficient of friction and angular velocities of roll. Table 3.10 shows that the effect
of roll radius becomes more predominant for higher reductions. It is observed that
with increasing fractional reduction, the average temperature increases. It may be
noted from Table 3.10 that friction power changes significantly on changing the roll
radius although the power required for plastic deformation does not exhibit much
variation. This is due to the increasing role played by the friction power. Table 3.11
shows the plastic power, friction power and temperature at the interface for two
different sets of yield stresses and material hardening parameters. The yield stress
in the second set is 10% higher than that in the first set. Similarly, the hardening
parameters in the second set are 20% higher than those in the first set. As expected,
the increase in flow stresses increases the temperature and this effect is more
pronounced at higher reductions.

Table 3.10. Variation of average temperature at the interface with roll radii for
different reductions (#; = 1mm, ¢ = 0.08, A; = 2.6 W/m2-°C, he =260 W/m2-°C,
u=0.14, (O'y )0= 324 MPa, b= 0.052, n=0.295, V, = 0.5 m/s, Tp = 30 °C)

R =65 mm R =130 mm
Power (kW) Power (kW)
Reductions Plastic Friction Average Plastic Friction | Average

Yd deformation ( P ) temperature deformation ( P. ) temperature

f f
(%) (p ) at the (p ) at the
p ) P .
interface interface
(°0) (°C)

8 9.45 0.91 34.51 9.406 1.54 35.25
12 14.62 1.95 37.37 14.55 2.97 38.12
16 20.15 3.14 40.53 19.93 4.92 42.35
20 25.53 4.73 44.02 23.49 9.42 48.23
24 31.01 6.61 47.87 30.79 10.67 52.07
28 36.72 8.94 52.31 36.41 14.31 58.23
84
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Table 3.11. Variation of average temperature at the interface with different yield

stresses and hardening parameters for different reductions (4; = 1mm, &= 0.08,
R =65 mm, h; =2.6 W/m’>-°C, h, = 260 W/m>-°C, V> = 0.5 m/s, Tp= 30 °C)

(0,),=324 MPa, b=0.052, (0,),=356.4 MPa, b=0.0624,
Reductions n=0.295 n=0.354
Power (kW) Power (kW)
Fa Plastic Friction Average Plastic Friction | Average
(%) deformation ( B, ) temperature| deformation (Pf ) temperature

(Pp ) at the (Pp ) at the

interface interface
(°O) &)
8 9.45 0.91 34.51 10.52 1.05 35.54
12 14.62 1.95 37.37 16.34 2.21 39.12
16 20.15 3.14 40.53 22.62 3.68 42.68
20 25.53 4.73 44.02 28.98 5.45 47.61
24 31.01 6.61 47.87 3542 7.68 52.34
28 36.72 8.94 52.31 42.2 10.39 58.6
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The study is also extended to comprehend the effect of coefficient of friction,
angular velocity of roll on average temperature of roll and strip at the roll-strip
interface. It is observed from Fig. 3.15 that with increase in coefficient of friction at
the interface, the average temperature increases. This effect is also more
pronounced at higher reduction.

Figure 3.16 shows the variation of average temperature at the interface with
angular velocity of roll for two different roll radii. It is observed that the
temperature increases with increase in angular velocity, but the rate of increase of
temperature with angular velocity decreases with increasing angular velocity.
Increase in angular velocity increases the heat generation. It also tends to distribute
the heat more evenly on the surface of the roll, making the temperature a weak
function of the angular location on the periphery. Initially, the first effect
dominates. As the angular speed increases, the influence of the second effect gets
dominance. As a result, temperature versus @ plot typically follows the behaviour

as shown in Fig. 3.16.

6\65 LI | LI | L | LI | I LI | LI I LI LI | LI | LI LI LI |
o~ -h1=1 mim, (G},)D= 324 MPa, b =0.052, n=0.295;
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Fig. 3.16. Variation of average temperature at the interface with angular velocity of
roll for different roll radii
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In the cold rolling condition, the temperature increases because of heat
generation due to plastic deformation and friction. A fraction of this heat goes into
roll and the other portion goes into the strip. It is interesting to see the distribution
of heat into roll and strip. Table 3.12 shows the rate of heat input at different
reductions for different angular velocities of roll w. It is observed that the fraction
of heat input to the roll decreases with increasing w. However, the temperature of

the roll still increases, because the total power increases with .

Table 3.12. Heat distribution between the roll and the strip at different reductions
for different w

w ="7.5 (rad/s) @ = 15 (rad/s) w =30 (rad/s)
Average Heat flux Average Heat flux Average Heat flux
Reductions,| temperature (W/mz) temperature (W/m?) temperature (W/m?)
rq at the at the at the
(%) interface Roll | Strip interface Roll | Strip interface Roll | Strip
(°O) (°O) (°O)

8 34.6 1.22 | 6.76 34.7 1.82 | 14.2 35 2.68 | 29.2
12 37.3 1.8 8.7 37.9 290 | 18.2 38.2 4.02 | 37.8
16 40.5 2.4 10.4 41 3.5 22 41.6 5.18 | 458
20 43.8 3 12 44.8 44 | 25.6 45.3 64 | 534
24 47.7 3.6 13.5 48.7 54 29 49.6 79 | 60.5
28 51.7 4.2 15 53.2 6.48 | 32 54.8 9.66 | 67.3

3.11 Conclusion

In this chapter, a steady-state thermo-mechanical model for warm flat rolling for
obtaining the temperature of the exit strip using the FEM deformation module and
separate thermal module is developed. The deformation analysis of the strip is
carried out by an FEM model based on Eulerian flow formulation. The thermal
analysis of the roll and the strip is carried out by an analytical method and FEM
using ABAQUS. Three methods for determining the temperature distribution in the
roll are presented. These three methods are approximate method, series solution
using integral transform technique and an FEM model. The strip temperature
distribution is calculated by an analytical method and an FEM model. The FEM

model results are considered as a benchmark for the other two methods while
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making comparisons. The determination of temperature distribution through
analytical method for the roll as well as strip is advantageous in terms of
computational time.

In the present work, the analytical solutions are incorporated along with
FEM deformation module to alleviate the complexity of the process and faster
prediction of the temperature distribution in the roll and the strip. The proposed
steady-state thermo-mechanical warm flat rolling model is validated with the
experimental results of Shirizly and Lenard (2000) and Serajzadeh and
Mahammadzadeh (2007). Further, the parametric study is also carried out to see the
consequence of the parameters such as rolling speed, roll radius, coefficient of
friction and yield stress of the strip material considering cold rolling examples. It is
found that the proposed model is suitable for cold rolling case by incorporating the
constitutive relation in the FEM based deformation module.
Following are the salient contributions:-

e To predict the steady-state temperature distribution in the roll and the strip, a
simplified and computationally faster, approximate method is proposed by
adapting the model of Fischer ef al. (2004).

e For calculating a steady-state temperature distribution in the roll and the strip
by FEM, a methodology is proposed to calculate the temperature distribution
in rolling for reducing the computational screen time. In the present work,
FEM based software package ABAQUS is used, but the methodology can be
employed with any package. The steady-state temperature distribution can
also be obtained by carrying out a transient heat transfer analysis till the
attainment of steady-state. However, this procedure takes about 2 hours of
the screen time, whilst the FEM model requires about less than 10 minutes of
the screen time by employing ABAQUS in the present case. If the problem is
solved in a non-iterative way by writing a subroutine, the FEM model
requires less than 1 minute. The FEM model uses a deformation module
FOTRAN code based on Eulerian flow formulation and a thermal module
implemented on an FEM based package ABAQUS for the fast estimation of

the steady-state temperature distribution.
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e Temperature distribution in the roll is determined by three different methods.

These methods are approximate method (by adapting the model Fischer et
al., 2004), series solution using integral transform technique (Yiannopoulos
et al., 1997) and an FEM model. The comparative study of these three
methods has been carried out to obtain the steady-state temperature
distribution in roll for specified heat flux. It is observed that an approximate
method takes the minimum computational time compared with other two
methods. The series solution using integral transform technique involves the
roots from the transcendental equation. The roots are the function of the roll
dimensions, thermal conductivity and convective heat transfer coefficients of
the roll and to be evaluated for change of these parameters. The FEM
analysis is also computationally faster compared to the series solution using
integral transform technique by employing the proposed methodology. It is
found that an approximate method is most efficient as compared to the other
two methods for obtaining the steady-state temperature distribution in the
roll. Hence, the present model can be used for a quick estimation of steady-
state temperature distribution in rolling.

The comparison of approximate method and an FEM for thermal analysis is
also carried out by calculating the temperature rise at the interface and
compared with the experimental results. Further, the present model is
validated with the experimental results by calculating the roll-force, roll-
torque and average temperature at the roll-strip interface in warm rolling
conditions. It is found that the present model predictions are well agreement
with the experimental observations.

Several authors proposed that the heat generated due to friction at the roll-
strip interface is shared in a fixed proportion between the roll and the strip
(Hwang et al., 1993; Hatta et al., 1980). In the present work, a heat partition
factor A is calculated by matching the average temperature of the roll and the
strip at the roll-strip interface. The validity of the assumption of equal roll

and strip temperature in the contact zone is assessed.

&9



TH-1513_11610339



Chapter 4

Transient Thermal Analysis of Warm Flat Rolling

4.1 Introduction

The transient study of thermo-mechanical analysis of the flat rolling is essential in
order to envisage the better understanding of the temperature distribution in the roll
and the strip. This chapter deals with the transient analysis of warm flat rolling
process. The transient analysis requires a time varying heat flux input into the roll
from the warm strip. This brings the present analysis closer to the real time
environment providing a better insight into the problem as the temperature during
rolling is not steady at the beginning.

The transient behaviour of a rolling process requires a continuous change of
the mechanical and thermal boundary conditions of the strip that enters and exits the
bite zone. It is essential to study the transient behaviour of both the strip and roll
including the constitutive modelling and friction behaviour (Lee et al., 2000). Due to
transient nature of the problem, the analysis of the roll and strip together becomes
complex. In order to avoid the complexities, many researchers have carried out the
steady-state analysis of the rolling (Tseng et al., 1984; Hwang et al., 1990;
Serajzadeh, 2004; Koohbor, 2015). A few researchers such as Guo (1998) and Lee et
al. (2000) carried out the transient analysis of only the roll. Shahani ez al. (2009)
carried out two-dimensional thermo-mechanical analysis of hot rolling using FEM
based package ANSYS. However, they did not consider the roll deformation. In the

present work, a transient thermal analysis considering both the roll and the strip
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together is carried out analytically. The roll deformation is taken into account by
employing Hitchcock (1935) formula.

In this work, a mathematical model of warm flat rolling to find out the
temperature distribution in the roll and the strip is presented. In-house warm rolling
experiments were also conducted to validate the model for different process
parameters. The deformation module of the strip uses Eulerian approach based on
finite element method (FEM). The temperature distribution of the strip in the
deformation zone and just after the deformation zone is obtained analytically as
discussed in Section 3.6. The transient distribution in the roll is obtained analytically
by integral transform technique. The present work employs a time varying heat flux
input into the roll from the strip which extends the work of Yiannopoulos et al.
(1997) who has considered a constant heat flux input into the roll with constant
initial temperature 7,. An iterative procedure is carried out to obtain the temperature
distribution assuming initial temperature as a function of radial and circumferential
coordinates. The transient thermal analysis provides an inverse way of estimating
the thermal parameters based on the temperature measurement of the exit strip.

The chapter is organized as follows. Section 4.2 presents the solution of
transient heat conduction equation of the roll using integral transform technique.
Section 4.3 provides a scheme of the transient thermal analysis of warm flat rolling
process. The time varying heat input into the roll from the strip is studied in Section
4.4. Section 4.5 presents details of validation experiments on a laboratory mill.
Results and discussion is presented in Section 4.6 including in-house experimental
validation of the transient thermal analysis of warm flat rolling. Section 4.7

concludes the chapter.

4.2 Transient Temperature Distribution in Roll using Integral

Transform Technique

In this section, the governing equation of the transient heat conduction with non-
homogeneous boundary condition is solved. The heat input at the outer radius 4 in

2f3 angular zone is assumed to be ¢ as shown in Fig. 4.1. Remaining outer surface of
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the roll is subjected to convective heat loss. The inner surface at radius, a is
subjected to convective heat loss only. The work roll is assumed to be rigid and

fixed in space whereas the heat source is rotating with constant angular velocity .

Fig. 4.1. A moving heat source with stationary roll

The two-dimensional governing differential equation for heat conduction is given by

O°T 10T 1&°T 10T

o B - 4.1
6r2+r6r+r2802 a, o' 4
for the domain, a < r < b with boundary conditions:
_kralJrhi(T_Ti):o atr=a, 4.2)
or
k,aa—T+he(T—7;):q(0) atr=b, (4.3)
"

where ¢, is the thermal diffusivity of the roll material, %, is the thermal conductivity
of roll material, 4; is the convective heat transfer coefficient at the inner surface of
the roll, 4. is the convective heat transfer coefficient at the outer surface of the roll,
T; is the ambient temperature at the inner periphery, T, is the ambient temperature at

the outer periphery and ¢(6) is the heat flux at the outer surface. The heat source
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position is expressed as a linear function of the angular velocity () i.e., ¢ =t . The

rotating heat flux at the outer surface at any time is expressed as

g for (¢p—p)<60<L (9+p
4(0)= (9=p)=0= (9+5) )
0 for (¢+p8)<6< (27n+¢-p)
where ¢ is time parameter. The initial condition is imposed as
T(r,0,t)=F(r,0) forr=0 inregiona<r<b, (4.5)

where F(r,6)is a specified function of  and 6,

The solution of the problem defined in Egs. (4.1)-(4.5) is solved using
Integral transform method. The procedure for obtaining the solution considering
initial temperature as 7p is described in Appendices C and D. For the general case of

the initial temperature distribution F(r,6) is considered in this section. The

following expression of transient temperature distribution is obtained after

employing the boundary as well as initial conditions from Eq. (C.83) (Appendix C)

as
T,(rno0)=53Y Ry (. )exp(_a,ﬁj,t)ﬁ(ﬁm,n)
T n=0 m=1 (ﬁm) (4 6)
£ Rn(ﬂmir) An(ﬁm’n!t) 2 |
3SR Aol i),
where
F(Byn)=[ [ R, (B,.r)cosn(0-9)F (r,0)dedr, @7
a0
An(ﬁm,n,t)m[Hj;b ‘,f’j 2 (Bub)+a, (HTa)R,(B,.a), (4.8)
7= [ 4(0)cosn(0-)do, 4.9)
0
2
T,= [ .(6)cosn(6-¢)do, (4.10)
94

TH-1513_ 11610339



Transient Thermal Analysis of Warm Flat Rolling

27
T,:_[ 1(8)cosn(6—-¢)de. (4.11)
0
h
H =", 4.12
= (4.12)
h
H,=— 4.13
=% (4.13)
and
1
Z forn=
P e S , (4.14)
1 forn=2123..

The functions R,(3,.r)and N,(B,) are obtained from Egs. (D.38) and (D.73),

respectively (Appendix D):
Rn (ﬂm’r):Lan (ﬂmr)_VnYn (ﬁmr)’ (415)

and

2 2 2 P2 §
_ < 2 2 )4 | 1 _ n 2 |on
N,(B,)= oy [He + B {1 [ﬂme H 2 K {Hi +{1 [ﬁmaj H (4.16)

where £, are the positive roots of the transcendental characteristic equation given by

KL~V W, =0. (4.17)

The expressions for the above terms L,, K,,, V,, and W, are derived in Appendix D:

Ln :[%J{_Hejy; (ﬂmb)_ﬁnzy;1+l(ﬂmb)’ (418)
K= 2 )0, (Br0) s (B,0), (@19
v, =(§+H6]Jn ()= By (By). (4:20)
and
Wn :(Z_Hi)Yn(ﬂma)_ﬂerHl(ﬁma)' (421)
95

TH-1513_ 11610339



Inverse Estimation of Material Parameters, Convective Heat Transfer Coefficients and Friction in Warm
Flat Rolling

Expanding the summation with index » in Eq. (4.6) as follows

AT {exp( rﬂit)ﬁ(ﬂmyoﬁ[Ao(ﬂ;zo’t)j(l‘em(‘ ,ﬁ;f))}

(ﬂm) ¥
Z{; (ﬂm) {exp(—a,ﬂ,ﬁt)If“(ﬂm,n)+(A”(f+ﬁg’t)](l—exp(—a,ﬂ,§t))}

(4.22)

Substituting Egs. (4.7) and (4.8) in Eq. (4.22):

T (r.0.) - ”°</”ﬂm> p(ar ,,J)ﬁmm 0
21”% 1”1{ Ro(3b) +(H, Tza)Ro(ﬁma)}{l—exp(—arﬂit)}
Ry (Z,,,r){ (- ﬂzf)ﬁwm Aot )

(4.23)

Using Egs. (4.9), (4.10) and (4.11) in Eq. (4.23):

7, (r0) = 2 3 B0 oo g 520) (00

) {(Hew;msz”j& (ﬂm,b)}
(Bn) ifs
e AT ) o)

S o (L o

arﬂ
(4.24)

{l— exp (—a,ﬁ,it)}

m

96
TH-1513_ 11610339



Transient Thermal Analysis of Warm Flat Rolling

Substituting Egs. (4.7)-(4.11) in Eq. (4.24), the solution for the transient

temperature distribution in the roll for stationary heat source is obtained as

a(r,e,z):iiMZ’r)exp(—a,ﬁ;t)ﬁ(ﬁm,o)

+| 7H,T, +—.,BJ iw{l— exp(—a,ﬂ,it)}
0

+%2Hiaﬂn§%;m&(,Bm,a){l—exp(—a,ﬁ,f,t)}
= = R (B F)si
+ZZ_}’;; (Fn 7) Smnn’BCOSn(Q—¢){1—exp(—arﬁ,ﬁt)}.

(4.25)
Equation (4.25) provides the transient temperature distribution in the hollow
cylinder for the stationary heat source.

The solution of the heat conduction problem with time dependent boundary
conditions can be related to the solution of the same problem with time independent
boundary conditions by means of Duhamel’s theorem (Ozisik, 1993). Using
Duhamel’s Theorem the transient state temperature distribution for a rotating heat
source is obtained. Then, Duhamel’s theorem relates the solution 7'(r,6,t) (Ozisik,
1993):

t

T(r,6,1) =§ j T,(r.0,t—7)z. (4.26)
=0

The rotating heat source position may expressed as

g for (wr-p)<0< (wr+p)
q(0)= (4.27)

0 for (wr+pB)<06< (27z+a)r—ﬂ)’

where zis a parameter.

97

TH-1513_ 11610339



Inverse Estimation of Material Parameters, Convective Heat Transfer Coefficients and Friction in Warm
Flat Rolling

Substituting Eq. (4.25) in Eq. (4.26), one obtain

T(r,60,1)= o %R]"Vif; )) exp(~a, f2t) F (3,.0)

+(ﬂki+ﬁHeﬂjiw{l—exp(—a,ﬂjt)}

r m=1 0

ot 320 5, ) 1-exo(-a 52)

0

04 g iz ’ ,Bm, smnn,B

r n=1m=1

cos:a(@—wt)—/in sinn (60— wt)+(4,sin nf —cos n@)exp(—arﬂjt)

X H

1+ A2
(4.28)
where
__on
/1" - arﬁm , (429)
2 n2
F;l = 7[ ﬁm]\zll’l (ﬁm) (4.30)

and w is the angular velocity of rotating heat source around the outer periphery of

roll. In Eq. (4.28), the ﬁ(ﬂm,o) in the first term is evaluated as follows:

b2rx

F(8,.0) =[ [ Ro(,.7)F (r,0)d00r. (4.31)

a0
Remarks:
Note that Eq. (4.28) is exactly the same as Eq. (6) in the paper by Yiannopoulos et

al. (1997) except for the first term. The initial temperature F(r,6) is considered as
a function of »—@ coordinates. The numerical integration is performed to evaluate the
integration along with the function F(r,6)in Eq. (4.31) using Gauss quadrature
formula. After evaluating the term 1?(,8,,,,0), Eq. (4.28) provides the incremental

transient temperature distribution in the roll. In the present study, two-Gauss-point

formula is used in the radial location between » = a to » = b. In the circumferential
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location, the range —z to xis divided into three zones viz., -z to —4/3, —73 to 73
and /3 to wassuming that the heat source is present at the location 8= 0°. The four-
Gauss-point formula is used for —7/3 to /3 zone and two-Gauss-point formula is
used for —z to —af3and #/3 to = This differentiates the present approach from
Yiannopoulos et al. (1997). Yiannopoulos et al. (1997) used a non-varying heat flux.
In this study, a time varying heat flux is considered. Different values of heat flux are
taken at the different incremental time. The solution of Yiannopoulos et al. (1997)
considers the initial temperature as 7To.

The solution of the present problem involves an iterative procedure, in which

the temperature is updated after each increment till the steady-state is achieved. The

term F(r,&’) is updated after each time increment, A7, taking initial temperature
distribution of the roll. The temperature distribution 7'(r,6,¢')in the previous

iteration is taken as initial temperature F(r,@)in the current iteration. The

temperature distribution F(r, 9) is used to evaluate the ﬁ(ﬁm,o) term for obtaining
the temperature distribution 7'(r,6,¢") at t'= Ar using Eq. (4.28). In this work, the

transient temperature distribution of roll is updated after small interval of time (after
5 revolution of the roll at a constant speed). During a small time interval, the heat

flux input into the roll ¢ is considered to be constant. In the present work, a time
varying heat flux with different values of ¢ at different increments is considered.

Initial condition pertains to the condition at the beginning of the time interval.

4.3 Scheme of the Transient Thermal Analysis

The transient thermal analysis of warm flat rolling to obtain the temperature
distribution in both the roll and the strip is carried out. In-house warm rolling
experiments were also carried out to validate the model for different process
parameters. Figure 4.2 shows the overview of the warm flat rolling model. The
deformation analysis of the strip uses Eulerian approach based on finite element
method (FEM). The FEM deformation module of the strip is described in Section
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3.3. The temperature distribution of the strip is obtained analytically and provided in
Section 3.6. The analytical solution of the transient temperature distribution in the

roll is briefly described in Section 4.2.

»  Strip temperature
Constitutive relation .| Steady-state deformation
and friction model ~| analysis by FEM of strip
T Roll temperature
_ | Average temperature
y at the interface
Thermal properties of Transient thermal analysis by
roll and strip " | analytically of roll and strip
»| Slip
Input data Transient thermo-mechanical model ~ Output results

Fig. 4.2. Overview of transient thermal analysis of warm flat rolling

For the transient thermal analysis, the steady-state deformation analysis of the
strip and the transient analysis of the roll and the strip together are carried out. To
obtain the transient temperature distribution in both the roll and the strip, two sub-
modules are described separately. One sub-module finds the temperature distribution
in the strip. The other sub-module estimates the temperature distribution in rolls,
when the heat transfer through the roll-strip interface is known. Exact value of the
heat transfer along the roll-strip interface is not known.

In this work, the heat partition factor A is inversely determined by matching
the average temperature at the roll-strip interface in the following manner. If Oy is
the total heat (during incremental time Af) due to friction work, plastic deformation
work and the difference of temperature gradient between the roll and the strip, the
quantity AQr is assumed to pass to the rolls and (1-4)Qr remains in strip. The value
of partition factor A is obtained by matching the temperatures at the roll-strip

interface from both the sub-modules. The sub-module for obtaining the transient
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temperature of strip is described in Section 3.7 and that for transient temperature of
roll is described in Section 4.2.

The algorithm of the whole procedure for obtaining the transient temperature
distribution of the strip is as follows:
Step 1: Carry out the deformation analysis using FEM module based on Eulerian
flow formulation taking temperature dependent mechanical properties and friction.
Choose the incremental time step size for heat flux input into the roll from the strip.
Step 2: Carry out the transient thermal analysis of roll and strip together for fixed
incremental time. Use modules for the estimation of roll and strip temperatures using
temperature dependent thermal properties. Assuming that all the frictional heat goes
into the roll and 90% of plastic deformation power goes as heat into the strip. A part
of frictional heat may go into the strip as well depending on the relative temperature
difference between the roll and the strip. However, it is better to begin the analysis
by assuming that the roll is colder than strip due to forced or natural cooling, causing
entire frictional heat to flow into the roll.
Step 3: If average temperature of the strip and roll are equal (with a tolerance of 0.1
°C) at the interface, go to Step 6.

If the average temperature of the strip at the interface is less than average
temperature of roll, then go to Step 4.

If the average temperature of the strip at the interface is greater than average
temperature of roll, then go to Step 5.
Step 4: Transfer the appropriate amount of heat from roll to strip for making the roll
and strip average temperatures at the interface equal. This can be done using
bisection method (Gerald and Wheatley, 1997). Go to Step 6.
Step 5: Transfer the appropriate amount of heat from strip to roll for making the roll
and strip average temperatures at the interface equal. This can be done using
bisection method. Go to Step 6.
Step 6: Record the exit strip temperature. Go to Step 2 after updating the
temperature distribution of the roll. Updated temperature distribution of the roll is

taken as the initial temperature of the roll for the next iteration.
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Step 7: If the exit strip temperature is achieved steady-state, then stop. Else go to
Step 2.

4.4 Typical Results of Transient Analysis with Varying Heat Flux

The transient temperature distribution of exit strip is obtained for the time varying

heat input, ¢ from the strip to the roll. In this work, ¢ is taken as piecewise
constant. The temperature of roll as well as ¢ are updated after every increment

using Eqgs. (4.28) and (4.31). A typical example with » = 7 rad/s and R = 65 mm is
presented to examine the variation of exit strip temperature at 50 mm away from the
roll bite for different increment of time. In this example, the strip and roll are
considered to be made of steel. The flow stress of strip (steel) is governed by J-C
model (Eg. 3.4), where the constants of J-C model are taken from Meslin and
Hamann (2003) and these are as follows: 4=598 MPa, B=768 MPa, n; = 0.2092, C =

0.0137, m; = 0.807. The reference strain rate (&,) is 0.001 and melting temperature

(Tw) 1s 1768 K. The initial temperature of roll and strip are taken as 15 °C and 250
°C, respectively. The outer radius of the roll (R) is 65 mm and the thickness of the
roll is considered to be 20 mm. The thermal properties of the strip and the roll are
given in Table 4.1 on the basis of property data provided by Steiner (1990). The
computations are carried out for 28% reduction of 1 mm of strip (41 = 1 mm) taking

the equivalent Coulomb coefficient of friction as 0.20.

Table 4.1. Thermal properties of roll and strip made of steel

Parameters Roll Strip
Thermal conductivity (W/m-°C) 50 40
Specific heat (J/kg-°C) 460 470
Density (kg/m®) 7850 7800
Thermal diffusivity (m?/s) 0.144x107* 0.11x107*

Figure 4.3 shows the transient temperature distribution as a function of time in
the strip at a location of 50 mm from the exit of roll bite. The transient temperature

of exit strip is obtained by updating the roll temperature after 5, 10 and 15
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revolutions. The average temperature of the roll and the strip at the roll-strip
interface is matched after each increment. One can observe that the time increment
has an insignificant effect on the steady-state temperature of exit strip, whereas
transient temperature distributions deviate by the maximum of 20°C with time. For
the present analysis, the temperature of the roll is updated after completing 5

revolution of the roll.

315 T L L T | ] L] T T | L T I L] T L | I T T T L
%1—65 T—2SD°C,.:4: 0.20, r—ZE%, ]
h —IUme el h = 260 W/m’- i
— —-.r‘—i==|
205 w=7 radss

215

Heat flux of roll 7 is updated

— After 5 revolution

Exit strip temperature (°C)
)
LAh

65 ———After 10 revolution

= = After 15 revolution

0 50 100 150 200 250
Time (s)

15

Fig. 4.3. Exit strip temperature with time at the distance 50 mm away from the roll
bite for different increment time

Figure 4.4 shows the variation of heat flux input into the roll with the average
temperature at roll-strip interface. The heat input into the roll is higher at the
beginning due to high temperature difference between the roll and the strip at the
interface. As the rolling time increases, the heat flux input into the roll keeps on

reducing with increasing average temperature at the roll-strip interface.
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Fig. 4.4. Variation of heat input into the roll with temperature

4.5 Details of Validation Experiments

In this section, details of rolling mill and the method for the measurement of the exit
strip temperature and slip is described. The rolling experiments were carried out in a
laboratory rolling mill.

