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nsa yoockonanenns mexnonozii npoxam-
Ku wmadu eacaueo 3Hamu cKaadosi menjioeozo
cmany AK wmadu, wo npoKamyemvcs, max i 6UKo-
PUCMOBYBAH020 THCMPYMEHMY — 8AJIKIE Y KONCHII
mouuyi pizHux wapie wmaou i 6anxis, y 6yov-aKomy
nepemuni ocepedxy oedopmauii. Bcmanoeaeno,
WO 051 MUCEIbHO20 PiulenHs menaoQizuunux 3aoau
mennoooMiny cucmemu wmada-8anox, wo onucy-
10MbCA PIBHAHHAMU HECMAUIOHAPHOT MENJIONPo-
eionocmi, naubivu epexmuenum € Memoo Kinuye-
eux piznuyp. /I nooansuiozo HuceivHozo0 piuteHHst
3a0au necmauionapmoi menaonpogionocmi wumaou
i eanxie nio uac zapa1oi npoxamku caaou i 6aaKu
Po30ineni ymoenoro cimkoro. /s moxcaueux eapi-
anmie 6y3nie cimxku npu eupiweHHi 080MIpHOI
3ada4i Hecmayionapnoi menionpogionocmi cxa-
Oeni pigHanns danancy emepeii 3 n00aILULOIO Kin-
ue60-610’emno10 anpoxcumauicro Dyp'e.

Buxonani nepemeopenns 00360as110mov npu
supiwenni 3adax menioeozo Garancy ax wmaou,
max i eanxis, nepeimu 6i0 piumenns HeNiHiUHOL
3a0aui menaonpogionocmi 00 eupiuenns Jineapu-
306amnoi (0onosumipnoi) zadaui. Taxoxnc noxasa-
HO, WO NPU 00UUCTICHHI MENJI0B020 CMAHY AKMUB-
Hol 30HU, 6 AKiU 6100Y6aroMvbCs UUKIIMHI 3MIHU
memnepamyp npomszom 001020 obepmy, 3's6-
JIAEMbCA MONCAUBICMb Nepelimu 6i0 BUKOHAHHSA
3a60anHns 8 YUNTHOPUMHI cucmeMmi Koopounam 0o
BUPIUEHHA 8 NPAMOKYMHIU cucmemi K0OpOuHam.
Ilepexio 0o eupimenns 00Ho8UMIpHOL cucmemu
wmaoa-6anox 3HAUHO CNPOUYE BUKOHAHHSA 004UC-
aens. Ile dae moscausicmo, supimuswu I kpaiio-
8y 3adauy 041 6aaKa i nNOpieHAGWU ii pe3yiomamu
3 pluennamu 01 cucmemu wmada-8anox, meope-
MUMHUM WAAXOM BUSHAUUMYU 3HAUEHHA KOeili-
enma mennosioda4i 6 301i depopmyeanns.

Ompumani mamepianu moxcymo OGymu 6uKo-
pucmani 0ns 6UHAMEHHS MeMNePamypHoO-ueuo-
KiCHO20 PpexcuMy O0X0JI00HCEHHS MOHKOI wmaou
npu npoxamuyi, a maxKox’c NOCMAHoBYi 3a60ans No
nPoeKxmyeantio CneyianrvH0ozo YCmamry8anHs 0Js
NPUCKOPEHO20 0XO0TIO0HCEHHST 8 NOMOUI NPoKam-
HUX cmanie

Kmouosi cnosa: casnb, sanox, sapsua npoxam-
Ka, npucKopexe 0X0JI00%4CEHHS, MeNJ06Ull Cmamu,
Hecmauionapna mensonpogionicmn, 6aaanc enepeii
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1. Introduction

At the close of the 20th and beginning of the 21st centu-
ry, a new technological process has emerged in sheet rolling
production which has made it possible to obtain hot-rolled
sheets with thickness less than 1.0 mm. This process consists
of the use of a system of accelerated strip cooling between
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rough and finish stand groups and after the finish stand
group of the sheet rolling mill.

It seems promising to use the existing rolling equipment
in the new technology introduced at metallurgical enter-
prises. However, under certain conditions, accelerated strip
cooling introduced on existing non-specialized equipment
can cause the breakdown of expensive rolls and other emer-



gencies on the mill if reliable information about the thermal
state of the metal is unavailable for each point of the defor-
mation zone. Therefore, rational strip and roll cooling based
on the mathematical model of this technological process is
an important and urgent task provided that a reliable and
simple method is created for temperature measurement in
each point of the deformation zone.

2. Literature review and problem statement

The existing modes of roll and strip cooling were devel-
oped based on experimental studies of the operation of the
existing rolling equipment. An attempt to experimentally
elaborate elements of the new technological process on exist-
ing rolling mills has brought about significant losses because
of equipment breakdowns. This is explained by the lack of a
reliable procedure for taking into account temperature and
speed parameters when designing draughting schedules and
calculating rolling forces. When studying and developing
the hot sheet rolling processes using accelerated cooling
elements, it is necessary to have a procedure of determining
the temperature of contacting strip and the roll sections in
various points of the deformation zone.

