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ABSTRACT

In the present study, an efficient numerical model has been developed to
model the thermal behavior of the rolling process. An Eulerian formulation is
employed to minimize the number of grid points required. The approaches to
obtain the heat penetration depth, the convection heat transfer coefficient of
cooling, the flow of metal through the roll gap, the heat generation by plastic

deformation and friction, and the boundary conditions are then discussed.

The roll is rotate at constant speed and the temperature variations are
assumed to be cyclically steady state and localized with a very thin layer near the
surface. The Conventional Finite Difference Method (CFDM) based on
cylindrical coordinate is more convenient and therefore is used to model the roll
because of the circular geometry of the roll. Also, A generalized Finite
Difference Method (GFDM) is employed to allow use of a non-orthogonal mesh
in the deformed strip region and the roll-strip interface area. An up wind
differencing scheme is selected to overcome the numerical instability resulting
from the high velocity (high Peclet number) involved in the rolling process. The
equations of the strip and roll are then coupled together and solved

simultaneously.

Both cold and hot rolling heat transfer behaviors, velocity distribution, and
heat generation by deformation and friction under typical rolling conditions are

presented to demonstrate the feasibility and capability of the model developed.

It has been found that, while the strip is under deformation, the bulk
temperatures inside the strip increase continuously; this is largely controlled by

the deformation energy. On the other hand, the strip surface temperature changes



much more drastically and it is mainly controlled by the friction heat and the roll

temperature. The roll acts like a heat sink, because the coolant heavily cools it.

Thus, as soon as the strip hits the roll its surface temperature drops. Since
considerable friction and deformation heat are created along the interface and
transferred from the neighboring sub layer, the surface temperature picks up

rapidly.

Finally, the results of the temperature distributions for both cold and hot
rolling and the heat generation by deformation and friction obtained from the
present study are compared with previous study to verify the validity of
numerical solution. It has been found that a good agreement is obtained from the
comparison between the results of the present study and the results of previous

published works.
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Nomenclature

The following symbols are used generally throughout the text.

Others are defined as when used.

Symbol Description Unit
A Area. cm’
Bi Biot Number. -
C Thermal Resistance Parameter. -
c Specific Heat. KJ/kg.°C
d Jet Diameter. cm
F Tangential Force. N
H Heat Transfer Coefficient. W/cm®.°C.
h Half Thickness of Strip. cm
J Mechanical Equivalent of Heat. kJ/kcal
k Thermal Conductivity. W/cm.°C
L Length of the Arc of Contact. cm
I Distance from Spray Jet to Roll. cm




Out ward normal to the boundary, or refer to the

" number of divisions. )

P Pressure. N/cm’

Pe Peclet Number. -

Q Heat Generation. kW

q Heat Generation Rate, kW per Unit VVolume or area. kwiem” or
kW/cm'

R Roll Radius. cm

r Radial Coordinate. cm

Re Reynolds Number. -

T Temperature. °C

t Thickness. cm

u Velocity in x-Direction. cm/s

\Y Velocity. cm/s

' Velocity in y-Direction. cm/s

W The Width of the Strip. cm

X Horizontal Coordinate. cm

y Vertical Coordinate. cm

Abbreviations

Interface.

CFDM | Conventional Finite Difference Method. -
CFDR | Conventional Finite Difference for Roll. -
Coef. | Coefficient. .
Dev. % | Deviation Percent. -

Eq. Equation. -

Fig. Figure. -
GEDE Generalized Finite Difference for the Node at the )




GFDM | Generalized Finite Difference Method. -
GFDIN | Generalized Finite Difference for Internal Nodes. -
ndr Number of Divisions in the r-Direction. -
Sdithbr Number of Divisions in the 8-Direction in Bite Region _
for Roll.
Number of Divisions in the 8-Direction for Roll where
nthr the Cooler is Impact. )
ndy Number of Divisions in the y-Direction. -
_— Nurr-1ber of Divisions in the x-Direction in the Bite ]
Region.
Number of Divisions in the x-Direction in the Billet
naxl Region. -
Number of Divisions in x-Direction in the Product
ndxp Region. -
Ref. Reference. -
Temp. | Temperature. °C
Tran. | Transfer. -
Vol. | Volume. cm’
Greek Symbols
a Thermal Diffusivity. cm'/s
p Density. kg/cm’
T Time. S
\% Laplacian Operator. -
) Roll Angular Velocity. rad/s
0 Heat Penetration Depth. cm
@ Bite Angle. Degree




cm'/s

0 Kinematics Viscosity.
o Plain Strain Yield Stress. N/cm'
€ Local Strain Rate. V/s
Efficiency of the Deformation Energy to Converted to
1 Heat. )
7 Coefficient of Friction. -
p Angle Specified the Direction. Degree
0 Circumferential Coordinates. rad
A Weighting Factor. -
Subscript
b Boundary. -
d Deformation. -
eff Effective. -
f Final. -
fr Friction. -
i Neighboring Points or Index. -
n Neutral Point. -
0 Uniform or Original. -
r Roll. -
S Strip. -
slip Slip. -
0 Coolant or Ambient Conditions. -




Superscript

*

Dimensionless Quantity.




) Introduction

1.1 General
The process of plastically deforming metal by passing it between rolls is

known as Rolling, Dieter [']. Rolling is one of the oldest metals working process
in industry. In view of tremendous amount, wide variety of rolled products are
manufactured and closed control of final product every year. It can be considered
as one of the most important of manufacturing process. Numerous investigations,
numerical, analytical, and experimental have been carried out on rolling as

mentioned by Guo and Kobayashi [Y].

In conventional hot or cold rolling the main objective is to decrease the
thickness of the metal. Ordinarily little increase in width occurs, so that decreases

in thickness will result in an increase in length.

Then, in deforming metal between rolls, it is subjected to high
compressive stresses from squeezing action of the rolls and to surface shear
stresses as a result of friction between the rolls and the metal, the frictional forces
are also responsible for drawing the metal into the rolls. The cold rolling of

metals has reached a position of major importance in industry.

A rolling machine consists of rolls, bearings, a housing for containing
these parts, and a drive for applying power to the rolls and controlling their speed
as shown in Fig. (Y-)). The forces involved in rolling can easily reach large
numbers as shown in Table (1-Y). Therefore, a very rigid construction is needed,

\
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and very large motors are required to provide the necessary power. When these
requirements are multiplied several times for the successive stands of a large
continuous machines, it is easy to see why a modern rolling-machine installation
demands many millions of dollars of capital investment and many man-hours of

skilled engineering design and construction.

In the past, the heat generation during the plastic deformation of the test
sample was ignored and initial sample temperature was given to be the test

temperature as predicted by Remn [£].

As predicted by Lahoti and Altan [°], the energy consumed in plastic
deformation is transformed largely into heat while a small portion of the energy is
used up in deforming the crystal structure in material. This heat generation
coupled with heat transfer within the deforming material and to the environment

gives a temperature distribution in the deformed peace.

As mentioned by Karagiozis and Lenard [1], a £ percent variation of the
temperature may well cause )+7 change in strength, which in turn will cause
significant change in mill loads. As well as, the adequate cooling of roll and the
rolled products is of a considerable concern to rolls designers and operators.
Improper or insufficient cooling not only can lead to shorten roll life, due to
spalling caused by thermal stresses, but it can also significantly affect the shape

or crown of the roll and result in buckled strips or bunted edges.

Also, knowledge of roll and strip temperatures can contribute insights
about metalurgical structure of the work-piece, and eventually lead to better

control of the material properties and surface conditions.

The lack of practical mathematical model to simulate thermal behavior of
the metal rolling process has forced mill operators and designers to rely on plant
experience and testing, which is time consuming, not ideal for industrial

applications, and expensive. As result from the furthermore simplified
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assumptions demanded in the analytical solutions then, it is offer the fastest way
to calculate temperatures, but do not provide predictions with sufficient accuracy.
On the other hand, numerical models with fine meshes can give detailed

information on the temperatures.

In the present study, while the deformation heat generation in the strip and
the friction heat generated at the roll strip interface and the heat removed by the
coolant to ambient air then, the strip and the roll should be solved simultaneously.
A good understanding of the thermal aspects of the process is essential then, the

influence of cooling practice on the roll is consider too.

Rolling machines can be conveniently classified with respect to the number
and arrangement of the rolls as shown in Fig. (’-v). In the present study, the
simplest and most common type of rolling mill is the two-high roll is considered,

see Fig. (1-7).

The purpose of the present study is to effectively analyze the thermal
behavior of rolling process for hot and cold rolling for two cases of rolling

conditions, see Fig. (1-v), by using a suitable numerical methods.

1. Objectives
The following are the main objectives of the present work:

). Developing a mathematical model for the rolling contact heat transfer
problem to calculate heat transfer rate and temperature distribution of the solids
(strip & rolls).

. Numerical solution of the governing equations obtained in (- above) by using
a suitable numerical method.

F. Parametric study to investigate the effect of a number of parameters of the
problem, such rolling speed, environmental conditions and hot and cold rolling.
£, Verification of the proposed computational algorithm through a comparison
with published data.

. Discussion of the results for final conclusions and recommendations.

r
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Fig. (-Y): Typical Arrangements of Rolls for Rolling Process (a) Two High.
(b) Three High. (c) Cluster. (d) Four High. Ref. [].
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r Literature Review

A number of mathematical models of hot or cold rolling have been
Published in the literatures. These models have been investigated widely by using
a variety of analytical, numerical, and experimental techniques. The review made

here in is classified into theoretical and experimental methods.

r.1 Theoretical Methods
These methods include the analytical and numerical methods uses to solve

the temperature distribution for different manufacturing process and different
boundary conditions. Some of the literature work that used these methods are

presented here;

Johnson and Kudo [Y] used upper bound solutions for the determination
of the temperature distributions in fast hot rolling and axi-symmetric extrusion
process. By using realistic upper bound solutions, it is possible to estimate

instantaneous temperature distributions throughout a mass of material, which is
being fast plastically deformed. It became possible, by approximating a given slip
line field solution and so treating it as an upper bound, to determine the
distribution of temperature throughout the deforming mass. This approach is
subjected to a certain amount of inexactness, because there is other features at
that time. An upper bound solution provides loads, which are overestimated. The
upper-bound solutions, which consist of a system of fictional tangential velocity

discontinuities, can be made to approximate slip line field solutions as close as
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required, and assuming a slip line solution to be the most accurate solution. For
particular hot rolling process an estimate of this distribution has been made and in
part to justify the use of the method employed. The results of calculations of the
deformation of an initially square grid and a calculation of the necessary roll
torque and roll pressure distribution are given in this work. Furthermore the
method of upper bound solution may be used to calculate the velocity distribution
for non-uniform compression of cylinder. Two particular instances of axi-
symmetric process are examined, firstly for extrusion through a square die two
forms of velocity field are presented and the results predicted there from are

compared. Secondly, extrusion through a smooth conical die was examined.

Cornfield and Johnson [A] studied theoretical predictions of plastic flow
in hot rolling including the effect of the various temperature distributions. The
three types of the temperature distribution were consider, the first type was hot
surface cold interior, second type was cold surface hot interior and third type was
non-uniform temperature distribution. The non-uniform temperature distribution
were computed for a typical size mild steel slab, using finite difference
formulation to the one dimensional heat transfer equation because the thickness
of the slab is small compared with its width and length. This work therefore is
first concerned with calculation of specific temperature distributions in heat
stock. Secondly, an interpretation of the strain and strain rate distribution during
rolling deformation is given, and this is combined with the third aspect of this

study, namely how particular temperature patterns affect deformational behavior.

Lahoti and Altan [®] predicted the temperature distribution in
axi-symmetric compression and torsion. Two numerical methods were used, one
for axi-symmetric compression and the other for axi-symmetric torsion, to predict
non-steady state temperature fields in these deformation processes. In
compression, the upper bound method has been used to determine the velocity

field prior to temperature calculations. In both compression and torsion, the
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predicted temperatures agree well with experimental data obtained by other
workers. The compression analysis has been also used for investigating the effect
of friction upon temperatures and the effect of ram speed upon metal flow and
temperatures. The results of these investigations indicate that the numerical
approach predicts, within approximations, the trends observed in experimental

studies.

Lahoti et al. [¥] described the principles and the applications of two
models developed for predicting the significant variables of the strip rolling
process. The first model is computer program (ROLING) can estimate the roll
separating force, roll torque, plastic deformation in the strip, elastic compression
and recovery of the strip before and after rolling, and the elastic deformation of
the rolls. The second model is computer program (ROLTEM) can estimate the

metal flow and temperatures in strip rolling under unsteady state conditions.

At (z="), it was assumed that the strip was fed in up to the exit plane. Then
the deformation was approximated as taking place in steps of time interval (A7)

as,

ATd = ."(f- ’)

where subscript (s) refers to the strip; (4T,4) change in temperature due to

deformation; (& ) is the effective strain rate; (o) is the plain strain yield stress,

(c) is the specific heat; (p) is the density; (J) is the mechanical equivalent of
heat=¢.yAe kJ/kcal and (77) is (85 <7 <95) percent of the deformation energy is

transformed to heat. The maximum value of (A7) is determined from the stability
criterion. From the velocity field, it was possible to determine the position of
each point before time interval (Az). These calculated temperatures at each grid
point before (Ar), the corresponding temperature increases due to plastic
deformation and friction are added then;



Chapter TWo —ee— Literature Review
HP Vi FAT
‘JCs)b Vs)bVOIS)b

where the subscript (b) refers to the boundary; (AT; ) change in temperature due

ATfr =

(T

to friction; (Vyp) is the slip velocity at the boundary; () is the specific weight;
(Vol) is the volume of the element at the; ( «) is the coefficient of friction; (P,) is

the roll pressure and (F) is the horizontal force act on the boundary.