4.5.1 Equipment and Method

The experimental setup for the rolling conducted in the laboratory is shown in Fig.
4.5. The mill is driven by a 15 kW induction motor with no load speed of 1460
RPM. The commercially pure aluminum alloy strips were rolled in a two-high
laboratory rolling mill with rolls of 200 mm diameter and 300 mm barrel length to

various reductions. The roll gap was adjusted by a mechanical screw down system.
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The feeler gauges were used to measure the roll gap. The details of the rolling mill

are described in Dixit et al. (2002). The rolls were made of high carbon high

chromium steel (D2 steel) and commercially pure aluminum alloy was used as strip

material. The compositions of the strip and the roll materials are provided in Table

4.2. The Scanning Electron Microscope (SEM) equipped with an Energy Dispersive

Spectrometer (EDS) was used to find out the chemical composition of the strip

material. The chemical composition of the roll material is provided in the paper of

Oliveira et al. (2006).

I ROLLING MILL

¥ DEPARTMENT OF MECHANICAL ENGINEERING

g ¥

(b)

Fig. 4.5. A laboratory rolling mill (a) front view and (b) arrangement for measuring
the temperature and velocity of exit strip at the rear side

Table 4.2. Chemical composition of the strip and the roll material

TH-1513_ 11610339

Material Chemical composition
Mn | Si | Al Fe | Cu | Cr C Mo | V
Strip (Aluminum | 0.05 | 0.13 [ 99.1 | 051 |0.21| - - - -
alloy)
Roll (D2 steel) 04 09| - |8351| — |1191| 148 |0.98| 0.76
Oliveira et al. (2006)
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The exit strip temperature is measured by a non contact sensor-IR Camera
(Infra Tec hr Head Vario CAM 480SL) that captures the thermo-graphic image.
IRBIS®3plus analysis software is used for processing the thermo-graphic image. The
frequency of the thermo-graphic image is 8 frames per second (FPS). The strips
were heated in a laboratory furnace and placed in the roll gap within 5s of taking it
out from the furnace. The temperature was measured just after rolling at the exit
from the roll bite and the data were stored for further processing.

The roll peripheral speed was measured by a tachometer. For measuring the
exit velocity of strip, a Nikon D7000 Camera is used. This camera offers high-
image-quality full HD movie recording of 1920x1080 for 7 FPS. In the present
study, the video at the exit of the roll was captured. This video was further converted
into images. The time required to capture a single frame was calculated by dividing
the total time of video with FPS of camera. The number of frames in which the strip
could be seen at the exit was counted. The product of numbers of frames and time
required to capture a single frame yields the time taken by the strip to come out of
the roll gap. Hence, the length of the rolled strip divided by this time results in exit

velocity.

4.5.2 Method for Measuring the Centreline Temperature of the Strip

For measuring the centerline temperature of the strip, a small groove of the elliptical
shape was drilled at the middle on the upper surface of the strip before rolling. The
surface and centerline temperature of exit strip is measured by using IR Camera. For
measuring the temperature at the center of the strip, a blind groove of the elliptical
shape (major diameter of 10 mm along rolling direction and minor diameter of 6 mm
along transverse direction) was drilled at the middle on the upper surface of the strip.
The depth of the groove was equal to semi-thickness of the strip. After rolling, the
depth gets changed but remains almost equal to the semi-thickness of rolled sheet.
The reason for choosing the elliptical shape is that deformed shape of the elliptical
groove was able to expose the surface at the center of the strip. This was not the case

with a blind circular blind-hole which tends to get filled up after deformation.
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Fig. 4.6. A schematic diagram of strip for showing the elliptical groove

After the deformation of 5 mm thick sheet, the deformed elliptical groove had
on an average (based on 3 replicates) major diameter of about 10.7 mm and minor
diameter of 6.8 mm. The maximum depth was equal to semi-thickness of rolled
sheet with less than 0.01 mm error. Thus, the bottom surface of the groove was at
the level of strip center in thickness direction. The schematic diagram and initial
dimension of the strip and the groove are shown in Fig. 4.6. As the volume of the
groove is much smaller than overall size of the strip, it does not influence the
temperature distribution of the strip significantly. The temperature of the strip on the
surface and at the center (i.e., bottom surface of groove) was measured just after the
rolling by IR camera as described earlier. The IR camera provided the three-
dimensional temperature distribution in the volume of 300 mm?, which included the

top surface of the strip as well as bottom surface of the blind groove.

4.5.3 Determination of Friction from Slip Measurement
During rolling, the exit speed of strip is higher than the roll speed (peripheral speed

of work roll) due to deformation of the strip at bite zone. The relative difference of

these speeds is defined as forward slip ( £, ):

7 = Vzl;iVRxloo , (4.32)

R

whereV, is the exit velocity of strip and V, is the roll velocity. The forward slip is

calculated by FEM. Velocity sensor may be used to measure the exit speed of strip

and the roll speed may be measured by a tachometer. The slip measurement gives
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the proper estimation of the coefficient of friction. The slip measurement requires
the exit speed of strip and roll peripheral speed. The accuracy of the estimation is
dependent on the accuracy of the measured parameters and the mathematical model
considered. For better accuracy, the instruments should have better precision and
accuracy. The coefficient of friction is also estimated by other two methods viz., the
minimum roll gap measurement method and the inverse method based on the exit
strip temperature measurement are presented in Chapter 5. It was found that the
magnitude of slip is not very sensitive to material parameters among the other two
methods. Hence, in the absence of material data, it can be used as an effective

method to find out the coefficient of friction.

4.6 Results and Discussion for Transient Thermal Analysis of Roll-

Strip System

To validate the present model, the temperature rise at the roll-strip interface is
compared with the experimental results of cold and warm rolling described in the
above Section. The cold rolling experimental results are taken from the available
literature for comparison and are presented in Subsection 4.6.1. The warm rolling
experimental validation of the present model is carried out by conducting in-house
warm rolling experiment and discussed in Subsection 4.6.2. The details of rolling
mill and the method for the measurement of the exit strip temperature and slip is
described. The coefficient of friction is estimated based on slip measurement under

warm rolling conditions.

4.6.1 Validation of the Proposed Model under Cold Rolling Condition

In this subsection, the proposed transient thermo-mechanical model for flat rolling is
validated with the experimental results available in the literature. Jeswiet and Zhou
(1992) and Liu (2002) conducted the experiments of aluminum alloy strip to
measure the transient temperature of roll at different angular velocities. The effect of
strain-rate was neglected by Jeswiet and Zhou (1992) and Liu (2002). Jeswiet and
Zhou (1992) measured the roll temperature distribution at different angular
velocities of roll considering the aluminum alloy strip with length, / = 305 mm,
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width, w = 25 mm and thickness, = 4 mm. The equivalent Coulomb coefficient of
friction is taken as 0.08. The governing equation of the flow stress of the strip was
taken as (Jeswiet and Zhou, 1992)

o, =100(1+0.95°%) . (4.33)
The thermal properties of roll and strip material are given in Table 4.3.

Table 4.3. Thermal properties of roll and strip material for validation of proposed
model with the experimental results of Jeswiet and Zhou (1992)

Parameters Roll (Steel) Strip (Aluminum alloy)
Thermal conductivity (W/m°C) 48.9 177
Specific heat (J/kg°C) 443 875
Density (kg/m°) 7836 2770
Thermal diffusivity (m%/s) 0.141x10™ 0.73x10°°

Figures 4.7 and 4.8 show the temperature distribution of roll surface as a
function of time at angular velocities » = 0.59 and 1.46 rad/s respectively. It is
observed that the results of the proposed model are in well agreement with the
experimental results of Jeswiet and Zhou (2000). An error of less than 1°C is

observed between the present and the experimental results.

9 IIIIIIIIIIIIIIIIIIIIIIIIIIIII
rd=26.2 %9, o = 0.59 rad/s, =115 mm

h, =260 W/m’-*C, £=0.08

= ] v.]
T T T[T I T T[T T I T[T T T[T T rrT

Ln

N

. Jeswiet and Zhou (1992)
Proposed model

e

b2

Temperature rise at the interface (°C)

[y

O_IIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 06 1.2 1.8 24 3 3.6
Time (5)
Fig. 4.7. Comparison of proposed model with the experimental results of Jeswiet
and Zhou (1992) for @ = 0.59 rad/s
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Fig. 4.8. Comparison of proposed model with the experimental results of Jeswiet
and Zhou (1992) for w = 1.46 rad/s

Another example is also considered to validate the proposed model with the
experimental results of Liu (2002) in which temperature was recorded continuously
with time for more than one revolution of roll. Liu (2002) performed the
experiments on cold rolling without any lubricant at the roll-strip interface. (It is to
be mentioned that the present model specifically developed for warm rolling may
also be used for cold rolling. It can also be used for hot rolling by employing the
appropriate friction model.) A strip of aluminum alloy was used with length, / = 100
mm, width, w = 1000 mm and thickness, = 3 mm. The conductivity, density and
specific heat were taken as 284 W/m-°C, 2707 kg/m® and 896 J/kg-°C, respectively

for the strip and 54 W/m-°C, 7833 kg/m® and 465 J/kg-°C, respectively for the roll.
Figures 4.9-4.11 compare the temperature distribution of proposed model
with the experimental results of Liu (2002) for different reductions of strip. The
input data is shown in the figures. It is observed that temperatures increase with
increasing reduction of the strip. This is due to the increase of heat generation at the

roll-strip interface. However, the peak temperature at the interface almost coincides
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with the experimental results. Hence, the present model provides a good

approximation of the temperature distribution in the roll and the strip in rolling.

27

26.5

T =]
h O

perature .S °C)
t

(%]
B
tn

Roll lgurface tem
L%
th

(=]
T

22.5

22

(]
=N

LEBN) L) VL [T 2 ) (NE" B M2 = |
- 7, =13.82%, V= 0.118 mfs, = 0.08,

| 7 =260 Wim?-°C, R = 112.5 mm

B — Proposed model

B o—e Liu (2002)

11 12 13 14 15 16 17 18 19

Time (s)

20

Fig. 4.9. Comparison of proposed model with the experimental results of Liu (2002)
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Fig. 4.11. Comparison of proposed model with the experimental results of Liu
(2002) for ;= 31.98 %

4.6.2 Validation of the Proposed Model under Warm Rolling Condition
In-house warm rolling experiments were conducted to measure the temperature of
exit strip and slip at different reductions for different inlet temperature of the strip.
Temperature was recorded at the surface of the strip at 50 and 150 mm away from
the bite zone for different reductions for different inlet temperatures. The slip was
also recorded for each case. The strip length was 300 mm, width 50 mm and
thickness 5 mm before rolling. Three replicates were performed at each rolling
condition and the averaged temperature is taken for validating the proposed model.
The equivalent Coulomb’s coefficient of friction in rolling is obtained
experimentally by the slip measurement. The thermal properties of roll and strip
material are provided in Table 4.4.

During rolling the heat is lost from the surface of the strip to air by

convection. The convective heat transfer loss takes place on the surface of the strip.
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The convective heat transfer coefficient of air, 4, can be calculated from the Nusselt

number, N,_defined as

== (4.34)

where £, is the thermal conductivity of air and L is the distance between two sensor

location of strip. The Nusselt number can be calculated as (Incropera et al., 2003)

N, =0.664Re"* Pr® Pr>0.6, (4.35)

where N __is the Nusselt number, Re_is the Reynold number and Pris the Prandtl
number. Equation (4.35) is valid for 3x10° <Re_<5x10® and 0.6<Pr<50. The
Reynold number of air, Re, and Prandtl number, Pr are evaluated using the

following relations

Re =L, (4.36)
14
Pr= ”ki (4.37)

where u is the velocity of air, v is the kinematic viscosity of air, c,, is the specific
heat of air, « is the dynamic viscosity of air at temperature 7,. The approximate
value of convective heat transfer coefficient of air is calculated as 4, = 10 W/m*°C
based on the relation given in Egs. (4.34), (4.35), (4.36) and (4.37). The flow stress
of the strip is governed by (Lenard and Malinowski, 1993):

o,=o0,+ne for £20.1, (4.38)

c, =0, (%) for £<0.1, (4.39)

where o,, o,, n, and n, are temperature-dependent parameters as per Table 4.5.

The warm rolling experiments of aluminum alloy sheets were carried out at a
constant speed of the rolling mill. Thus, the strain-rate dependency is not taken into

account for validating the experimental results with the proposed model.
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Table 4.4. Thermal properties for the roll and strip in the proposed model

Material Thermal Specific | Density | Thermal Reference
conductivity heat p (kg/m?)| diffusivity,
k (W/m-°C) |c, (J/kg-°C) a (m?s)
Strip(Aluminum) 218 904 2710 | 0.890x10°° | Davies (1992)
Roll (Steel) 52 460 9850 0.144x10™ | Steiner (1990)

Table 4.5. Temperature dependent parameters for calculating flow stress of the strip
(Lenard and Malinowski, 1993)

Temperature (°C) o, (MPa) o, (MPa) n, Mg
22 153.78 150.38 34.065 | 0.256
100 149.64 146.23 34.090 | 0.195
200 138.56 135.90 26.637 | 0.175
300 113.85 111.29 25.623 | 0.363

The experiments were conducted for three different inlet strip temperatures
at different percentage reductions. The coefficient of friction is obtained
experimentally for each case based on forward slip measurement as shown in Table
4.5. Although the results of the coefficient of friction are not getting validated
quantitatively in the present study, the slip (and consequently friction) increases with
temperature as observed by Lenard and Malinowski (1993). This also agrees with
the correlation provided by Roberts (1978). The coefficient of frictions obtained in
Table 4.6 are used in the proposed model to calculate the exit strip temperature at
two location viz., 50 and 150 mm away from the roll bite. The exit strip temperatures
at these two locations are also measured experimentally. Table 4.7 shows the
comparison of the exit strip temperature obtained experimentally and
computationally. The experimental results are in good agreement with the proposed
model. The maximum error between the experimental results and the proposed
model is less than 7%.

Table 4.6. Measured forward slip and averaged coefficient of friction for the
rolling experiments for 23 =5 mm, R = 100 mm

Inlet temperature of | Reduction, Forward slip, Friction,
strip (°C) ra (%) S5 (%) )
150 39.6 30.36 0.21
200 37.7 35.68 0.24
250 35.5 39.13 0.27
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Table 4.7. Comparison of exit strip surface temperature of proposed model with
experimental results for #; =5 mm, R = 100 mm (Values in bracket are standard

deviations)
Exit strip temperature (°C) away from the roll bite

Inlet Reduction, 50 mm 150 mm
temperature Td Experiment| Proposed | %  |Experiment| Proposed | %
of strip (°C)| (%) model | error model | error

150 39.6 129 (1.5) | 133.85 | -3.76 | 83(1.1) 84.39 | -1.67

200 37.7 170 (3.2) | 17756 | -4.45 | 105(1.9) | 101.82 | 3.03

250 35.5 228 (2.6) | 239.11 | -4.87 | 178 (2.1) | 165.95 | 6.77

(b)

(d)

Fig. 4.12. Thermogram of the steel roll and the aluminum strip surface temperature
(a) Before rolling, (b) exit strip after 0.2 sec, (c) exit strip after 0.4 sec and (d) exit
strip after 0.8 sec
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Figure 4.12 shows the IR camera recorded temperature profile across the
surface of the roll and the strip at the inlet strip temperature of 150 °C. It is seen
from Fig. 4.12a that the roll surfaces are at room temperature before rolling. Figures
4.12h, 4.12c and 4.12d show the surface temperature distribution of the roll and the
strip at different time periods during rolling.

The temperature of exit strip at the surface as well as centerline at the same
location is also compared with experimentally measured temperature. The surface
and centerline temperature of exit strip was measured 50 mm from the exit of the
roll bite at different reductions in strip for different inlet temperatures. It was found
that the temperature variation is about 8-13 °C from the center to the surface of the
strip. Table 4.8 provides the comparison between the experimentally measured
temperatures and the proposed model results. There is a variation less than 5%.
Another example is also considered, in which the temperature was measured for
different reductions in the strip at same inlet temperature. The experimentally
measured temperature was at 50 and 150 mm away from the roll bite for different
reductions in strip. Table 4.9 shows the comparison of proposed model results with
the experimentally measured temperature at two places, 50 and 150 mm from the
exit of the roll bite on the surface of the exit strip. It is seen from Table 4.8 that the
exit strip temperatures predicted by the model differ by less than 6% from
experimental results.

Table 4.8. Comparison of proposed model with experimental results at
centerline and surface of strip for #; =5 mm, R = 100 mm (Values in bracket are
standard deviations)

Inlet Exit strip temperature (°C) at 50 mm away from the roll bite
temperature | Reduction, At centerline At surface
of strip (°C)| 74(%) |Experiment|Proposed| %  |Experiment| Proposed | %
model error model error
150 20 145(1.8) | 15152 | -4.49 | 132(25) | 12891 | 234
150 35 147 (3.9) | 153.83 | -4.65 | 136(3.6) | 132.68 | 2.44
200 13 182 (2.1) | 188.38 | -3.51 | 163(1.6) | 168.18 |-3.18
200 37 195(1.7) | 196.58 | -0.81 | 187 (1.9) | 184.29 | 1.49
116
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Table 4.9. Comparison of exit strip surface temperature of proposed model with
experimental results for #; =5 mm, R = 100 mm, 7, = 200 °C (Values in bracket are
standard deviations)

Reduction, | At 50 mm away from the roll | At 150 mm away from the roll
ra (%) bite bite
Experiment | Proposed % Experiment | Proposed %
model error model error

124 172(16) | 1752 | —1.86| 110(16) | 1043 | 523
19.2 183(29) | 1884 | —295| 139(3.1) | 1322 | 486
25.4 198 (3.8) | 199.8 | —091| 158(25) | 1624 | —2.78
324 228 (3.4) | 2193 | 382| 175(3.8) | 1783 | —1.88

4.7 Conclusion

In the present work, a transient thermal model for warm flat rolling is validated with
the experiments. In-house warm rolling experiments were conducted at different
reductions for different inlet strip temperatures. The exit strip temperature was
measured experimentally at two different locations, 50 and 150 mm from the exit of
the roll bite at the surface as well as at the centerline. It is found that the temperature
predicted by the proposed model deviates by less than 7% from the experimentally
measured temperature. The coefficient of friction is estimated based on slip
measurement. Thus, the present model can be used to predict reasonable result with

good accuracy.
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Chapter 5

Estimation of the Friction in Cold and Warm Flat
Rolling

5.1 Introduction

Friction is one of the most influential parameters in the rolling process. In fact, the
rolling of sheets is accomplished by means of friction. For reducing the thickness of
the sheet, the rolls feed the sheet as they rotate in the opposite directions. It is
essential to estimate the frictional behaviour between the roll and the strip at the roll-
strip interface. The rolling industry needs reliable and accurate mathematical models
for the improved predictions of friction as well as surface finish (Le and Sutcliffe,
2002). This enhances the productivity and the quality of the rolled sheet. The
estimation of friction requires the measurement of roll pressure and interfacial shear
stress along the roll-strip contact length. For this, a number of load sensors needs to
be inserted into the rolls (Roberts, 1978). Many researchers estimated the friction at
the roll-strip interface both theoretically and experimentally (Siebel and Lueg, 1933;
Al-Salehi et al., 1973; Roberts, 1978). A simplified model to estimate the friction at
the roll-strip interface by measuring the roll-force and strip material data is
described in the book by Roberts (1978). In most of the early mathematical
modelling of cold rolling processes, Coulomb’s friction model or Wanhiem and
Bay’s friction model (Zhang and Bay, 1977; Christensen et al., 1986) is used. In the
hot rolling, the use of constant friction factor model is preferred. For low pressure in
rolling, Wanhiem and Bay model coincides with the Coulomb’s friction model
(Kobayashi et al., 1989; Richelsen, 1994).

The effects of the friction and surface roughness on the edge crack initiation

and growth is studied by Xie et al. (2011). They stated that the coefficient of friction
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is an important parameter, which controls the initiation of microcracks and their
propagation during rolling process.

In this chapter, the possibility of online determination of the coefficient of
friction in rolling is proposed. The measurement of friction can give the idea about
the quality as well as surface finish of the strip. However, the measurement of
friction by no means is an easy task. In the literature, various methods have been
employed for measuring the friction in rolling. Some of these methods require
damaging of the surface of the rolls (Al-Salehi et al., 1973). The methods based on
the measurement of roll force, roll torque and the shear stress can be easily used, but
their reliability is dependent on reliability of measuring devices and the
mathematical model. A possible way of measuring the average coefficient of friction
in rolling is to measure the exit temperature of the strip. It can be easily done by
means of temperature sensors. In this work, an inverse method of estimating the
average value of coefficient of friction is proposed based on the exit temperature
measurement. For a given exit temperature, the inverse model searches the
appropriate value of using a one-dimensional search technique i.e., bisection
method. The estimated coefficient of friction is also compared with other two
methods. In total, three different methods for the estimation of friction are
compared. Firstly, a simple online procedure is used to estimate the friction based on
the slip measurement. In the second method, the friction is estimated based on the
maximum inlet strip thickness that can enter the roll-gap unaided. In the third
method, an inverse estimation is carried out for determining the coefficient of
friction based on the exit strip surface temperatures at one specified location. The
exit strip surface temperatures can be easily measured experimentally in warm
rolling.

The rest of the chapter is organized as follows. Section 5.2 deals with
estimation of friction based on slip measurement. The estimation of the coefficient
of friction on the basis of minimum roll gap measurement is presented in Section
5.3. Section 5.4 presents the comparison of the coefficients of friction estimated

from slip and minimum roll gap measurement. Section 5.5 deals with inverse
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estimation of the coefficient of friction by measuring the exit strip temperature.

Section 5.6 concludes the chapter.

5.2 Determination of Friction from Slip Measurement

The friction plays a significant role in the relative speed between the strip and the
rolls during rolling. During rolling, the exit speed of strip is higher than the roll
speed (peripheral speed of work roll) due to the deformation of the strip in the bite
zone. The velocity sensor is used to measure the exit speed of strip, and the roll
speed is measured by a tachometer. The procedure for obtaining the friction is

already explained in Subsection 4.5.3.

5.3 Determination of Friction from Minimum Roll Gap

Measurement

At the beginning, the rolling requires minimum coefficient of friction to drag the
strip into the roll gap. The following relation estimates the required minimum

coefficient of friction (Dixit and Dixit, 2008):

h—h
Ry Ll 5.1
/umm R ( )

where h; is the inlet thickness of the strip, h is the gap between the rolls and R is the
roll radius of the roll. Figure 5.1 shows the schematic diagram of the strip entering

into the roll gap.

hl
(Inlet strip
thickness) Strip

A

-, —_ e —_ . — . — } — | 2 (Roll gap)

Fig. 5.1. Schematic diagram of the strip entry into the roll gap
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@ (b)

Fig. 5.2. A photograph of (a) strip getting inserted into the roll gap and (b) strip
coming out of the roll

The commercially pure aluminum alloy strips were rolled in a two-high
laboratory rolling mill. Before carrying out the experiments, the rolls and the strips
are cleaned thoroughly with acetone in order to remove grease and lubricants. It is
necessary to have the same surface roughness both at the upper and lower surfaces
of the strip. For measuring the CLA surface roughness values (R;), Pocket Surf
(Mahr, GMBH) was used. Its measuring range is 0.03—6.35 um and accuracy is
+0.01 micron. The rolls have the average surface roughness, R; = 0.45 um and the
strip has the surface roughness, Ry = 0.48 um. The experiments were carried out for
different inlet thickness of the strip. A one dimensional technique viz., bisection
method (Gerald and Wheatley, 1997) was employed to get the minimum roll gap for
different inlet strip thickness. The bisection method provides the minimum interval
of the roll gap at which the strip is self-drawn into the roll gap. This value of roll gap
(h) is then used in Eq. (5.1) to find out the minimum coefficient of friction. The
initial range in bisection method is from 0.05 mm to the inlet thickness of the strip.
The strip is inserted between the rolls by aligning it longitudinally along the roll gap
as shown in Fig. 5.2a. The rolled strip coming out from the roll gap is shown in Fig.

5.2b.
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5.4 Comparison of the Coefficients of Friction Obtained from Slip

and Minimum Roll Gap Measurement

The coefficient of friction is calculated by slip measurement and minimum roll gap
measurement under cold rolling condition. The total seven experiments were
conducted with different thicknesses of the strip at various reductions. Three
replicates were done for each case. The minimum roll gap and slip were measured
experimentally in all the cases. Table 5.1 shows the comparison of the estimated
coefficient of friction based on slip measurement and minimum roll gap
measurement. It is observed that the coefficient of friction predicted by slip is lower
than the minimum roll gap measurement. This is due to the fact that starting friction
is more and once the rolling process is sustained, the coefficient of friction reduces.
The comparative study is useful for getting confidence of the coefficient of friction
by the temperature measurement. In cold rolling case, the coefficient of friction was
estimated by Yadav et al. (2011b) and it was reported that the coefficient of friction
increases with increasing reduction. The similar trend is also observed from Table
5.1 in estimated friction values by both the methods. Figure 5.3 compares the
coefficient of friction with reductions estimated by slip and minimum roll gap
measurement methods. It is to be noted that the inlet thickness of the strip is
different for all reductions. It is seen from Fig. 5.3 that the variation of the
coefficient of frictions are similar by both the methods.

Table 5.1. Comparison of coefficient of friction in cold rolling condition

Estimated
Strip dimension Ix wx t (mm®) | Minimum | Reduction, coefficient of
roll gap rq (%) friction,
Before rolling |  After rolling (mm) By By
Eq. (4.32)| Eq. (5.1)
300x50%3.0 | 475.8x50.3x1.88 1.09 37.3 0.129 0.140
300x50%3.5 497.1x50.3%x2.10 1.19 40.0 0.148 0.152
300x50%4.0 | 499.2x50.5%2.38 1.38 40.5 0.158 0.162
300x50%4.5 552.3x50.5%x2.42 1.91 46.2 0.155 0.161
300%x50x%5.0 559.2x50.6%2.65 2.09 47.1 0.159 0.170
300x50x%5.5 552.4x50.8%x2.94 2.35 46.6 0.165 0.173
300%x50%6.0 562.4x50.8%3.15 2.78 47.5 0.165 0.179
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Fig. 5.3 Comparison of coefficient of friction with reductions in cold rolling
condition for different thickness of the strip

5.5 Inverse Estimation of the Friction Based on the Exit Strip

Temperature Measurement

In this section, the procedure of inverse estimation of the friction by the
measurement temperature of exit strip at one specified location. For this a
methodology described by Yadav et al. (2011a) based on exit strip temperature
measurement, is employed to estimate the coefficient of friction. However, Yadav et
al. (2011a) presented the results for cold rolling case and assuming the rolls as
insulated (thermal analysis of the roll was not carried out). In the present work, the
coefficient of friction is obtained based on the exit strip temperature in warm flat
rolling considering the coupled thermo-mechanical analysis of the roll and the strip.

If the material and thermal properties of the strip and the roll are known, then the
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coefficient of friction is determined based on exit strip surface temperature at one
point. This methodology can be implemented for the online determination of
coefficient of friction, where rolling of the known material is carried out. The exit
strip surface temperature is measured experimentally at different reductions
conducting in-house warm rolling experiments.

The flow stress of strip as a function of strain and temperature of strip are
obtained by performing tensile test at different temperatures. The tests were
performed according to ASTM E8/E8M—15. Two replicates were carried out at each
testing condition. A 100 kN capacity universal testing machine (Make: Instron,
Model: 8801) was used for carrying out the tensile test. The ram velocity was kept
constant at 1 mm/min for all the experiments. It is assumed that the material behaves
as per the power law neglecting the effect of strain-rate. The flow stresses of the

strip is the function of strain and temperature as given by

-V
T
O, =0yy [—j : (5.2)

The multiple regression analysis is carried out to find out the unknown parameters of
power law given by Eq. (5.2) for the temperature dependent flow stress. The

following material parameters are obtained as o,= 85.75 MPa, n = 0.0387, y =

0.2351 using multiple regression analysis. Figure 5.4 compares the flow stresses
predicted by Eq. (5.2) with the experimentally obtained flow stresses at different
temperatures.