Using these new calculated values of temperatures as initial temperatures

(Tij) heat transfer in the strip and roll is consider during (Az) and the

temperatures (Ti: j) are calculated. The repetitions of these sequence of the

instantaneous of heat generation by deformation and transportation and static
conditions during the time interval (Az) gives the temperature distribution in
strip rolling at any instant (7). This procedure has been computerized in the

system of computer program called (ROLTEM).

Sheppard and Wright [4] developed a finite difference technique to
predict the temperature profile during the rolling of aluminum slabs. The
experimental results show substantial agreement with the theory. It was shown
that such variations affect the mechanisms determining the development of
structure and that structural variations exit throughout the slabs on exit from the
roll gap. Qualitatively, these variations agree with predicted variations in
temperature compensated strain rate. The effect of (Mg) as an alloying element is
to reduce the possibility of formation of equiaxed subgrains resulting in an

elongated substructure.

Zienkiewicz et al. [Y+] submitted a general formulation for coupled
thermal flow of metal for extrusion and rolling process by using the finite
element method. A finite element formulation was used to deal with the flow of
metals coupled with thermal effects. The deformation process of the metal was
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treated using the visco plastic flow approach and the solution technique for the

coupled problem implies simultaneous solution for velocities and temperatures.

Some aspects of the numerical solution of the problem are given in the last
part of this work. Some steady state extrusion and rolling problems show the

applicability of this method.

Patula [ V] attained steady state solution for the temperatures in a rotating

roll subjected to surface heat fluxes and convective cooling.

Patula submitted this work to determine the influence of cooling practices
on roll temperature. A mathematical model was developed that determines the
two dimensional (radial and circumferential) steady state temperature distribution
in a rotating roll subjected to constant surface heat input over one portion of the

circumference and convective cooling over another portion of the circumference.

The model is analytical in nature, as opposed to a direct numerical
simulation, which enables extensive parametric studies to be performed
conveniently. The solution technique can be used to solve numerous problems
involving any combination of surface boundary conditions that have, at most,
a linear dependence with respect to the surface temperature. With the use of the
principle of superposition, the present solution can be utilized to solve problems
that have various regions of the surface with constant heat fluxes. Results of these
analyses indicate that for normal cold rolling situations during steady operation,
the (heat penetration depth) heating and cooling that occur during every roll
revolution is usually less than (¢) percent of the radius. Furthermore, the bulk of
the roll is at a uniform temperature that can be calculated quite accurately by
neglecting all internal temperature gradients. The location of the cooling regions
relative to the heat-input regions has little effect on the bulk roll temperature in
this situation. This approximation would be useful for computing bulk roll

temperature, which could be utilized in future models for determining thermal
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crowns, but would not be suited for determining accurate temperature at the roll

surface.

Bryant and Heselton [YY] found that the knowledge of heat transfer
mechanisms in hot rolling was essential to the study of many areas of the process.
This process including roll pacing, slab and strip temperature control, roll thermal
camber effects on strip shape, thermally induced stress fatigue in rolls, and
temperature dependent vyields stress effects on roll force, power, and torque.
Mathematical models which can be used to estimate temperature distributions
within the rolls and steel strip on a hot roll were described in this work. The roll
temperature model is an extension of a theoretical study based on the idea of
“rotating line sources of heat”, and the slab-strip modeling based on the theory of

heat conduction in a ”semi infinite body”.

Bryant and Chiu [ ¢] derived a simple model for the cyclic temperature
variation set up within a work roll during the hot rolling process. The equations
have been normalized so that they can be used easily for different roll
dimensions, strip temperatures, roll cooling coefficients, and roll speeds. The
model is sufficiently simple for it to be programmed, and provided solutions
typically within (°) percent of results obtained from more precise equations
which can be solved only by using powerful computing facilities. The model is
ideally suited for ‘real-time’ calculations or as part of a hot-roll simulation,
providing a rapid solution to equations, which implicitly relate strip and roll
temperatures in a train of rougher or finishing roll. The model was derived
entirely from physical approximations and arguments, which incidentally provide
considerable engineering insight into roll-heating phenomena. The model can be
used to calculate internal roll-temperature distributions, and hence to estimate the

cyclic stresses which occur within the roll.

AR
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Bryant and Chiu [ ¢] derived a simple model for the cyclic temperature
transients within hot rolling work rolls. The model takes into account variable
convective cooling. It is far less demanding in calculation time than, say, models
based on finite difference methods, and yet is sufficiently flexible to be applied to
a wide range of techniques such as spray cooling, spray geometry, and roll
heating phenomena. It can also be used to study temperature transients during
cold roll condition, and steady state cyclic phenomena. The model can be used to
estimate cyclic stress strain effects near the roll surface which are expected to
play an important part in determining roll life and wear. It can be used as part of

a larger design suite or for on-line calculations.

Tseng [Ye] submitted a simple but versatile numerical technique using
generalized finite difference discretization for heat transfer problems involving
high convective heat flow, irregular geometry and high local thermal gradients

for roll and strip governing equations respectively;]

o, 0°T, 10T, 1 0°T,

= +— + (-
a, 00  or? r o r? 9p? ("
and
0o s g (0T [ OTe) ) (9
P ay S 8x2 ayz d/ PsCs eee

where subscript (r) refers to the roll; (r,0) are the cylindrical coordinate; (x,y) are
the Cartesian coordinate; (@) is the roll angular velocity and (u and v) are the

horizontal and vertical velocities of the strip

Upwind differencing was utilized to stabilize the numerical oscillations
often induced in convection-dominated heat transfer problems. An arbitrary
irregular mesh scheme was adopted to treat the irregular geometry and to achieve
high accuracy in zones having high thermal gradients. Then the temperature form

of the internal strip nodes was;

'Y
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2 5
B Qd/PsCs _ijl(quij #VoFy; -t By — 1, By T +asZ,-:3(st +Byy T

T (T
UgFio +VoFag _as(B3o + B4o)
d)
And the temperature form of the boundary strip nodes was;
4
Tso _ ast=1(E2j + E3j )fj _(uo +a,Vo )Gl f1 —a3Vy + (g /pscs ol ' 7)

(uo +ayV, )Go Vo _aS(EZO + ESO)
where subscript (0) refers to the uniform or original quantity; (« ) is the thermal
diffusivity; (qq) is the heat generation by deformation and (F,B,E,G,a,f) are

constants.

In order to demonstrate the validity of the formulation procedure, result
predicted from this scheme was compared with analytical solution for a problem
having a regular boundary. Application to atypical metal forming process having

curved boundaries is then included such as rolling.

At the same year Tseng [ 1] submitted a numerical heat transfer analysis
of strip rolling process and used the same finite difference technique that used in
Ref. [Y°] but with other rolling dimensions and other cooling conditions. Good
correspondence was found when the result of this analysis was compared with

analytic solutions.

Dadras and wells [YVY] used a finite different solution for the transient
heat transfer during axi-symmetric compression. The interfacial film between the
die and the billet has been included in the analysis, and all modes of heat transfer
have been taken into account. The result of a parallel experimental study has also
been presented. The effects of geometrical and physical characteristics of the
billet and the die on the heat transfer process, particularly on die heating, have

been systematically investigated.

Tseng et al. [YA] found that the proper roll cooling has been identified as

a critical factor in the problem of excessive roll spalling and poor thermal
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crowing in modern high speed rolling rolls for the following roll and strip
governing equations respectively;

o, _ o™, L1t +i82Tr
a, 00  or? r or  r? 592

(7Y

and

asz _ Vs)average oTy n g _
ayz o oxX K

0 ve(1-4)

As well as, an analytical model (Forier integral technique) has been
developed to determine the temperature profiles of the roll and the strip
simultaneously as;

T7(F0) =~ Mo (A) Mo (AT )/ DA S 04 () ~ 5 (Ar”)
n=1
—n(0 ~ D) +si[n& — O, (A;) + O (AT )} + AM1 (A M, (Arr)
/IND(A,) Bi]*{sin[ ©4(A,) — O, (Ar") = (0 — @) - 7/4]
+sin[ N — O (A,) + Oy (AF) + 7/413}
wo(1-9)

and

2
Ts(x,y):To+é+[qd G j X +qsh(x)[1_(LJ ]
3 h(x) I<sVs)average 2k, |3 h(x)

4 (gh() . N&ED" | (nr ) ax nr
+?( 2ks +Ajnzzll n’ eXpl: (h(x)j Vs)average]CO{h(X) y]
e(F19)

where superscript (*) refers to the dimensionless quantity; (T,) is the strip

entering temperature; (A=(T,, — T, )/[(y/h(x))?@+k, /H h(x))]); (H,) is the
ambient heat transfer coefficient; (k) is the thermal conductivity; (h(x)) is the

instantaneous strip thickness; (V) is the velocity; (@) is the bite angle; (Bi) is the
Biot number; (A, =,/nPe); (Pe) is the Peclet Number and (M, and ©,,) are the

modulus and phase of Kelvin function and can be defined as;
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MZ2(A,)=Ber?(A)+Bei2(A,), m=+ or cea(T-11)
and
_ Bein (Ay)
@m(An)_arctan{Berm(An)}, m or we(F-11)

Here (Ber,and Bei,,) are the real and imaginary parts of Kelvin functions
respectively. The function of (D(A,)) in Eqg. (Y-%) can be defined as

(D(A,) =22 +22), where
Z, = Ber, (A,) +~nPe/2[Ber; (A,) + Bei; (A,)]/Bi
Z, =Bei, (A,) —vnPe/2[Ber, (A,) — Bei; (A,)]/Bi

This model used basic heat transfer theory and provided the capability of

(111

studying the influence of operating parameters on both the work roll and work
piece temperatures. Examples on cold and hot rolling of aluminum alloys were

given to demonstrate the feasibility and capability of the model developed.

Remn [¢] used the Laplace and inverse transform analytic technique to
study the two dimensional unsteady thermal behavior of work rolls in rolling
process. This work included the heat generated by the friction at the interface and
by the deformation in the strip. It was found that the transient cooling behavior of

the roll affects the temperature distribution and the thermal profile.

This article proposed a semi-analytical solution to solve the temperature
field of the work roll that is subjected to various cooling and heating boundary
conditions during a rolling campaign. The complete solution for various

boundary conditions is superimposed by related individual solutions.

Chang [ 4] submitted an efficient way of calculating temperatures in the
strip rolling process. Finite difference formulations were used in the rolling
direction and analytical solutions were applied normal to this direction, making

computational more efficient. Heat transfer in the sticking region was considered.

The influence of real area of contact on heat transfer is also taken into

consideration, resulting in a method capable of modeling the strip rolling process
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in any of several different lubrication regimes. This method provides good

temperature predictions.

r.r EXperimental Methods
Lee et al. [Y+] used an experimental program for predicting temperatures

in continuous hot strip rolls. During the period from November (Y1) to
February (Y 47Y) visits were made to five strip rolls in Britain, two in France, and
one each in Belgium and Holland. Of these rolls six were wide strip rolls, two
were medium strip rolls, and one askelp roll. All the rolls had continuous
finishing trains and all were rolling mild steel strip of various widths and
finishing thickness from (+.YYA) in. down to (+.+7¢) in. Measurements were
made at each roll to determine the strip temperatures of individual slabs before
each stand and to make as many measurements (exit gage, speed and power
consumption of each stand) as possible of the roll parameters which were

thorough to influence inter stand temperatures.

The experimental work done by Karagiozis and Lenard [%] shows the
dependence of the temperature distribution during hot rolling of a steel slab on
the speed of rolling, reduction ratio and initial temperature were investigated. It
was observed that while the center of the slab cools, the surface loses heat at
a rate which significant re-heating occurs. The different parts of the slab receive
significantly different thermal mechanical treatments, then it is possibly resulting

in a non-homogeneous product.

In the experimental measurements, the measuring of the local temperature
change in the bite could be a big challenge [Y1]. For instant, the total time that
the strip passes through the bite lasts about (+.A) ms. A pyrometer response time
less than ()++) microseconds are required to detect this type of temperature
changes. Similarly, in numerical analyses, if the mesh used in the bite area is
relatively coarse, the temperature drop described before could also be difficult to

predict.
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r.* Scope of the Present Work
Most of the forgoing models such as Zienkiewicz et al. [} +] simulate either

the roll or the strip alone. However, the rolling process involves the heat
generated by deformation in the strip and friction at the roll-strip interface, and
the heat removed from the rolls by coolant and ambient air. Therefore, the strip

and the roll should be solved simultaneously.

Although, Lahoti et al. [Y] consider the strip and the roll simultaneously,
the portion of the roll where cooling impinges was not modeled. So, their model
cannot be used to study the influence of changing rolling practices, and artificial

boundary conditions must be assumed along the radial boundary of the portion.

Moreover, their finite difference formulation requires an orthogonal type
mesh, but the mesh actually was arranged non-orthogonal in the deformed strip
region. Current numerical model are, therefore, either inefficient or have distinct

limitations.

The present study enables extensive parametric studies to be performed at
a reasonable time. It also represents the first step in lrag up to extent of the
present author knowledge, which permits on-line simulation in this field. The
model considers some of the major processing parameters and has the capability
of studying the influences of cooling practices on both the roll and work piece

temperatures.

Finally, considering the heat transfer coefficient for spray cooling,
deformation heat generation behavior and the interface friction behavior remain
two of the greatest in certainties, the numerical model considered here may be the
considered as a good compromise, despite some simplifying assumptions made in

the model.
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The mathematical formulations of the problem will be presented in this
chapter. The geometry, assumptions, governing equations and the boundary

conditions, will be derived in terms of a suitable coordinate system.