The temperature of exit strip at 50 mm away from the roll bite was measured
experimentally at different reductions in strip for two different inlet temperatures.
The roll radius was 100 mm and the rolling mill speed was 0.5 m/s. Figure 5.5
shows the experimentally measured temperature of exit strip with the variation of
upper and lower limits. It was observed that the temperature differs by 3—8 °C at the
same rolling conditions during experiments. At each condition three replicates were
done. There were more variations in temperature at higher inlet temperatures of
strip. For employing an inverse method, the averaged temperature of the exit strip

based on the replicates is considered.
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Fig. 5.4 Comparison of flow stresses with strain at different temperatures with
experiments and multiple regression analysis

Employing a reverse procedure, the coefficient of friction is estimated using
one-dimensional search technique e.g., bisection method between the upper and
lower bounds. The temperature T(x) being the function of coefficient of friction is
calculated by using the theoretical model described in Section 4.3. The following
optimization problem is solved:

Find y that minimizes

F={T(1)-T..) ", (5.3)

H <:u<luu7
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where Tgn is the experimentally measured temperature at the surface of the exit strip.
The corresponding computed exit strip temperatures at the surface Ts(x) from the
theoretical model. As the theoretical model has been already validated in Subsection
4.6.2, this procedure is enough for establishing the confidence in the methodology.
The lower and upper limits of the coefficient of friction are 4 and 4, , respectively.
The coefficient of friction is estimated by measuring the temperature of exit strip

surface at one specified location. The thermal properties of the roll and the strip

material are given in Table 4.2.

250_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

|+ 7=200°C :
aasfl ® T=150°C o
o ]
5 200F -
55 - -
E [ ¢ i
S S -
E1:"5:— ; 1
& ]
% 150[ -
g ; Yo
125p i .

E ¢ f
100IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 5 10 15 20 25 30 35 40

Reduction (%0)

Fig. 5.5. Experimentally measured temperature as a function of reductions at 50 mm
away from the roll bite

The inverse analysis is carried out with different inlet temperatures of the strip
and the percentage reductions under warm rolling condition. The convergence is
obtained in 12-13 functions evaluation taking the lower and upper limit of
coefficient of friction as 0.08 to 0.30, respectively. The algorithm is terminated after
getting the value of coefficient of friction upto 0.001 accuracy. The coefficient of
friction is also calculated based on the slip measurement taking the same rolling
conditions and presented in Table 5.2. It is found that the inlet strip temperature
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affects the coefficient of friction. Table 5.2 shows the comparison of friction at two
different inlet strip temperature by slip measurement and inverse estimation. The
coefficient of friction estimated by the inverse analysis is well within 4% error with
the slip measurement. The deviation is lesser for higher inlet strip temperature as
shown in Table 5.2. Figure 5.6 shows the coefficients of friction estimated based on
the slip and exit strip temperature measurement at two different inlet strip
temperatures. The comparative study is useful for getting confidence in estimating

the coefficient of friction by the exit strip temperature measurement.

Table 5.2. Comparison of the coefficient of friction estimated by slip and
temperature measurement in warm rolling

Friction () at T =150 °C Friction(g) at T =200 °C

Reduction, | By By % By By %

rq (%) slip | temperature | error slip temperature | error

(Eq. 4.32 (Eq. 4.32)

8.2 0.135 0.138 -2.22 0.143 0.144 —-0.70

12.4 0.172 0.169 1.74 0.167 0.172 -2.99

22.2 0.191 0.198 -3.67 0.198 0.197 -1.01

32.6 0.199 0.203 -2.01 0.223 0.218 2.15
0-24 [ T I T I T I T | T | T | T | T i 0-24 [ T I T I T I T I T I T I T I T i
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Fig. 5.6. Comparison of the coefficients of friction with reduction based on slip and
temperature measurement (a) T = 150 °C and (b) T =200 °C

128
TH-1513_ 11610339



Estimation of the Friction in Cold and Warm Flat Rolling

5.6 Conclusion

In the present work, the coefficient of friction is determined by three methods. These
three methods employed to determine the coefficients of friction are the slip
measurement, the minimum roll gap measurement and the exit strip temperature
measurement. The slip measurement requires the exit speed of strip and roll
peripheral speed. There is a good agreement in all the methods. If the thermal and
material properties of strip and roll are known, then the exit temperature of the strip
measurement method can be used as a quick estimate of the coefficient of friction in
rolling. Hence, in the absence of material data, it can be used as an effective method

to find out the coefficient of friction.
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Chapter 6

Inverse Estimation of the Mechanical Properties and
the Coefficient of Friction

6.1 Introduction

For proper control and optimization of the process, modelling of the process is
essential. Modelling of the process requires input data about material properties and
friction. In batch production mode of rolling with newer materials, it may be
difficult to determine the input parameters offline. In view of it, the present work
proposes a methodology to determine these parameters online by the measurement
of exit temperature and slip. The proposed methodology is validated with
experimentally measured temperature of exit strip temperature of warm flat rolling.
The warm flat rolling provides economical and processing advantages over the cold
as well as the hot rolling process. For example, warm rolling requires less energy
compared to the cold rolling and provides improved surface roughness, quality of
the rolled sheet and close tolerance as compared to the hot rolling (Xie et al., 2011).
Li and Ghosh (2003) conducted experimental study to measure the flow stress
with strain at different strain-rates range of 0.015-1.5 s and temperature range of
200-350 °C. By conducting the uniaxial tensile test, the authors found that the
elongation increases with increasing temperature and decreases with increasing
strain-rate. The sensitivity study of strain hardening rate and strain-rate sensitivity
constants are also presented and it is found that strain hardening rate decreases and
strain-rate sensitivity increases with increasing the temperature. Further, they
assessed the warm formability of three different materials viz., Al 5754, Al

5182+Mn and Al 6111-T4 interms of elongation, fracture strain and strain-rate
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sensitivity parameter. It is found that Al 5754 and Al 5182+Mn (strain hardenable
alloys) are superior to the Al 6111-T4 (precipitation hardened alloy). Smerd et al.
(2005) measured the tensile strength of aluminum alloy sheets (AA 5754 and AA
5182) at high strain rates by tensile split Hopkinson bar test. The authors published
number of experimental data on high strain-rate tensile test, which can be used to
assess the accuracy of the mathematical models.

The formability of Al-alloys can be increased by warm forming (Cho and
Altan, 2005). It is essential to optimize the process parameters with the better insight
of the flow behaviour of the material and formability. However, the measurement of
the flow stresses of the strip and the coefficient of friction at the interface requires a
series of separate uniaxial tests and friction tests (Byon ez al., 2008). In the present
work, an inverse analysis is carried out to predict the mechanical parameters and
coefficient of friction during warm flat rolling. The methodology requires the
measurement of the slip and temperature distribution of strip at the exit at one
location. The heuristic algorithm is used to identify the unknown mechanical
properties and the friction. The main contributions of this chapter are as follows.
Firstly, a simple computationally and experimentally efficient algorithm has been
adopted for minimization of the objective function. Secondly, a method is proposed
for estimating process parameters-dependent coefficient of friction as well as
mechanical properties based on the measurement of slip and temperature of strip at
exit. The experimental validation of the proposed methodology to estimate the
friction as well as mechanical properties is provided in the separate section based on
the slip and the temperature measurement.

The rest of the chapter is organized as follows. Section 6.2 describes the direct
model concisely to estimate the exit strip temperature. Section 6.3 deals with the
inverse estimation of parameters methodology. Section 6.4 presents the results
obtained from inverse modelling. Section 6.5 presents the sensitivity study on the
parameters of power law and friction based on the exit strip temperature
measurement. The experimental validation of strategy for the inverse estimation of
mechanical properties and coefficient of friction in warm flat rolling is presented in

Section 6.6. Section 6.7 concludes the chapter.
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6.2 Direct Model

The direct model of warm flat rolling uses two separate modules viz., deformation
module and thermal module. The deformation module uses finite element method
(FEM) based on Eulerian flow formulation for the strip. Subsequently, thermal
analysis of roll and strip is carried out analytically. The procedure is repeated in an
iterative manner till the convergence is obtained. The direct model has been
described in Sections 3.2—3.6 to obtain the temperature distribution of the strip using
an approximate method for the estimation of roll temperature. The inverse model
needs the exit strip surface temperature at one specified location and slip
measurement. The schematic arrangement for the measurement of temperature of

exit strip and exit velocity of strip is shown in Fig. 6.1.

Screen/display

250°C

Temperature
sensor

,r’
|

I
"
"

Velocity sensor for
Roll measuring the exit velocity

Fig. 6.1. Schematic arrangements of forward slip and temperature measurement
during rolling process

6.3 Inverse Model

In this section, inverse methodology for estimating the mechanical properties and
the coefficient of friction is described. The unknown mechanical properties as well
as the coefficient of friction are estimated by the measurement of the surface
temperature of exit strip at one specified location and slip measurement. Two
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models of flow stress are used in this work. One is the Johnson-Cook (J-C) model
(Johnson and Cook, 1983) given by

o, = (A+ngq1){l+CIn &}{1_[%j ] , (6.1)

EO m amb

where &,, T, and T, are the reference strain rate, the ambient temperature and the

melting temperature, respectively. 4, B, C, ni and m; are the material parameters.

The other is a power law given by

p A T -7
0)72006:‘7(&7} (i] y (62)

where o,, n, 1 and y are the material parameters. The J-C model has a fairly wide

range of applicability. Hence, it is used for carrying out the master simulations of
warm rolling and these simulations are taken in lieu of real shop floor experiments.
It is to be noted that J-C model is used for testing the methodology by numerical
experiments. Later, the experimental validation of the methodology with the actual
shop floor data of warm flat rolling is presented in Section 6.5. The power law
model is used for the inverse estimation of material parameters in somewhat
restricted range of parameters. It is assumed that the material behaves as per the
power law material model given in Eg. (6.2). This model may not be valid over wide
ranges of strain, strain-rate and temperature. However, it is always possible to select
smaller domains for fitting this model. A number of such models in various smaller
domains collectively can model the behaviour in a wider zone.

The root mean squared (RMS) fractional error, E of the estimated and the

measured quantity (exit temperature, roll force or roll torque) is taken as the

objective function, which is minimized with respect to the decision variables o , n,

p1, 7 and . Mathematically,

1 n( measured parameter —estimated parameter ’
E= ) ) (6.3)

n = measured parameter
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where n is the number of experimental observations. It was found that any one
parameter among exit temperature, roll force and roll torque can be the basis for
calculating E, although the exit temperature measurement is the most convenient
from a practical point of view. Figure 6.1 shows the schematic representation of
arrangement for temperature measurement. Alternatively, one can measure as many
parameters as convenient for better reliability. Minimization of the objective
function is carried out by a heuristic method inspired by the similar method used by
Chandrasekeran et al. (2012) and Eideh and Dixit (2013).

6.3.1 Details of the Algorithm

The methodology for finding out the material parameter and friction during

rolling is as follows:

Step 1: Decide the ranges of strain, strain-rate and temperature in which the power
law model has to be fitted. The total domain can be represented as a rectangular
parallelepiped in a three-dimensional space with strain, strain-rate and temperature
as axes. Carry out 8 experiments approximately corresponding to eight corners of
rectangular parallelepiped. The number of experiments is decided on the basis of 2-
level two full factorial of design of experiments (DOE). It is not possible to carry out
the experiments at exact desired values of strain, strain-rate and temperature. Actual
controllable parameters are percentage reduction, rolling speed and initial
temperature. The computational model of the rolling guides in the proper selection
of controllable parameters.

Step 2: Choose suitable ranges for material parameters, oo, n, f1, and y of power

law and the coefficient of friction s

Step 3: For each parameter the range is divided into three linguistic zones viz., low
(L), medium (M) and high (H) as shown in Fig. 6.2 for two parameters. Thus, the
entire domain gets divided into 3° = 243 cells.

Step 4: Select the middle (M) values of all the parameters as initial guess
parameters. Calculate E using (Eq. 6.3). The E is first calculated only on the basis of
two measurements— one corresponding to high reduction, low temperature and high
strain rate and other corresponding to low reduction, high temperature and low strain

rate. If £ > 0.1, the error is considered very high and there is no need to calculate
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errors for other experimental points. If £< 0.1, then gradually other experimental
points are included in the error calculation for finding out £ subject to maximum of
8 experimental points. This strategy helps in reducing the computational time

involved in function evaluation.

nk  Second iteration
—~ T
/. \ L I
.1 e .
. % Y/
nhk / e %
First iteration ,_ - -~ Minimum
n — .
max *IMinimum J error cell
errog cell \ . after 2"¢
H { 5 - S iteration
Begin . N Scan vertically to
M o find optimum »
N
N Scan horizontally to
L find optimum o,
”min
L M H g

gy .
[}ITIIH max

L=low M=medium H = high

Fig. 6.2. Two-dimensional graphical representation of search procedure

Step 5: Keeping 4 other parameters (n, f1, y and ) constant, carry out one

dimensional search for optimum g, in the following manner:

e |If the estimated temperature at the current point is greater than the measured
temperature, then decrease the value of op by jumping to the center of
adjacent cell. If reduction in £ is significant based on test of significance, then
the center of adjacent cell becomes the current point. If the reduction in £ is

insignificant, both points are taken as current point and further exploration is
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carried out in a parallel manner from both points. If £ increases, then oy is not
changed.
e If the estimated temperature at the current point is lesser than the measured

temperature, then increase the value of o, by jumping to the center of

adjacent cell. If reduction in E is significant based on test of significance, then
the center of adjacent cell becomes the current point. If the reduction in E is
insignificant, both points are taken as current point and further exploration is
carried out in a parallel manner from both points. If £ increases, then oy is
not changed.

e Else do not change the value of o, .

Step 6: The similar methodology as discussed in Step 5 is repeated for optimizing
other parameters i.e., one parameter at a time is changed keeping other four
parameters constant. After completing an iteration consisting of five one-
dimensional searches, the search domain gets reduced to one cell.
Step 7: For the further refinement, the optimum cell is further divided as in Step 3.
Repeat the procedure of Step 4 to Step 6. A graphical representation for reducing
sizes of the search domain towards optimum is shown in Fig. 6.2.

After carrying out this procedure, if the £ could not be reduced significantly,

then the ranges of strain rate, temperature and strain need to be reduced.

6.3.2 Modification of the Algorithm for Variable Friction Case

In many cases, the friction is a function of process parameters and it cannot be
considered constant. Most predominantly, it depends on the temperature. The
friction can be measured by measuring the slip at each experimental point. For each
experimental point, the coefficient of friction may be different. The algorithm
developed in Subsection 6.3.1 can be used for this case also. Now, the number of
decision variables reduces from 5 to 4. However, in each cell, while estimating the
observable parameter (temperature, roll force and roll torque), the proper value of
coefficient of friction as estimated based on slip measurement needs to be

considered.
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6.4 Results and Discussion

In the following subsections, inverse estimation of material parameters and
coefficient of friction and inverse estimation of material parameters with considering
the coefficient of friction is variable. The inverse estimation have been carried out
for different strip materials namely, AISI 4142 steel, copper and Aluminum alloy

considering roll material to be steel.

6.4.1 Inverse Estimation of Mechanical Properties and Friction

In this subsection, actual shop floor experiments have not been carried out. For
validating the proposed procedure, numerical experiments have been carried out. It
is assumed that the actual flow stress is governed by the well known J-C relation.
The constants of different material of J-C model are given in Table 6.1.

Table 6.1. Constants of J-C model for different materials

Material A B n C my &, | Tm (K) | References
(MPa)| (MPa)
Steel (AISI Meslin and
4142) 598 768 | 0.2092( 0.0137 | 0.807 |0.001| 1768 Hamann
(2003)
Copper 90 292 0.31 | 0.025 | 1.09 1 1338 |Raczy et al.
(2004)
Aluminum Alloy| 293 | 121.3 | 0.23 | 0.002 | 1.34 1 925 | Shang et al.
Al6061-T6) (2012)

Table 6.2. Thermal properties of strip material

Material Thermal Heat Density References
Conductivity | Capacity | (kg/m°)
(W/m-°C) (J/kg-°C)

Steel (AISI 4142) 43 470 7800 Steiner (1990)

Copper 400 385 8960 Zhang et al.

(2011)
Aluminum Alloy 237 900 2700 Davies (1992)
(A16061-T6)

The actual coefficient of friction is assumed to be 0.20. The roll radius (R) is
65 mm and inlet thickness of the strip (#;) is 1 mm. With these data, virtual
simulations are carried out using the FEM analysis for different initial temperature

of strip, percentage of reduction and exit velocity of strip. Forward slip is recorded.
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The mechanical properties are obtained by the inverse analysis using the thermal
properties of material as given in Table 6.2. The work-roll material is considered as
steel only for the entire analysis. The thermal properties of roll are given in Khalili
et al. (2012).

Inverse analysis provides the material parameterso,, n, f1, y and the

coefficient of friction x of different materials viz., AlSI steel, Copper and Aluminum
Alloy AlI6061-T6 as given in Table 6.3. The convergence is obtained in 32-42
function evaluation i.e., in 3—4 iterations for all three different materials of strip. The
convergence depends on the initial hypercube size of the unknown parameters.
Starting with a large range of domain is better, but the number of iterations required
for convergence will be large.

Table 6.3. Values of material parameters and friction by inverse analysis

Obtained material and Steel (AISI 4142) Copper Aluminum Alloy
process parameters (Al6061-T6)

Temperature range (°C) |175-375 | 375-575 | 175-375 | 375-575 150-275

o, (MPa) 461.1 408 117 124 202

n 0.085 0.0966 0.155 0.174 0.0567

i 0.013 0.0122 | 0.0468 | 0.0065 0.0032

/4 0.565 0.83 0.8 0.967 0.75

u 0.2005 | 0.1995 | 0.2005 | 0.2005 0.1875
Range: strain-rate: 10-100 s™ and strain: 0.02—0.4

Figures 6.3 and 6.4 show the variation of flow stresses with strain at the
estimated and the actual mechanical properties for work material (steel) of strip. It is
assumed that the power law gives the better results for smaller range of process
parameter. Hence, temperature is defined in the two ranges i.e. 175-375 °C and
375-575 °C. Later on the larger range is also considered. Figures 6.3a and 6.3b
show the variation of flow stresses with strain for temperatures of 250 and 325 °C,
respectively, at different strain rates. The parameters of power law were fitted in the
range of 175-375 °C and are tabulated in Table 6.3. Similar graphs have been
plotted for the temperature range (375-575 °C) in Figs. 6.4a and 6.4b. For display
purpose 450 °C and 525 °C temperatures are chosen. It is observed that the
estimated flow stresses are in good agreement with actual material flow stresses; the

maximum error is less than 1%.
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Fig. 6.3. Variation of flow stresses with strain for steel (strip) at actual and estimated
material properties (a) 250 °C (b) 325 °C
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Fig. 6.4. Variation of flow stresses with strain for steel (strip) at actual and estimated
material properties for temperature (a) 450 °C (b) 525 °C
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Fig. 6.5. Variation of flow stresses with strain for steel (strip) at actual and estimated
material properties for temperature (a) 250 °C (b) 525 °C

Figure 6.5 show the variation of flow stress with strain at different strain rates
for the temperature range of 175-580 °C. Figure 6.5a corresponds to 250 °C and
Fig. 6.5b corresponds to 525 °C. Here, the inverse estimation of mechanical
properties have been carried out for larger range of temperature. The same inverse

methodology is used to obtain the following material parameters: o, = 443 MPa, n =

0.0835, f1 = 0.0105, y = 0.701 and coefficient of friction x = 0.1995. It is observed
that in this case, there is somewhat larger deviation with J-C model.

For the work material copper, the same inverse methodology is implemented
to obtain the optimum material and process parameters. Figure 6.6 and 6.7 show the
variation of flow stresses with strain for different temperatures at different strain
rates. It is seen from Figs. 6.6a, 6.6b, 6.7a and 6.7b that the flow stresses are in good
agreement with actual material parameters. The maximum error between actual flow

stresses and estimated flow stresses is lesser than 1%.
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Fig. 6.7. Variation of flow stresses with strain for copper (strip) at actual and
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Fig. 6.8. Variation of flow stresses with strain for copper (strip) at actual and
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Figure 6.8 shows the variation of flow stress with strain of copper at different
strain rates for the temperature range of 175-575 °C. The inverse methodology is

used to obtain the unknown material parameters aso, = 128.14 MPa, n = 0.172, 1 =

0.0233, y = 0.837 and coefficient of friction x = 0.1895. Although larger error
compared to smaller temperature ranges is obtained, the error is lesser than 5%.

A similar methodology of inverse analysis has been used for aluminum
AlB061-T6. Figure 6.9 shows the variation of flow stress with strain for actual and
estimated material parameters for aluminum strip. Here, the temperature range
considered is 125-275 °C. For the case of aluminum strip material, the inverse
estimated coefficient of friction and parameters of power law shows the good
agreement with J-C model at high strain compared to the low strain as shown in Fig.
6.9.
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Fig. 6.9. Variation of flow stresses with strain for aluminum (strip) at actual and
estimated material properties for temperature (a) 150 °C (b) 250 °C

6.4.2 Inverse Estimation of Mechanical Properties and Friction for Variable
Friction Case

In this subsection, the coefficient of friction is assumed to vary with temperature.
The coefficient of friction is determined on the basis of forward slip measurement.
The exit speed of strip is higher than the speed roll (peripheral speed of work-roll)
during rolling due to reduction in strip at deformation zone. The forward slip is
calculated by deformation FEM module. The roll speed may be measured by a
tachometer and velocity of exit speed may be measured by velocity sensor as shown
in Fig. 6.1. Yadav et al. (2011b) also used the velocity sensor and the temperature
sensor for estimating the coefficient of friction and flow stress of the strip material

by measuring the forward slip and the exit strip temperature for cold flat rolling.
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The coefficient of friction is assumed for dry rolling cases to follow the

following relation (Lenard and Kalpakjian, 1991):

4#=0.41-0.000257 —0.028V, (6.4)

where T is the average temperature at the deformation zone in °C and V% is the roll

speed in m/s. Table 6.4 shows the estimated coefficient of frictions for different

cases.
Table 6.4. Optimum coefficient of friction
Case | Inlet temperature, | Exit velocity, | Reduction, Optimum
T (°C) V5 (m/s) r4 (%) coefficient of
friction, u
1. 325 0.5 4 0.243
2. 325 0.5 28 0.232
3. 325 3 4 0.235
4, 325 3 28 0.227
5. 245 0.5 4 0.252
6. 245 0.5 28 0.263
7. 245 3 4 0.241
8. 245 3 28 0.234

The coefficient of frictions is determined at different rolling process
parameters using an empirical formula (Lenard, 2000) expressed in Eq. (6.4) for
steel as a material of the roll and strip. It is found that the coefficient of friction
decreases with increasing inlet temperature of strip. It may be due to insignificant
effect of temperature softening and oxide layer. The behaviour of the coefficient of
friction depends upon the combination of the materials of the roll and the strip
during rolling process. The optimum material parameters for power law are obtained
as o, =456 MPa, n = 0.077, 1 = 0.0035, y = 0.735. Figure 6.10 shows the variation

of flow stresses with strain for actual and estimated material parameters. The

difference between the actual and estimated flow stresses is less than +3% .
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6.5 Sensitivity Analysis

A sensitivity study is carried out for the material parameters and the coefficient of
friction obtained by an inverse analysis for steel (strip) at 250 °C and 375 °C inlet
temperature of strip. Table 6.5 shows the temperature difference in the exit strip
temperature computed at the coefficient of friction and estimated material
parameters of power law obtained by inverse estimation. Here, the actual
temperature was obtained using J-C model. Computational results have been
obtained by taking inverse estimated parameters as well as perturbing them one-by-
one. The error in temperature at 150 mm from the exit of roll bite has been
calculated for the two cases i.e., E) for high inlet temperature, low reduction and low
roll speed and E), for low inlet temperature, high reduction, high roll speed. Instead

of roll speed, the exit velocities are specified for providing a better feel.
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Table 6.5. Error in the temperature estimation at optimum values and at
+5% variation in the material parameters and coefficient of friction for steel work-

material
Error in exit strip temperature
Material Parameters and Case | Case Il
coefficient of frictionusedto | E;(T'=375°C, V>, = En(T=250°C, V,=3
estimate the temperature 0.5m/s, rs=4%)°C m/s, r, = 28%) °C
(O'o’”ug;?/uu) =
(461.11 MPa, 0.085, 0.013, +0.98 -1.51
0.565, 0.2005)
(1 050,,n,,,7, ,u) +1.27 +30.3
(0 950,,1, 3,7, 1) -0.68 —4.48
(0,,1.05n, B, 7. 11) ~0.84 ~32.65
(0,,0.95m, 3,7, 1) +1.1 +19.35
(00,n,1.050,y, 1 ) +0.96 +16.19
(09,1,0.958,.7, 1) —0.90 -40.68
(09, 3,1.057, 41) +1.07 +58.61
(09,1, 3,0.95y, ) -0.77 -62.08
(00,1, 3,7,1.05u) +0.89 +35.26
(09,1, ,7.0.95u) -1.25 -6.05
The exit temperature of strip at 150 mm from the exit of the roll bite is obtained by
J-C model: Teit = 248.85 °C for case | and Teyit = 294.93 °C for case Il.

The sensitivity of error in temperature with respect to error in the estimation

of material parameter viz., o,,n, £,y and u is estimated. This information helps in
determining the permissible errors in o,,n, f,, yand u. The convergence criteria can

be chosen accordingly. E; and Ej; for the inversely determined parameters along with
+5% material and process parameters variation are listed. The exit strip temperature
measurement is more sensitive for low inlet temperature, high reduction, and high
exit velocity as shown in Table 6.5. It is observed that temperature estimates are
very sensitive to y .

Sensitivity derivatives are calculated using the central difference method.
Table 6.5 can be used to estimate partial derivatives of E; and Ej; with respect to

parameters. For example, 0E, /0o, comes out to be 0.754 °C/MPa by central
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difference  method.  Similarly, 0E,/on=-5.20°C,  0E,/of, =5.68°C,
OE, [0y =12.06°C, and OE,/ou=4.13°C.It is noted that the derivatives of error
in temperatures at actual and estimated parameters with respect to y are high.
Hence, the most sensitive parameter isy . This type of analysis helps in determining

the convergence criteria.

6.6 Experimental Validation of Strategy for the Inverse Estimation

of Mechanical Properties and the Coefficient of Friction

To validate the strategy for finding out the mechanical properties and coefficient of
friction, an experimental study is conducted to measure the flow stresses. The
mechanical properties of the strip material calculated through tensile tests are
presented in Subsection 6.6.1. The experimental verification of the inverse
modelling is presented in Subsection 6.6.2. Subsection 6.6.3 deals with correlation
coefficient developed between flow stresses with different inlet strip

temperatures/reduction.

6.6.1 Direct Measurement of Mechanical Properties through Tensile Test

The mechanical properties were evaluated by means of tensile tests at different
temperature (Due to isotropic nature of the material, compression test is also likely
to give the same results, albeit the compression test can be carried out upto much
larger strain.). The tests were performed according to ASTM E8/E8M-15. Two
replicates were carried out at each testing condition. A 100 kN capacity universal
testing machine (Make: Instron, Model: 8801) was used for carrying out the tensile
test. The specimen was made of commercially pure aluminium alloy as per standard
ASTM design. The tensile test of the specimen at different temperatures was carried
out in a universal testing machine to find out the stress-strain relationship. Figures
6.11a and 6.11b show the engineering stress-strain curve and true stress-strain curve
at different temperatures with approximately constant strain-rate, respectively. The
ram velocity was kept constant at 1 mm/min for all the experiments. This
corresponds to a strain-rate less than 3x107° s™. It is to be noted that the yield point
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of the tested material is obtained from the true stress-strain relation rather than the

engineering stress-strain curve for different temperatures.
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Fig. 6.11. Measured stress-strain curve at different temperatures experimentally:
(a) Engineering stress—strain curve and (b) True stress—strain curve

The following relation is fitted from the stress-strain data obtained at different

temperatures considering constant strain-rate,

o =K¢" (6.5)

y eq

where o, is the flow stress in MPa and &, is the equivalent strain. The material
constants K and » are considered to be temperature dependent. Table 6.1 shows the
optimum values of K and » obtained from the least squared curve fitting technique
and a quasi-Newton method for error minimization at different temperatures. The
MATLAB® inbuilt function FMINUNC is employed to obtain the value of K and n
by minimizing the error with the experimental data. The coefficient of determination
R%is close to 1 indicating good fitting.
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Table 6.6. Proper values of K and » at different temperatures

Temperature By the least square method By optimization method
(°C) K n R K n R
(MPa) value (MPa) value
Room 11535 | 0.0497 | 0.991 | 113.58 | 0.0498 | 0.993
temperature
150 108.71 | 0.0437 | 0.992 108.6 | 0.0438 | 0.993
200 98.36 | 0.0281 | 0.998 98.69 | 0.2871 | 0.995
250 94.35 | 0.0329 | 0.998 95.04 0.338 0.986

The multiple regression analysis is also carried out to find out the unknown
parameters of power law for the temperature dependent flow stress. It is assumed
that the material behaves as per the power law material model neglecting the effect
of strain-rate. The flow stresses of the strip is the function of strain and temperature

as given by

-7
W T
Gy = O-Ogeq [T—mJ o (66)
The following fitted material parameters are obtained as o, = 85.75 MPa, n =

0.0387, y=0.2351. Further, the material paramters of power law are also calculated
using optimization method. For this, an optimization problem may be approximated
by a quadratic program. An upper bound and lower bound estimating formula are
also obtained using a sequential quadratic programming (SQP) method. A Quadratic
program (QP) is a nonlinear programming problem having quadratic objective
function and linear constraints. SQP solves a QP at each iteration till the
convergence is obtained. There are several variants of SQP method. The principle of
SQP method is briefly described in Appendix 1. The MATLAB® inbuilt functions
FMINCON is used in this work which uses SQP for constrained optimization of
nonlinear function. The three problems are solved to estimate the unknown
variableso,, n and y from the experimental true stress—strain data. The objective
functions with constaints and obtained optimum values are tabulated in Table 6.7.

The lower bound and upper bound fits of the flow stresses with strain are obtained

by solving the problem 11 and problem 111, respectively.
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Table 6.7. Different optimization problems for estimating optimum values of o, n

and y
Optimum value
Optimization | Objective function to be . < R
Problem minimized Constraint %o " Y
(Mpa) value
Problem-I 2
(most likely F=Z{( ,)exm_gogn[TTj } Nil 89.25 | 0.0417|0.2051 | 0.923
estimate) B "
Problem-I11 2 Y’
(lower bound F:z{( ,)exm—aos"[f} } G Oe"[TJ 78.63 | 0.0298| 0.0298 | 0.829
estimate) B 1 "
Problem-1II 2 B 7
(upper bound| 7 - {( ) %E,I[TJ} (0 )y <@02"| 7 | | 102.35 | 0.0548| 0.2151 | 0.843
estimate) 3 p Tn

6.6.2 Determination of Mechanical Properties and the Coefficient of Friction

Based on Temperature and Slip Measurements

In-house warm rolling experiments were conducted to measure the temperature of
exit strip and slip at different reductions for different inlet temperatures of the strip.
Temperature was recorded at the surface of the strip at 50 mm away from the bite
zone for different reductions. The details of the experimental procedure were
described in Section 4.5. The inverse estimation requires surface temperature of exit
strip at the specified location. The forward slip was also recorded for different
reductions at different inlet temperature of the strip are shown.

The experimentally measured temperatures of the strip at surface for different
reductions are shown in Table 6.8. The number of experiments is decided on the
basis of 2-level full factorial of design of experiments considering two parameters
viz., inlet strip temperatures and reductions at constant rolling speed. The total four
different reductions at two different inlet temperatures have been decided to carry
out the experiments. Three replicates were performed at each rolling condition and
the averaged temperature is taken for the inverse analysis. There was a variation of
3-8 °C within replicates. The coefficient of friction is estimated by an FEM model
based on slip measurement as given in Table 6.9. The estimated friction values at

different reductions with different inlet temperatures of strip.
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Table 6.8. Measured average temperature of exit strip at different reductions for
different inlet strip temperatures for 23 =5 mm, R = 100 mm (Values in bracket are
standard deviations)

Averaged exit strip surface temperature (°C) at 50
Reduction, mm from the bite zone
rq (%) Inlet strip temperature, Inlet strip temperature,
7=100°C 7=200°C
8.2 97.7 (L.5) 172.1 (3.5)
12.4 98.7 (2.5) 175.7 (2.1)
22.2 104.6 (3.1) 189.6 (2.1)
32.6 107.7 (3.8) 227.9 (4.4)

Table 6.9. Experimentally measured forward slip and estimated averaged coefficient
of friction for different rolling temperature with different reductions at #; =5 mm, R

=100 mm
Reduction, Inlet strip temperature, Inlet strip temperature,
ra (%) T=100°C 7=200°C
Forward slip,  |Friction, Forward slip, Friction,
s (%) () s (%) (1)
8.2 12.4 0.125 13.4 0.143
12.4 15.3 0.165 16.9 0.167
22.2 24.3 0.180 28.7 0.198
32.6 35.1 0.188 36.8 0.223

The results presented in Table 6.9 are considered for the strip made of
commercially pure aluminum alloy and the roll material is made of high carbon and
high chromium steel. The coefficient of friction increases with increasing the inlet
strip temperature. It may be due to temperature softening in the strip before rolling
which results in sticking phenomenon. Due to softening of the asperities, the real
area of contact increases, thus increasing the friction. The inverse methodology is
employed by taking the shop floor experimental data. The methodology proposed in
Section 6.3 is validated by measuring the exit strip temperature and slip. The thermal
properties for the roll and the strip used in the direct model to find out the
temperature of exit strip are provided in Table 4.3. The convective heat transfer
coefficients of the roll at the inner and outer periphery are 2.6 and 260 W/m?-°C,
respectively in the direct model. The convective heat transfer coefficient of strip

surface just after the bite zone is taken as 10 W/m?-°C.
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The basic concept of an inverse method for parameters identification is to
compute a set of unknown material parameters based on initial guess. The
methodology described in Section 6.3 is adopted to find out the mechanical
properties and coefficient of friction. The mechanical properties of strip and
coefficient of friction at the interface are obtained by the measurement of
temperature and slip. The material behaves as per the power law material model
neglecting the effect of strain-rate as expressed in Eq. (6.6). Figure 6.12 shows the
inverse methodology for estimating mechanical properties and coefficient of
friction.

Guess the initial value of
mechanical properties and friction

Y

Experiment
—| Direct model (In-house warm rolling experiments)
Temperature and slip Temperature and slip

v Y

Is the error in measured data between
computed data < a prescribed value

Record the mechanical
properties and friction @

Updated the mechanical properties using optimization algorithm
(A heuristic based optimization algorithm is used here.)

Fig. 6.12. Flow chart of the inverse model for mechanical properties and the
coefficient of friction determination
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The following objective function is to be minimized with respect to the

decision variables oo, n, ¥ and x such as

2
1 (1, T
E: Zx ism isc , 67
1 J (Tl 67

ism

where n is the number of experimental observations, Tj, is the measured
temperature at the strip surface experimentally and T is the computed temperature
from the direct model at the strip surface.

The constant of power law obtained from the inverse estimation are as
follows: o, = 84.56 MPa, n = 0.0372, » = 0.2358. The convergence is obtained in

10-13 function evaluation i.e., in 4-5 iterations. However, the convergence of the
optimization alogrithm depends on the initial hypercube size of the unknown
parameters. Starting with a large range of domain is better, but the number of
iterations required for convergence will be large.

Figure 6.13 shows the comparison of the flow stress—strain curve. The upper
bound fit, lower bound fit and inversely estimated flow stresses—strain curve with
experimental stress-strain curve is shown at different temperatures. It is found that
the deviation of the inversely estimated flow stresses is 5-10% from the
experimental flow stress. Fig. 6.13a shows the comparison of flow stresses with
strain at room temperatures. Figures 6.13b, 6.13c and 6.13d show the comparison of
flow stress-strain curve at three diffeternt temperatures viz., 150, 200 and 250 °C,
respectively. It is observed that barring low strain data, the experimental values
match with estimated values. In all the cases, the experimental data lies between the
upper and lower bound estimates. It is to be noted that the power law fits well only
in the pastic deformation region, which is dominant in the metal forming. Hence, the
poor matching of low strain data is not a major concern. The experimental data is
based on tensile test. For most of the metals including aluminium, tensile and
compressive behaviour is resonably the same. The proper matching of the model

with experimental data further confirms it.
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Fig. 6.13. Comparison of the experimental stress-strain curves and inversely
estimated stress-strain curves at different temperatures with upper and lower bound
fit data (a) Room temperature, (b) 100 °C, (c) 150 °C and (d) 250 °C

Once the mechanical properties of the strip and the coefficient of friction are
obtained from an inverse analysis, their ability to predict the temperature is validated
experimentally by measuring the temperature at different locations of the exit strip.
The exit strip temperature at any location is evaluated theoretically from the direct
model by using the friction and mechanical properties obtained from the inverse
model. The theoretical predictions of the exit strip temperature are compared with
the experimentally measured temperatures at the surface as well as at the centerline
of the exit strip. Figure 6.14 compares the inversely obtained exit strip temperatures

with experimentally measured temperatures at the surface as well as at the
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centerline. For comparison, two different inlet strip temperatures—100 and 200 °C
were considered. The strip exit temperature shows a sudden upward trend at higher
reductions and higher temperature of 200 °C. This is due to the interaction between
high temperature and high reductions compared to the other cases. The experiments
were carried out for different reductions in the strip. The temperature was measured
at the surface and centerline of the strip at 150 mm away from the bite zone. Further,
the exit strip temperatures were measured at 50 and 150 mm away from the bite
zone both at the surface and centerline and compared with the theoretical results.
The comparison is shown in Fig. 6.15. In this case, the inlet strip temperature was
taken as 150 °C. It is observed that the theoretical predictions are in close agreement

with the experimental results with a variation of £5%.
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Fig. 6.14. Comparison of exit strip temperature predictions of inverse model with
experiments at 150 mm from the bite zone for different inlet temperatures: (a) 7 =
100 °C and (b) 7= 200 °C
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Fig. 6.15. Comparison of exit strip temperature predictions of inverse model with
experiments at 50 and 150 mm from the bite zone for inlet temperature of strip 150
°C (a) at surface and (b) at centerline

6.6.3 Correlation of Surface Roughness and Hardness on Flow Stresses and the
Coefficient of Friction

In this section, as a part of the study on mechanical properties, the micro hardness
tests and surface roughness measurement of the strip after rolling were carried out.
Three replicates were carried out at different conditions. For analyzing the quality of
rolled sheet, the surface roughness and the coefficient of friction are the most
important controllable parameters. In the present work, the surface roughness and
hardness of the strip material variation is studied at different rolling temperatures for
different reductions. Surface roughness of the rolled strip was measured using the
surface roughness measuring instrument (Pocket Surf). The centre line average value
(CLA) surface roughness value (R,) is measured for three replicates. The surface
roughness was measured along the rolling and transverse directions of strip. The
averaged surface roughness was 0.48 xm of all the samples before rolling. In each
replicate, the measurement was taken at 10 points. The combined data of all

measurements was used to make inference about average quality attribute along with
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the standard error in the estimate. Table 6.10 shows the surface roughness values of
the strip after cold rolling of commercially pure aluminum alloy. Tables 6.11 and
6.12 show the estimated coefficient of friction and the average measured surface
roughness of the rolled strip at different inlet strip temperatures in warm rolling. In
the case of cold rolling, the surface roughness decreases with reduction. This may be
due to burnishing action in the presence of friction. It was found that the surface
quality of strip deteriorates with increasing the inlet temperature of strip and it
increases with reduction. This may be due to change in the nature of the friction
(sliding to sticking) and extra softness of the material due to increased temperature.

Table 6.10. Estimated coefficient of friction and averaged measured surface
roughness in cold rolling at different reductions for #; =5 mm, R = 100 mm (Values
in bracket are standard deviations)

Reduction, | Friction based on slip | Measured surface roughness after cold
ra (%) measurement, () rolling, R, (xm)
8.2 0.06 0.411 (0.026) 0.379 (0.014)
12.4 0.09 0.368 (0.024) 0.349 (0.025)
22.2 0.11 0.336 (0.033) 0.299 (0.018)
32.6 0.12 0.288 (0.012) 0.281 (0.021)

Table 6.11. Estimated coefficient of friction and averaged measured surface
roughness in warm rolling for 7= 150 °C at different reductions for #; =5 mm, R =
100 mm (Values in bracket are standard deviations)

Reduction, | Friction based on slip |[Measured surface roughness after warm
rq4 (%) measurement, (x) rolling R, (#m) at 7 = 150 °C
8.2 0.124 0.521 (0.022) 0.512 (0.012)
12.4 0.169 0.541 (0.037) 0.510 (0.021)
22.2 0.184 0.557 (0.054) 0.531 (0.027)
32.6 0.192 0.571 (0.039) 0.541 (0.044)

Table 6.12. Estimated coefficient of friction and averaged measured surface
roughness in warm rolling for 7= 200 °C at different reductions for 7; =5 mm, R =
100 mm (Values in bracket are standard deviations)

Reduction, | Friction based on slip Measured surface roughness after
rq (%) measurement, (x) warm rolling R, (#m) at 7'= 200 °C

8.2 0.143 0.532 (0.021) 0.545 (0.015)

12.4 0.167 0.556 (0.032) 0.534 (0.029)

22.2 0.198 0.598 (0.045) 0.551 (0.035)

32.6 0.223 0.561 (0.039) 0.495 (0.016)
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Figure 6.16 shows the three-dimensional surface plots of the strip before and
after rolling for different reductions. The three-dimensional topography of aluminum
strip is taken by using non-contact profilometer/3D/surface roughness (M/S Taylor
Hobson®) machine. It is seen from Fig. 6.16 that surface asperities deform with
increasing the reductions. Thus, the surface roughness decreases with reductions.
The average surface roughness of the rolled strip values are reported in Table 6.10

for different reductions.

(a) Before rolling

(b) After rolling at 8.2 % reduction

(c) After rolling at 12.4 % reduction

Fig. 6.16. Three-dimensional topography of aluminum strip in cold rolling (a)
before rolling, (b) after rolling at 8.2 % reduction and (c) after rolling at 12.4 %
reduction
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The correlation coefficients between the coefficient of friction and the surface
roughness are determined for the cold and warm rolling cases at four different
reductions. The surface roughness was measured in the longitudinal and transverse
directions and the coefficient of friction was estimated based on the slip
measurement. The correlation coefficients are determined between the coefficient of
friction and the surface roughness at different reductions in strip are —0.967and
—0.981 along the longitudinal and transverse directions, respectively for cold rolling
case. In warm rolling cases, the correlation coefficients are determined for inlet
temperature of strip is 150 °C between the coefficient of friction and the averaged
surface roughness at different reductions in strip is 0.957 and 0.754 along the
longitudinal and transverse directions, respectively. Further, the correlation
coefficients are determined for inlet temperature of strip is 200 °C between the
coefficient of friction and the averaged surface roughness at different reductions in
strip is 0.624 and -0.661 along the longitudinal and transverse directions,
respectively.

At each replicate, micro hardness measurements were carried out at 8-10
places along rolling and transverse directions. The combined data of all
measurements were used to make inference about the average quality attribute along
with standard deviation. The average hardness values of strip at the surface are
measured and provided in Table 6.13. The experiments were conducted under dry
rolling condition keeping the speed of the rolling mill constant. The hardness of strip
material increases from 39.98 to 52.2 VHN after rolling. More deviations in
hardness values are observed for the reduction in strip of 32.6 as compared to 8.2,
12.4 and 22.2 at 100 °C inlet temperature, which is expected as high reduction in
strip causes more strain hardening and proportionately more non-uniformity.

The correlation coefficients between the hardness and flow stress are
determined for different inlet temperatures of strip at four different reductions. The
flow stresses are calculated using inversely estimated material properties
corresponding to the average equivalent strain evaluated from the FEM model. The

correlation coefficients between the hardness and flow stress at different reductions
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in strip are 0.949, 0.897 and 0.833 at 100, 150 and 200 °C inlet temperatures,
respectively.

Table 6.13. Average hardness value of strip after rolling for #; =5 mm, R = 100
mm (Values in bracket are standard deviations). The average hardness value of strip
before rolling is 39.98 (2.21)

Reduction, Inlet temperature of strip (°C)
ra (%) 7=100°C T=150"°C T'=200°C
8.2 40.6 (1.61) 41.2 (1.64) 39.8 (1.77)
12.4 43.8 (1.39) 42.9 (0.96) 41.2 (1.31)
22.2 46.7 (0.71) 44.9 (1.66) 42.7 (1.38)
32.6 52.2 (1.50) 49.6 (1.95) 47.9 (0.92)

6.7 Conclusion

In the present work, a methodology for the inverse estimation is developed and
validated with the experiments is carried out. The methodology requires the
estimation of the exit strip surface temperature and slip. A heuristic method is used
for the minimization of the error between the experimentally measured and the
estimated temperature of exit strip. The inversely estimated flow stresses are
compared with the experimentally measured flow stresses. The experimental flow
stresses are obtained by conducting tensile tests at different temperatures. A good
agreement between the inversely estimated and experimental flow stresses is
observed. It is observed that the parameters obtained by inverse analysis based on
temperature measurement at the low and high inlet strip temperatures can be used
for the intermediate temperatures. The slip measurement gives the proper estimation
of coefficient of friction. If the coefficient of friction is assumed constant for
different process conditions, then only the measurement of temperature can be
carried out. It has been observed that in place of the exit temperature, the roll torque
or roll force can also be measured. A sensitivity analysis is also carried out and it is
found that y is the most sensitive parameter among oy, n and 1 of the power law. It
is observed that the drop in exit strip temperature is more in case of higher inlet strip
temperatures. The forward slip increases with increasing percentage reduction in the
strip. As a result, coefficient of friction increases with the reduction. The surface
roughness and hardness measurement is also carried out to assess the quality of the

rolled strip. It is observed that the average measured surface roughness of the rolled
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strip increases with reduction in warm rolling. However, in cold rolling cases the
surface roughness decreases with increasing reductions. This may be due to
burnishing action in the presence of friction. On the other hand, the surface quality
of strip deteriorates with increasing inlet temperature of strip and it increases with
reduction. It is observed that the micro-hardness of the surface of the rolled strip
increases with increasing reductions. However, with increases the inlet strip

temperature, the hardness is decreased.
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Chapter 7

Inverse Estimation of the Thermal Parameters and
the Coefficient of Friction

7.1 Introduction

For finding out the temperature distribution in the roll and the strip, one needs to
know their mechanical and thermal properties as well as the friction at the roll-sheet
interface. One difficulty is unavailability of property data, especially when they are
temperature-dependent e.g., thermal conductivity and thermal diffusivity of the roll
and strip. The thermal analysis of warm flat rolling can be useful for the estimation
of the thermal properties of the roll and the strip based on the transient temperatures
distribution. In view of it, the present work proposes to estimate the (1) thermal
properties of materials of the sheet and the roll, (2) the convective heat transfer
coefficients and (3) the coefficient of friction by measuring the temperature of
outgoing sheet at two specified places and slip.

Ozisik (1993) stated that inverse analysis can be employed to estimate the
thermal properties of the material by the measurement of time-temperature data.
However, the inverse solutions are very sensitive to changes in input data resulting
from the measurement and modelling errors. It is essential to study the uniqueness of
the parameters which are inversely estimated. The present chapter deals with the
inverse estimation of thermal parameters of the roll as well as strip and the
coefficient of friction based on the transient temperature distribution in strip at two
locations and the slip measurements. The inverse analysis provides the following
unknown thermal parameters such as the thermal conductivity of the roll (%),
thermal diffusivity of the roll (), thermal conductivity of the strip (%), thermal

diffusivity of the strip (as), convective heat transfer losses of the roll outer periphery
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(h.), convective heat transfer loss at the inner periphery (#4;), convective heat transfer
losses of the strip surface (%,). The coefficient of friction () is determined based on
slip measurement.

As reported by earlier researchers (Tseng, 1999; Jiang et al., 2011; Yu et al.,
2012; Min et al., 2012), the influence of oxide layer or scale takes place in hot strip
rolling when temperature is in the range of 850-1100 °C. In the present work, an
inverse methodology is proposed to estimate the thermal parameters of the roll and
the strip by the measurement of exit strip temperature in warm flat rolling. In warm
flat rolling, the oxidation of the roll and the strip may occur. The influence of oxide
layer on the thermal parameters is taken into account by inverse estimation. The
proper estimation of the thermal parameters can be estimated even after oxidation as
the inverse procedure updates the material properties of the roll and the strip
continuously (at the corresponding average temperature of the deformation zone) till
the steady-state is achieved.

The rest of the chapter is organized as follows: The direct model to find out
the transient temperature distribution in the strip and the roll is briefly presented in
Section 7.2. Section 7.3 presents the detailed parametric study and inference of
inverse modelling. Section 7.4 deals with the inverse estimation of the thermal
parameters and the coefficient of friction in warm flat rolling. Results obtained from

inverse modelling are presented in Section 7.5. Section 7.6 concludes the chapter.

7.2 Direct Model for Transient Temperature Distribution

In this section, a direct model of transient thermal analysis of the roll and the strip is
briefly discussed for obtaining the transient temperature distribution in warm flat
rolling. The steady-state deformation analysis of the strip is based Eulerian flow
formation using finite element method (FEM). The transient thermal analysis of the
roll and strip is carried out analytically. For estimating the temperature distribution
in the roll uses series solution using integral transform method is presented in
Section 4.3. The transient temperature distributions of the strip is obtained using

eigenfunctions and separation of variables methods in the bite zone and just after the
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bite zone are presented in Section 3.6. The experimental validation of the direct
model considering warm flat rolling is provided in Subsection 4.6.2. It is to be
mentioned that in actual shop floor, the temperature and slip data need to be
collected online for the estimation of thermal parameters and the coefficient of
friction. However, in this chapter, the actual experiments have been replaced by
virtual simulations-experiments based on direct model with temperature dependent
thermal and mechanical properties. As the direct model has been already validated,
the inverse procedure is enough for establishing the confidence in the methodology.
Figure 7.1 shows the schematic arrangement of the temperature sensors and velocity
sensor in warm flat rolling process. The purpose of temperature sensors is to record
the temperature of exit strip at any specified locations and the velocity sensor

provides the exit velocity of the moving strip.

Temperature SENsors

or Infrared Camera
Roll Sensor 1 Sensor 2

<
|—r1

Velocity sensor
(Camera)

Fig. 7.1. Schematic arrangement of temperature and velocity of exit strip
measurement
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7.3 Parametric Study and Inference of Inverse Modelling

In this section, an extensive parametric study is carried out for studying the
sensitivity of thermal parameters. The surface temperatures of the exit strip are
measured at two locations: 50 mm and 500 mm away from the roll exit point (The
locations of temperatures sensor 1 and sensor 2 are determined on the basis of
numerical experiments. The distance between two temperatures sensors is sufficient
for getting the unique solution in the inverse estimation of the thermal parameters.).
Figure 7.2 shows that the distribution of temperature with time is slightly dependent
on the thermal conductivity of the roll. However, the steady-state temperature is not

affected by thermal conductivity.

315 L LI T LI L L I LI LB I T T LI | I L} LI | T 315 LI T I T LI I LI LI | I LI T T LI
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50 100 150 200 250 0 50 100 150 200 250
Time (s) Time (s)
(a) (b

Fig. 7.2. Effect of thermal conductivity of roll material (k,) on surface temperature
of strip (a) Sensor 1 (b) Sensor 2

Figure 7.3 shows the effect of thermal diffusivity of roll material (¢;) on the

surface temperature at the two locations (50 mm and 500 mm away from roll exit).
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Here, also the steady-state temperatures are unaffected by thermal diffusivity of the
roll, but distribution of transient temperature with time is strongly dependent on the
thermal diffusivity. Fortunately, the patterns of time-temperature distribution do not
vary in similar style for k. and «,. Hence, it is possible to extract the 4, and «, from
the time-temperature distribution. Some parametric study was carried out to
ascertain that a particular time-temperature can be obtained only by a unique &, and

o, combination.

315|||| LILELEL IIIIIIIIIIIIII 315||||I||||I||||I||||I||||
Rk, =65, 7, = 250°C, g ] [ Rk, =65, T, =250 °C, 7, = 28% ]
7, =0.5 mfs,zifie=260 W/m"-°C  Sensor 17 r 7,=05 s, he:260 Wime-oC i

265 _ha 20 Wim®- : - 265 il

[ 4= 0.20,1 =20 Wim*-°C

Sensor 2

oS

o S ]
T 215 -state o = 215} ; =
fou} b - : 7

5 1 = Stea
-ag ] % i Transient-state : -sta?g ]
1 & L : ]
%‘165 . %‘165 - -
— 5 1 - -1
£ — 2=021x 10" m%s 12 | : 1
iz v : 1 E - — 2=021x10" m%s ]
2 LIS 3 @ 115k r : -
= — = 2=0.17x 10 1 = - 4 : &
5 ¥ = ﬁ L — = x=017x 10 E
B 4 E B ¥ 4
£ === a=0.14x10 : 4 U]
65 ¥ — 65 i i Ct'y: 0.14x 10 _
—— @=0.10x 10" ] 4 ]
¥ i — as= 0.10x 10 E

15-IIIIIIIIIIIIIIIIIIEIIIII IIIIIIIIIIIIIIIIIIIEIIII

4 15- L
50 100 150 200 250 0 50 100 150 200 250
Time () Time (s)
(@ (b)

Fig. 7.3. Effect of thermal diffusivity of roll material () on surface temperature of
strip (a) Sensor 1 (b) Sensor 2

Figure 7.4 shows the dependency of strip surface temperature on the thermal
conductivity of the strip (k). It is observed that transient as well as steady-state
temperatures at the two locations are strongly dependent on k,. Moreover, the
temperature difference between two locations increases as ., decreases. Figure 7.5
shows that thermal diffusivity of strip influences the temperature distribution at the
first location, but does not affect the temperature at the second location due to

sufficient amount of diffusion already taken place.
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Fig. 7.4. Effect of thermal conductivity of strip material (k;) on surface temperature
of strip (a) Sensor 1 (b) Sensor 2
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Fig. 7.5. Effect of thermal diffusivity of strip material () on surface temperature of
strip (a) Sensor 1 (b) Sensor 2
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Figure 7.6 shows that convective heat transfer coefficient at the roll outer
surface (k) influences the temperature distribution at both locations. However, the
variation of temperature differences between two locations for 4, follows a different
pattern than that for ;. This can be ascertained by comparing Fig. 7.4 with Fig. 7.5.
Figure 7.7 shows the influence of convective heat transfer coefficient (4,) at the strip
surface. Here, the temperatures at two locations are prominently affected by #,. This
dependency follows a different pattern than other parameters. Here, the steady state
as well as transient components are significantly affected by the variation of 4,.
Figure 7.8 shows the influence of convective heat transfer coefficient at the inner
surface of the roll periphery. Here, the effect of /; on temperatures at two locations
is insignificant. It is observed that the temperature distribution at 50 mm from the
roll bite deviates slightly as the convective heat transfer coefficient of roll at the
inner periphery is increased. Moreover, the exit strip temperature is almost invariant
to the inner convective heat transfer coefficient at 500 mm from the roll bite. Hence,
it can be assumed that the convective heat transfer coefficient at the inner periphery

of the roll does not have significant effect on the exit strip temperature.
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Fig. 7.6. Effect of convective heat transfer losses of roll at outer periphery (%.) on
surface temperature of strip (a) Sensor 1 (b) Sensor 2
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Fig.7.8. Effect of convective heat transfer losses of inner periphery of the roll (4;) on
surface temperature of strip (a) Sensor 1 (b) Sensor 2
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Keeping this fact into consideration, the determination of 4; by inverse
analysis is not carried out. In any case, the 4; is low due to the mounting of the roll
on a rigid shaft without any forced cooling. It was observed that for a fixed value of
coefficient of friction x, the slip is unaffected by thermal parameters due to their
insignificant effect on the kinematics of rolling. Hence, the coefficient of friction
can be obtained by the measurement of the slip. Based on the parametric study,
Table 7.1 lists the identifying signals for various parameters. From Table 7.1, it is
seen that there are sufficient numbers of signals to predict the seven parameters
uniquely. However, apart from the slip, it is essential to measure transient as well as
steady-state temperatures at two locations.

Table 7.1. Procedure to identify the parameters by inverse analysis

S. No | Parameters Identifying signal Remarks

1. |u Slip It does not depend
significantly  on
thermal parameters

2. | k,(WIm-°C) | Temperature-time distributions at
two sensor locations

3. | a. (m¥s) Temperature-time distributions at | It is possible to
two sensor locations extract k. and o,
from this signal.

4. | ks (WIm-°C) | Steady-state temperatures at two
sensors location and their difference

5. | as(m?/s) Temperature distribution at first
sensor location

6. | h.(W/m*-°C) | Steady-state temperature at two
sensors location

7. | ha (W/m?-°C) | Steady-state and transient
temperatures at two sensors location

7.4 Methodology for Inverse Estimation

The exit strip temperatures at two locations are measured at a number of discrete
times and are compared with the calculated temperature obtained from the direct
model. The direct model uses temperature dependent material properties. The mean

squared fractional errors (MSFE) at two locations are taken as £; and E,. The
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objective function is to minimize max(E1, E») with respect to the decision (design)

variables &, a,, ks, a, he, h, and u. Mathematically,

2
1 » (T, —-T
E == ilm ile ,
' Z[—T J (7.1)
1 gt T -\
E. ==x i i2m _ ti2c i
. n i2_l( Ty J (7.2)

In the above expressions, 7, and T, denote measured temperatures at two sensor

ilm i

locations i.e., at S; and S,. The corresponding computed temperatures are denoted by
T,.and T, and n denotes the number of observations. The minimization is carried
out by a heuristic method similar to that illustrated in Section 6.3 for estimating the
mechanical properties and friction at constant thermal parameters of flat rolling. A

general outline of the method is illustrated in Fig. 7.9.