+» Geometry and Coordinate System
In order to solve the governing equations with their auxiliary relations,

a proper choice of the coordinate system must first be made. For the problem
studied in the present work, the non-orthogonal fixed coordinate system and fixed
orthogonal coordinate system in the strip and in the roll is used respectively. In
other words, x-y coordinates in the strip and r-8 coordinate in the roll are used in

the present study, see Fig. (*-)).

A metal strip with a thickness (t,) enters the roll at the entrance. It passes
through the roll gap and leaves from exit with a reduced thickness (t;) as shown in
Fig. (v-)). From symmetry, only the upper half from the system needs to be
considered in the present study and the upper and lower rolls were lifted by the

bearings.

The roll has a radius (R) and rotates with an angular velocity (o).
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r.r Assumptions
In order to solve the problem mathematically and numerically, certain

simplifying assumptions were made and used. These are:

1. The strip and roll are long; therefore compared with the strip thickness; axial
heat conduction can be neglected.

Y. The thermal properties (k&a) are uniform (isotropic) throughout the roll and
strip and independent of temperature.

¥. The roll rotational speed is constant then, the steady state conditions are
considered for both strip and roll.

£, Since tremendous rolling pressure builds up in the interface then, the surface
roughness became insignificant, and the film is very thin, on the order of micron,
therefore, the thermal resistance of the film can be neglected.

¢, The roll has rigid circular geometry, in other words, neglects the flatness of
the arc of contact.

1. The interface friction follows the coulomb friction law with constant
coefficient of friction, i.e., assuming constant friction coefficient.

Y. No increase in width, so that the vertical compression of the metal is
translated into an elongation in the rolling direction.

A, Uniform entry temperature.

. The deformation through any vertical section is assumed to be uniform in the

strip.
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r.r Governing Equations
~r.+ Energy Equations
r.r.1.1 Strip Energy Equation

The temperature field (T) of a moving body with homogenous and
isotropic properties is governed by the partial differential equation expressing the
conservation of energyj, i.e.

br _ot
Dr oOr
where (D/Dr)is the substantial derivatives; (V )is the Laplacian operator; (q) is

+VVT =aV?T +q/pc (=)

the rate of heat generation per unit volume; and («, p and c) are the thermal
diffusivity, density and specific heat respectively. Many metal-forming problems
of engineering interest can be modeled by using two-dimensional steady state

representation (6T /7 = 0). Using an Eulerian description, the above equation for

a planer steady state problem as shown in references ['° and )] becomes;

T, oT o°T,  8°T
Gl S rien e
where (u) and (v) the velocity component in (x and y)directions respectively,
which should satisfy the equation of continuity, the subscript (s) refers to the strip

properties.

r.r.1.r Roll Energy Equation
The temperature field (T) of a rotating cylinder with homogenous and

isotropic properties is governed by the partial differential equation expressing the
conservation of energyj, i.e.

br_or
Dr oOr
The roll rotates at constant speed, so that the temperature variation

+VVT =aV?T (17

becomes cyclic steady state, then the Eq. (v-) becomes;

VVT =aV>2T wee(1-9)
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With respect to a fixed Eulerian reference frame, the governing partial
differential equation of the roll temperature (T,) as shown in [T and YA] is:

w 0T, 9°T, Lot 1 o°T,

= cu(7-9)
a, 00  or? r o r? 992

where (r) and (0) are the cylindrical coordinates; (w) is the roll angular velocity;

and the subscript (r) refers to the roll properties.

r.r.r Heat Penetration Depth ()
In rolling process, the work roll experiences a considerable increases in

temperature and complex cyclic steady-state temperature established within the

work rolls, especially near the surface.

Rolls are usually cooled to a void the excessive heating. The cyclic steady-
state temperature occurs only in a thin layer near the roll surface, and the centre
core of the roll was assumed to be at a constant uniform temperature under steady

state condition as shown by Patula [Y'], Bryant ['¢] and Tseng ['¢ and 1].

This boundary layer behavior plays an important rule in determining the
transfer of heat from the hot metal to the rolls and represents the main source of
cyclic roll temperature stresses as showed by Patula [Y]. Similar to the boundary
layer theory, the thermal boundary layer can be defined as the distance from the

roll surface as shown in Fig. (*-Y).

In fact, many investigators such as Patula [''] and Gecim and Winer [Y\]
discussed this thermal layer, and it was found it has a tremendous influence on

the thermal stress pattern.

The concept of the thermal layer has also been applied to a numerical
analysis by Tseng ['%] and in the present study, it has been improved

computational accuracy.
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According to Tseng ['1], (6/R) can be found as a function of the Peclet
number (Pe= Rza)/ar). Alternately, following Patula [Y‘], showed that

(5/R<4.24/-/Pe), when (J/Pe>>+), a condition satisfied in most commercial

strip rolling.

Based on a numerical study of Tseng ['*] the
o__ 1 (1)
R /Pe

is large enough for the numerical model.

For rolling situations involving high speeds, the penetration would be
significantly less where
R2w

Ay

Pe = (1Y)

Then, substitute Eq. (*-Y) in Eq. (*-1), then;

- s
(0]

Conversely, for lower rotational speeds, the penetration would be greater.

Based on Tseng et al. [YA], the boundary layer thickness can be found as;

2 2008i(V2Bi/\Pe +2)
JPe-1 | @./Pe/2(Bi?/Pe + v2Bi/+/Pe + 1)

As indicated in Eq. (v-?), the thermal layer thickness depend not only on

o

(79

the Peclet number, but also on Biot number (Bi), and the bite angle (@ ). This
improves the previous layer thickness predictions by Patula [Y'] and Tseng ['*].
Their approximations indicate that the thickness is a function of Peclet number
only. In the present study, Eq. (*-A) is considered instead of Eq. (¥-4) because the

constant heat transfer coefficient is assumed in Eq. (*-4).
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r.r.» Cooling Heat Transfer Coefficient
Knowledge of the heat transfer coefficient of cooling is essential in

evaluating the process numerically. The change in the temperature distribution
occurs when the sprays, atmospheres, and back up roll contact cool the roll. Here
the usual practice is followed of representing this component by a convective-
cooling parameter that is assumed to be variable through this study; of all the

various cooling mechanisms.

It is clear that, in any temperature model, certain coefficients must
inevitably be fitted to experimental data (heat transfer coefficients, thermal
conductivity, etc.), it would be preferable for such coefficients to have some
physical basis. This is especially important when models are used off-line to
predict plant behavior, rather than in on-line control applications where

coefficients can continuously be adapted from process measurements, this is

showed by Bryant [ Y].

As mentioned by Tseng et al. [ A], the heat transfer coefficient is greatly

affected by the spray nozzle configuration, spray header arrangement, flow rates,

roll speed, roll surface temperature, and other operating factors.

Many investigators have studied the heat transfer coefficient. However,
a few qualitative results have been reported from these investigations. With such
a simulation, the effect of spray-coolant geometry on the roll-temperature cycle
can be studied. General trends from such studies shown in reference [ £] are: -
= The heat is extracted most efficiently near the roll-gap exit.
= Wide-cooling spray angles tend to be less efficient as the heat flow from the
boundary layer rapidly diminishes after the initial contact with the spray.
= Several small coolant sprays are more efficient than one, which is large,
especially if time is allowed between contact with each spray for the heat to flow

from the roll center into the boundary layer.
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It is to be noted that at very high rolling speeds (say, }° m/s) as shown by

Tseng [YA], the temperature variation is localized within a very thin layer near

the roll surface as mentioned earlier. As a result, this makes the measurement of

heat flux or heat transfer coefficient extremely difficult.

For around jet with diameter (d), the heat transfer coefficient can be

approximated by Tseng [YA] as;

k | 0.4
H= 0.42(?”] Re%%% pro03 (Hj (110

where (k. ) is the thermal conductivity of coolant; (1) is the distance from the
spray jet to the roll; (Re=V,d/v,)is the Reynolds number of jet
flow; (Pr=v_/a,) is the Prandtle number of coolant; (V) is the average
velocity of the spray; and (v.) is the kinematics viscosity of the coolant.
Eq. (Y-) +) is an appropriate relationship as long as the value of (I/d) is in the

range of (° to 1 +) as shown by Tseng [ A], suitable for most of the water- based

cooling systems used in the aluminum industry.

As mentioned by Tseng [)°], the mean film coefficient of the water

cooling spray is about (¥.¢ W/ch.OC) over about Y+ degrees of the roll
circumference. The secondary cooling produced by water puddling varies from
(*.YA to +.A® W/cm'°C) as shown in Fig. (*-¥). The two peak squares

represent the entry and exit cooling. The remaining area is covered by puddling.

The convection heat transfers coefficient for a typical water-cooling spray

by two jets as shown in Fig. (Y-¢) impinging on a rotating roll was reported by
Tseng [Y1]. The convection heat transfer for typical water cooling spray
described in Fig. (¥-£) varies from (+.A® W/cm'.°C to ¥.£ W/cm'.°C) along the

roll circumference as shown in Fig. (¥-°). The heat transfers coefficient as
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presented in Fig. (Y-2) varies as half sine curve to simulate both the entry and
exit coolings. Then for nozzles with a certain dimensions and arrangement in
Fig. (Y-¢) the heat transfer coefficient can be approximated by Tseng [} 1] as;

H (6) =0.85+ 2.55sin(6)| w(121)
where

2r <6< @° (1510
Through (@) the roll is in contact with the strip (bite angle) as shown in
Figs (¥-)), (v-¥) and (¥-1).

The Eqg. (¥-')) can be plotted in (x-y) coordinate, as shown in Fig. (¥-1),
where the (y-axis) coordinate represents the heat transfer coefficient (H (0);
W/cm'.°C), and the (x-axis) coordinate represents the angular location along the

circumference (6).

Then the final two cases of water cooling spray, Figs. (¥-Y) and (¥-1) are

considered in the present study to simulate the entry and exit coolings during the

rolling process.

Some researchers assumed that the heat transfer coefficient is constant

such as Refs. [ Y, Y and Y 1].

r.r.« Flow of Metal in Rolling
The flow of metal under the arc of contact is determined by assuming that

the volume flow rate through any vertical section is constant. The first
approximation in this section, neglect the increase in width results, so that the

vertical compression of metal is translated into elongation in the rolling direction.

A metal strip with a thickness (t,) enters the roll at the entrance plane (XX)
with velocity (u,). It passes through the roll gap and leaves the exit plane (YY)
with a reduction thickness (t; ) and velocity (us ) as shown in Fig. (*-)).
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Since equal volumes of metal must pass at a given point per unit time,
then;
Wt u, =Wtu =Wt u; wee(711)
where (W) is the width of strip; (u) is the velocity at any thickness (t)

intermediate between (t,) and (t).

In order that vertical elements remain undistorted, Eq. (Y-Y) requires that

the exit velocity must be greater than entrance velocity. Therefore, the velocity of

strip must steadily increase from entrance to exit.

At only one point along the arc of contact between the roll and strip is the
surface velocity of the roller (V,) equal the velocity of the strip. This point is
called the neutral point or no-slip point and the plane at this point is known as

neutral plane. The thickness of the strip at this point is called neutral thickness

(t,) and the angle is called neutral angle (@,,). This point is indicated in Fig. (Y-

V) by point (N).

At any point along the arc of contact, such as point (A) in Fig. (¥-)), two

forces act on the metal. These are roll pressure (P,) and tangential force (F).

Between the entrance plane and the neutral point, the strip is moving

slower than the roll surface, and the friction force acts in the direction as shown
in Fig. (¥-)) to draw the metal into the roll gap. On the exit side of the neutral
point the strip moves faster than the roll surface, the direction of the frictional
force is then reversed as shown in Fig. (Y-V), so that it acts to oppose the delivery

of the strip from the roll. The locations of the neutral point somewhere between
the exit section and halfway point on the contact surface (plane ZZ). The location

of the neutral point depends mainly on the friction condition as shown by Guo

and Kobayashi [Y].
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The above description represents the standard conditions of rolling process,
and it was explained how the frictional forces change their direction at the neutral

point. However, if large back tension or heavy draught is applied, the neutral
point shifts toward the exit of the roll (exit plane) as shown in Fig. (¥-A) and the
metal will slip on the roll surface, this is shown by Robert [YY]. This (back

tension) condition is considered in the present study.

The usual technological approach to the rolling problem proceeds by first
finding the position of the neutral point. For the case of standard conditions of
rolling, Johnson [V] present the equilibrium equation on the exit side of the gap,
as shown in Fig. (¥-9);
hdp — o (cot @ + 2)dh =0 (P14

where (o) is the strip yield stress (N/cm").

Since half strip thickness is considered i.e., (h; =t; /2), and;

2

h=h;, +as¢— ce(1219)
2
and
/Z(h—hfi
tino=z=d= .| ———
R
or
coto == R vee(7-1)
2\h —h;

Substitution Eq. (¥-'1) in Eq. (¥-)¢), then;

hdp—a{ 2th +2th=0
-

R1 dh dh
do = == y ,
p GS|: > h h—hf + h] (f' H/)

Yv

or




Chapter Three e Mathematical Analysis
Integrating Eq. (¥-)v) and noting that (p =20) at (h=h;) as shown by

Johnson and Kudo [Y] thus;

h—h
p, =20 R ant L (7 14)
oh, h, h,

where ( p,) refers to the pressure distribution from neutral point to exit plane .

A similar procedure on the entry side gives, when (p =20)at (h=h,)

h, —h h—nh
p; =20, R nt [0 g U L (7 19)
2h, hy hy he

where ( p,) refers to the pressure distribution from entrance to the neutral point

and (h, =t,/2).

The neutral point is given by ( p; = p,) and thus;

h, —h h, —h
20 itan‘1 ° ' _tant |~ 1 +Inh—”+1=
\ 2h, \ by \ h h,
h, —h h
20 B L AL
2h, h, h,

Rearranging and simplifying the above equality, thus;

2h h h, —h
h, =h; tan? Z(W/?flnh—f+tan1 | Oh f J+ hy WD
0 f

For the case of a large back tension or heavy draught to be applied, the

neutral point shifts toward the exit plane as predicted by Robert [YY] and Yun

et al. [Y¥] then;
ty =t, w(7-1))
At the neutral point the velocity of the strip (V;) is equal to the roll surface
velocity (V,) as predicted by Tseng [Y¢ and Y1] and Lahoti [¥].
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It was obvious that the particles move on curved streamlines in the
deformed region. Then these moving particles have two components of velocity,
one of these in x-direction is denoted by (u) and the other in y-direction is
denoted by (v). Recall Eq. (*-'¥), then;

Wtou, =Wtiu e =Wtu=Wt,V, cn(r-11)
Thus;
tn
u:TVr (-1
When the equation of continuity is satisfied then;
ou ov
—+—=0 w(1-11)
OX oy
Substitute Eq. (v-¥Y) in Eq. (¥-Y¥) thus;
t
ﬁi—”vr}@:o (1= 1)
ox\ t oy
After some arrangement the Eq. (¥-Y¢) gives;
t dt
dv=-2V. —d s (110
2 Tax ) (r=19)

After integration Eqg. (v-Y¢) becomes;

t dt
V=t—2Vr&y (P17

where (dt/dx) is the slope of the arc of contact at any (x).

To check whether the neutral point at the exit plane, see Fig. (*-\+), then;
V, =V =vu? +v? ce(121Y)

Substitute Egs. (¥-YY), (v-¥1) and (*-Y)) in Eq. (¥-YV), then;

2 2
V, = (t—”v,j + t—“zvrﬂtn cee (1= 1A)
t, t, dx

After the simplifications (dt/dx=0). Then, the arc of the contact has

(dt/dx =0) at the exit plane, i.e., at (t=t;) or (t,= t;).
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Lahoti et al. [¥] showed that the above velocity field is kinematically
admissible and describes the metal flow with acceptable accuracy. The most
popular technique in rolling analyses by Usama and Lenard [Y¢], and also are
quite similar to those found by a detailed finite element analysis by Guo and
Kobayashi [Y¥]. A finite element formulation to deal with the flow of metals

coupled with thermal effects was presented by Zienkiewiewicz et al. [) ]

r.r.e Heat Generation by Plastic Deformation and Friction
As shown by Barber [Y°] and Wilson and Sheu [Y1]. The heat generation

during rolling due to the plastic deformation of the strip or at the interface. The

distribution of the heat depends on the nature of these interactions.

In the rolling process, most of the power input goes to deform the strip and
overcome the friction resistance along the roll-strip interface. The remaining
power is dissipated as friction energy in the mill stand, particularly in the back up

bearing.

In the present study, the deformation heat is distributed in the strip in
proportion to the local effective strain rate and same as that distributed in
Ref. [Ye];

Eot =1/(6,) + (&) (119

2 2
e =\/(Z—ij +(%j (P

In general, the deformation heat is proportional to both the strain rate and

or

the flow stress, then;
Q4 € Eeif Os) flow (1
)
where (Qq) is the deformation heat generation (Kw); (&q ) is the strip effective

strain rate (V/s) and (o )sow ) IS the strip flow stress (N/cm).
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The distribution assumed in Eq. (*-¥V) implies that the flow stress variation
is small compared with very large strain rate as showed by Zienkiewicz et al. [ +]
and Tseng ['1] then;

Qg € Eeft (72N
Recall Egs. (¥-YY) and (¥-Y¥) respectively;
u:h—”VIr (-1
h
N ry
x oy (110
At (y=h) the Eq. (*-Y¥) becomes;
ov ou
— = (1T
oh OX (="
Substitute the Eq. (¥-vv) in Eq. (*-¥+), then;
ou (-
Eeff = \/E& f'f)
Substitute Eq. (*-YY) in Eq. (¥-7¢), then;
_ 50 (h (1
et ﬁa(WVrj ro)
After differentiation the Eq. (¥-v¢), then
Ny, dh P
et =—J§h—gvr ™ (PP

where ( h,) is the half thickness of the strip at the neutral point.

In principle, information on heat generation by friction can be analytically
predicted or directly measured. However, the greatest uncertainty in the analytic
approach is in modeling the friction behavior, which still is not completely
understood, as shown by Tseng ['e and ‘1]. This uncertainty greatly affects
predicting not only the friction energy but also the neutral point and consequently
the velocities and the deformation heat generation rate.

The study of aluminum rolling by Usama and Lenard [Y¢] is based on

coulomb friction law with constant coefficient that exists between the rolls and

A



Chapter Three —_—  Mathematical Analysis

strip. As shown by Tseng [Y¢ and 1], these numerical predictions of the roll
separating force can match the measured data reasonably well, but there is more
than a ()« + percent) difference in predicted and measured torque because of the
allocation in the total energy measured to the various sources of energy
consumption. On the other hand, if the torque matches well the difference in
predicted and measured forces may be more than (V.. percent) for the same

reason.

In the present study, the friction heat is distributed along the interface in
proportion to the magnitude of the slip (relative velocity) between the roll and the
strip as shown in Fig. (¥-))). Which suggests that the interface friction follows
either the Coulomb-type friction or constant shear stress friction as studied by

Usama and Lenard [Y¢] and Guo and Kobayashi [Y], then;
Qg OCVslip e (T-1Y)
where (Qj ) is the heat generation by friction (kW).

It is well known from Fig. (¥-))) that the slip velocity is;
Vslip :‘Vr _Vs‘ cer(T-TA)
Substitute Eq. (v-YVY) but at any (t) in Eq. (¥-YA) then;

V, —Ju? +v2‘ (1)

where (Vi) is the slip velocity (cm/s) between the roll surface velocity and the

\Y

slip =

velocity of the strip at the interface, i.e., at (y = h(x)).

The input data of the heat generation by deformation and friction will be
obtained from direct measurement of the power and it is considered in the present

study, because of the mentioned uncertainty.

In order to calculate the rate of heat generation by plastic deformation (qq)
(kw/cm’) and the rate of heat generation by friction (gs) (KW/cm"). It should be

vy
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divided the deformation heat by deformation volume (cm") and the frictional

energy by apparent contacting area (cm') as shown in Fig. (¥-1Y) then;

h: +h,
A=l o e(T-50)
where (A)) is the trapezoidal area (cm®) as shown in Fig. (¥-)Y) and;

2 2 2 2
AZ:\/XO+(hO_hf) \/Rg_xo"'(ho_hf) ".(f'-f?)
2 4

where (A:) is the triangular area (cm") as shown in Fig. (*-)¥) and;

@ >
Ay =——1R (1= 4

3 = 360 (-4

where (A)) is the pie area (cm") as shown in Fig. (*-VY) then;

where (A.) is the piece area (cm’) as shown in Fig. (¥-)Y).

Thus, the area of deformed volume (A; =2(A, — Ay)) or;

B hs + hg B 3 5
Ad_z{ 2 JXO (%oﬂRj

+[\/Xg+(h°_hf)2\/R2_X§+(hohf)z} (12 E1)

the number (Y) refers to the upper and lower halves.

The deformation volume (Voly = Ay W) then;

h: +h
Voly =2W{| ——2 |x, —[ﬂzﬁzzj
2 360

X§+(o— f)2 , Xo+(hy—h¢ P ()
{J h2 h \/R ¢+ (b —hy) }

4

and the apparent contact area (area of friction) ,( A, = L,W ) then;

ry
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2
Ay =W \/R(to — L )—(to_—tf) (1

£9)

There is another method that can be used to calculate the area of
deformation. This method includes the integration of the arc of contact equation
from (- to Xx,), but this method was more complex than the above used method

then it was neglected.

r.« The Boundary Conditions
The ability to influence all other points in the domain from an interior

point implies that the boundary conditions are required on all the boundaries. The

boundary conditions can be any combination of the following: -

Dirichlet condition, e.g. T=constant.

Neumann (derivative) condition, e.g. 4T /on =constant.

Mixed or Robin condition, e.g. 6T/on = constant '+ constant r* (6T /an).

As shown by Tseng [Ye and 1], before entering and after exit the strip
into and from the roll bite respectively, the strip loses heat to the ambient air or
coolant by convection, see Fig. (¥-'¥), an important effect, especially in hot
rolling then;

—kséalns:Hoo(rs—Tw) (150

The strip entry temperature with a parabolic variation in the thickness

direction is often observed and can be expressed as mentioned by Ref. [A] as;

To=To (7 2Y)
kS

1+
H..h,

Ty (O’ Y):To +

Y
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where (T,) is the strip entry temperature at center; (T.,) is the strip ambient

temperature and (H., ) is the ambient heat transfer coefficient.

In the present study and in Refs. [Ye and 1], since the strip velocity
(or, more precisely, the strip Peclet number (V, t./as)) is high, the conduction
term, (asz/axz) becomes small in comparison with the convection term,
(udTg /ox). Thus the temperature at a short distance upstream of the initial

contact point should be the initial strip temperature (T,).

The boundary condition as shown by Tseng [ © and ) 1] at some distance
downstream (e.g., the contact length) from the exit contact point may be assumed
to be;

s _
OX

I.e., the temperature variation in the (x-direction) should be no longer

0 w (T2 E4)

sensitive to the location of the boundary as shown in Fig. (Y- Y).

As showed by Tseng [Y¢ and ‘1], because of the symmetry, the lower

horizontal boundary having;

aTg 0 (-
oy £9)
The boundary condition for the roll circumference is;
dT.(R,0
—kr%LH(e){n(R,e)—m f(72)

where (H (@)) is the heat transfer coefficient explained previously, the Eq. (¥-¢+)

represents the heat loss by convection to the coolant.

Since the roll is rotate rapidly, and all temperatures vary within a very thin
layer near the surface, only a thin layer needs to be modeled. The interior

boundary condition as shown by Tseng [) 1] becomes;

Yo
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ot (R-6).9)
or
where (&) is the depth of the skin layer.

-0 (=21

For the boundary condition at the interface, specific care is required. As
an example, a typical boundary condition frequently encountered in the metal
forming process is considered here. The body (strip) analyzed is assumed to be in
contact with another body (roll) and each moves relative to the other, creating the
friction heat along the interface. In addition, as mentioned by Tseng et al. [YA],
the heat flux out of the strip plus the friction energy must be equal to the heat flux
into the roll;

ds +d¢ =0y cee(1-2)
Mathematically, as shown by Tseng ['¢ and ‘1] the above boundary

condition (Eqg. (¥-°Y)) may be expressed as;

oT oT
ke| == | +k/|—="| —q4 =0 (1
s(anjb r(én jb qfr ( "r)

where (o/on) represents differentiation along the normal of the boundary

(positive outward); see Fig. (v-1¢); and () is the friction heat generated along
the interface. All special derivatives for the points at the interface must be

formulated using points located in their respective sides as follows;

ks(ﬂj =0, +0Q; a(1-24)
on ),
Then, from Fig. (v-)¢);
Sinﬂo :g—_?_
(%)
Ny ceu(F-29)
cosf, :2—_}
(%)
oX )y,

Substituting Eq. (¥-¢¢) in Eq. (*-°¢), thus:

¥
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ks(%j :k{@j Cosf, +K; s sin g, ce(1-27)
on J, oX ), % )y

where the angle ( 3,) specifies the direction as shown in Fig. (¥-)¢).

In the rolling process, tremendous pressure built up in the roll-strip
interface results in a very thin film layer on order of micron (about '+~ m)
according to Tseng [' 1] and Kanel and Dow [YVY], then the roll and strip come into
intimate contact. However, some coolant film or scale might also be accumulated
in the interface and the thermal resistance of this film or flame should be

considered.

Refs. [A, Y2 and )1], the interface resistance can be considered as

a function of the magnitude of the interface heat flux and if the average
assumption is also applied, the interface conduction can be expressed as;
(Ts)s
(Tr )b

where (C;) is the thermal resistance parameter. If the interface heat flux toward

=C, ceu(12Y)

the roll, then (C; >) and vice versa. The magnitude of (C;) should be determined

experimentally.

In the present study, the interface thermal resistance is assumed to be
insignificant. In other words, the surface temperature of the roll and strip
approach to the same value, i.e., (C;="), this showed by Tseng ['¢ and )1] and

Tseng et al. [YA].

If the roll is also to be analyzed by finite difference method thus;

oT.) (oT,) _ a
[Gn jb_(ar jb_f(To’Tr’qfr) v (1= 24)

where (T,), =T,),,) as indicated in Eq. (¥-oV).

Replacing (0T, /én), by the directional derivatives and (T, /én), by the

above expression and from Fig. (¥-)¢), Eqg. (v-°¥) becomes;

YV
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[%j cospf, + s sinﬂo+k—r(a-rrj —qizo wea(1-29)
oX )y, % ), ke\or ), kg

+.. Methods of Solution
The governing equation, Eq. (¥-Y), and its associated boundary conditions

described the problem suitable for solution by the Generalized Finite Difference
Method (GFDM) in the bite region (internal and interface nodes). The strip has
a curved boundary associated with a very complicated interface condition, and

here a non-orthogonal mesh is convenient. Therefore, (GFDM) is used.

After bite region (product), the mesh return to become orthogonal, then,
the solution of GFDM like their central finite difference counterpart in the
Conventional Finite Difference Method (CFDM).

Similarly, because of the circular geometry of the roll, the CFDM
formulation based on cylindrical coordinate is more convenient to solve the

energy equation, Eq. (¥-¢), and therefore is used to solve the roll.