Clat)

Guess values of average thermal
parameters and friction

Yy

»|  Direct model Exp_erlmer_lts (rgpla;ed by virtual
simulations in this chapter)
\ \
I Temperature and slip I I Temperature and slip I

Update thermal
parameters and
friction

Is exit strip temperature
and slip match with
experimental data?

No

Record the averaged thermal
parameters and friction

Fig. 7.9. Flow chart illustrating the methodology of inverse model
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7.4.1 Methodology

The methodology for finding out the average thermal properties of roll and
strip and the coefficient of friction during rolling is as follows:
Step 1: Choose suitable ranges for the thermal parameters %,, o, &, as, he, h, Of the
roll and the strip and the coefficient of friction p.
Step 2: For each thermal parameter the range is divided into three linguistic zones
viz., low (L), medium (M) and high (H) as shown in Fig. 7.10 for two parameters.

Thus, the entire domain gets divided into 3° = 729 cells.

k. A Second iteration
~ .

/ L |
Scan horizontally to / ; \ * I
find optimum &, ’

g / ~. /\
First iteration . /
(k) = :

"max : \ / Minimum
: error cell
H Minimum | ° . s fter 2nd
/ afte
error cell : :
‘T 1teration

Begin \

N N Scan vertically to
L find optimum £,
(k)
" min H o
(a’ gninL .. 4 l)nax h

L =low M = medium H = high

Fig. 7.10. Two-dimensional graphical representation of search procedure

Step 3: Select the middle (M) values of all the thermal parameters as initial guess
values.
Step 4: Find out the coefficient of friction based on the slip measurement in the

selected cell. For this, carry out a one-dimensional search technique eg., bisection
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section method (Gerald and Wheatley, 1997) to get the true friction value. The
obtained values of coefficient of friction are used in direct model. Estimate £; and
E; using the true value of . The E; corresponds to the Sensor 1 (S;) and E»
corresponds to the Sensor 2 (S5).

Step 5: Keeping 5 other parameters (a,, ks, as, h. and h,) constant, carry out one-
dimensional search for optimum %, in the following manner:

o |f at the current point, the computed temperatures at two locations S; and S»
are smaller than the measured temperatures, then decrease the value of &, by
jumping to the center of adjacent cell.

e |f at the current point, the computed temperatures at two locations S; and S»
are greater than the measured temperatures, then increase the value of %, by
jumping to the center of adjacent cell.

¢ Else do not change the value of %,.

Step 6: The similar methodology as discussed in Step 4 and Step 5 is repeated for
optimizing other parameters i.e., change the one parameter at a time keeping other
five parameters to be constant. After completing an iteration consisting of six one-
dimensional searches, the search domain gets reduced to one cell. Figure 7.10 shows
how the one optimum cell is further reduced to three linguistic zones viz., low (L),
medium (M) and high (H) in one iteration. Go to Step 2.The procedure continues till
E1 and E- are less than 0.001.

7.5 Results from Inverse Modelling

For validating the proposed procedure, a number of numerical experiments have
been conducted. The actual thermal parameters of the roll and strip material are
temperature dependent. Table 7.2 provides the temperature dependent material
properties of the roll and the strip. The actual equivalent Coulomb coefficient of
friction is assumed to be 0.20.The inner and outer roll radii are 45 and 65 mm,
respectively and the inlet thickness of strip (%) is 1 mm. The schematic arrangement

of sensors in the rolling mill is shown in Fig. 7.1. The distance between the
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temperature sensors S; and S, from the exit of roll bite are 50 mm and 500 mm,
respectively. With this data, virtual simulations are carried out using the direct
model for different inlet temperatures, percentage reductions and exit velocities of
strip. The results of virtual simulations are taken as actual experimental results as the
direct model has already been validated. For inverse analysis, the steel roll and the

steel strip with the flow stress governed by J-C model (given by Eq. 3.5) are

considered.
Table 7.2. Parameters and value used in the direct model
Parameters References

k, steel 42.284-3.01x107°T -1.35x10°7% - 4.43x10°°T®

(W/m-°C) Khalili et al.
pr Steel 7850 (2012)
(kg/m®)
cprSteel | 429.47+0.25757 -5x10°T?

(J/kg-°C)
k; steel 44-0.0067T —2x10°T? Tszeng and Saraf

(W/m-°C) (2003)

PsCps Steel | 4x10° -1.8x10°T +6.37% +0.0187° - 2.7x10°T"*

(IIm3-°C)

The inverse analysis provides the average thermal parameters of roll and strip
and the coefficient of friction. The analysis is carried out with different inlet
temperatures of the strip, percentage reductions and exit velocities of strip. The
convergence is obtained in 25-31 function evaluation i.e., in 4-5 iterations. The
convergence depends on the initial hypercube size of the unknown parameters.
Starting with a large range of domain is better, but the number of iterations required
for convergence will be large. Table 7.3 shows the percentage error between the
actual (virtual simulations) and estimated average thermal parameters and the
coefficient of friction for two different initial temperatures of 250°C and 450 °C,
keeping R, %r and V, constant. It is observed that the deviation of estimated and
actual parameters is less than+ 7%.The accuracy of the estimated parameters is

improved at higher inlet temperature as observed from Table 7.3.
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Table 7.3. Comparison of the actual and the estimated values of thermal parameters
for iy =1 mm, R=65mm, » = 28% and /> = 0.5 m/s

To = 250 °C To = 450 °C
Parameter Estimated Actual % Estimated Actual %
parameter parameter error parameter parameter error
k. (W/m-°C) 33.07 33.23 0.48 26.11 26.14 0.12
a, (M°/s) 0.088x10™ | 0.086x107 —2.33 | 0.062x10™* | 0.061x107* | —1.64
ks (W/m-°C) 39.44 41.08 3.99 36.01 35.12 —2.53
as (M?/5) 0.092x10™ | 0.09x10™* | —2.22 | 0.08x10™* | 0.081x107*| 1.23
he 255 260 1.92 277 260 —6.54
(W/m?-°C)
ha 20.84 20 4.2 18.98 20 5.10
(W/m?-°C)
P 0.212 0.20 566 | 0.198 0.20 1.01

315 -l | i I | LI | I 1 c‘ 1 1 I L L L 1 I L L 1 |-
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Inverse estimated
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m  Virtual experiment
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Time (s)

15

Fig. 7.11. Comparison of actual (virtual simulation) and inverse estimated
temperature profiles of exit strip at locations Sensor 1 and Sensor 2
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The actual temperature distribution from the direct model is compared with
the inverse estimation for inlet strip temperature of 250 °C (Fig. 7.11). This
comparison corresponds to calculated mean squared fractional error £, = 0.00014
and £, = 0.00011. It is observed that the exit strip temperature distribution from the
direct model is in excellent agreement with the inverse estimation. The similar
results are obtained for inlet strip temperature of 450 °C but are not shown for the
sake of brevity. Figure 7.12 compares the maximum temperature distribution at the

interface for different cases computed from the direct and inverse model and a good
agreement is observed.
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Fig. 7.12. Comparison of the maximum temperature obtained from the actual
(virtual simulation) and the inverse estimated parameters for (a) », = 28%, V> =0.5
m/s, To = 250 °C (b) ;= 12%, V, = 0.5 m/s, Ty = 250 °C (¢) r; = 28%, V> =1 m/s,

To = 250 °C and (d) rg = 28%, Vy, = 0.5 m/s, To= 450 °C

Figures 7.12a and 7.12b show the maximum temperature computed at the

deformation zone using the actual and the estimated parameters. This comparison is
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carried out for two percentage reductions in strip viz., r; = 12 and 28%. A similar
comparison has been done for J, = 1 m/s and Tp = 450 °C as shown in Fig. 7.12c
and 7.12d. The estimated thermal parameters and coefficient of frictions are
obtained on the basis of exit strip temperature and slip. In Fig. 7.13, the variation of
maximum temperatures at the interface between the actual and inverse estimation is
presented for four sets of rolling parameters viz., (Y%ory, V2, To) = (12, 0.5, 250), (%r,,
Va, To) = (28, 0.5, 250), (%rs V2, To) = (12, 1, 250) and (Y%orq, V2, To) = (12, 0.5,
450). The average thermal parameters and coefficient of friction obtained at (%r,,
Vo, To) = (12, 0.5, 250) are used to compare the maximum temperature at the
interface for other three cases.
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Fig. 7.13. Comparison of the maximum temperature obtained from the actual
(virtual simulation) and the inverse estimated parameters at this condition (», =
12%, V,=0.5 m/s, To = 250 °C) for (a) r, = 12%, V>, = 0.5 m/s, To =250 °C (b) rs =
28%, V,=0.5mls, To =250 °C (¢) ry = 12%, Vo, =1mls, Top =250 °C and (d) r, =

12%, ¥, =0.5 m/s, T = 450 °C
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From Figs. 7.13a and 7.13b, it is observed that if the percentage reduction is
increased from 12 to 28%, then the maximum temperature at the interface deviates
by only 5 °C. It is observed from Fig. 7.13c that when 75 is increased from 0.5 to 1
m/s the temperature at the interface deviates by less than 10 °C. It is seen from Fig.
7.13d that if the thermal parameters and the coefficient of friction obtained at (%r,,
V2, To) = (12, 0.5, 250) are used for (%or, Vo, To) = (12, 0.5, 450), the maximum
temperature changes by 5 °C only. Hence, the thermal parameters obtained at
condition: (Y%ry, V2, To) = (12, 0.5, 250), may be used for higher reduction in strip,
rolling speed and inlet strip temperature. The maximum temperature can be
predicted within 1% accuracy.

In order to study the effect of the temperature distribution in roll at different
radial distances, a comparison of the temperature distribution in roll at the actual and
the estimated parameters is carried out. The comparison corresponds to the E; =
0.00014 & E, =0.00011 and is shown in Fig. 7.14.

300
-R/h1=65,TD=250°C,rd=28%,w=7radfs
290 -
280 -
270k Inverse estimated Virtual experiment |_|

R =065 mm B 7 =85 mm
G0k | —-- =35 * R =55 i
o —= R=45 o R =45
g
%25
T
§"24
g 23
=4
220
210
200
ool b0 by b b
-180 -120 -60 0 60 120 180

Angular displacement &

Fig. 7.14. Comparison of temperature distribution in roll at different radial distances
(R) after 50 revolutions completed with actual (virtual simulation) and the inverse
estimated parameters
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Fig. 7.15. Comparison of temperature distribution in strip at deformation zone with
actual (virtual simulation) and the inverse estimated parameters

It is observed that the peak temperature occurs at the exit of contact region
and the maximum difference in the temperature is found to be 5 °C with the actual
and estimated material parameters. A good agreement is observed between the
temperatures of roll at actual parameters and inverse estimated parameters. Further
the effect of temperature distribution for strip at the deformation zone is also studied
for the same rolling conditions. It can be seen from Fig. 7.15 that the temperature at
the surface estimated by inverse method almost matched with direct model.
However, the temperature at the centre deviates by upto 8 °C from the actual (virtual
simulations) temperature.

For studying the error of estimation in steady-state temperature distribution,

three different rolling process parameters, viz., %r,, V> and Ty, are considered. Table
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7.4 shows the percentage error in the maximum and average temperatures (roll-strip
interface) for the actual parameters and the parameters estimated by inverse method.
Note that the inverse estimation was carried out for 12% reduction in the strip to
obtain the thermal parameters and the coefficient of friction. These thermal
parameters and the coefficient of friction are used for comparing the steady-state
maximum and average temperatures at the interface at two other percentage
reductions (20% and 28%). It is observed that the percentage error between the
temperatures obtained at the actual parameters and the temperature obtained at the
estimated parameters is within +2% when percentage reduction varies from 12 to
28.

Table 7.4. Percentage error in steady-state temperature with actual (virtual
simulation) and inverse estimated parameters for different reductions in strip at R/h;
=65, V2 =0.5 m/s, T, =250 °C

Maximum Temperature at Average temperature at
Reduction, the interface (°C) % the interface (°C) %
ra (%) By actual By error | By actual By error
parameters estimated parameter | estimated
parameters S parameters
12 325.37 328.76 1.04 269.98 272.14 0.80
20 330.25 332.56 0.78 276.34 279.52 1.15
28 338.54 336.97 -0.46 | 282.46 285.14 0.95

Similarly, the analysis is also carried out by varying the exit velocity and inlet
temperature of strip and the results are shown in Tables 7.5 and 7.6. Here, the
inverse estimation is carried out for 0.5 m/s exit velocity of strip with 7o = 250 °C
and r, = 28% to obtain the thermal parameters and the coefficient of friction. These
thermal parameters and the coefficient of friction are used for comparing the steady-
state maximum and average temperatures at the interface at exit velocities of strip
(72), 1 m/s and 1.5 m/s. It is observed from Table 7.5 that the percentage error in the
maximum and average temperatures at the interface increases with the increase in
exit velocity of strip at estimated and actual values of parameters. Table 7.6 shows
the percentage error in the maximum and average temperatures at the interface with
varying inlet strip temperature at estimated and actual values of parameters. Here,

the inverse estimated parameters are obtained at 7, = 250 °C, V>, = 0.5 m/s and r, =
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28% and are used to compare the steady-state maximum and the average
temperatures at the interface for the inlet strip temperatures of 350 °C and 450 °C. It
is observed that the percentage error increases upto the maximum 2.05 % when Ty
varies from 250 to 450 °C.

Table 7.5. Percentage error in steady-state temperature with actual (virtual
simulation) and inverse estimated parameters for different exit velocity of strip at
RIhy = 65, ry =28 %, T, =250 °C

Maximum Temperature at Average temperature at
Exit the interface (°C) % the interface (°C) %

velocity By actual By error | By actual By error
Vo(m/s) | parameters estimated parameters | estimated
parameters parameters

0.5 338.54 336.97 —0.46 282.46 285.14 0.95

1 362.31 363.33 0.28 332.14 335.34 0.96

15 405.52 410.23 1.16 381.56 372.52 -2.36

Table 7.6. Percentage error in steady-state temperature with actual (virtual
simulation) and inverse estimated parameters for different inlet temperature of strip
at R/hl = 65, rg = 28 %, V> =0.5m/s

Inlet Maximum Temperature at Average temperature at
temperature the interface (°C) % the interface (°C) %
of strip 7o | By actual | By estimated | error | By actual | By estimated | error
(°C) parameters | parameters parameters | parameters
250 338.54 336.97 -0.46 | 282.46 285.14 0.95
350 395.85 396.52 0.17 371.74 364.11 -2.05
450 504.15 506.63 0.50 474.15 468.81 -1.13

7.6 Conclusion

In the present work, an inverse method is proposed for the estimation of the thermal
parameters and the coefficient of friction in a warm flat rolling process. The
methodology requires the estimation of the exit temperature of strip at two locations
and the forward slip. The slip measurement gives the proper estimation of the
coefficient of friction. The inverse method employs a heuristic method for the
minimization of the error between measured and computed temperatures at two
locations of exit strip. The thermal parameters viz., thermal conductivity of the roll

(k»), thermal diffusivity of the roll (a,), thermal conductivity of the strip (k;), thermal
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diffusivity of the strip (a;), convective heat transfer losses of the roll outer periphery
(h.), convective heat transfer losses of the strip surface (k,) and the coefficient of
friction (x) are simultaneously estimated and they are compared with their exact
values used in virtual simulation. It is to be noted that thermal and mechanical
parameters used in the simulation-experiments have been taken as temperature
dependent, but the inverse method predicts their average values. A comparison of
the maximum temperatures computed using the inverse estimated parameters with
the temperatures computed using the actual parameters is also carried out. The
accuracy of the estimated parameters is also assessed by comparing the temperature
distributions obtained using the actual parameters used in direct method. The
proposed inverse method can be used as a quick estimate of the thermal parameters
and the coefficient of friction. The method requires only the exit strip temperature at
two locations and velocity measurement by a velocity sensor. The uniqueness of the

solution has been studied heuristically and numerically.
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Chapter 8

Conclusions and ScoEe for Future Work

8.1 Conclusions

The inverse estimation of material properties and the process parameters in rolling is
important for controlling the process and assessing the quality of the product. In this
thesis, the inverse estimation of material properties, convective heat transfer
coefficients and friction in warm flat rolling has been carried out. The following
parameters are determined by inverse method: four constants of power law model,
thermal conductivity of the roll (%), thermal diffusivity of the roll («,), thermal
conductivity of the strip (&), thermal diffusivity of the strip (o), convective heat
transfer losses of the roll at the outer periphery (4.), convective heat transfer losses
of the strip surface (h,) and the coefficient of friction («). The inverse analysis
requires the measurements of the exit strip temperature and the slip. For finding out
the temperature distribution of the exit strip and the slip, a thermo-mechanical model
for warm flat rolling is proposed. The deformation analysis uses finite element
method (FEM) based on the Eulerian flow formulation and the thermal analysis is
based on the analytical methods. The determination of temperature distribution
through the analytical methods for the roll as well as the strip has the advantage in
terms of computational time.
The salient findings of the thesis can be summarized as follows:
e An approximate method has been proposed for the estimation of temperature
distributions in the roll and strip in a rolling process. To predict the steady-

state temperature distribution in the roll, a simplified and computationally
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efficient approximate method is proposed by adapting the model of Fischer et
al. (2004). The temperature distribution in the strip is obtained analytically.
The method uses simplified mathematical models for heat transfer analysis,
which are used in conjunction with a computationally efficient FEM code for
deformation analysis. The method is validated with the experimental results
available in the literature and a good agreement is found. Thus, this
methodology can facilitate control and design engineers for the quick
estimation of the steady-state temperature distribution in rolling processes.
The proposed model can be used for the inverse estimation of the mechanical
properties and the coefficient of friction by the measurement of exit strip

temperature and slip.

e A fast FEM analysis has been carried out for the estimation of steady-state
temperature distribution in rolling process. The input into the thermal analysis
is taken from the deformation module based on Eulerian flow formulation. A
computationally efficient methodology is developed for finding out the
steady-state temperature distribution in rolling. The finite element based
software package ABAQUS is used for implementing the proposed
methodology. The steady-state temperature can also be obtained by carrying
out a transient heat transfer analysis till the steady-state is achieved. However,
the FEM procedure takes about 2 hours of the screen time, whilst the fast
FEM model proposed in the present work requires less than 10 minutes of the
screen time in ABAQUS. It has been observed that if the problem is solved in
a non-interactive way by writing a subroutine code, viz. DFLUX, the method
requires less than 1 minute. Thus, the proposed methodology provides the
quick estimation of the steady-state temperature distribution in the rolling by
FEM. The FEM results ensure the accuracy of the proposed model using an
approximate method to find out the temperature distribution in the roll and the

strip.

e The transient thermal analysis of the roll and strip together for warm flat

rolling has been carried out. The analysis employs a time varying heat flux
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input into the roll from the strip. An iterative procedure is carried out to
obtain the temperature distribution assuming initial temperature as a function
of radial and circumferential coordinates. In-house warm rolling experiments
were also carried out to validate the proposed model by measuring the exit
strip temperature at the surface as well as at the centerline. The exit strip
temperature was measured experimentally by using an IR Camera and the exit
velocity of the strip by normal video recording camera. The experimentally
measured slip matching with the computed slip by FEM provides the
coefficient of friction at the corresponding process parameters. It is observed
that for different inlet strip temperatures and percentage reductions in strip,
the proposed model is in well agreement with the experimental results with an
error of about less than 8%. The transient thermal analysis provides an inverse
way of estimating the thermal parameters based on the temperature

measurement of the exit strip.

The possibility of online determination of the coefficient of friction in the
rolling is explored. Three different approaches are employed viz., minimum
roll gap measurement method, slip measurement method and inverse method
based on the temperature measurement. The first two methods are the
classical methods and they are considered for the comparison purpose. The
third approach deals with the inverse estimation of the coefficient of friction
based on the exit strip surface temperatures with the known material
properties. It has been observed that slip is not very sensitive to material
parameters. Hence, in the absence of material data, it can be used as an

effective method to find out the coefficient of friction.

e An efficient inverse methodology has been developed to estimate the

mechanical properties and the coefficient of friction based on the exit strip
temperature and the slip measurements. Instead of the exit strip temperature,
the roll-torque or roll-force can also be measured for carrying out the inverse
analysis. However, the measurement of the exit strip temperature is the most

convenient. A heuristic method is used for the minimization of the error
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between the actual and the estimated temperature of exit strip. The inverse
model requires only 4-5 iterations to estimate the material parameters. A
sensitivity analysis of the material parameters and the coefficient of friction
based on the exit strip temperature measurement has also been carried out. It
is observed that the temperature softening parameters is the most sensitive

material parameters for estimating the temperature.

e The proposed inverse methodology is validated by conducting in-house
experiments to estimate the mechanical properties of strip material and the
coefficient of friction at the roll-strip interface. The coefficient of friction is
estimated based on the slip measurement. The flow stress of the strip is
estimated based on the temperature measurement and is compared with the
experimentally measured flow stresses at different temperature. The surface
roughness and micro-hardness measurements are carried out to assess the
quality of the rolled strip. It is observed that the average measured surface
roughness of the rolled strip at different inlet strip temperatures increases in
warm rolling. However, in cold rolling, the surface roughness decreases with
increasing reductions. This may be due to burnishing action in the presence of
friction. The micro-hardness of the surface of the rolled strip increases with

increasing the reductions. However, with increase in the inlet strip

temperature, the micro-hardness decreases.

¢ An inverse method is proposed for finding out the average thermal properties
of the roll and the strip. The methodology requires the transient temperature
distribution at the exit strip at two locations. The coefficient of friction is
estimated based on slip measurement. For a fixed value of the coefficient of
friction, the slip is unaffected by thermal parameters. Based on the sensitivity
study, a procedure to identify the parameters by inverse analysis is illustrated.
It is seen that there are sufficient number of signals to predict the seven
parameters uniquely. However, apart from the slip, it is essential to measure
the transient as well as the steady-state temperatures at two locations. The

uniqueness of the solution has been studied heuristically and numerically.
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e In the present work, an inverse methodology for the estimation of the

mechanical and the thermal parameters has been developed separately. This
work can be extended for the inverse estimation of the mechanical properties,
thermal parameters and the coefficient of friction together.

The study of the strain-rate dependency on the coefficient of friction in rolling
is not carried out in the present thesis. The proposed thermo-mechanical
model of warm flat rolling can be used to explore the effect of strain-rate on

the friction.

The plane strain thermo-mechanical model for warm flat rolling is developed
to analyze the rolling process in this thesis. The deformation analysis is
carried out by FEM and analytical solutions are used for thermal analysis.
Further, this work can be extended to three-dimensional FEM modelling to
analyze the rolling behaviour of different materials, for example, composite

and functionally graded material.

The three-dimensional analytical modelling for the temperature distribution in
a rolling process does not exist in the literature. The development of such a

model will benefit the rolling industry greatly.

In the present work, an experimental study is carried out to see the effect of
inlet temperatures of strip and percentage reductions in strip on the exit strip
temperature. Further, experiments can be carried out to study the effect of
different thickness of the sheet at different rolling speeds, which will provide
a better insight of the metallurgical behaviour of the rolled sheet. Further, heat
partition factor can be determined by carrying out the combined analysis of
the roll and the strip.

The effect of lubrication on the exit strip temperature and roll pressure
distribution can be studied theoretically as well as experimentally. The
proposed method can be extended to incorporate the effect of lubrication for
analyzing the warm flat rolling. The experimental study can also be

conducted to measure the pressure distribution in the roll and the friction hill
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in the bite zone by embedding sensors in the roll at different lubricants.
Further, the effect of lubricants on friction and surface oxidation in the roll
and the strip in rolling can be explored.

¢ In the present thesis, the experimental study has been carried out to measure
the exit strip upper surface temperature distribution for validating the inverse
methodology to find out the material and process parameters. However,
inverse methodology can also be employed by measuring the bottom surface
temperature of the strip.

¢ In the present work, a 100 KN capacity universal testing machine was used for
carrying out the tensile test. The tensile test of aluminum alloy is carried out
at different temperatures for the constant strain-rate to validate the inverse
estimation of mechanical properties in warm flat rolling. In future, the servo
hydraulic testing machine, Dynamic System Inc. (DSI) can be used to
determine the mechanical properties of the metal at different temperatures for
different strain-rates. This is mainly used to determine experimental data for
the simulation of high temperature material properties in manufacturing. This
provides the validation of the inverse method for different combinations of
the strains, strain-rates and temperature in flat rolling.

e The present work can be extended to estimate the residual stresses in the
deformation zone based on the obtained material and thermal parameters from
the inverse modelling.

e The proposed thermo-mechanical model of warm flat rolling presented in this
thesis can be extended to estimate the various defects by using micro-
mechanics and continuum damage mechanics. Further, the proposed model
can be extended to analyze the behaviour of the microstructure evolution

during hot flat rolling as well as other metal forming processes.
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Appendix A

FEM Formulation of Deformation Analysis of Flat Rolling (Dixit,
1997)

In this work, the deformation analysis of warm flat rolling is carried out by finite
element method (FEM) based on Eulerian flow formulation. The continuity equation
and equation of motion along with mesh and boundary condition of strip is provided
in Section 3.3. The procedure of FEM Galerkin formulation is briefly described

here. Before that boundary conditions are discussed in detail.

A.1 Boundary Condition
The boundary conditions are shown in Fig. 3.3. Here, they are described in the text.
Along AF and DE, the essential boundary conditions are given as

v,=V,v»,=0 onAF, (A.1)

v,=V,,v,=0 onDE, (A.2)
where v and v, are the components of velocity in x; and x, directions, respectively.
The inlet and exit velocities, ¥ and V3, respectively, are related as

i=v,(1-r,), (A.3)

where r, is the fractional reduction given by

_ hl _hz

P (A4)

r,
!

The roll velocity corresponding to V> is obtained as the velocity at the neutral point

(a point at which shear stress changes its sign). The neutral point, in this formulation
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is found by minimizing the total power with respect to the position of neutral point
which is based on generalized upper bound theorem (Collins, 1969).
On the plane of symmetry EF and on the surface AB and CD (as shown in

Fig. 3.3), the following boundary conditions are used,

ty=0,v,=0, (A5)
where ¢ is the traction component in longitudinal direction. However, in the nodes
adjacent to B and C, the boundary condition v,=0 is replaced by #=0. On the roll-

strip interface (boundary BC), the normal component of velocity, v, = 0. This leads

to
v,+vtang=0 onBC, (A.6)
where ¢ 1is the angular position of the point on the interface, the angular position of

point C being zero. The frictional traction # on BC is related to normal traction #, by

Coulomb’s friction model subjected to a limit on its maximum value as
=f

where f is obtained from the model of Wanheim and Bay. At low pressures, f°

t t

: (A.7)

S n
corresponds to equivalent Coulomb coefficient of friction and # and ¢, are tangential
and normal components of stress vector t, whose components in the Cartesian

system are obtained as

t =oc.n.. (A.8)

I iy J
Here, n; is the unit normal to the surface. The radius of curvature of BC is R'.
According to the Hitchcock’s formula, the radius of the deformed arc of contact

R’ to the roll radius R is given by

R_':(H F j (A.9)
R Co

where F, is the roll force and 6= (h;—hy) is the draft (difference in initial and final
thickness). The constant C depends on the materials of rolls, its value for steel rolls

being 4.62x10* MN m .
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A.2 Galerkin Formulation

In this work, Galerkin weak formulation has been used. Let v;, v, and p be the
functions that satisfy the essential boundary condition exactly. Thus, the continuity
and momentum equation will becomes

i ) oo, 0o oo, 0o
I{(‘gll+522)Wp+(§“+ﬁjwl+[ﬁ+ axzszz}dde =0, (A.10)
1 s 2

A
where 4 denotes the domain of a typical area element, and w,, w; and w, are the
weight functions that satisfies the boundary conditions, respectively. In index
notations, Eq. (A.10) can be written as

j[ew +GU]W:|dXdX =0. (A.11)
4
Using the divergence theorem, second integral can be simplified as
_“O-ij,jwid‘xldXZ = J.(O'l.jwl. )J dx,dx, — I (O'l.jwl.,j )dxldxz, (A.12)
4 4 4

Using Gauss divergence theorem for two-dimensions, Eq. (A.12) yields
J.O'U’jwidxldxz e 4) o,wn dl' - J.(O'U.Wi,j )dxldxz,
4 r 4
= Cﬁ t,w dl — J(Jl.jwi,j) dx,dx,. (A.13)
r A
The last term of the right hand side of Eq. (A.13) can be written as

J.(O'l.jwm.) dx,dx, = .[O'U. %[(WU + wjjl.)—i- (wi’j - wj’l.)]dxldxz. (A.14)
A

A

Interchanging the dummy index and making use of symmetry yields

J.O'U %[(W:’,/ -w,, )}dxldx2 =0. (A.15)
A
Therefore Eq. (A.14) becomes
J.(O'ijw,. dx dx, = J- i3 [ W, tw,, )]dxldxz. (A.16)
A A
215
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The symmetric part can be denoted as é‘lj (W) . Thus,

J(oym.,) dude, = [, () (A17)

A

Using Eq. (A.13) in Eq. (A.11) provides

_[8 w,d4 + jO'UgU (w)d4 - jtwdl“ = 0. (A.18)

A Ti
For incompressible material deforming by Levy-Mises flow rule, the following

equation is obtained:
0,y (W) =—pé; (W) +2m&;é; (w), (A-19)
where 7; is the Levy-Mises coefficient.