As a result from the study of Tseng [Y1], Murli et al. [YA], and Roach [Y4]
the solution of the GFDM and CFDM displays non-physical oscillation at high
Peclet number, then in the present study, the up-wind scheme is employed to

achieve the numerical instability.
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|
Fig. (¥-°): Roll Heat Transfer Coefficient
Variation Representation.
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Fig. (¥-4): For Approximate Analysis of Rolling, Ref. [V].

Fig. (Y-) *): The Equality of the Roll Surface and Strip
Velocities at the Neutral Point.
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Interface

Fig. (Y-))): The Relative Velocity Between
the Roll and Strip.
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Fig. (¥-1Y): The Method of Calculation
of the Deformation Area.
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¢ Numerical Solution

Mostly heat conduction problems involving simple geometries with simple
boundary conditions had been considered because only such simple problems can
be solved analytically. But many problems encountered in practice involving
complicated geometry with complex boundary conditions or variable properties
cannot be solved analytically. In such case, sufficiently accurate approximate

solutions can be obtained by computers using a numerical method.

In this chapter, the task of constructing the grid generation, a numerical
method for solving the governing partial differential Egs. (Y-Y) and (¥-2) which

governs the physical process of interest, the boundary conditions representation,

the numerical calculation algorithm and the computer program.

£, ) Grid (Mesh) Generation

The solution of system of partial differential equations can be greatly
simplified by a well-constructed grid. It is also true that a grid, which is not well
suited to the problem, can lead to an unsatisfactory result. In some applications,
improper choice of grid point locations can lead to apparent instability or lack of
convergence. One of the central problems in computing numerical solutions to

partial differential equations is that of grid generation as illustrated by Anderson
etal. [V+].
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The first step in the calculation of the mesh generation is to find the
equation of the arc of contact. By ignoring the elastic deformation (flattening) of
the roll at the surface of contact and considering half strip thickness. Therefore,

£ . : : .
the arc of contact can be assumed as a portion from circle circumference with

radius (R) and (X,, (R+h;)) as center, as shown in Fig. (¢-)).
(x—x0)2+(y—(hf +R))2:R2 (£-))
Rearranging Eq. (£-)) and taking the square root for the two sides, thus;

y— (hf+R) +\/R2 (x—x, ) (£

+ and - signs for the right hand side of Eq. (£-Y) refer to the lower and

upper semi circles respectively.

During the rolling process the lower semi circle is in contact with the strip

as shown in Fig. (€-)), then it is to be considered in the calculations, then;

y=h(x)=(h; +R)=/RZ =(x—x, ) (£1)

where h (x), is the arc of the contact equation.

The grid system used for calculating temperature in strip rolling includes
half of the strip thickness. The upstream (billet) and down stream (product)
regions have uniformly spaced grid lines in both x and y directions, but the roll
gap (bite) region have non-uniformly spaced grid lines (non-orthogonal mesh) in

both x and y directions.

The arc of contact is divided in a specified number of divisions of equal
lengths as shown in Fig. (€-Y). With the same procedure, the half-thickness of

the deforming strip is also divided into elements of equal height at a certain

location in the roll gap. In general, the mesh in y-direction is uniformly

distributed over the local thickness of the strip as reported by Tseng [ ©].

1 2%
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To represent the previous description analytically, from Fig. (¢-Y) and
from trigonometric substitutions it can be written;

R2-(R—h, +h; J
R )
R—-h, +h;

@ =tan

w(4-9)

and
X, =Rsin @ (£-9)
The arc of contact is then divided into a specific number of divisions of
equal lengths, therefore, let us assume that the number of divisions is (n), then;

A(ng (5
n

The problem becomes how to find the x and y coordinates for the points

from ¢, ),...,n on the arc of contact.

where Xo,X),.......X, and Xo X1,......,xn are shown in Fig. (£-Y), then;

X, = Rsin(l4®)

X3 = Rsin(24®) )

X, = Rsin(34®) -
"

X = Rsin(i40)

where, i=+ ... n
It becomes well obvious from Fig. (£-Y) that the;
X; =Xo — X; (-4

¢ A
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After substitution Eq. (£-Y) in Eq. (¢-A), then;

X5 =Xo = Xs
Xs = X, — Rsin (04®)

Xy =X, — Xg
X, = X, — Rsin(14®) e (%
X3 = X — X3 %

X3 = X, — Rsin (24)

;((n—i) =X, — Rsin (iACD)
After calculating the values of x-coordinates for these points, to get the
values of y-coordinates for the same points. By substituting the Eq. (£-%) in the

arc of contact Eq. (£-Y), then;

h(x(ni))=(hs +R)=RyL-sin?(ia®) (%

f 0)

Since (4
sin?(id®)=1-cos*(i4®) )

After substitution Eq. (¢-)))inEq. (¢-)+), thus;
wo(¥-
i

An angular and radial mesh is used for the roll. The grid lines in the roll in

h(X(_i))=h¢ +R@L-codid®))

the radial direction are distributed uniformly within a thin layer of thickness (o)

as shown in Fig. (£-Y).

Lahoti et al. [Y] assumed that the grid lines in the roll in the radial

direction are distributed logarithmically within a thin layer with a certain
thickness. In order to solve the problem simultaneously, the roll mesh is refined

near the bite region to match that use in strip (i.e., non-uniform mesh in 6

1)
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direction are adopted). The mesh generation obtained for the strip and roll can be

shown in Figs. (¢-Y) and (¢-¢£).

As reported by Tseng [ @], Liszka and Orkisz [Y')] and Sienkiewicz et al.

[Y +], no difficulty was expected when the mesh generation codes developed for

the finite element shemes were used.

£, ¥ Generalized Finite Difference Method (GFDM)

Applying the finite difference methods to heat transfer problems has
become an established practice. In the past, much effort has been spent on
developing techniques to cope with the difficulties involved, e.g. the irregular
boundaries and the inaccuracies in region having rapidly change in temperature
gradients. Among the most successful of these schemes is the arbitrary irregular
mesh approach or the Generalized Finite Difference Method (GFDM).

The GFDM was initiated in Y3+, Development proceeded from the
mesh being partially regular in subdomains; to its being irregular, but with
restricted topology; to its being fully arbitrary irregular. This method has had

recent successful application to heat transfer problems.

The GFDM, like its centre difference counter part in the CFDM, is
extremely used in the problems involving both conduction and convection, where
convection is dominant or more precisely, the Peclet number is high. When the
Peclet number becomes very large, the conduction term will be very small,

thereby enabling the convection terms to induce a numerical instability.

£, "Numerical Formulation
The numerical methods for solving differential equations are based on

replacing the differential equations by algebraic equations. In the case of the
popular finite difference method, this is done by replacing the derivatives by
differences. Below the demonstration of this with both (GFDM) and (CFDM).
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£, F, )- Governing Equations Representation

£,r, 1. 1- Strip Governing Equation Representation
The essence of GFDM is its ability to obtain the needed derivative expression at

a given point as a function of arbitrarily located neighboring points.

As reported by Tseng [Y© and 7] for any sufficiently differentiable

function, T (x,y), in a given domain has Taylor series expansion about a point

(Xo,Yo) Up to second order terms can be written as;

2( 42 2( 2 2
Ti:T0+mi[ﬂj +n, a) . m g $ 0 g +min, o1 (510
oy Ny )y 2 ) 2\ o), oy )

where  (Ti=T(X,Yi), To=T(Xo,Yo), M=X-X,)and (n= y-y,). Five independent
equations, similar to Eq. (£-) €), can be obtained by using five arbitrarily located

neighboring points (x;,y;), i=/,..., ©, as shown in Fig. (£-°).

Let (T =Tgi(Xi,Y;)), then (m; =x; — X, ) and (n; =y; — Y,), then;

2 ( A2 2 (A2 2
Tsi:Tso+mi(aTsj +ni[aTsj +mi[a ESJ +ni(a -I;S] +mini[aTS] "‘(f-
X ), )y 2\ ) 2(af), oxdy ).

)

or

o)
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oT oT 2(0%T 2(0%T 0T

Tsz_Tso+m2(sj +n2[8y5] +rT122 > nzz | +m,n, 66’)5/
X /o 0 x° ), ¥V ), X ),

oT oT m2 ( 6°T n2 (o°T o°T

Tes Tso+m3[sj +n3[aSJ + 23 - 5 73 6‘y28 +MgNy 688
X ) y J, x* ) . Xy )

oT oT 2(0%T 2(0%T 0T

Ts4_Tso+m4(S] +n4[ SJ M > LN | +myn, s
X Jo 8y o 2 OX o 2 ay o 8x6y o

oT oT m2 ( 0°T nZ (0°T 0T

T55—Tso+m5(sJ gl — | +— I S o4mgng s
X )y o ), 2| ox? . 2 | oy? . OX0y .

(£19)
If the first special derivatives (aTS/ax...aZTS /axé'y)at point (Xo, Vo) can
computed in terms of the functional values at five neighboring points, see

Fig. (£-°). In matrix form, as mentioned in Ref. [Y© and ) 1];

m n, m2/2 n2/2 mn, || OTg/ox | [Tg —Ts
m, N, m3/2 n3/2 myn, || OTs/y Ts2 = Tso
m; Ny m§/2 n§/2 M3Ny, asz/a X2 =1Ts3 —Tgo ¢ w(4-) 7)
me n, m2/2 n2/2 mun, || 0T V| |Tes —Teo
ms Ns M3 /2 ng /2 MsNg 0°T, /5X5y (Tss = Tso

or

|.'A1 J{ } TSI Tso} i, j=),Y,...0 (51

Inverse of the matrix [A;;] leads to;
DT }=1Bi; [Tsi —Teo) i, j=),Y,....° (814
where [B;;] is the inverse of [A;j]. If matrix [A;j] is ill conditioned or singular,
a technique developed by Perron and Kao [Y'Y] can be used to obtain acceptable

derivative approximations {DT;}.

Rearranging Eq. (£-)A), then;

oY
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DTgt=1Bi Ty}  i=)..0j="..0 (519

where;

5
Bio =—2. Bj (510

j=1
Finally the special derivatives at point (x,, Y,) can be found as reported by

Tseng [} °] as;

oT >
(aXSj = > By T, . (¥-713)
0 J=0
£
o7 c ool
( S] :ZBZj Tsj
%N Jo j=o )
o°T, 5 £19
P ZZBSJ. TSj ..(4-Tlc)
o =0
07T, > ’Rar
> = > By Ty, (- T1d)
o 70

Substituting the Eqgs. (£-Y+), (¢-YVa), (¢-Yb), (¢-Y)c) and (£-YVd) in
the strip governing Eq. (Y-Y), an algebraic approximation for each internal point
was as reported by Tseng [} ©];

5
B Qd/PsCs _ijl(uoBlj +VoByj —a Byj —ag B4j)Tsj
uoBlo +Vy BZO — Uy (B3O + B40)

T, Was

For the boundary points, spatial care is required. Substituting Eq. (¥-2%)
with (3T, /or), =((T,, —T,)/4r) and (4r=r,-r;) into Eq. (¢-)¢), from
equation (V- 9) after the final substitution, eliminate (6T, /ox), or (T /dy), . If
(B, #0o0r =), keep (3T, /o), and find;

oy
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T 0T 0T
'Qi:a+aﬂnﬁw4{mi+ayn{é;j +aﬁn+;{;] mf+;( ;jrﬁ
X o X" ) ¥V ), (5T

[aZT ]
m;n;
oxoy

where
ksArsin g,
a, =—cot g3, (579
1 k
dg=——_——|—T, + (577
357 W1ﬂ0(Ar QHj ( )

As reported by Tseng [)©], upon providing four arbitrary selecting

neighboring points, Fig. (£-1), four independent equations similar to Eq. (£-YY)

can be obtained by following the procedure similar to that for treating the internal

points, then;
|.DijJ {DTsj}:{fi _Tso} I, (5 TY
=), ... ¢
where
o _Mitdn oM
" 14an 221+ an;)’ B2+ agn;)
D. —_Mifi e _Tsi—agn;
“T1vapn ' 1+ ayn,

and {DT} is column matrixes containing the four derivatives of Eq. (£-YY).
Adgain, inversion of [D;j] leads to
DTy j=|E; jf;§ i=)...8 )=, ¢ (B TA

where [E;j] is the inverse of [D;], f,.=Ts, and E;, :—Z‘}ZIEU- . Thus, the special

derivatives at the boundary points, (X,,Y,) become;

o¢
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aTsj 4
— | = 2E;f; (47 9)
( OX . i ]
O%T, 4
=Y E,; f, (5T
[6)(2 )O g‘) 2] 7] ( )
and
o°T, 4
=Y E, f (5T
{ayz JO JZ:%) 3] )
Substituting Eq. (£¢-Ya) in Eq. (¥-°7) and determining (6T /dy), , then;
4
(aTs] =a, > By fj+af, +a; (- 79d)
%Y Jo j=0

Substituting the Eqgs. (¢-Y4a), (£-Y4b), (¢-Yc) and (£-Y4d) into strip
governing Eq. (Y-Y), an algebraic relationship for the boundary point (X,,Yy,) Was

as reported by Tseng [ °];

T szlzl[as (EZj + E3j )_(UO +asV )Elj ](TSJ' —agN;j )/(1+a1nj )_ azVo Q¢ /ps Cs ( £
¥ (uo +ayVy )Elo TV — s (EZO + E30)

f't)
As expected, when (X,,Yo) is a central point, Fig. (£-2), the solution of the

GFDM equations, like their central difference counterpart in the CFDM, displays

non-physical oscillation at high Peclet number.

Following remedy similar to that used in CFDM, upwind scheme was
employed to achieve numerical stability. One-sided approximations were used for
the convection terms and central differences for the conduction terms. For the
first order upwind scheme;

T =Teo + mi(%J + n{%j (5-1)
oX ), ¥ Jo

Two simultaneous equations were obtained by using two neighboring

points (xy, y 1) and (Xr, y ).

(X
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The convective derivatives can be computed in terms of functional values

at the selected neighboring points, (Tsyand Tgr), i.e.;

oT
(Ej = [(n1 —Ny )Tso +n,Tg — Ny T, ]/(m1n2 — mznl) . (£ r‘ya)
oT =[(my —m )Ty, —m,T T, ] (£ 7'M
By ) T2 =M/l =M st +MiTg, [/(mn, —myn, )
or
2
(aT j ZI:11 si . (£-113)
2
[a;-yj ZI:21 si . (£-71D)

Substitute the Egs. (¢-YYa) and (£-YYb), and those in Egs. (¢-Y )c) and
(£-Yd) to the strip governing Eq. (Y-Y), the first upwind GFDM equation for
each internal point was as reported by Tseng [ ©];

2 5
Qd/PsCs _Zj:1(quij +VoFyj — a5 Byj -y B4j)Tsj +ast:3(BSj + B4j)Tsj (B

T.. =
* qulo Vo I:20 _as(B3o + B4o)

For the typical boundary condition described in Eq. (Y-2%), and using the
same notations as in Egs. (£-YY) and (£-YV) for (a; and f; ), respectively, point

( 1) is again to be an upwind point, Fig. (£-1) then;

Ty = (L+agn; )Ty, +(m; +a2ni)(aal)(sj +agn, + (all terms =0) (479
0
or
8Tj 1
2| =361, L)
(8x o j=0 o
and
1
(g) :aZZGJfJ +alf0 +a3 "'(f- f’V)
o ), j=0
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where G, =-G, =(1+a;n,)/(m; +a,n;)

Substitute the Egs. (£-Y71), (&€-YV), (¢-Y4b) and (£-Y4c) into strip
governing Eq. (Y-Y), an upwind GFDM relationship for a boundary point (Xo,Yo)
was as reported by Tseng [} ©];

4
s Zj:l(EZj + E3j )fj _(uo +a,V )Gl fy —agVy +0q/05Cs

T
(uo +a,V, )Go +aVy — s (E20 + E3O)

o (5-1TH

s0 —

£, 7,1, - Roll Governing Equation Representation
An upwind CFDM based on cylindrical coordinates is more convenient

and therefore is used to model the roll, because of the circular geometry of the

roll.

The roll governing Eq. (Y-°), is approximated by using second order

central differencing for the conduction terms (right side) and first order up wind

differencing for the convection terms (left side), the later eliminate the numerical

instability resulting from high Peclet number as reported by Tseng [)®°] and

Roach [Y4].

The temperature profile becomes identical in a plot of normalized
temperature, T, =H (T, —=T,.)/q,, against, r" =r/R, which will certainly

simplify further parametric study and high accuracy can be achieved by including

the normalized temperature distribution.

Then, in dimensionless form the roll governing Eq. (Y-°) becomes;

10T, 1 0°T, o&°T/

T,
— + + =Pe—~L

o or  p? o0%  or? 00

(544

where the superscript (*) refers to the dimensionless quantity.
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In addition, as mentioned by Tseng et al. [YA] the corresponding
normalized boundary conditions should be transformed into dimensionless form

too, then Egs. (Y-2+), (Y-©)) and (Y-°Y) become Egs. (£-¢+), (¢-€)) and (¢-

£Y) respectively, thus;

aT,. (1,6 RN
#) =-Bi(@)T, (L 0) w(5-80)
or
«(R=0
GTr[ A ,49)_0 o (5-5)
or”
and
oT 0o [ OT,
k|| Lk Mo r _ =0 oee 24
S[anjb rHO(ﬁn Jb i ( ’

By using four arbitrary located neighboring points as shown in Fig. (£-V),

then the roll governing Eq. (¥-©) becomes;

Tr4 _ZTro +Tr2 +iTr4 _Tr2 + 1 Tr3 — 2Tro +Tr1 — Pe Tro _Trl

. (£
Ar ry  24r r (246 AQ

1)
Rearranging the above equation, an algebraic approximation for roll

internal nodes was;

* * * *
* arlTrl + arZTrZ + ar3Tr3 + ar4Tr4

Tro— a ---(f'ff)
ro
where
arl *1 2 APZ 1 ar2 = 1* 2 + *1 *
(2ro A&) (A r ) 21, Ar
1 1 1
Az = , Ay = +

B (A r*)z 2r, Ar”
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Q. Pe Lo 1 N 1
o= 9 .\ )2
A0 (ZrOAH) (Ar )
£, F, ¥ Boundary Conditions Representation

The general relation for obtaining the GFDM and CFDM equations, for
each interior node of strip and roll developed before. These relations were not
applicable to nodes on the boundaries, however, since the boundary node does
not have neighboring nodes on at least one side. Therefore, to obtain the finite
differences equations of boundary nodes separately. Applying an energy balance
to the volume elements of the boundary nodes. The energy balance is expressed

as,

zQaII sides T Qgeneration =0 ...(5- H )

Boundary conditions most commonly encountered in practice are the
specified temperature, specified heat flux, convection and radiation boundary

conditions, and below the developed finite difference formulations for them for

case of steady one-dimensional heat conduction as shown in Fig. (£-A).

The node a and d. the nodes of the strip that locate on this boundaries are

subjected to a convection boundary condition, then the energy balance to this
boundaries nodes, Eq. (Y-¢71), gives;

H., 4y
T, )LJ._1 +( . jTOO
S

Ts)i,j =

kS

(60

Similarly, the roll nodes such as (f ) are subjected to a convection boundary

condition, Eq. (Y-©+), then, the energy balance to these boundary nodes,

Eq. (Y-©+), gives;
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T )i+ H@)ar Y,
)= 1+££(9)qu

kr

e (5-8Y)

Return back to Eq. (Y-°*) the Eqg. (£-¢VY) can be written in a
dimensionless form as;
* T* i i—
T )ij:f)#l* (£ EA)
1 1+ Bi(6)ar
where Bi(8); is the Biot number (H (8)R/k,).

The node b and c. the nodes of the strip that locate on these boundaries are on the

insulated boundaries, the energy balance at these boundaries gives;

For node b.
o) =Ts)a; (£ £9)
For node c.
Ts)i,j :Ts)i,j+1 (£-00)
Similarly, for the roll nodes such as (e), Eq. (¥-2))), becomes;
Ty )i,j =T, )i,j+1 (£9))
In the dimensionless form the above boundary condition becomes;
Tr*)i,j :Tr*)i,j+l (%20

Finally, the interface boundary condition was included previously in the
numerical formulation and the billet region was assumed previously has

a uniform temperatures of T, =T,.

£, £ Numerical Calculations Algorithm
The numerical calculations described in the previous article had

transformed to a numerical calculation algorithm from which a computer
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program (described later) was developed. The steps of this numerical algorithm

are as follows:

1. Calculate the grid generation for the strip and roll. The strip grid generation in
bite region was determined from Eqgs. (£-1) and (£-)Y). Then, the grid for billet

and product are uniformly divided in x and y directions after assuming a certain

lengths for the billet and product.

In the roll, the value of () calculated from Eq. (Y-A) is divided equally in

(r) direction and the divisions in (¢) direction are refined during the contacting
surfaces to match that used in (strip) bite region.

¥. Calculate the velocity distribution for the strip (u) and (v) in (X) and (y)
direction from Eqgs. (Y-YY) and (Y- 1) respectively.

The billet and the product regions have velocity (u) in the (x) direction

only (i.e., v=*) and calculated respectively as follows;

t
u=-"V, (501
tO
and
u= t”V I-¥;
t, r ...(%-979)

In the present study (t, =t ), then the Eq. (£-° £) becomes;

u=V, . (£-909)
F. Calculate the distribution of the heat generation by plastic deformation from
Egs. (Y-Y'Y) and (¥-¥),
¢, Calculate the distribution of the heat generation by friction from Eq. (¥-Y'9).

e, Calculate the heat transfer coefficient H(&) from Eq. (Y-))) and from

Fig. (¥-V).

1
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7. Assign the initial temperature distribution for the strip and roll to start with
the solution of the Gause-Seidel iteration with under relaxation technique.
Y. Investigations of the boundary nodes to define the boundary conditions for

the strip and the roll from Eqgs. (£-¢Y), (£-¢7), (£-¢A), (£-€9), (€-©+) and (¢-
©Y). The entering temperatures were assumed to have (T,).

A, Investigation of the interior nodes to calculate the temperature distribution for
the strip (billet, bite, and product) and the roll from Egs. (¢-Y¢), (£-YA) and
(£-£9),

4. Calculate the heat transfer to the roll, and the heat transfer from the strip from

the Eq. (¢-¢V).

£, @ Computer Program
A computer program was written in Quick Basic to perform the

mathematical solution and numerical solution formulated previously.

The program consists of six main parts. The first is for the grid generation.
The second deals with the velocity distribution of the strip. The third deals with
the deformation heat generation distribution, friction heat generation distribution
and heat transfer coefficients. The fourth is to calculate the temperature
distribution for both strip and roll simultaneously. The fifth is to calculate the
heat flux from strip and heat flux to roll and the sixth part is for output results

arrangements.

In the first part of the program, the grid generation for both strip and roll
was generated simultaneously. The (x-y and r-8) coordinates was developed to

locate the position of each point in the strip and roll.

In the second part, the velocity distribution, (u) and (v) in (x and y)
directions respectively was developed for the strip (billet, bite and product)

regions.
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In the third part, the deformation and friction heat generation distribution
was calculated from the input data of the direct measurements of power.

Moreover, the heat transfers coefficient calculations H (0).

In the fourth part, the temperature distribution for both strip and roll was
solved simultaneously by GFDM and CFDM by using Gause-Seidel iteration

method.

In the fifth part, the heat flux to roll is calculated and equals to the sum of

interface heat flux and the heat flux transferred from the strip.

In the last part of the program, the output results were arranged in order to

be printed-out or saved in output files for further presentations.

£, 2, ) Program Input Data
The input data of the program may be classified as follows;

1. The strip and roll dimensions, which include the entry thickness (t,), exit
thickness (t;), billet length, product length, strip width (W), work roll-diameter

(D) and constants using for dimensionless roll calculation (q,,H,).

Y. The number of divisions in both (x and y, r and &) directions for the strip and
roll respectively, for both mathematical and numerical calculations. Where
(ndxbl, ndxb and ndxp) are the numbers of divisions in the billet, bite and
product regions respectively in the (x) direction. (ndy) is the number of divisions
in the strip in the (y) direction. (ndthbr and ndthr) are the numbers of divisions
for roll in the bite and in the cooling region respectively in the () direction.

¥. The strip and roll thermal properties, thermal conductivity (ks, k), and
thermal diffusivity (o, a).

£, Ambient influences, these are represented by the temperature of the
circumference (T.), cooling heat transfer coefficients (H,,and H (6)), roll speed
(Vy), strip entry temperature (T,), and the input data from the direct

measurements of power.
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¢, Gause-Seidel iteration input data, this included the damping factor (A=-:.44)
and error limits (ER=+.+++)). Some times (1) called weighting factor that is
assigned a value between (* and Y), the choice of a proper value for (A1) is highly

problem specific and is often determined empirically as mentioned by Chapra

and Canale [Y'Y].

£, 2, ¥ Program Output Data
The output data of the program include the following;

1. The strip grid generation and roll grid generation.

Y. The strip velocity distribution for the billet, bite and product regions.

. The heat generation distribution of the plastic deformation and friction.

£, The distribution of the heat flux from strip and the distribution of the heat
flux to roll.

. The strip temperature distribution and roll temperature distribution.

£, 8, r- Program Specifications
The program was written in Quick Basic and designed for Pentium (I1)

(PERSONAL COMPUTER) of Y YA MB RAM. Using operation system Dos to

run the program. The execution time of the program was less than ():Y +) hours.

When the (ndxb=Y+, ndxp=Y*, ndxbl=°, ndy=)° and ndthr=°Y), the
program takes YAA+ jteration to reach to the convergence of criterion. The
convergence of criterion is the different in temperatures between the current and

previous nodal values of strip or roll and is equal or less than (*.** * ). The total

number of nodes of the strip and roll is (1 Y©©) nodes.

The strip initial temperature distribution is (1°.7 °C) (entrance

temperature) and the roll initial normalized temperature distribution is (+.£9°).

The flowchart of the program is given below;

¢
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The Main Program ( START )

READ AND STORE

). The strip and roll dimensions.

Y. The number of divisions in X, (ndxbl+ndxb+ndxp)-y, (ndy)
and r, (ndr)-6, (ndthbr+ndthr) directions where the number of
divisions in y-direction = the number of divisions in r-direction.

. The strip and roll thermal properties.
£, Ambient influences.
@, Input data for Gause-Seidel iteration.

CALCULATE
The strip and roll grid generation Egs. (£¢-) and (¢-VY).
The velocity field in the strip (billet, bite, and product), Egs.
(Y-YY), (Y-Y1), (£-°Y) and (£-°9).

Heat generation field due to deformation and friction, Egs. (V-
YY) and (\"-Y‘\/).

ASSIGN
Strip initial temperature distribution Ts);
Roll initial normalized temperature distribution

READ AND STORE A
No. of iteration="

READ AND STORE
No. of unsatisfied nodes="

*.

INVESTIGATIONS
Interior nodes.sjr i= ¢+— (ndthr+ndthbr).

Boundary nodes.) j=+— (ndr).

° Continue

Isi= N})°
ndxb+ndxp?

Yes Is
i<ndxb?