Incorporating Eq. (A.19) into Eq. (A.18), the weak weighted residual form is

obtained as

jldA+j1dA jzdr jzdr_o (A.20)

l 2

where
I, = éiiwp 3 [é” + ézz]w

=—pl &, (wW)+&,(w)]+2n [ £,6, (w)+26,6, (w)+E,8, (W) ],
I =tw,
I, =tw,. (A.21)
I'y and I'; are the respectively those part of the boundaries where tractions ¢, and #
are specified.
A.3 Finite Element Approximation
Seeing the form Eq. (A.20), C° continuity is sufficient since pressure is of zero order
derivative and the first order derivatives of velocity are present. Bilinear
approximation and bi-quadric approximation have been adopted for pressure and

velocity, respectively. Figure A.1 shows a typical quadrilateral element in natural

coordinates that are selected to descretize the domain.
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The approximation for v; and v, will be

{V‘}=[Nv]{ve}, (A22)

Here, weight functions for velocity and pressure are approximated using the same

shape function as that of velocity and pressure, respectively:

{w ) =[N ]{we ) (A.23)
The approximation for pressure will be
p={Np}T{pe}- (A.24)
The weight function for pressure is given as
{WP}:{NP}T {W;}. (A.25)

For geometry approximation, a nine noded element is used having the same shape

function as the velocity. Thus,
T @
x ={N} {x}, (A.26)

T @
x, ={N} {x5}, (A27)
where {x;| and {x;} are the vectors containing the nodal x; and x, coordinates

respectively.
Since the nine noded elements were taken for velocity approximation,
therefore the boundary element should be a three noded element. Figure A.1 shows a

typical elements and nodes. The weight functions at the boundary will be given as

W = {wf’}T (N}, (A.28)
W, = {wg}T (N}, (A.29)
For the traction, the approximation is given as
t = {N”}T {4 (A.30)
t, = {Nb}T {1, (A31)
217
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where ¢; and #, are the nodal traction values of the traction. The expressions for

N/ are given as

N =3(e1me). M= (e ve). M=), (a3

where ¢ is the natural coordinate on the boundary.

7 7
4 A 3
7 6 5
[ 9 [ 9
> 3P g el
[ L [ L 2 ®
1 3 1 2 3
Nodal structure for Nodal structure for
pressure velocity

Nodal structure at the
boundary element

Fig. A.1. A typical diagram of the nodal structure of pressure, velocity and boundary
element considered in the approximation

A.4 Finite Element Equations

The expressions of Eq. (A.21) can be expressed in matrix form to obtain the

solution. Let us assume that {g} is a vector given as

Ok
ox,

v,

{¢}= {522‘} = ox, . (A.33)

Lfow ov
2\ ox,  ox,
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Similarly {z(w)} will be
o
0ox,

}

& (w) 5
lem)f=1 {en(w)} (= a:j . (A34)

{
{
Vel | {awl . 8%}

2\ ox,  ox,

Using the approximation for velocities and weights, the strain rate vectors {8} and

{é (w)} can be approximated as

{e}=[B]{v}, (A.35)
{e(w)}=[B]{w:}, (A.36)
where
[ on, 0 oN, 0 ____ N . |
ox, ox, ox,
[B]z 0 oN, 0 ON, T 0 ON,
0ox, 0ox, 0ox,
1 oN, 10N, 10N, 10N, 10N, 10N,
_\/5 ax, ~2ax J20x, 2 ox J2 ax, 2 ox Jos
(A.37)
From Eq. (A.33), the following form can be written:
tén}
Entén={1 1 0})3 {&,} r={1 1 0}{&}, (A.38)
V2{4,)

Substituting Eq. (A.35) in Eq. (A.38) yields
En+éyn={1 1 O}BIv}={m} [B]{v}=[m]|[B]{v}. (A39)

where

1
{mj=41¢. (A.40)
0
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Similarly,

. . e e T

g, (w)+éy (w)=[m|[B]{we}={w} [B] {m}.  (as1)
Using Egs. (A.25), (A.28), (A.29), (A.30), (A.31), (A.35), (A.36), (A.39) and
(A.40), Eq. (A.20) becomes

[} (v }LmJ[B J{v} dndr,
+[-{wi} (5] {Np}T P}
+ j 2, {w } [B]{v
= [t} NN
On incorporating the following notation, we have

I_{Np}LmJ[B]dxldxz = [K;V}

A

[-[B] {m}{N,} dxdx, =[ K5 | =[ K5 ]

A

dxl dx (A.42)

[\S)

j
j

dr+j w } NN, ) dr

[2n,[B] [B]dxdy =[£5,].

[N e dar ={ 1!},

l—‘I

I{Nb}{Nb}T {gldr={£}, (A.43)

r2
The above integrals can be solved by transforming to the natural coordinates. On
substituting Eq. (A.22) into Eq. (A.33) and assembling all the expressions with
notations, the final finite element equation becomes

Sy [k ] ) =S ey e S ey ) s

where 7, is the number of area elements and nb, and nb, are the number of boundary

elements on I'; and I, respectively. Further
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S | I L L I B O
B (T e P N

For numerical evaluation, the variables of the area integral are transformed to

. (A.45)

natural coordinates (f, 77) using following transformation

+1+1

J.(____) dx,dx, = II(————)|J|d§d7], (A.46)
dx,  dx,

_|d¢  d¢ A47

I g (47
dn dn

where |J | is the elemental Jacobian matrix. Similarly, the boundary integrals are

transformed by the relation

f(==-) dr =] (=) ¢¢- (A45)

r

where |/, | is the Jacobian for boundary element and is given by

dx ’ dx ’
= || 2 2 A.49
|']b| (déj +( dé j ’ ( )

Along the boundary the coordinates (x;,x;) are approximated using 1-D quadrature
shape function. All element matrices are evaluated using 3x3 Gauss quadrature. On

considering a typical element, the finite element residual form becomes

(o} T (o Y=ot} L)+ ot A1), x50
The assembled finite element weighted residual form is

i [k [{ay={w} {F}, (A.51)

where {7} is the global vector of nodal values of weight functions of pressure and

velocity, [K] is the global coefficient elemental matrix, {A} is the global vector of

nodal values of pressure and velocity and {F} is the global right hand side vector.

After removing the arbitrary weight function, the FEM expression will be
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[K {a}=1{F}. (A52)
A.5 Application of Boundary Conditions

The velocity condition at the roll-strip interface can be given as
v, +v tang=0, (A.53)
From Fig. (A.2), t; and ¢, can be written as
t, =t cosg—t,sing, (A.54)
t =—t sing—t,cosg, (A.55)

The friction at a typical node on the work-roll interface is shown in Fig. A.2.

I
I
I
v
Fig. A.2. Shear and normal component of traction at work-roll interface

Substituting Egs. (A.54) and (A.55) in Eq. (A.7) provides

t,(1+ ftang)—1, (tang— /) =0. (A.56)
Replacing f =ck, in Eq. (A.56) where k_ is —1 before neutral point and +1 after
neutral point. Eq. (A.56) for a boundary element of FEM can be written as

1 1

(tbl ) (tbz )

(t,f) (1+ck, tang)— (t,fz) (tang—ck,)=0. (A.57)

() (s)
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In terms of the global right hand side vector, Eq. (A.57) can be written as
{F}<dp+2k—l) (1 +ck, tan ¢) o {F}(dp+2k) (tan ¢~ ck, ) = {0} > (A.58)

where d|, is the total number of pressure nodes.

Procedure adopted for the application of the boundary condition at the node
‘k’ is as follows:

e Change the (a’p+2k—l)th row of global coefficient matrix [K] by the following
linear combination: (1+ ck, tang) time (dp+2k—1)th row of [K] — (tano—ck, ) time
(d,+2k)" row of [K].

e Make the (der2kfl)th row of global right hand vector {F'} zero.

e Change (n,72k)" of [K] as zero.

e The velocity boundary condition at the node is applied (Eq. A.6), set (d,+2k,
d,+2k—1)" element of [K] to tang and (d,+2k, d,+2k)" element of [K] to 1.

Procedures for applying essential boundary conditions at the other
boundaries are as follows

e All the elements of stiffness matrix corresponding to specified degree of
freedom are made zero except the diagonal terms.

e Replace the diagonal elements by 1.

e For specified degree of freedom, the right hand side vector elements are
replaced and other elements are changed by subtracting the products of the
corresponding coefficient element and the specified value.

After imposing the boundary condition, the final matrix equation is solved
iteratively by the House holder method, because the resulting matrix of the mixed
formulation is ill-conditioned. Once the solution is obtained in the form of primary
variables for nodal pressure and velocity for any assumed position of neutral point,
the secondary variables such as roll-force, roll-torque and slip can be calculated.

This calculation is termed as post processing of the FEM.

223
TH-1513_ 11610339



Inverse Estimation of Material Paramters, Convective Heat Transfer Coefficients and Friction in Warm
Flat Rolling

Appendix B

Finite Difference Representation of Temperature Gradients

Assuming the heat flow from outer radius b to inner radius a as one-dimensional

axi-symmetric, heat balance provides

2rak, (G_Tj =2rbk, (G_Tj L (B.1)
ar r=a ar r=b
or
(a_T] :b(a_Tj . (B2)
ar r=a 6r r=b
Average temperature gradient is approximately along the radial location of the roll
given by
&) (&)
(a_Tj — ar r=a ar r=b = T;) _T;z , (B.3)
OF ) g 2 b—a
Equations (B.2) and (B.3) provide
oT I, -T
il =2pLt 2 | B.4
( or j,a b —a* (B4
(a—Tj =2a ZE_TZ (B.5)
or ), _, b”—a
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Appendix C

Derivation of Eq. (3.33) for Moving Heat Source by Integral
Transform Technique

C.1 Temperature Distribution in Roll for Stationary Heat Source

Temperature distribution in the roll is obtained by solving governing heat
conduction equation with the given boundary and initial conditions. An integral
transform technique is employed for finding out the temperature distribution of the
roll in the radial as well as circumferential direction. Figure C.1 shows the schematic
location of heat input into roll. Let the heat input be given at outer radius b in the
zone 2/ angular displacement as shown in Fig. C.1. Remaining outer surface of the
roll is subjected to convective heat loss. The inner surface at radius a is subjected to

convective loss only. The work roll is assumed to be rigid and fixed in space.

Fig. C.1. A stationary uniform heat source with stationary roll

The heat conduction equation is solved using the integral transform method
consisting of the following steps (Ozisik,1993):
(i) Appropriate formula for the integral transform and corresponding inversion

formula are developed.
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(i1) By the application of integral transformation, the partial derivatives with respect
to the space variables are removed from the heat conduction equation, thus reducing
it to an ordinary differential equation for the transform of temperature.

(iii) The resulting ordinary differential equation is solved subject to the transformed
initial condition. The desired solution is obtained by inverting the solution, available
as the transform of the temperature.

Step 1: Development of Integral-Transform Pair

To solve the heat conduction problems assuming polar coordinate system with the
integral transform technique, appropriate integral-transform pairs are needed in the
and 6 variables. The following two-dimensional heat conduction equation in polar

coordinates involving 7(r,0,f) variables is given as

T 10T 10T 1T
B, | TS C.1
ot ror rof* a, ot €1
—k,.aa—T+}4(T—7;):O atr=a, (C2)
r
orT _
k. —+h,(T-T,)=4(6) atr==, (C.3)
r

where g(0) is the heat flux at the outer surface, 4. is the convective heat transfer
coefficient at the outer surface, 4; is the convective heat transfer coefficient at the
inner surface, o, is the thermal diffusivity of the roll, 7; is the ambient temperature at
inner periphery of the roll and T, is the ambient temperature at the outer periphery of

the roll. The heat flux at the outer surface at any location, ¢ is expressed as

g for (¢p—p)<0=L (¢o+p
(6’) = ( ) ( ) ; (C4)
0 for (¢+p)<0< (27+¢-p)
The initial condition is considered as
T(r, H,t) = F(r, 9) fort=0 inregion,a<r<b, (C.5)

where F (r,0) is the initial temperature distribution of the roll.

Employing the method of separation of variables, the temperature distribution

can be expressed as

T(r,0,t)="Y(r,0)T (). (C.6)
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Using Eq. (C.6) and Eq. (C.1), the following differential equation is obtained:

2 2
;(aw+1w+1aw]_ 1 ar(t):_ﬁ’i 7

or’* ror 1 oe _a,,F(t) ot
or,
(% 1ov 1Y)
= 29t =0 C.8
‘I’(arz +r 6r+r2 86’2J+ﬁm €8
dr(s
d—E) + a,ﬂ,if(t) =0. (C9

Equation (C.9) is called the Helmholtz equation. Using separation of variables in r

and 6, ‘I’(r,@) is decomposed as

Y (r,0)=R(r)®(0). (C.10)
Substitution of Eq. (C.10) into Eq. (C.8) provides
1{d*R 1dR) 1(1 d*® 5
| —— F—— ||| — + 4, =0. C.11
R[dr2 rdrj r2£®d92j p ( )

The above equality is satisfied if each group of functions is equal to an arbitrary

separation constant such that

1 d® "
— . C.12
- " (C.12)
or,
d’o
17 +n’® =0. (C.13)
Substituting Eq. (C.12) into Eq. (C.11), the following differential equation is
obtained:
2 2
d’f+l%+ 2L IrR=0 (C.14)
dr” rdr r
Let R=R,(f,.r)i.e., Ris a function of r, but contains the constant /3, .
&R, (Bu>r) 1dR,(Busr) [ o #
+— + -— |R ,r)=0. C.15
dl”z p dr ﬁm rz n (ﬂm ) ( )

Equation (C.15) is the Bessel differential equation of the order n (Ozisik, 1993).
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Representation of T'(r,¢) over a<r<b

The representation of an arbitrary function 7T (r,t)deﬁned in a finite interval

a <r < bin terms of the eigenfunctions is of the following eigenvalue problem:

d2R11 (ﬂmﬂr) 1 dR (ﬁm, ) 2 }’l

- = C.16
dr? r dr *| P = ('Bm’ ) ’ ( )

with boundary conditions:
_W R,(B..r)=0  atr=a, (C.17)
—dR”(d'Bm’r)+HeRn(ﬂm,r):0 atr=b, (C.18)

-

where
Hizﬁ, HE:E. (C.19)
k, k.

Equation (C.16) is a special case of Sturm—Liouville problem (Ozisik, 1993).
Hence, the functions, R, ( Lo r)have the following orthogonality property:

b R dre 0 for m # n C20
IR Rl Bur) =\ gy formen, B

where the norm N,(f,) is defined by
N, (B,) = f y(Br)) dr. (C21)

The representation of an arbitrary function, T’ (r, t) defined in the interval a <r <bin

terms of eigenfunctions, R, ( B, r) of the eigenvalue problem defined by Eq. (C.16)

in the form
T(r,t)=Y.c,R,(B,r) in a<r<b  (C22)
m=1

where ¢, is an arbitrary constant. The unknown coefficient ¢, is obtained by

multiplying 7R, ( B..r ) on both sides of Eq. (C.22) and integrating fromr=a tor=

b. This provides,
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b b £

IT(r,t)ar (,Bm,r)dr = ern (ﬁm,r) ZcmRn (ﬂm,r)dr. (C.23)

a a m=1

Using the orthogonality relation (Ozisik, 1993), the constant ¢,, can be expressed as

b

1
¢, =————| R, (B,.r)T(rt)dr (C.24)
N ﬂm)£ (Boor)T (r1)
Use of Eq. (C.24) into Eq. (C.22) provides
= Rn (ﬁm’r)b
I(r.t)=) ———=\rR,(B,.r)T(r.t)dr. (C.25)
(r)= 5 R, ()T
The integral transform pair of Eq. (C.25) can be expressed as follows:
. - Rn (,Bm,}") -
Inverse relation: T(rt)=) ———=T(p,.t (C.26)
(r.t) ,; N, (5.) V)
b
Direct relation: ~ T(f3,,.t)= Iar (B,.7)T (r.t) dr (C.27)

where T'(/3,,t)is the integral transform of the function 7 (r,¢)with respect to the r

variable, N,(f,) is the norm and R,(f,.r) is the eigenfunctions of the Bessel
differential equation of order n given by Eq. (C.16). The detailed derivation of
N, ( B, ) and R, ( ,Bm,r) are given in Appendix D.

Representation of 7'(0) over 0<0<2z

The representation of an arbitrary function 7 (6?) defined in the interval 0<f<2z in

terms of the eigenfunctions of the eigenvalue problem associated with Eq. (C.13),

the following eigenvalue problem

d’®

+n*®=0. (C.28)

The solution of Eq. (C.28) provides

D(n,l)= 3 A sin nf+ B cos nd) . (C.29)
= n n

n

The function T’ (49) is periodic in @ with a period of 2z in terms of functions in the

form
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T(0)= i(Ansin nf+B,cosnd)  in 0<0<2n (C.30)
n=0

This requires the separation constants z to be taken as integers i.e., n =0, 1,2, 3... .
Multiplying sinné on both sides of Eq. (C.29) and integrating between =0 to 8=
2m,

2 2z 27
[ 7(0)sinn6 d6 = 4, [ sin*n0 d0+ B, [ sin nfcos nd d6 = 4,z +0.  (C.31)
0 0 0

Hence, 4, is obtained as
27
4,1 [T(0)sinnodo  forn=0,1,23,. (C32)
V4
0

Similarly, for obtaining the coefficient B,, both sides of Eq. (C.30) is multiplied
by cosnf and integrating between 6 =0 to € = 2n. Hence, the expression for B, is

obtained as

2

L J. T(0)cos n6d@ forn=1,2,3,...
7T 0

2 (C.33)
E!T(@)d@ for n=0

Note that 8 in Egs. (C.32) and (C.33) can be replaced by ¢, as it is a dummy
variable. Inserting Egs. (C.32) and (C.33) into Eq. (C.30), the arbitrary function of

temperature 7' (&) can be written as

0 27
T(@):iz [ 7(#) cos n(0-¢)dg, (C.34)
n=0 (
where
|
goiy forn=0 . (C.35)
1 forn=1273,..

The complete solution for T (r, H,Z)is constructed by the product of theses
elementary solutions is given as
T(r,H,t):T(r,z‘)xT(H). (C.36)

Inserting Eqs. (C.25) and (C.34) into Eq. (C.35), the auxiliary temperature

distribution can be expressed as
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T(r,e,z){iWimn (ﬂm,r)T(r,t)erx{iisz(¢)cosn(6’—¢) d¢j,

n=0 o
(C.37)
or,
0 b 2z
T(r,0.t)= ZZ P J.IrR B,,.r) cosn(0—-¢)T(r,4.t) dgdr.  (C.38)
T =0 m=1 n(ﬂm) a0
The integral transform pair of Eq. (C.38) can be written into following forms:
Inverse relation: r 0, t ZZ ﬁm,n t) (C.39)
n 0 m=1 n (ﬂm)

b2r

Direct relation:  7'(f3,,,n.t)= [ [ rR,(B,.r) cosn(0—§)T (r.pt) dgdr  (C.40)
a 0

n is positive integer 0, 1, 2, 3,... and S, is the positive roots of the transcendental

characteristics equations. The transcendental characteristics equation is given in

Appendix D.

Step 2: Integral Transform of Heat Conduction Problem
Once the integral transform pair is obtained the partial derivatives with respect to the
space variables » and & is to be removed from the governing heat conduction
equation. The removal of the partial derivative with respect to the variable,d from
Eq. (C.1) is accomplished using integral-transform pair equation.

The integral-transform pair of the variable 8 for the function 7(r,6,f) is given

by Eq. (C.34) as

g 0
Inverse relation: (r.0.1) :;Z::o rnt) (C.41)
_ 2z
Direct relation: T(rnt)= | cosn(0-¢)T (r.4,t)ds. (C.42)
0

The following time-dependent heat conduction problem for a hollow cylinder of
inner radius, a and outer radius, b is considered with varying temperature with

respect to the variables r and 6.
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The integral transform of Eq. (C.1) with respect to 6 is given by the
application of Eq. (C.42) as

T 10T 1 T 1 oT
- — [ cosn(6- —de——— C.43
ot r ar 7 '([ ( ¢) 06> . Ot ( )

where bar over T denotes the integral transform with respect to #. Note that in Eq.
(C.43) integration of cosine function is performed with respect to 6, instead of ¢. In

the integral term of Eq. (C.43), the partial differential is transformed into ordinary

differential by integrating by parts in the following manner with

notation®(8) = cosn(6—¢):

2r 2 27 2w
[oro=o0g] - [SAT
0 0
27 27 o 12
= q)(g)a_T _T(M)_w)) + TdL(f) de
06|, do . 7 do
27 2z 12
= @(6’) al T(M)—w’) + TdL(f) dé (C44)
00 do b 3 do

The first term of Eq. (C.44) vanishes as the functions are cyclic with a period of 2z.

This yields
27 52 27 d2 (6)
jcp(a)—2da T——2dé. (C.45)
5 06 ) de
Use of Eq. (C.12) into Eq. (C.45), the following equation is obtained
2 d2 27 =
j T—— d92 Ly — [®(0)Tdo=—nT . (C.46)

0
Using Egs. (C.45) and (C.46) into Eq. (C.43) provides
27 = 2 =
8_]2“+16_T_n_27—,:i6_T ina<r<b t>0, (CA47)
or: ror r a, Ot
Similarly, the boundary conditions as well as the initial condition can be written
using integral transform with respect to € as

Boundary conditions:

232
TH-1513_ 11610339



Appendices

—E+H,.(T—T,.)=o atr=a, (C.48)
a@-ﬁu@(f-i):& atr=Db, (C.49)

Initial condition:
T(r,n,t)zﬁ(r,n) for t=0. (C.50)

Now, the integral transform with respect to variable » for the function,

T (r,n,t) is obtained from the transform pair given in Egs. (C.26) and (C.27), as

follows:
Inverse formula: T(r,n,t) = i%f(ﬂm,n,t), (C.51)
m=1 n m
= b j—
Direct formula: T(p,.n.t)= .[ar (B, r)T (r,n,t)dr, (C.52)

where tilde over 7 denotes the integral transform with respect to the r variable. The
integral transform with respect to 7 is obtained by using Egs. (C.51) and (C.52) into

Eq. (C.47). The following expression is obtained:
27 72 T
IR, (Bor [a 16—T—”—jjdr=i8—T. (C.53)
a, Ot

or ror r

[ —

The integral term in Eq. (C.53) is evaluated by integrating by parts twice and
utilizing the properties of the eigenvalue problem for the function R, (f,,r) along

with the boundary conditions as (Ozisik, 1993)

b 2 = 2
]EJar BT (GT la—T—n—zf]dr

orr ror r

b 7 ! n?
=R, ( d R, ( R —Td
{r s (Bor) - dr + j (B7) j  (Bor) 5 Tdr
—b
~ oT dR, (B>7) oT
_ar(ﬁm,r) or . .E[r & +R"(ﬁm’r)J8 dr
b — b

oT n —
+JRn (ﬁm,r)gdr—ern (ﬂm,r)r—szr
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h

R, (B,.7) d jR Bos7) —dr

irdR,, S-7)

a

b

or . ¢ -
+J.Rn (ﬂm,r)gdr—_[ar (ﬂm,r)Z—szr

or|" ¢t dR,(B..r)eT . | n -
(ﬂma ) or —IFTEdr—;[ar(ﬂm,r)r—szr

a a

b

oT  —dR,(B,.r)
R | T
b d2 L - b 2_
+J(f Sl S )} [, (Boor) 5 T
or R, (B,.r)|
®Cen G T e
b dZR , an L 2 _
+I(r "d(r/jm r)+ (d/: r)—(ar (,Bm,r)):f—z}Tdr

oo

3 dan(ﬁmJ)Jrlan(ﬂm,V)_nz
dr? r dr P

T -dR N
:b[Rn(ﬂm,r)aa—z—T—"('Bm )J

R, (B.r )der

dr -
af _an(ﬂmar)
~a| Ry (Bor) ST =

dr? r dr

+j‘r[dzR,, (B,r) L LdR, (B,n1) _éR,, (Ba, r)}fdr. (C.54)

Now, multiplying by #7 on both sides of Eq. (C.15) and integrating between » = a

tor==>o, provides

f ﬁm, JLAR(Bor)
R ; 2

r dr

b

R,( ,Bm,r)j Tdr=-p j R, (B,,r)Tdr, (C.55)

a
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Use of Eq. (C.27) into Eq. (C.55) provides

b 2 2 ~

Ir(d R, (Byr) +ldR" (A1) —”—ZR,, (ﬂm,r)jfdrz—ﬂ,ﬁf(ﬂm,n,t). (C.56)
r

dr? r dr

a

Using Egs. (C.56) and (C.54) into Eq. (C.53), the following equation is obtained:

dT(,i,,;,n,t) o BT (Bront) = ( (Bor )aT dR,,((l,er)]
" e (C.57)
B PRLELYE)

From the boundary conditions at » = b, given in Egs. (C.49) and (C.18) the following

equation is obtained:

7 h
L (- ‘f)zk_, atr=b (C.58)
an (dﬂm9r)+HeR (ﬂm’ ): atr=> (C59)
r

Multiplying Eq. (C.58) by R, (f,.r) and Eq. (C.59) by T | one can obtain

oT - g
R, (ﬂm,r)[gwe(T—Te):kirj : (C.60)
T[an (czﬂln’r)+HeRn (ﬂm,;/'):oj , (C61)
r

Subtracting Eq. (C.60) from Eq. (C.61):

[ (B - ‘Mj

dr

r=b (C.62)

+H,R, (B.0)(T ~T.)~ HIR, (B,.5) =R, (B.b),

3*“|>Q|

Simplifying Eq. (C.62), the following equation is obtained:

[ () L7 Sl )J

dr

= H,TR, (ﬂm,b)+kiRn (Bab).  (C.63)

r=b r
Similarly, from the boundary conditions at » = a given in Egs. (C.48) and (C.17), the

following equation is obtained:
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oT = =
_EJrHi(T_];):O atr=a, (C.64)
dR, (dﬂ,,,,r) CHR, (Byr) =0 atr=a (C.65)
r

R, (,Bm,r)(—g—erfL(]_’—f):Oj, (C.66)
T[— dR, (B,.7) L HR, (Byor) = OJ’ (C.67)
r

Subtracting Eq. (C.66) from Eq. (C.67):

( (B )a_T+T ,,(/o’m,r)J

dr il (C.68)
+HR,(B,.a)(T-T)-HR,(B,.a)T =0,
or,
( (,Bm, )6T TM] = H.TR, (Bn-a). (C.69)
or dr .
Substituting Egs. (C.63) and (C.69) into Eq. (C.57) provides
AT (Bmt) o= { _ }
' T mT mo ,) = [_IeI;b mo
a T Btz (HID) o R (Be0)

+o,(HTa)R,(fna).

which is an ordinary differential equation with respect to .

Step 3: Solution for transform and inversion
The differential equation given in Eq. (C.70) along with the initial condition can be
expressed in double transform, using inverse integral relations defined in Egs. (C.39)

and (C.40) as
Wmﬁﬁ(ﬂn,n,t):/ln (Buonat), (C.71)
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where

A, (Bunit)=a, (HeTeb +qkb]Rn (B..b)+a, (HTa)R,(B,.a). (C.72)

In Eq. (C.72), the terms ¢ , T,and T, are expressed as

7= [ 4(0)cosn(o-g)ae. ©73)

0
T, =Tz;(9)cosn(9—¢)d9, (C.74)

and :
T;:T 1 (8)cosn(6—¢)do. (C.75)

Initial condition: :
T(Byonit)=F(B,n) for ¢=0. (C.76)

Letp, =«, ? D, = A(ﬁm,n,t) and p; = Ipl (t)dt. This enables the Eq. (C.71) to

m?>

be written in the following form:

AT (Bo.mt) =
(I‘ilr;l’,l)+plT(IBm9nst):p2' (C77)
The solution of the Eq. (C.77) provides
]_"(,Bm,n,t):exp(—p3){J'exp(p3)p2dt+C}, (C.78)

where C is an arbitrary constant, which can be evaluated using the initial condition.

Substituting the value of p,, p, and p; into Eq. (C.78):

T;(ﬁm,n,t):exp(—arﬂ,it){jexp(a,ﬂ,,z,t)A,,(,Bm,n,t)dt+C}, (C.79)

Evaluating the integral term in Eq. (C.79), the following expression is obtained:

= An (ﬂm >N, t) 2
T(ﬂm,n,t)=W+exp(—arﬂmt)(). (CSO)
Using the initial condition given in Eq. (C.76) at t = 0, C can be obtained as follows:
= An (ﬂm s I’l)
C=F(f,,n)—————. C.81
) g 0

Substitution of Eq. (C.81) into Eq. (C.80), provides
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A, (ﬂm,n,l‘) =
W+F(ﬂm,n)exp(—arﬂjt)

—[%j exp (—a,ﬁ,it).

Substituting Eq. (C.82) into Eq. (C.39), the temperature distribution is obtained as

exp(—arﬂjt)ﬁ(ﬂm,n)

f(/)’m,n,t) =
(C.82)

z ﬂm, )
T(r,0.t)= ZZ A (B, n,t (C.83)
7T =0 m=1 m +[%J(l—exp(—0&ﬂrﬁt>)
where
s b2r
F(Buon)=[ [ rR,(B,.r)cosn(0-¢)F (r,0)dodr. (C.84)
a 0

The series solution of Eq. (C.83) can be expressed as

o5 (S5 )

_;2’; n'(B;;) {exp(—arﬁ,it)Fl(ﬁm,n)_i_LAn (aﬁr’:lg’;’t)J(l_exp(_arﬁrit))}’
(C.85)

where
A (B,,0,1) = (H Th+ ;’(b]RO (Bub)+a, (HTa)R,(B,.a),  (C.86)
The expression of R, (f,.b)and R,(f3,.a) is obtained from Eqgs. (D.51) and (D.59)

taking n = 0, respectively. Eq. (C.85) can be written as

T(r.60,1)= 2””” Nf(ﬂm;))exp(—a,ﬂ,f,t)l;(ﬂm,O)
1 & Ry(Br) 4 (f-0,1)
+gmz; No(ﬂm) rﬂ,,z, {1—exp a,b’m }
TR evemfnn (£ i-eoles)|

(C.87)
Substituting Eq. (C.86) into Eq. (C.87) one obtains
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=
=

i exp(—a,ﬂ,f,t)f(ﬂm,O)

H,UTbh+1= RO(,B,,, )
1 S Ro(ﬂm,l") [ krj _ _ 2
+§m=1 N, (ﬁm) Ot,ﬂ,,% {1 exp( arﬂmt)}

27 o (ﬂm arﬁr%t
1 && R (B,,r - J/ NN
+;§mz::1 Mf(ﬂm)){exp(—a ,,,t)F(,Bm,n) [ (aﬂ )j(l exp( a,. B, ))}
(C.88)
Simpliﬁcation of Eq. (C.88) yields
(ﬁm ) o2\
( Ht) Py ,;1 No(ﬂ ) exp( a,ﬂmt)F(,Bm,O)
H,ITb+"= | Ry (SB.b)
L &Ry (Bor) {( krj } _ )
"2 &N () s o)
1 RO( m»r) (Hl]_;a)RO(ﬂmaa) _ _ 2
= No(ﬂm) )
1l & R = A, (B,,n,t
;ZMZ:I Nn (ﬂm) {exp(—a,ﬂ,ﬁt)F(ﬁm,n)+[_ (cfﬂ; )](1_exp(—a,ﬂ,,2,t))}
(C.89)
Taking
_ 15 Ry (Bysr) A=
T, _2”; No () exp( Bt ) F (B,,0), (C.90)
HTb+— R,(f,.b)
S (s L
TB_E% o) 7 {1 exp( a,ﬂmt)}, (C.91)
_ SR (Br) (BT R (Ba)
TC_Z;Z,; (5 v {1 exp( a,ﬂmt)}, (C.92)
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Ty = %gg% exp(—arﬂ,it)l%(ﬂm,n) +[—A” (a"i’”ﬂ’;’t)J{l - exp(—arﬂ,it)}}.
(C.93)

Equation (C.89) can be expressed in the following form:
T(r,0,t)=T+Tz+T- +T, (C.94)

Now, the terms T4, T3, T¢, and Tp are evaluated separately as in the following.
Evaluation of Ta:

Using the relation of R, ( Lo r) from Eq. (D.22) into Eq. (C.84), it can be written as

- 2z b

F(B,.n) H (L7, (Bur) V¥, (Bur)} cosn(0—¢) F (r,0) dodr, (C.95)
The expression of Ln and V; are defined by Egs. (D.23) and (D.24) in Appendix D.
In Eq. (C.95), Yiannopoulos et al. (1997) employed the initial condition:

F(r,0)=T,. One obtains the following expressions by using assumption of

Yiannopoulos et al. (1997):
- b2r
F(Bun)=T[ [ 7R, (B,r)cosn(0-¢)dodr. (C.96)
a0

Taking n=0, Eq. (C.96) can be written as

b2m

F(8,,0) Tojero B )dedr_z;zToerO(ﬂm, ydr.  (C97)

Substituting the expression of R, ( B> r) from Eq. (D.37) into Eq. (C.97) provides

b
F(B,,0)=2aTy | [{r(Loto (Bur)—Ko¥o (B,r))} |dr- (C.98)

The general form of integration of Bessel functions is given by (Ozisik, 1993)

[rm,.( ,,,r)drzﬁir"Wn(ﬁmr) for W=J,Y,1 (C.99)

where J 1s the first kind Bessel function of order n, Y is the second kind Bessel
function of order n and I is the modified Bessel function of the first kind of order ».

Integrating Eq. (C.98) between r = a to » = b using Eq. (C.99) for n = 0:
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27Ty
P
Substituting Eq. (C.100) in Eq. (C.90) yields

Ro(ﬁm’ ) _ 2
2ﬂm1 No(Bn) (s, rleh) (C.101)

<ZZ] 1 (01, (,b)~ ady (Bua)) Vo {BY (B,b)—a¥ (Bra)) |

F(f,,0)= [ o (b1 (B.b)—ady (B,a)} Vo {bY: (B,b) - a¥; (B,a)} | (C.100)

4=

m

Substituting the expression of N, (ﬂm)taking n = 0 from Eq. (D.72) into Eq.

(C.101):
L& R(Bur) o
A - 7 mz 9 XKOB VE) exp( arﬂmt)
 BKS (C.102)
27T,
x ; 2[ Lo {bJi (Bub) - ady (Bua)} - Vo (DY, (B,b) - a¥; (B,a)} |-
The expression of 7 is obtained as
i %ZLG exp(-a,Bot), (C.103)
where
B,K; — BV
F = # (C.104)
and

GyZ %ﬂzﬂm | Lo (b1 (Bub) —adi (Ba)) Vo (bY: (B,b)-a¥ (B,a)) ] (C.105)

Evaluation of Tg:

Substituting the expressions of N, ( ﬂm) and T, from Eqs. (D.72) and (C.74) taking

n =0 into Eq. (C.91):

b
H2xTb+=% | Ry (B,.b)
Ly Ro(ﬂm,r)( er
LT i i-ew(-api)]. 100
< p

The expression of ¢ taking #n=0:

27
q=[aq(oxo, (C.107)
0
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Equation (C.4) provides the heat flux input into the roll ¢ (6’) , at the outer surface

_ #p 2z+g-p ¢+
g= [ q(0)do+ [ q(0)do= [ q(0)d0+0=254. (C.108)
-8 o+p o-p

Use of Eq. (C.108) into Eq. (C.106 ), provides
2T, + 228 jRo (f:b)

1 < Ro(ﬂm,l") r 2
TB=gr§1 2R i {1—exp(—a,ﬁmt)}, (C.109)
= B

The expression, R, ( ﬂm,b) from Eq. (D.51) is substituted into Eq. (109) and the
expression for 75 is obtained as

T, = [;;HT +ki /3}2%;”){1 —exp(-a, ﬂ,f,t)} : (C.110)

”

Evaluation of Tc:
Substituting the expression Ny(f,) and 7T, from Egs. (D.72) and (C.75),

respectively and taking #» = 0 into Eq. (C.92):

1 &R (Bt
Tc=gm=1—(2 ; )27zTHa{ (B.a )}{l—exp(—arﬁ,it)}. (C.111)
72.2

Rearranging Eq (C1 11) the expression for T¢is obtained as

H Tz ﬂ’”’ Ro(f-a ){1—exp(—a,ﬁ,§t)}. (C.112)

Evaluation of Tp:

Expanding the series of Eq. (C.93), one obtains

TD=lZZ "((ﬂm’))exp(— ,ﬂ,ﬁt)ﬁ(ﬂm,n)

T n=1 m=1 ﬂm
e R (IB r) ) (,8 nt) (C.113)
n mo n m»s ' 2
e Nn(ﬁm)( o f, j(l‘e"p(‘“’ﬂ'"t))’
Taking,
TDI_%i:”;i:Rn(I(H;;))F:(ﬂm’ n)exp(—a, At). (C.114)
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iz (ﬂ;) g,;f,t)Cosn(g_¢){1_exp(_a,ﬂj,t)}. (C.115)

The expression of Eq. (C.113) can be expressed as
Substituting Eq. (C.84) into Eq. (C.114):

TDIZ_ZZ R, (Busr ﬁzer Bo.r)cosn(0-¢)F (r,é’)drdé’}exp(— B,

7T p=1 m=1 (ﬂm) a 0
(C.117)
or,
A b :
Dl__ ar ﬂma F t dr exp( rﬂmt)
T 1=0 m= m a
’ l (C.118)
© ﬂm’ 2r 5
—ZZ Icosn (0-¢)F(6)do exp(—a,ﬂmt).
T 3=0 m=1 0
The integral expression in Eq. (C.118):
2
[ F(6)cosn(0-¢)do=0. (C.119)
0
Thus,

Now, substituting the expression N, ( ﬂm) from Eq. (D.72) into Eq. (C.115):

1 = - 'Rn ﬁ’”’ An ﬂm’ ’t
Tm:;;; 2(2}{) ((Zrﬂ,in )cosn(9—¢){l—exp(—a,ﬂ,f,t)}, (C.121)
T

Rearranging Eq. (C. 121)
Ty = iz ﬁm’ (ﬂ;’n’t) cosn(9—¢){1—exp(— ,ﬂ,it)}. (C.122)

nlml r

Substitution of Eq. (C.72) into Eq. (C.122) provides

-2 33 R lle) {[Herembq'k(’”]ze,,(ﬂm,b>+ﬁizazen(ﬁm,a)}

nlml

(C.123)
xcosn (60— ¢){1 - exp(—a,ﬂ’f,t)}.
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The terms 7, and T, are equal to zero in Eq. (C.123) due to cyclic definite integral

of cosine function from 0 to 2z. Thus, Eq. (C.123) becomes

- %ii R, (ﬁmr)[bq;fn)JR" (ﬂm,b)cosn(e—gb){l—exp(—arﬂ”z,t)} (C.124)

n

n=l m=1

From the boundary condition of Eq. (C.4), g(n)is evaluated as

2
q(n)= [ q(6)cosn(0-4)do, (C.125)
0
where
7 1 -f[)L0<L
q(0)= @ for (¢-F) ) : (C.126)
0 for (¢+B)<0<(27r+¢-p)
Equation (C.126) provides
P+p 2r+p-p
g(n)=[ q(0)cosn(0-¢)do+ [ q(0)cosn(0-4)do, (C.127)
-8 $+p
Use of Eq. (C.126), Eq. (C.125) can be written as
¢+
g(n)= | Goosn(6-¢)de, (C.128)
-
Integrating Eq. (C.128) between 6 =(p—f)to 8 =(p+f3):
qT(n):q{Sinnﬂ_i_Sinnﬁ)}zzq'%' (C129)

Substituting the expression of R, ( ﬂm,b) from Eq. (D.51) in Eq. (C.129):

Tp, =2€ii&(ﬂm’r) Sinnnﬁcosn(@—gzﬁ){l—exp(—a,ﬂ,it)}. (C.130)

Inserting Egs. (C.120) and (C.130) into Eq. (C.116), the expression for Tp is

obtained as

o= R (B Vs i
TDZQQZZ ”(f:’” r) Smnnﬂcosn(0—¢){l—exp(—a,ﬂmt)}. (C.131)
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Substituting the expression of 74, 75, Tc and Tp from Egs. (C.103), (C.110), (C.112)
and (C.131), respectively in Eq. (C.94); the final expression to find out the transient
temperature distribution for stationary heat source is obtained as

T(r,0,t)= 7})2 Ro (B )Go exp(—a,,,[)’,ﬁt)

m=1 0

] S Ro(ﬁm’r) 2
+(7ZHETE +lﬁ]2—{l—exp(— rﬂmt)}
ko (C.132)

”2 H.aT, g Ro(B:1) ﬁm,a){l—exp(—arﬁ,f,t)}

00

+2ki.zilg ﬂm, ) sinnp Sn(9_¢){1—exp(—arﬂﬁt)},

r n=l m=1 n n

t>0,a<r<bh, 0<0<L2r.

Equation (C.136) provides the transient temperature distribution in the hollow
cylinder for the stationary heat source. For steady-state temperature distribution for
stationary heat source the following form can be obtained by setting ¢ to infinity:
T(r,H)z[ﬁHeTeJrkiﬂJz (ﬁ’"’ H Tz ﬁ’"’ Ry (Bsa)
S (C.133)
+2kiii R,(fr) sinnp cosn(0—-g).

n

C.2 Solution of Heat Conduction Equation with Moving Heat Source
In this section, the solution of the heat conduction problem with time dependent
boundary conditions can be related to the solution of the same problem with time
independent boundary conditions by means of Duhamel’s theorem (Ozisik,1993).
Duhamel’s theorem provides a convenient approach for obtaining solution to heat
conduction problems with time dependent boundary conditions by utilizing the
solution of time independent boundary conditions. Figure C.2 shows the schematic
diagram of moving heat source with stationary roll.

Consider a two-dimensional heat conduction problem with time boundary

condition in the form
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2 2
o°T 18T+L6T: 1 6T, (C.134)
o ror rPoe* a, ot
—krgﬂlf(T—Ti):O atr=a, (C.135)
r
orT —
k,—+h,(T-T,)=q(6) atr=>n, (C.136)
7

where g(6) is the heat flux at the outer surface, A, is the convective heat transfer
coefficient at the outer surface, /; is the convective heat transfer coefficient at the
inner surface and 7, is the ambient temperature. The heat flux at the outer surface

at any time is expressed as

j for (ot—p)<0= (ot +
(6)=1" (=) (1+) : (C.137)
0 for (wt+p)<6< (27+wt-p)
The initial condition is expressed as
T(r,0,t)=T, fort=0 inregiona<r<b, (C.138)

where T; is the initial temperature of the roll.

Fig. C.2. A moving heat source with stationary roll
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The problem defined by Egs. (C.134)—(C.138) cannot be solved by

conventional methods because ¢ is the function of time. Therefore, instead of

solving the problem directly, the solution is expressed interms of the solution of the

simpler auxiliary problem called fundamental solution (Ozisik,1993). Let

Q(r, o,t, z’) be the solution of Eq. (C.134) on the assumption that ¢ is independent of

time. Then Q(r, H,t,r) is the fundamental solution of the auxiliary problem defined

as

2 2
Fo 100, 100 1w 139
or ror r- 00 a

ot
boundary conditions:
k%gm( T)=q(6) at r=b, (C.140)
—k,;ng,-(T—T,-):O atr=a, (C.141)
r
initial condition:
Q(r,@,t,r):ﬂ) fort=0. (C.142)

The heat source position is expressed as

2 g for (wr-p)<0< (wr+p)
4(9)= 0 for (or+pB)<0< (27+wr-p)

where 7is a parameter.

The problem defined in Egs. (C.139)—(C.143) can be solved with the

(C.143)

techniques expressed in Section C.1 because ¢(€) does not depend on time. Then,

Duhamel’s theorem relates the solution 7'(r,6,¢)of the problem given in Egs.
(C.134)—(C.138) to the solution Q(r,H,t,r) of the auxiliary problem given in Egs.

(C.139)—(C.143) by the following integral expression (Ozisik,1993):
a t
(r,0,1) a—j (r,0,1-7)xz. (C.144)

Assuming that the solution of problem given in Eqgs. (C.139)—(C.143) is
similar to the problem given in Egs. (C.1) —(C.5) (expressed in Eq. (C.132)). Thus,
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(r,6,t) E)ZLGO exp(—a ﬂmt)

+ (ﬁHﬂ; + kiﬂj > L) {1 —exp (—arﬂ’,ﬁt)}

r (ml ) Fb (C145)
ﬂm, 2
+?HaTmZ:l 2 Ro(ﬂm,a){l—exp(—a,ﬁmt)}
! iz 'Bm’ st cosn(@—wt){l—exp(—a,ﬂ,f,t)},
r n=1 m=1 n
Substituting Eq. (C.145) into Eq. (C.144), one obtain
(r,6,t) TZLG exp(—a,ﬂ,,z,t)
q LAV
+[ﬂk—r+ﬁH67;JZIT{1_eXp(_arﬁHZJ)}
2
2 a gy Bl (g0 1-exp(-a 1)
m=1
q N Rn(ﬂmﬂr) Slnnﬂ
4
cosn(é‘— ) A, smn(@ a)t) (ﬂn sinn@—cosn@)exp(—a,ﬂ,ﬁt)
3 1+ A2 ’
(C.146)
where A, is defined as
_on C.147
Sy S

Hence, Eq. (C.146) provides the transient temperature distribution in the hollow
cylinder for a moving heat source with time dependent boundary conditions. The
location of rotating heat source can be expressed as ¢g=at and @ denotes the point of
temperature measurement. For steady-state temperature distribution for moving heat
source the following form can be obtained by setting 7 to infinity

T(r,0)= (;zHT+— ] ﬁ’"’ H TZ R (B.r) (B,.a)

m=1 0

(C.148)

+2iii ﬂm, SlnnﬂCOSn(6’—¢)—/1”S1nn(t9—¢).

k. 45as n 1+ A2
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Appendix D

Derivation of the Eigenfunctions r, (s,.r)and Norm ~,(3,)

D.1 Derivation of the Eigenfunctions R, (,,.r) in Eq. (C.16)

The representation of an arbitrary function 7T (r,t) defined in a finite interval

a<r<bin terms of the eigenfunctions of the eigenvalue problem is given in Eq.
(C.16). For the sake of completeness the differential equation along with the
boundary condition is rewritten as

R, (for) , 1 AR, (o)
dr? r dr

2
+(ﬂri—n—2jRn(ﬂm,i’)=0 in a<r<b,

r
(D.1)
boundary conditions:
—M+Hizan(ﬁm,r)=o atr=a, (D.2)
r
dr, (ﬁm,r)
T+HeRn (B,.r)=0 atr=>. (D.3)

Assuming eigenfunctions R, (3,,,r)in the form:

R, (ﬂm,r)zclJn (ﬂmr)+czYn (ﬂmr) (D.4)

Differentiating Eq. (D.4) with respect to r :

dR
n(ﬂm’r):c1 dJn(ﬂmr)+c2 dYn(ﬂmr) , (DS)
dr dr dr
or,
dR N , .
BABt)_ 1 B+ s (). 06
Two properties of the Bessel function of the first and second kind are (Kreyszig,
1999)
Ty ()= (x);‘]”*‘ ), (D.7)
and
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Ynf(x)z Ynl(x);YnH ()C) . (DS)

Use of Egs. (D.7) and (D.8) into Eq. (D.6), taking x = g, r:

dR, (Br) _ . (ﬁmJ,,l (Bur) = B (ﬂmr)]H, [ﬂmnl (Bur) =P (,er)j
& 2 ? 2

(D.9)
The following are the other two relations of the Bessel function of the first and

second kinds (Kreyszig, 1999):

J. . (x)= %Jn (X) =T (), (D.10)
and
o () =22, (1)~ Ty (3) (D.11)

Use of Egs. (D.10) and (D.11) into Eq. (D.9), taking x = g, r:

AR, (Byor) _ [ Bu | 20 _ _
dl" _cl( 2 {ﬁmr Jn (ﬂmr) Jn+1 (ﬂmr)} ﬂerH—I (ﬂmr)J (D 12)

+ Cy (%{%Yn (ﬂmr)_YnH (ﬂmr)}_ﬂmyn-#l (ﬂmr)J

Simplification of Eq. (D.12) provides

—an (ﬂmyr) =¢q (ﬁjn (ﬂmr)_ﬂm‘]wrl (ﬁmr))—i_cZ [EYH (ﬂmr)_ﬂmY’Vrl (ﬁmr)j ’
r

dr r
(D.13)
Putting » = b in Eq. (D.13), one obtains
dR T
% =q [% Jn (ﬂmb) I} ﬁm‘]nﬂ (ﬂmb)j %) [gyn (ﬂmb) - ﬁmYnJrl (ﬂmb)j
r=b

(D.14)
Equation (D.4) gives at r = b:

R, (B,r),_, =l (Bub)+ Y, (B,b). (D.15)

Substituting Eq. (D.14) and (D.15) into Eq. (D.3) results
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(20,8080, a(B0) s 27,801 1. 8.0

(D.16)
+H,{cJ, (B,b)+crY, (B,b)}=0.
Separating the coefficient of ¢; and ¢; in Eq. (D.16) one obtains
{02 (B0)+ 1S, (8.0 ()
(D.17)
e (20, (8.0 K1, (B,0)- 8.1, (8,0)| <0
or,
Cl {(%+Hej']n (ﬂmb)_ﬁm']nﬂ (ﬂmb)}

(D.18)

+e, {(§+Hejn(ﬂmb)—ﬂmnﬂ(ﬁmb)}=0-
Equation (D.18) provides
- {(ng}a (ﬂmb)—ﬂmJn+1(ﬂmb)}
2 {[Z+He]1; (Bub) =By (ﬂmb)}

:_K{[gme)@ (Bb)= B (ﬁmb)},

(D.19)

and

E {(b h Her,, (B,0)=B o (ﬂmb)}
. {Z*He)"" (B,5)~Bod (ﬂmb)}

=K{[§+Hejn(ﬂmb)—ﬁmm (ﬂmb)}-

(D.20)
where K is the constant.
Substituting c; and ¢, into Eq. (D.4), yields
R ()= {5 1 8.0) BT (B0, (8
(D.21)
(1), (B8 Bt () (8
or,
R, (Byr)=KALJ, (B,r) =V, X, (Bur)}- (D.22)
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Taking the expression of L, and K, as follows:

Ln Z(%+Hejyrl(ﬁmb)_ﬂmy;l+l (ﬂmb)’ (D23)
and
b 0 B)- B0 () (024
Differentiating Eq. (D.22) with respect to 7:
dR, (f,.7) d d
dr | K{Ln dl" Jn (ﬂmr) Vn dl" Yn (ﬁmr)} (D25)
or,
dR y
RBe) _ {1, ,7,(Br) VBT () (0.26)

Use of Egs. (D.7) and (D.8) into Eq. (D.26), taking x = S, r, provides

aR, () _ {Lnﬂm (J (Bur) = (ﬂmr)]_Vn 5 (Y (Bur) =Y (ﬂmr)}

dr 2 2
(D.27)
Use of Egs. (D.10) and (D.11) into Eq. (D.9) taking x = g, r provides
an (ﬁm’r) kL KLnﬂm LJ,, (ﬁmr)_ Jn+1 (ﬂmr) _ Jn+1 (ﬂmr)
dr B.r 2 2
- - (D.28)
_KVnﬂm (Lyn (ﬂmr)_ n+l (ﬂmr) _ T ntl (ﬂmr)]'
B, 2 2
Simplifying,
dRVl (ﬂm’

N {Ln (_J (2 ﬂmr)j_yn (_y (Br)= B, (ﬂmr)j}.

(D.29)

dr

Substituting » = a into Eq. (D.29) provides

BN k{1, (20,(8s0) Bt (Ba) |1, (20, (Bs0)- Bt |
dr - a a
(D.30)
Equation (D.22) provides at r» = a:
R, (B,.r),_ =K{LJ,(B.a)-V, Y, (B.a)} (D.31)
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Using Eq. (D.30) and (D.31) in Eq. (D.2), yields

_[ K { L (gJ (Bu@) =Bl (ﬂma)j— z (ZY (Bua)=Bu¥ra (ﬂm“)jH

(D.32)

or,

B A P e SO | S
=H,LJ,(B,a)-HV,Y,(B,a)

I n-n

Simplifying Eq. (D.33):

L, {(S—H,-jJn (ﬁma)—ﬂmJn+1(ﬂma)}=Vn {g—H,»an (Bua)= Bt (ﬂma)},

(D.34)
or,
K,L —V,W, =0, (D.35)
where
K, = [Z—H,)Jn (By@)= Bt s (B, (D36)
(2=, 1 Bu)- B () ©:37)

Equation (C.35) is the transcendental characteristic equation for finding out the

positive roots f,.The eigenfunctions of Eq. (D.1) is given as

R, (By.r)= LT, (Bur) =V, Y, (Bur)- (D.38)

D.2 Derivation of the Norm N, (3, )in Eq. (C.21)

The norm is defined as

b
N, (B,)=[rR}(B,.r)dr (D.39)
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where G, (,.r) is the Bessel function of the first or second kind of order 7.

Use of Eq. (D.40) into Eq. (D.39) provides

r=b

v, (8)=1 R'z(ﬂm:f’){l—[LJ JRf(ﬂm,r) : (D.41)

r=a

or,

%!R: (ﬂm,a)+[l—(ﬁTJRf ([)’m,a)}. (D.42)

Equation (D.41) needs the terms R, (8,.b) R (B,.a) R (B,.b) R, (B,.a).

Equations (D.10) and (D.11) can be written as

Ty (x)= an (x)-J2 (), (D.43)
and
Y, (x)= %Yn (x) =Y (x). (D.44)
Use of Egs. (D.43) and (D.44) into Egs. (D.23) and (D.24), taking x = /3, b, yields
L, =HY,(B,b)+B,Y,(B,b), (D.43)
and
V,=HJ,(B,b)+B.J5(B,b)- (D.46)
Use of Egs. (D.43) and (D.44) into Egs. (D.36) and (D.37), taking x = 3, a, yields
K,=—HJ,(B,a)+pB,J,(B,a), (D.47)
and
w,=-HY,(B,a)+B,Y,(B,a). (D.48)

Substituting Egs. (D.45) and (D.46) into Eq. (D.38),

254
TH-1513_ 11610339



Appendices

R,(B,.r)={HY,(B,b)+B,Y,(B,b)J,(B.r)

! (D.49)
~{H I, (Bub)+ B (Bub)} Y, (Bor)-
Putting » = b in Eq. (D.49) results
R b b Y b b
Vl(ﬁiﬂ ) { en(ﬂ )+ﬁiﬂ Vl(ﬁiﬂ )} n(ﬁm ) (D.SO)
_{ e’'n (ﬂmb)+ﬂm‘]l; (ﬂmb)} Yn (ﬁmb)
Simplification of Eq. (D.50) provides
Ry (B b)= B Su (Bub) Y3 (Byb) =Y, (Sub) J, (Bub)} - (D.51)
Using Wronskian relation for the Bessel function (Ozisik, 1993),
2
R,(B,.b)=p, [”ﬂmbj. (D.52)
Thus,
2
R,(B,.b)= — (D.53)
or,
R}(B,.b)= ﬁsz : (D.54)
Substituting the expression of L, from Eq. (D.35) into Eq. (D.38),
R, (Br) =220, (B,r) V.3, (Bur). 053)
or,
R (o) =20, (Br)= K., (B} (D.56)
Substituting the expression for K, and W, from Eqgs. (D.47) and (D.48) into Eq.
(D.56)
R, (B,r) =X (=HY, (Ba)+ A1 (B,0)}J, (Br)
I”/ (D.57)
{ H‘] (ﬁnla)+ﬂn1Jrll (ﬂ a)} (ﬂ )
Equation (D.57) provides at x = a:
R, (B,.a) =X {=HY, (B,0)+ A1 (B,0)}, (B,0)
! (D.58)
- x{—Hl.Jn (ﬁma)Jr,BmJ,'l (ﬂma)}Yn(,Bma).
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Simplifying,
By ()= B0, (Ba) Y (Ba) =T (B, (B))- - (D39)
Using Wronskian relation for the Bessel function (Ozisik, 1993):
Rn(ﬂm,a)z%ﬂm{”;maj. (D.60)
Thus,
R, (ﬂm,a)=%2, (D.61)
or,
R? (ﬂm,a)=#lz_§. (D.62)

Now, the expression of R} (,,b) can be evaluated using boundary conditions given
in Eq. (D.3) for » = b:

wz ~H,R,(B,.b), (D.63)
r
or,
BuRy (Bn.b)=-H.R,(p,.b). (D.64)
Thus,
! He
R,,(ﬂm,b):—ﬂ R, (B..b), (D.65)
or,
HZ
R (B:b)=—5R}(B,.b). (D.66)

m

Similarly, the expression of R ( ﬂm,a) can be evaluated using boundary conditions

given in Eq. (D.2) for r = a (Ozisik, 1968):

4R, (An-2) = H,R,(B,.a), (D.67)
dr

or,

BuR, (Bu.a)=HR,(B,.a). (D.68)
Thus,

’ Hi

R! ([)’m,a)zﬂ—Rn (Bu.a) (D.69)
or,
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2
R? (ﬂm,a)=%zes (Bo.a).

m

Substituting Egs. (D.66) and (D.70) into Eq. (D.44) yields

_b2[H3

Nn (ﬂm) 2 ﬂz

a’ Hl-2 5 | n ’ 2
_jlﬂ—iRn (ﬂm,a)+{1 (ﬂma] }Rn

Substituting Eqgs. (D.54) and (D.62) into Eq. (D.71) provides

P | H2 4 7
N =l e 1 -
_ﬁ H_izxil/n2+ 1_ n ’ XLVWZ )
2| B2 rld’ K} B.a ©’a’ K}
or,
2 ? 2 P2
N,(B,)= H2 4+ 21— | L |- n | HE +41-| ——
n(ﬂm) 7[2 ’121 e ﬂm{ (ﬂmb]} 72'2,35, Kj i
or,
2 2 7
R AT
where
2
B =H>+pd1-| | |
(2]
and

or,

_ 2 [BeKr% _BiVnZ\]
T 2.2 2 ’
T ﬁm Kn
2 2
I_;vn — BeKnKzBiVn .