11nJ
D
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i‘

CALCULATE
The heat transfer from strip by

~Andiictinn
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The CEDR Subroutine START

SHARED
Make the shared matrices and constants

CALCULATION
Calculate the constants of Eq. (¢-¢ ¢) for the
roll internal nodes.

END SUB

Continue

The GFEDIN Subroutine START

SHARED
Make the shared matrices and constants.

|

[ DEFINING |
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The GEDFE Subroutine

SHARED
Make the shared matrices and constants.

l

DEFINING
Define the elements of the [Dj;]

matrix of Eq. (£¢-YV).

INVERSION
Calculate the inverse of the matrix [Di;]

and get on [E;j], Eq. (£-YA).

CALCULATION
Calculate the constants of Eq. (£-YA)

for
END SUB
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Xo

Fig. (£-)): Representation of the Roll

The arc of contact y

Coordinates.

The center of the roll

h(x -

Numerical Solution

P .

Fig. (£-Y): Explains the Method was used to Calculate

the Strip Grid Generation.
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Fig. (£-Y): Typical Mesh for the Roll, Ref. [ © and
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Numerical Solution

Fig. (£-°): The Grid Arrangement for the Strip
Internal Nndes Ref TY© and Y11

o

X

! Boundary

Fig. (£-1): The Grid Arrangement for the Strip Boundary
(Interface) Nodes, Ref. [} °].
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Fig. (£-Y): Neighboring Points Arrangement for
Roll Internal Nodes.

aT, lor =(H(O)/k, T, -T,)

aT, lor =0
i ) ;
R'é r e

aT/on=H, /KT, -T) [

V\d aTglon=(H Ik XT,, -Ts)

Ts=To | 5 a
NS i N ~
i ! L] dTslon =0
______ o o tb

- - -
- 1 c
\(AXis of symmetry \\ oT. Jon —O/
JJon=

Fig. (£-M): Typical Boundary Conditions and Mesh for Strip
and Roll, Refs. [Y ¢ and Y 1].
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» Results and Discussio

This chapter presents the numerical results of the present work. Besides,
a verification of the computational model will be made through a comparison
between the numerical results of the present work and published papers
[Yeand Y1].

¢,1 Numerical Results
The results obtained from the developed computer program described in

chapter four will be shown in this section. These numerical results are for cold

and hot rolling.

1.1 Grid Size

The developed computer program deals with a grid having a number of
divisions in strip in the bite region equal to (ndxb,ndy) divisions in the (x-y)
directions respectively. Similarly, a number of divisions in roll in bite the region
equal to (ndr,ndthbr) divisions in the (r-8) directions respectively, where

(ndxb=ndthbr) and (ndy=ndr) are input values specified by the user.

To investigate the effects of the grid sizes on the numerical solution, these
divisions are set at different values and the steadiness of the solution are
observed. During the investigation, the calculated value of the strip temperature
(T,) at the exit plane (at the surface) was considered, i.e., at (x=x, and y=hy). The

procedure is described below;
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At first the values of (ndxbxndy) where changed from (°x© to ¢ +xY+). The
value of calculated (Ts) from Eq. (¢-YA) at the exit plane was constant beyond
(Y+xV®), as shown in Figs. (°-Y) and (°-Y) for the first and second case study

(Tables (°-Y) and (°-Y)) respectively.

As a result from the above investigations, a ¢© (divisions in x-direction,
(ndxbl=2)+(ndxb=Y «)+(ndxp=Y +))xYe (divisions in the y-direction) mesh was
selected for the strip in which Y+x)e were within the bite region. The mesh in
(y and r) directions are uniformly distributed over the local thickness of the bite
and explorer depth respectively, and the mesh is also chosen to match the
uniform spacing along the circumference of the roll. In the billet and the product

regions the mesh uniform in x and y directions.

A VY (circumferential ((ndthbr=Y +)+ (ndthr=°Y)) x Ye(radial (ndr)) mesh
was used for the roll. The roll mesh was refined near the bite region to match that
used in the strip (i.e., ndxb=ndthbr). Based on this mesh arrangement, the
computed temperatures of the strip at the exit plane for different grid sizes are

shown in Figs. (¢-Y) and (°-Y).

¢.1.* Numerical Results of the Program
The numerical results of the program will be presented in this article for

the velocity distribution, heat generation by deformation and friction, and the
results of the temperature distribution for both cold and hot rolling. The results
will be presented along different lines used in the numerical calculations. Two
different cases has been investigated, the first case for roll speed of () £¢1.7 cm/s)

and the second case for roll speed of (Y Y% cm/s).
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s.1.r.1- Results of the Velocity Distribution
Figs. (°-Y) and (°-¢) show the calculated velocity (u) in the (x) direction

(horizontal component) for the first and second case study. Before the bite region
(billet) the strip has velocity (u) only, i.e., (v=+). Since equal volumes of metal
must pass at any vertical section through the roll gap and the vertical elements
remain undistorted (no increase in width), Eq. (Y-)Y) requires that the exit
velocity must be greater than entrance velocity, therefore, the velocity (u) of the
strip must be steadily increased from entrance to exit. At the exit plane (t=t=1t,),
as shown in Eq. (¥-Y)), this plane (product region) having (u) velocity only, i.e.,

(v=+) as shown in Eqg. (£-2°).

The calculated velocity (v) in the (y-direction) (vertical component) for the
first and second case study and for different lines are shown in Figs. (°-°) and
(°-1). Before the bite region (billet), the streamlines are horizontal and having
horizontal component of velocity (u) only and (v="). After entering the roll gap
(bite) the streamlines have curved shapes and the slopes of these curves gradually
decrease from entrance to exit and from the arc of contact to the axis of
symmetry. Then the velocity (v) gradually diminishes from entrance to exit and
from the arc of contact to the axis of symmetry as shown in Eq. (¥-Y1) and in
Figs. (°-°) and (°-1).

o.1.r.r Results of the Heat Generation by Deformation and

Friction
As mentioned by many authors such as Tseng ['¢ and 1], Lahoti et al. [¥],

and Zienkiewicz et al. [ +], rolling a mild steel at the speed presently considered
as shown in Tables (¢-)) and (¢-Y), consume about (2 +) percent of the total power

in the deformation of the work piece and in the friction loss at the interface.

Moreover, according to Zienkiewicz et al. ['+] and Tseng ['¢ and 1]
measured both the plastic work and the temperature rise in a tensile experiment.

It was found that for steels, copper and aluminum, the heat rise represents
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(Av.e, 4+ 0-aY and 4°) percent, respectively, of the deformation energy which is

converted into heat.

In the present study, this (4+) percent estimated is used, i.e., that (3.¢)
percent of (2+) percent of total power is dissipated as friction heat along the

interface.

The remainder of plastic work is stored as internal energy associated with
the non-homogeneous deformations that are inherent characteristics of plastic

flow. This energy can be recovered during heat treatment.

Using forgoing numbers, the resulting values of the heat generation by
deformation and friction were summarized in the Table (e-v) for the first and
second case study. In the first case study, the heat generation by deformation and
friction are assumed to be uniformly distributed in the deformed region (bite) and
the interface as shown in the Figs. (¢-v) and (e-A) respectively where x and X,

have been defined in Fig. (*-)).

In the second case study, the heat generation by deformation is then
distributed to the strip in proportion to the local effective strain rate as shown in
Egs. (v-v¥) and (*-¥1) and Fig. (°-%). Note that the highest strip deformation
(strain rate) occurs near the bite entry and diminishes monotonically toward the
end of the bite, then the highest strain rate occurs near the bite entry as shown in
Fig. (°-)+). Thus, the highest heat generation by deformation occurs near the bite
entry too and diminishes monotonically toward the end of the bite as shown in
Eq. (v-v4) and Fig. (e-9).

Also, the strip is to be moved relative to the other (roll) creating friction
heat along the interface as recorded in Eq. (v-vA), i.e., the friction heat is then
distributed in proportion to the slip velocity (relative velocity between the strip
and roll) as recorded in Eq. (*-vv) and in Fig. (e-)"). The maximum slip occurs at

the first point of contact at the strip-roll interface because the roll draws the thick
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strip into the roll gap. Then, the slip velocity decreases gradually until sticking

(no slip) at the final point of contact as shown in Fig. (°-'Y).

Finally, since the deformation starts at the entrance plane, then there is no
deformation occurs in billet region that leads to no heat generation by

deformation that takes place in this region.

Similarly for the product, the deformation terminals at the exit plane, then

there is no heat generation by deformation in this region.

s.1.r.”Results of Cold Rolling Temperature Distribution
As an illustration, a rolling condition recorded from one of the Bethlehem

steel’s cold tandem mills is analyzed by the present finite difference scheme. The

operational parameters recorded and summarized in Tables (°-)) and (°-Y).

Figs. (°-YY) and (°-)¢), indicate that the roll temperature variations (with
different heat transfer coefficient, H(8), distribution and with different heat
generation distribution (gy and qqg) for the first and second case study
respectively) are limited within a very thin layer, about ‘' percent of the radius,
which consistent with the associated boundary condition Eq. (¥-°V). The surface
temperature rapidly increases at the bite due to great heat generated by the
friction and transferred from the strip. As the roll leaves the bite, the roll surface
temperature immediately decreases due to heat convected to the coolant and heat
conducted into the immediate sub surface layer. In general the results of the

present study are similar to the results of Refs. [Y°e and Y1].

As well as, as shown in Figs. (°-'Y) and (°-)¢) the different in
temperatures between the final and initial points of contact for the first case study
is less than for the second case. This means, using several small coolant sprays

(second case) is more efficient than one large spray (first case).

Figs. (°-Y°) and (°-)1) indicate that while the strip is under deformation

(uniform and non-uniform distribution of (g and qg), the bulk temperatures

via
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inside the strip increase continuously; this is largely controlled by the
deformation energy. On the other hand, the strip surface temperature changes
much more drastically and it is mainly controlled by the friction heat and the roll

temperature.

The coolant heavily cools the roll, it acts like a heat sink. Thus, as soon as
the strip hits the roll its surface temperature drops as shown in Figs. (¢-Y°) and
(°-Y1). Since considerable friction and deformation heat are created along the
interface and transferred from the neighboring sub layer, the surface temperature

picks up rapidly.

Beyond the bite, Figs. (°-Y°) and (°-)1), the strip temperature tends to be
uniform. In this region, the heat convected to the air has been assumed to be
negligible. For high-speed rolling (rather than the considered limits), the strip
(product) temperature behaves parabolically rather than elliptically as implied by
Eqg. (Y-Y). In other words, the boundary conditions that are assumed in the
downstream region (product) should not have a noticeable effect on the bite

region.

The interface heat fluxes results for uniform and non-uniform heat
generation distributions are shown in Figs. (°-'V) and (°-)A). At the initial
contact stage, as anticipated, a very large amount of heat is transferred to the roll.
In fact, the roll surface temperature is about (Y° °C and ).+ ¥1Y °C) lower than

that of the strip as shown in Figs. (°-1Y), (°-1¢), (¢-Y°) and (°-11), respectively.

To satisfy the boundary condition Eg. (Y-°V), a step change of surface
temperatures are expected to occur at the initial contact point (x=+). The induced
heat flux to the roll at (x=+) as shown in Figs. (°-V) and (°-YA), also ensure the
above findings that a large amount of heat is transferred to the roll from strip and
the interface friction at the initial contact stage. The heat flux transferred to the
roll equals the sum of the friction heat and the heat flux transferred from the strip.

In the rest of contact area, the heat flow from the strip to the rolls obeys
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an inverse law with distance (or time) into the roll gap. This is similar to the
theoretical heat transfer variation with time that occurs between two semi-infinite
bodies brought together when they are initially at different temperatures.

The theoretical heat transfer between two semi-infinite bodies varies as the

inverse square root of time.

It is believed that in the previous studies, the strip initial temperatures were
close to that of the roll. Therefore, the strip is not expected to have a temperature
drop at the initial contact stage. However, it is note worthy that at very high
rolling speeds, measuring the local temperature change in the bite could be a big

challenge as mentioned previously in Refs. [Y¢ and Y1].

¢,1.r.¢ Results of Hot Rolling Temperature Distribution
In hot rolling, the strip is normally rolled at elevated temperatures at which

re-crystallization proceeds faster than work hardening. In addition, the hot strip is

generally rolled at thicker gages and lower speed than that of the cold strip.

Since the gages specified in the first case study (Table (¢-V)) are still
suitable for hot rolling, these gages are used for the hot rolling analysis. Two
focuses are considered. The first focuses on the effect of changing the working
temperature by raising the strip entry temperature to (%:+ °C), which is
frequently encountered in hot rolling. The second focus shows the effect of
changing velocity by slowing the roll speed from (YY£3.% to oVY.Y cm/s). The

other operating conditions are similar to those discussed for cold rolling.

Fig. (°-Y1?) depicts the roll temperature distribution for the two hot rolling
cases consider (V,=Y)Y£€1.7 and °VY.¥Y cm/s). A comparison of Fig. (°-)4) with
Fig. (°-)Y) indicates that the temperature profile between the hot and cold rolling

is mainly in magnitude but not in shape.

Both the interface heat flux and speed govern the temperature magnitude.

As shown in Fig. (°-Y+) at speed of (Y £7.7 cm/s), the heat flux increases about
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four times for the hot to cold rolling. The corresponding increase of temperature

is also found to be about four time too as shown in Figs. (°-Y4) and (°-Y)).

Fig. (- 4) shows except in the bite region, the roll temperature is reducing
about )@ percent with the speed slowed to (°+) percent. As indicated in Fig. (°-
Y1) the different in the bite region is much smaller and the maximum temperature
occurs at the end the arc of contact. For example, the corresponding decrease of
the peak temperature is less than (Y) percent. The temperature decrease due to

slowing the speed is mainly due to decrease of the heat flux Fig. (°-Y+).

Actually, when keeping constant heat flux, slowing the speed will increase
the temperature because at a lower speed where the time of the flowing through
roll gap becomes larger, conduction in the radial direction will be dominant and
the local temperature rise will be more. Figs. (°-YY) and (°-YY) also show that
near the bite, very large temperature variations are within a very thin layer. The
layer thickness (o), consistent with the previous finding, is dependent on the

speed, or more precisely, the roll Peclet number as shown in Eq. (¥-1).

The strip temperatures for the two hot rolling cases are presented in
Fig. (°-YY). In the bite region, the strip temperature, similar to the roll
temperatures, is not noticeably affected by changing the speed within the range
consider. In the down stream region (X>X,), the strip centre temperature drops
faster in the slower strip. By contrast, the surface temperatures are not sensitive to
the speeds considered. This figure also indicates the temperature drop in the
initial contact stage is much large than its counterpart for the clod strip, as shown
in Fig. (°-YY). When the strip entry temperature rises from (1°.1 °C) to (2++ °C)
from cold to hot rolling, the temperature drop increases approximately from
(e °C) to (¢4 °C), reflecting the great increase in the temperature different

between the strip and roll a head of the bite.

The shape of the heat input distribution to the roll (g;) governs the roll and

strip temperatures in the roll gap region. As shown in Figs. (°-)1) and (°-YY)
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Chapter Five Results and Discussion

with a parabolic distribution of (q,) of the second case study, the location of
the maximum temperature shifts to the interior of the arc of contact (heating
zone). Although, the cumulative energy input is still increasing beyond (&/ 1), the
flux is decreasing, yet the effect of the type of heat distribution on the
temperature distribution away from the roll gap should be minimal as shown in
Figs (°-YV) and (°-YY).

Finally, note that for the same amount of thickness reduction, the power
requirement for hot rolling generally less than that for cold rolling. However, in
view of uncertainty of the friction behavior and the deformation energy
publications noted before, in the present study, it is not worth while to explore the

effects of changing friction energy of variability due to deformation energy.

s, r Verification of Computational Model
A verification of the proposed computational model of the present work is

made here through a comparison between the numerical results of the present

work and with those calculated by Tseng [Y° and Y1].

s, r.» Comparison with Published Works
In order to check the accuracy of the present computations, the numerical

results of the present work will be compared with numerical results of
Refs. [Y¢ and Y1]. The comparison will be made along the surface line and centre

line of the strip temperatures.

e, r.1.» Comparison with the Temperatures of Cold Rolling
A verification of the proposed numerical scheme is made here through

a comparison between the calculated temperatures of the cold rolling case with
the temperatures calculated by Tseng [ and Y1] for the same case along line of
study. Figs. (°-Y¢) and (°-Y°) show typical examples of such comparison for the

temperature distribution.

e, 1.1, rComparison with the Temperatures of Hot Rolling
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Similarly, the calculated temperatures of the hot rolling case are compared
with its counterpart that is calculated by Tseng [Y1]. Fig. (°-Y1) shows typical
example of such comparison for the temperature distribution. A similar trend of
verifications to that of Figs. (°-YV), (¢-YA), (¢-Y4), (°-Y+) and (°-Y)) respectively

was obtained.

e, r.r The Concluding Remarks from the Comparisons
It is clear from all the comparisons mentioned previously that larger

deviation for the second case study occurs at the first point of contact, i.e., at
(x="+ and h=h,) and this deviation decreased gradually until reach its minimum
value at exit, i.e., at (x=X, and h=h; ) as shown in Table (°-£). The main reasons
for this deviation are the amount of (gs) at the first contact point and (qq) near
the entrance of the bite that have values larger than its values that are calculated
by Tseng [ ] as shown in Figs. (°-YV), (¢-YA) and (°-Y%).

But with respect to the first case study, the amount of deviation is less than
deviation that occurs in the second case study. The main reasons for this small
deviation are the small difference between calculated (gs and qq) in the present
study and with those calculated by Tseng [Y1] as shown in Figs. (¢-Y+) and

(°-YY). This deviation was calculated from the following equation;

Dev. % — Ts )preS- sudy ~ T )eal, [15and 16]

(2)

TS )cal. [15and 16]

The main reasons for the deviation between the calculated (g and qq) in
the present study and those calculated by Tseng [Y© and 1] are;
1. Tseng [Ye and 7] mentioned, there is no difficulty to be expected when the
mesh generation codes are used, i.e., he may use this codes to perform the grid,
but in the present study an mathematical equations in chapter four are used to
generate the grid for the strip and roll.
¥. Tseng [)°] mentioned, the deformation heat is distributed in proportion to

the effective strain rate and the friction heat is distributed in proportion to the
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Chapter Five Results and Discussion

slip velocity at the interface. Ref. [ ¢] did not give a detailed description for the
method used to calculate (gy) and (gq,) but in the present study the (g ) and
(gq )are calculated from mathematical equations described in chapter three.

¥ In the present study, the environment temperatures (T,) are (¥Y+ m°C

and ©+ °C) for the first and second case study respectively, but in the

Refs. [Y° and 1] the used (T,,) are not recorded.

Finally, the present study also shows by comparing the present results with
published findings by Tseng ['¢ and 1] that the computational scheme used is
effective and reliable. However, it is believed that the greatest uncertainty in
analysis will arise not from the numerical scheme, but from the input data, in

particular, the friction energy, the location of the neutral point (or the forward

slip), and the heat transfer coefficient of coolant.

Strip Material. Mild Steel.

Roll Material. Cast Steel.
Coolant. Water.

Entry Gauge. 2eCM (-are iN).
Exit Gauge. e em (- in).
Roll Speed. nens CMYS (vvev fpm).
Roll Angular Speed vrvs PM
Forward Slip.

Strip Width. s CM (v- IN).
Work-Roll Diameter. .aCm (5. In).
Total Input Energy. riae KW (s3:« HP).
Strip Entry Temperature. w1 °C (o °F).

Table (o-\), (First Case) Operational parameters for Coil 20, Ref. [\ 1].
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Strip Material. Mild Steel.

Roll Material. Cast Steel.
Coolant. Water.

Entry Gauge. coae €M (-over IN).
Exit Gauge. covCM (- in),
Roll Speed. e CM/S (ve.. fpm).
Roll Angular Speed YENAT rpm
Forward Slip. .

Strip Width. ax CM.

Work-Roll Diameter. >.aCM (v IN).

Total Input Energy. rre. KW (c21o HP).

Strip Entry Temperature. 1:°C (ve- °F)

Table (°-Y), (Second Case) Operational parameters for Coil Y'Y, Ref. [°].

Both the roll and the strip have the following thermal properties: -
Thermal conductivity (K, k); +.£o¥A W/ecm.°C
Thermal diffusivity («, ,as); LYY em'/s

Heat Generation by

Case Number

Heat Generation by Plastic

Deformation Qq  (KW) FrictionQy¢ (kW)
ySt Yéoo YaA
ynd YA YV

Table (°-v), Amounts of the Heat Generation by Deformation and Friction.

The Strip Cold Temp. 6 The Strip Cold Temp.
at x= +and h=h, Dev. % at Xx=x, and h=hy Dev. %
Case at x= T cal - at X=X,
Number T, cal. Ts and S\ s ¥ and Average
Yo VT Present h=h, ['e, Present h=ht | of Dev %
e, Study Ay Study '
yst £ £V ) R R VAV YFY || YT XY
ynd o) A) on VY [ ALYV YY¢ YYASA | ¥YAYZ | Yy

Table (=-¢), Comparison between the Present Study and those Published in Refs.

[Ye and V1].
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T Conclusions anc

Ciitiivra \AlArl,

The following are the conclusions drawn from the present investigation
and suggestions for the future work are given.
1.» Conclusions

The heat transfer behavior of the rolling process has been studied for cold
and hot rolling conditions and the conclusions are as follows:
1. While the heat generation by deformation occurs in the strip or by friction at
the strip-roll interface and the heat removal is at the roll surface then, both strip
and roll should be considered together and solved simultaneously.
Y. The highest heat generation by the deformation and friction occurs at the
entrance to the bite and diminishes gradually toward the end of the bite.
¥, The results show that the extremely large temperature drop at the interface
and large temperature variation in both roll and strip are found. Such high
temperature variations could create very large (o) thermal stresses within the thin
layer and this stresses lead to the roll wear or roll failure, then proper control of
this stresses could significantly extend the roll life.
£, Several small coolant sprays (second case) are more efficient than one large
spray (first case).
¢, The temperature decreases due to slowing the roll speed, this is mainly due to
decrease the total input power that led to decrease of the heat flux at the

interface.
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7. The shape of the heat input distribution (uniform or parabolic heat input) to
the roll governs the location of the peak temperature.

Y. Knowledge of roll and strip temperatures can contribute to insights about the
metallurgical structure of the strip, and eventually lead to better control of the
material properties and surface conditions.

A. The heat input rate (q,) can also be eliminated by defining a dimensionless
roll temperature consequently, information concerning the shape and behavior of
the temperature distributions can be obtained without specific knowledge of the
heat transfer coefficient, H,, or the heat input rate, g,. However, these quantities
would have to be determined and specified if actual roll temperatures were

desired.

1.r Suggestions for Future Work
As related to the present work, the following suggestions for future

developments forward,;

). Treating the problem as three-dimensional problem, however, the effect of
axial heat flow or axial temperature variations is significant and should be taken
into account.

¥. Considering the time effect, the inclusion of the unsteady-state term in the
governing equations should be considered.

F. Suggest mathematical expression to consider the thermal resistance
(roughness of the surface and lubricant scale layer at the interface) in the
calculations and its effect on the interfaces heat fluxes and on the temperature
distribution.

£, Suggestion a method for obtaining the shape of an elastic deformation of the
roll (arc of contact equation) and its effect on the calculations especially on the
grid generation.

¢, The location of the neutral point variation may be taken into account and
determining its effect on the behavior of heat generation by friction and
deformation and on the temperature distribution.

7. Suggestion a method to study the method experimentally.
KR



Chapter

Results

150

140

130

120

110

100

STRIP EXIT TEMPERATURE, (°C).

90

and

First Case.

—==— Grid Size.

| | | | | |
5X5 10X8 15X11 20X15 30X23 40X30

GRID SIZE IN BITE REGION (ndxb X ndy).

Fig. (=-): Effect of the Grid Size on the Numerical Solution.

180

O

—~ 170

(NN

5

2 160

<

i

w150

=

L

~ 140

=

x

w130

o

o

K120
110

Second Case.

—=f=— Grid Size.

| | | | | |
5X5 10X8  15X11 20X15 30X24 40X30

GRID SIZE IN BITE REGION, (ndxb X ndy).

Fig. (e-v): Effect of the Grid Size on the Numerical Solution.

At




Chapter

Results and

1200

1100

1000

900

HORIZONTAL VELOCITY, u (cm/s).

800

i y/h=0.0-1.0
Eirst Case.
—&— Vr=1146.6 cm/s
i I Bite I
T I T I T I T I T I T I T I T I T I T
-02 00 02 04 06 08 10 12 14 16 18

DISTANCE FROM ENTRY POINT, x(cm).

Fig. (e-v): Horizontal Component of Strip Velocity.

1300

1200

1100

1000

900

HORIZONTAL VELOCITY, u (cm/s).

800

y/h=0.0-1.0

Second Case.

—&— Vr=1219cm/s

-0.2 0.0 0.2

04 06 08 10 12 14 16 1.8

DISTANCE FROM ENTRY POINT, x(cm).

Fig. (e-¢): Horizontal Component of Strip Velocity.

Ao



Chapter

0
0
§ 0
>
>
=
3
O 20
LLl
>
-
<
O
= -30
0
L
>
-40
0
0
5
= .10
>
N,
=
O
o
m
W 20
-
<
O
'_
0
LLl
> -30

Results and

—$ T O—O0—0—¢ O—O0—O0—0—0—
y/h=0.0 (Centre)
i y/h=0.3334 First Case.
—&— Vr=1146.6 cm/s
y/h=0.6667
il l'\y/hzl.O(Surface)
] I Bite I
T rrrorror ottt
-0.2 00 02 04 06 08 10 12 14 16 18
DISTANCE FROM ENTRY POINT, x (cm).
Fig. (e-): Vertical Component of Strip Velocity.
y/h=0.0 (Centre)
B y/h=0.3334 Second Case.
] —&— Vr=1219cmis
— y/h=0.6667
y/h=1.0 (Surface)
- | Bite |
LN DL LA L LA L L L L |
-0.2 00 02 04 06 08 10 12 14 16

DISTANCE FROM ENTRY POINT, x (cm).

Fig. (e-1): Vertical Component of Strip Velocity.

A1

1.8



Chapter

HEAT GENERATION BY DEFORMATION
aq (kWicm?)

HEAT GENERATION BY FRICTION
s (KW/cm?)

Results and

500
450 — First Case.

4 —=f=— Deformation Heat.
400 —

- y/h=0.0-1.0
350 + + + + + +
300 —
250 —
200 T I T I T I T I T

0.0 0.2 0.4 0.6 0.8 1.0

NORMALIZED BITE LOCATION, x/Xo .
Fig. (e-v): Uniform Heat Generation by Deformation.
4.0
First Case.

3.8 —s=f=— Friction Heat.
36 — At the Interface.
3.4 -
3.2 1 I 1 I 1 I 1 I 1

0.0 0.2 0.4 0.6 0.8 1.0

NORMALIZED BITE LOCATION, x/xo.

Fig. (e-»): Uniform Heat Generation by Friction.

AV



Chapter Results and

HEAT GENERATION BY DEFORMATION

g (KW/icm?).
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