Hence, n is zero or positive integer.

TH-1513_ 11610339

Rs<ﬂm,b)+{1-[ﬂzbﬂR”2 v ’"’b)]

(D.70)

(D.71)

(D.72)

(D.74)

(D.75)

(D.76)

(D.77)

(D.78)

(D.79)
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Appendix E

Derivation of Eqg. (3.39) by Method of Eigenfunctions (Kim et al.
2009)

The derivation of Eq. (3.39) is given in concise form in Appendix A of Kim et al.
(2009). For sake of ready reference, an elaborate derivation of the expression is
described as follows:

Let us consider homogeneous boundary value problem

p.(y)
+A24.(y)=0, E.1
with boundary condition
d
60 _o =0 (E2)
dy
and
d
h() o o y=h. (E.3)
dy
The general solution of Eq. (E.1) can be written as
¢,(v)=Acos(A,y)+Bsin(4,y). (E.4)
Differentiating Eq. (E.4) with respect to y:
d
@ = —AA, sin(A,y) +BA,cos(4,y) - (E.5)
ly

Using Egs. (E.2) and (E.3) into Eq. (E.4) such that

aty=0:
B =0, (E.6)
aty=h:
$,(»)#0. (E.7)
Hence, A = 1. Therefore, the eigenfunctions are given by
4,(y)=cos(4,y), (E.8)
where
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A =—. (E.9)

Any piecewise smooth function can be expanded in terms of these eigenfunctions

T(y,0)=a,(t) ¢,(») =2 a,) cos(4,y), (E.10)
n=0 n=0
Differentiating Eq. (E.10) with respect to ¢:

T (vt 9
gf ) Z) a()cos(/Iny) (E.11)

Multiplying Eq. (E.11) by cos(4,y) and integrating 0 to 4:

a p ”8
%T(I)Ucos J I cos (4,y) dy, (E.12)

0 0

From Eq. (3.34), the one-dimensional heat conduction equation can be written as

oT T '
() _ & T(r.1) O») 13)
ot p.Cs Oy P,Crs

Inserting Eq. (E.13) into Eq. (E.12), the following equations is obtained as

I( k0T y, ) 4 Q(y)jcos(/lny) 3

P.Cos P,Cos

& = = (E.14)
Icosz(ﬂﬂy) dy
0
In order to derive the expression fora, (t) , let us consider Green’s formula
f[” azv—vﬁzu}dy{ua—v—vﬁ—ujh (E.15)
oL o a ), '
where
u=T(y,t), (E.16)
and
v=cos(4,). (E.17)
Substituting Eqgs. (E.16) and (E.17) into Eq. (E.15) such that
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, (E.18)

b

:(T(y,t)(—ﬂn)sin(ﬂny)—“’s(ﬂ"y )aTg’t)j

Using the given boundary conditions in Egs. (3.35) and (3.36) into Eq. (E.18) such

0
that

8y2

f{T(y,t)(—/lnz )cos(lny) - cos(lny)w} dy

(E.19)

_ (T(h,t)(—/lnh)sm(’lnh) _Cos(l”h)z_:_ 0]'

Equation (E.19) can be written as

J‘{%cos(ﬁ v }

O'—;&

T (y,t)cos(4,y)dy +(-1)" % (E.20)

0

Substituting Eq.(E.20) in Eq.(E.14):

1 1 " i
~An ,t)cos(4,y)) dy+ -1)" g, + cos(4,
) pe NGOG O (sl
h
. J‘cos2 (ﬂny) dy
0
(E.21)
Using Egs. (E.14) and (E.21) the following equations is obtained as
oa, (1) _k(A)a() 2 'y
n — _1 ﬂ/ . |
ot DG +hpscps ( )qs+£ Qcos (4, )dy (E.22)
Case1: If n=0:
da, (¢) 2 . ot
- A
d hpscm{qﬁ! Qeos(£,y Ky (E.23)

Case: 2: If n#0:

da,(t) (4 )ka,(2) L2
e P.Cos hp. Cy

{(—1)” g, + j Ocos(4, y)dy}, (E.24)

Integrating Eq. (E.24) with respect to ¢:
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h
a, (1) = hp . (m{gdy}wo (0). (E.25)
Using the given initial condition in Eq. (3.37), the following relation is obtained as
1 h
a,(0) = ;fTo(y)dy, (E.26)
0
If t=0 and n=0, then
2 h
a,(0) :ZJ.(J}) (v)cos(4,y)dy. (E-27)
0
Rearranging Eq. (E.24)
da’l (t) /1112 2 2 o [ ~
Y A +Ean ()= e {(—1) g, + .([Qcos(/lny)dy} (E.28)

The general solution of Egq. (E.18) can be obtained by introducing integrating factor
(L.F) such that

a,(t)(LF.) j{ ipc { -1)" qS+j1.Qcos(/1ny)dy}}dt+C, (E.29)

where

LF.= exp[/lf k—stJ, (E.30)
psc’”

and C is a constant, which is equal to a,(0).

Using Eq. (E.30) into Eq. (E.29):

an(t)exp[/ln2 k, tjz.[{exp(/letJ z [ " g, +.|.Qcos (A dyj}d
pscp‘ i 0 psC’” hpSC”‘

+a,(0),

(E.31)

or,

(E.32)

a,(t)= exp(—i}f e J{ (0)+ e ![C]s exp[/in2 plj—éltjjdt}
2

5 ks h .
+ FETn (1 - exp(—/ln e t]J.([Qcos (4,7)dy.
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Eq. (E.10) can be written as

T(y,t)= Z . (1) cos(4,y)=a,(t )+Z . (1) cos(4,). (E.33)

n=1

Using Eq. (E.32) into Eq. (E.33):

T(y,t):a0(0)+h 2

S

(qg +dey]t+Za ) cos(4,7). (E.34)

Inserting Eq. (E.32) into Eq. (34) and after manipulating the following equation for
transient temperature distribution in the bite zone is obtained as

17 k, 2( )" ¢ k
Y e [qS+JQdy]t+;[{eXp[ pscvstH o hpwﬂ [pct]}j‘}}

T(y,t)=—[T(y)dy+
2 1—exp| -4’ K t }Q'cos(ﬂ y)dy [cos(4,)
ﬂzkh P.Co " "

0

(E.35)
where
i 17 E.36
= (E.36)
and
2 h
an(0)=ZJ.7:(y)cos(/1ny)dy. (E.37)
0
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Appendix F

Derivation of Eq. (3.48) using Method of Separation of Variables

The solution of one-dimensional heat conduction equation given by Eq. (3.48) can

be obtained by employing a method of separation of variables (Kreyszig, 1999).
Let 0(y.t) =T, (y.t)-T.. (F.1)
where T ( y,t) is the temperature of strip at the exit of the roll bite and 7, is the

ambient temperature. The following solution is derived into three steps as follows:

Step 1: Two ordinary differential equations
0(y,0) =T.(»,0)~-T, = F(»)G()), (F.2)
which are product of functions, each depending only on one variable y and ¢

Differentiating Eq. (F.2) with respect to ¢:

00 (y,t .
%EF(;V)GO). (F.3)
Differentiating Eq. (F.3) twice with respect to y:
629(y,t) .
=F"(y)G(t). F.4
P (»)6(1) (F.4)
Substituting Eqs. (F.3) and (F.4) into Eq. (3.35) taking T(y,t) = 9(y,t) as
F'(3)G (1) = aLF( )G (). (F.5)
or,
a,F"(y)G(t)=F(y)G(t). (F.6)

where ¢, is the thermal diffusivity of the strip material. Dividing Eq. (F.6) by

aSF”(y)G(t):

= (F.7)
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After rearranging Eq. (F.7), the following expression is obtained:

G() _F"(»)_ ..
a.G(0) F(yy) = A 8

wheren=1,2,3, ...
Note that in Eq. (F.8) dot denote the derivative of function G(¢) with respect to ¢
and primes denote the derivative of function F ( y)with respect to y. The equality in

Eq. (F.8) is satisfied if each group of functions is equated to an arbitrary separation

constant such that

G(t)+a,A.G(t)=0, (F.9)
and
F"(y)+4,F(y)=0. (F.10)
The general solution of Eq. (F.9) provides
G(t) =B, exp(-a,At) (F.11)

where B, is an arbitrary constant.
The solution of Eq. (F.10) can be written as
F(y)=Acos(4,y)+Bsin(4,y). (F.12)

where 4 and B are the constant. The complete solution for &(y,?)is constructed by

the product of theses elementary solutions is given as

O(y.t)=F(y)G(1). (F.13)
Inserting Eqs. (F.11) and (F.12) into Eq. (F.13) provides
0(y.1)={ Acos(4,y)+ Bsin(4,y)}{ B, exp(-e, )., (F.14)
or,
0(y.t)={Acos(4,y) + Bsin(4,y)} exp(-a, 4t). (F.15)
Differentiating Eq. (F.15) with respect to y:
%:(—Azn sinA,y+ B2, cos A, y)exp(-a’At),  (F.16)
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Step 2: Satisfying the boundary conditions

Aty = 0 the following boundary conditions is given as

89(y,t)

o =0 at y=0. (F.17)
Inserting Eq. (F.16) into Eq. (F.17) provides
B=0. (F.18)
At y = h the following boundary conditions is given as
00(y,t h h
%z—i(T(h,t)—Ta)z—iﬁ(h,t) at y==n, (F.19)

where /4, is the convective heat transfer losses of strip surface, k; is the thermal
conductivity of the strip material. Substituting Eqgs. (F.16) and (F.18) in Eq. (F.19):
h

- (h,t)=(~A44,sin A, h)xexp(-a,A}1). (F.20)
After rearranging Eq. (F.20), the following form is obtained:
0(h,t)= Ak, (sin 4,1) exp(-a, A}1). (F.21)

a

Substituting Eq. (F.18) into Eq. (F.15) yields

0(h.t)={Acos(4,h)+0} xexp(-a,At). (F.22)
Equations (F.21) and (F.22) yields
w = Acos(A4,h), (F23)
or,
k,A, sin(A,h)~h, cos(4,h) =0. (F.24)

Equation (F.24) is the transcendental characteristic equation for finding out the

positive roots A, .
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Step 3: Solution of the entire problem using Fourier series along with the given
initial condition
The general solution of Eq. (3.41) can be written as assuming

0(y,t)=T(y,t)-T,(Kreyszig, 1999)

0(y.t)= iC cos(4,) exp(—aslft) _ (F.25)

n=l1

The given initial condition can be written as
T(»,00=T(y), att=0, (F.26)
or,
o(y,t)=6(y,0), atr=0. (F.27)
Using Eq. (F.27) into Eq. (F.25) provides
0(y,0) = icn cos(4,y). (F.28)

n=1
Equation (F.28) is expanding with the index n:
0(»,0)=C, cos(Ay)+C,cos(A,y)+C, cos(Ay)+....
+C, cos(4,9)+C,, cos(4,, ).

(n+1) (

(F.29)

Multiplying C, cos(4,y)on both sides of Eq. (F.29) and integrate from 0 to 4. This

provides
h h h
J.H(y,O)cos(/lny)dy = J.C1 cos(/lly)cos(ﬁny)dy+f C, cos(ﬂzy)cos(lny)dy+...
0 0 0
h h
+I C,cos(4,y)cos (ﬂny)dy-FJ‘ Ci1)€08(4,,;,y)cos(4,y)dy.
0 0

(F.30)
If two functions f(y)and g(y) are orthogonal over the interval 0 <y </ with

weighting function C, (Kreyszig, 1999) such that

h

fely)=[cr(y)ely)d=o. (F.31)

0

Using the cosine Fourier series to obtain the constant C, such that
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O C—

h
0(y,0)cos(A,y)dy = jC,1 cos’(4,y) dy, (F.32)
0

or,

R

0(y,0)cos(A,y)dy
C,=

(F.33)

h

j cos’ (/”L”y)dy
0
Substituting Eq. (F.1) into Eq. (F.33) provides

h

JIHT (2.0) =T, feos (2.3) Jay

C, =2 . (F.34)
{1+cos(24,y)}dy

O C—

Integrating Eq. (F.34) between 0 to 4:

h |
I];(y,O)cos(lny)dy—W
— " , F.35
c h sin(24,h) £.35)
2 4

or,

h
4/1n.|.Te (v)cos(4,y)dy—4T, sin(A,h)
0

C = F.36
22, h+sin (A, h) (.36)
Inserting Eq. (F.36) into Eq. (F.25) yields
h
42, [ Te(y)cos(4,y)dy —4T, sin (4,)
0(y,t)=—>" cos(ﬂny)exp(—asﬁ.nzt). (F.37)

24 h+sin (2/1nh)
Using Eq. (F.1) into Eq. (F.37) putting A=h/2:

hy
2

o | Y .[ T,(y)cos(4,y)dy 4T, sin(ﬂn hzzj
0

T(y.t)=T
(1) =T, + £ Ay +sin(A )

cos(/lny)exp(—as/l,ft)- (F.38)

Equation (F.38) provides the temperature distribution of exit strip at any location

just after the roll bite.
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Appendix G

A User Defined DFLUX Subroutine in FORTRAN Language

AEAEAAAAAAEAAAA A A A A AAAAAAAAAAAAAAAAAAAAXAAAAAAAXAALAAXAXAAAAAAAAALAXAAAX KKK )X

** DFLUX FOR ABAQUS/STANDARD INCORPORATING HEAT FLUX AT OUTER
** PERIPHERY OF THE ROLL.

SUBROUTINE DFLUX(FLUX,SOL,KSTEP,KINC,TIME,NOEL,NPT,COORDS,

1 JLTYP,TEMP,PRESS,SNAME)

C
INCLUDE 'ABA_PARAM.INC'
C
DIMENSION FLUX(1), TIME(1), COORDS(3)
CHARACTER*80 SNAME
real w, x,y, z, t, r, xr, yr, ¢, THETA, ARC
parameter (PI=3.141592654)
parameter (RO = 0.250) ! Outer radius of the roll
w=0.1 ! Omega in rad/sec
q=5E6 ! Heat flux in W/m2
x = COORDS(1) ! x axis coordinate
y = COORDS(2) ! y axis coordinate
z=COORDS(3) ! z axis coordinate
t=Time(1) ! time in sec
THETA=(8.0*PI)/180.0 ! THETA in radian (Here § degree is the angle)
ARC =THETA*RO ! Contact length of heat source
xr=RO*cos(w*t)
yr=RO*sin(w*t)
r= sqrt((x-xr)**2+(y-yr)**2) ! Instanteneous location of the heat source
if (r.LE.ARC) then
FLUX(1)=q
else
FLUX(1)=0
end if
JLTYP=0
RETURN
END
268
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Appendix H

Some Results of Parametric Study Using Fast Finite Element
Analysis of Flat Rolling Process

The thermal analysis of the roll and the strip is carried out by using FEM based
software package while the input is taken from the FEM deformation module
(Appendix A). The main purpose is to develop a methodology to improve the
computational efficiency for carrying out the thermo-mechanical analysis by FEM.
In the present work, FEM deformation module developed in FORTRAN and FEM
package software ABAQUS is used to find out the temperature in the roll and strip.
It is assumed that the heat flux input into the roll over the roll-strip interface is
constant. The steady-state temperature distribution of the roll and the strip is
obtained by ABAQUS. For this heat generation due to plastic deformation and
friction is calculated employed by FEM deformation module based on Eulerian flow
formulation (Appendix A). The heat generated due to plastic deformation and
frictional work at the roll bite is used as input in the thermal analysis of the roll and
the strip. The heat partition factor between the roll and the strip is obtained by
matching the average temperature of the roll and the strip at the roll-strip interface.
The mesh sensitivity analysis is carried out to choose the optimum number of
elements and is presented in Section 3.5.

The parametric study is carried out to see the influence of roll radius, effect of
yield stresses of the material and convective heat transfer coefficients at the outer
roll periphery. The thickness of hollow rolls is kept constant at 20 mm in the present
study. The thermal properties of roll and strip are given in Table 3.15 and the
constitutive relation of the strip material is given by Eq. (3.26). An iterative
procedure involving thermal and mechanical analysis in sequence is employed.

Table H.1 shows the computed average temperature at the roll-strip interface
for different rolling speeds. It is observed from Table H.1 that the minimum
temperature at the roll-strip interface occurs for the smallest roll radius and the

maximum temperature occurs at the highest roll radius. The heat generation due to
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plastic deformation and friction energy is more at larger roll radius. On the other
hand, at constant production rate, the angular velocity of roll decreases with
increasing roll radius. Hence, the contact time of strip and roll at the interface
increases. Table H.1 shows that increasing the exit speed of the strip from 1 to 2
m/s, the average temperature at roll-strip interface increases. The higher exit speed
of the strip also implies higher angular velocity of the roll. Although, the power per
unit volume may not change significantly, the time available for the cooling of roll
reduces. Hence, temperature obtained at higher speed is more than that at lower
speed.

Table H.1. Typical results for the effect of roll diameter on the interface
temperature (h; = lmm, ry = 24%, hi = 2.6 W/m’K, u=0.14, (oy), =400 MPa b =
0.052, n=10.295, Ty = 30 °C)

Roll Average temperature at the roll-strip interface (°C)
radius V,=1m/s Vo=2m/s
R(mm) |p, =10 W/m’-°C | he =260 W/m*-°C | he = 10 W/m*-°C | = 260W/m’-°C
35 77.25 75.21 95.56 94.82
65 123.42 94.5 145.1 111.25
130 214.21 178.72 231.62 197.85

The effect of convective heat transfer losses is one of the important process
parameter controlling the thermal damage of work roll and thus increasing the roll
life in rolling mill. The change in the convective heat transfer coefficient is studied
for various values of the roll radius. The analysis is performed with two initial
temperatures of strip, 30 and 200 °C, for /. = 10 and 260 W/m*°C. The thickness of
the hollow roll is kept constant at 20 mm during the study. The material of strip is

steel. The yield stress of strip (O'Y )O , material hardening parameter (b, n), exit speed

of rolling (7>), inlet thickness of the strip (/) and coefficient of friction () is given
in Figs. H.1 and H.2. Figures H.1 and H.2 show the average temperature at the roll-
strip interface with respect to different roll radii. It is observed from Figs. H.1 and
H.2 that the average temperature at the roll-strip interface decreases with increase in
The

the convective heat transfer coefficient. difference between average

temperatures at roll-strip interface at two convective heat losses is more pronounced
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at higher roll radius. Similarly, the rise in average temperature at the roll-strip

interface is more for the case of lower initial temperature of strip.

210 prerrrreee e
[k, =1 mm, (c,), = 400 MPa, b= 0.052, 1=0.295, ]
[4=0.14,r, =24%, IV, = 0.5 mfs,
1801 =26 Wim’-°C

150

Average temperature at the roll-strip interface ( °C)

120f
o0F
60k — h=10 Wim*-°C
r -=h =260
0 35 70 105 140

Roll radius (mm)

Fig. H.1. Effect of convective heat transfer coefficient on the average temperature at
the roll-strip interface with initial temperature of strip 30 °C

6 350 TTTTTTTT I TTTTTTTTT I TTTTTTTTT I TTTTTTTT
[5,=1 mm, {c,), = 400 MPa, b=0.052, n=0.295,
[ 41=0.14,1r = 24%, V= 0.5 m’s,

Fh = 2.6 WineC
320 ¢

290

260

Average temperature at the roll-strip interface (°

a0 S hGZIOmeZ-"C
——- h =260
200|||||||||||||||||||||||||||||||||||||||
0 35 70 105 140

Roll radius {mm)

Fig. H.2. Effect of convective heat transfer coefficient on the average temperature at
the roll-strip interface with initial temperature of strip 200 °C

Another investigation is made by comparing the average temperature at the

roll-strip interface for different flow stresses of the material. It is observed from Fig.
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H.3 that with the increase of yield stress by 10% and material hardening parameters
by 20%, the average temperature at the interface increases more than 50 °C at roll
radius R = 130 mm. However, with the decrease of roll radius the variation of
temperature also decreases. For similar reduction and rolling speed, the strip with
higher flow stress has a higher average temperature at the roll-strip interface. As
material becomes harder, more rolling power is required which causes the

temperature of the strip to increase.

o]
—_
=

-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
B hj= 1 mm, r= 24%, =10.14, VZ =0.5ms,
[ 1 =26 Wim®-°C, h, =260 Wim®-°C

—
o
=

—
tLh
=]

A
v by e by by

Average temperature at the roll-strip interface (°C)
[
]

90 g
6 — (o), =356.4 MPa
--- (0),=324
30 L L L1 1 1.1 I L1 1 11 1 1.1 I L L L1 11 1.1 I L1 1 11 1 1.1
0 35 70 105 140

Roll radius (mm)

Fig. H.3. Effect of different yield stress of different material parameters on the
average temperature at the roll-strip interface with initial temperature of strip 30 °C

In the present work, fast finite element analysis is carried out to develop a
computationally efficient methodology for estimating the steady-state temperature
distribution in rolling. The methodology is implemented on FEM based package
ABAQUS. It has been observed that ABAQUS takes a lot of time for steady-state
thermal analysis of roll. The fast FEM analysis takes less than 10 minutes screen
time to find out the steady-state temperature distribution. Hence, the proposed
methodology can be useful for analyzing the steady-state temperature distribution in

rolling for composite and functionally graded materials.
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Appendix |

Sequential Quadratic Programming (SQP) Methods

Sequential quadratic programming (SQP) method uses a quadratic model for the
objective function and a linear model of the constraint in sequence. A nonlinear
program in which the objective function is quadratic and the constraints are linear is
called a quadratic program (QP). SQP actually solves a sequence of quadratic
programming (QP) problems till the convergence is obtained (Rao, 2013).

Consider the following optimization problem with / equality and m inequality

constraints:
Minimize f{(X),
subject to h(x)=0, i=1tol,
and g;(x)<0, j=1tom (L1)

T. 3 o
where X = (x1 > Xy aand xn) is a column vector of » real-valued design variables.

At a particular guess point, Eq. (H.1) is converted to the following quadratic

form:
T 1=
0={Vf(x)} d+—d"Hd,

subject to
h(X)+(Vh) d=0, i=12,...1, (1.2)

g (X)+(ng)T d<0, j=12,...,m,
where d' = Ldl,dz,- : -,dn_| is the vector of decision variables of the problem and H

is the Hessian matrix of the Lagrange function of Eq. (I.1) considering equality and
active non-equality constraints.

The Lagrange function, L(X,/%), corresponding to the problem of Eq. (I.1)

can be defined as

L(x,/i):f(x)+Zﬂjgj(x)+z/1m”hi(x), (1.3)
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URT ith . . . .th
where ﬂ,j and A are the Lagrange multipliers for ; inequality constraints and i

equality constraints respectively. The Karush-Kuhn-Tucker (KKT) necessary

condition can be stated as
m !
DAV (X)+ D4, Vh (x)==Vf(x). (1.4)
Jj=1 i

For a particular guess points, the gradient of the objective function can be

written as

oy o
Vf(x) _bﬁ P aan (L5)

and the Hessian matrix of the Lagrange function can be written as

[ L L oL |
o oxdx,  Oxox,
L 0L o’L
oo, ok oo
H=| ... oo il (1.6)
L L 0’L
| Ox,0x, Ox,0x, gj |

For the solution, an appropriate starting value of non-zero Lagrange
multiplier A° can be obtained by employing least square method. This provides
A"=(G"G) G"{v/(x)}, (L7)
where G indicates the set of active constraints at the point X.
The variable d in Eq. (I.2) is the search direction for getting the optimum
solution. Assume that the minimum point X, is obtained by the expression:
X, =Xx+0od, (1.8)

where O is a step length chosen to reduce the value of a suitable merit function along

the direction d. Once the value of X, is substituted in the merit function, the merit
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function becomes the function of scalar ¢. The optimum value of ¢ can be found
by a one-dimensional search technique e.g., golden section search algorithm (Rao,
2013). The merit function can be the function of the following form:
m !
M :R{f(x)+2{rnax(0,gj (X))}+Z‘hi(x)‘}, (1.9)
Jj=1 i=1
where R is a very large value called the penalty parameter.

At the obtained optimum pointX  , the objective function is again converted

to the form of Eq. (I.2), i.e., a quadratic approximation for the function and a linear
approximation for the constraints is used. After this, the procedure is repeated
starting from solving a QP problem by a method similar to Simplex method (Taha,
2000). Thus, the optimization process is iterative and the iterations are continued till
the convergence is obtained. In this thesis, inbuilt function FMINCON of
MATLAB® is used to implement SQP algorithm.
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Appendix J

Typical empirical models showing the dependency of flow stress

S.No. | Material models

Comments

L. o, =100(1+0.9"*

Ludwik law used to validate the
cold rolling results with the
experimental data Jeswiet and Zhou
(1975). The material of strip is
made of aluminum alloy.

Swift’s generalized power law,
suitable for a wider range of strains.
It is used for simulating the cold
rolling in the present thesis.

The flow stress relation considering
strain  and  strain-rate  with
temperature  dependency.  For
validating the steady-state
temperature distribution in warm
rolling with the experimental
results of  Serajzadeh  and
Mohammadzadeh (2007).
Serajzadeh and Mohammadzadeh
(2007) found the constants m, n and
B by experimentally (employed in
Chapter 3).

4. o,=0,+ne for £>0.1,

g
0.1

o, =0, (—J for £<0.1,

This relation is used to validate the
transient temperature distribution in
warm  rolling. Lenard and
Malinowski (1993) conducted a
series of compression test using
appropriate values of strain-rates at
temperatures of 22, 100 200 and
300 °C for commercially pure
aluminum alloy sample. The
parameters of the flow stress are
provided in Table 4.5.
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o, =(A+Bg:;)[

g,
1+Cln—=
80

=

Johnson and Cook material model
is widely used in metal forming
processes. It is used for carrying out
the master simulations of warm
rolling and these simulations are
taken in lieu of real shop floor
experiments in Chapter 6.

Inverse modelling is employed to
estimate the
Chapter 6. This model may not be
valid over wide ranges of strain,
strain-rate and
However, it is always possible to
select smaller domains for fitting
this model.

flow stresses in

temperature.

This power law neglecting the

strain-rate  dependency. In this
thesis, it is used to validate the
results of inverse modelling in

Chapter 6.

o =Kg"

Holloman law deviates at low
strain, for high strain-rate may be
treated total as well as plastic
strain-rate. The constants K and n

are temperature dependent.
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