The multitude of factors affecting the processes of
accelerated strip cooling was studied and analyzed in [1]
including the strip speed and temperature, water tempera-
ture, water spraying rate, etc. The effect of various cooling
parameters on heat transfer coefficients was established.
The values of heat transfer coefficients for various cooling
parameters were obtained by a numerical calculation meth-
od. However, it was not indicated which of the numerical
calculation methods was used and no complete procedure
of determining the thermal state of the strip and rolls in the
deformation zone was given.

A technology of cooling complex profiles with water jets
was studied and tested in laboratory conditions [2]. Accord-
ing to the authors, it enables the achievement of an optimum
self-regulation temperature by adjusting the cooling time.
However, the article does not provide any thermal calcula-
tions and, what is more, its objective consists in the use of
accelerated cooling for a somewhat different task: thermal
hardening with the replacement of the conventional oil
quenching technology.

Studies on special issues related to accelerated strip
cooling are described in [3—5]. In particular, the results
of studies of accelerated cooling by spraying saline water
solutions (NaCl and MgSQOy) are presented in [3, 4]. It was
shown that cooling with MgSOy solution gives 1.5 times
faster cooling rate than cooling with water alone. Cooling
with a NaCl solution provides merely a 1.2 time increase in
the cooling rate. A method was proposed in [5] for estimat-
ing the operating temperature only for the rolls of metallur-
gical machines taking into account scale accumulation on
the cooling channel surface. None of the mentioned studies
offers an acceptable procedure for calculating the thermal
state of a strip-roll contact pair.

Results of experimental studies of temperature distribu-
tion across thickness and width of the sheet hardened on a
roll-type hardening machine at Severstal OJSC (Russia) are
described in [6]. However, the thermal state of rolls is not
considered in these studies and their results make it possible
to make just a preliminary assessment of the effectiveness of

the first water collecting header with a slot nozzle and sub-
sequent sections with flat spraying nozzles.

Mathematical modeling using analog and digital compu-
tation means is one of the promising ways to solving practi-
cal problems of developing new technologies and equipment.
However, most numerical methods of temperature modeling
are based on the application of the finite-difference method
as it is more efficient and simpler in software implementa-
tion. A mathematical model was created in [7] for calcu-
lating temperature during hot rolling at the 2000 mill of
Severstal PJSC. At the same time, the created mathematical
model of the process requires refinement and development
since the strip speed during rolling is not taken into account
in the heat equation used in this model. Besides, when solv-
ing the problems of modeling the thermal state of the metal,
meshes with a uniform depth step were used which do not
quite accurately take into account temperature distribution
from the contact surface to the strip and roll bodies. No
concrete procedure for calculating the thermal state of the
strip-roll system during rolling was also given in the study.

Using the finite difference method, mathematical de-
scription of the heat transfer processes occurring in a strip-
mill-scale-roll system including differential equations with
corresponding boundary and initial conditions in character-
istic points of the deformation zone was given in [8]. How-
ever, no specific procedure for determining the thermal state
of the strip-roll system was given. It was only noted that the
developed mathematical model is the basis for further theo-
retical studies and determining parameters of the new hot
strip rolling technology. To elaborate on a reliable procedure
for designing a section of a new technological process of ul-
trafast strip cooling rate during sheet rolling, test problems
were solved in [9]. A possibility of mathematical modeling of
elements of the new rolling processes was shown, reliability
of the information on ultrafast cooling rate was given in the
technical literature and the possibility of its use in practice
was substantiated. The issues of determining temperature
distribution in the system contact zone were not considered.

Study [10] addresses special issues of mathematical mod-
eling of the thermal state of metal during sheet rolling. In
this case, a mathematical model of the thermal state of metal
on an output roller table of a hot wide-strip rolling mill was
considered. The model takes into account heat generation
due to the polymorphic transformation of the supercooled
state of the austenitic phase and the influence of the steel
chemical composition on the physical properties of the strip
metal. However, it does not consider the thermal state of
metal in the strip-roll system.

A mathematical model of hot rolling temperature param-
eters is presented in [11]. This model takes into account tem-
perature losses caused by thermal radiation and convective
heat transfer from and into the environment occurring in the
interstand areas and on the discharge roller table of the hot
wide strip rolling mill. Therefore, the presented model does
not take into account the actual temperature distribution in
the strip-roll contact area.

Taking into account the variety of rolling mill types,
position of the strip in the stands (horizontal or vertical),
the need for the reversal of the strip movement direction
during the rolling process, it is practically impossible to link
the coordinate axes of the strip and the roll [12]. Therefore,
when designing specific systems, these features should be
specially considered.



It is known that the roll durability largely depends on its
surface hardness. The higher the roll surface hardness the
higher the roll durability. The roll hardness can be ensured
by using hypereutectoid steels with a carbon content of
1.6—1.8 %. The use of solid rolls of hypereutectoid steel is
problematic at the loads occurring in the sheet mills because
there is a risk of roll breakage. Consideration of a two-layer
roll design is associated with the need to describe the ther-
mal state of current rolling tools. Therefore, the design of a
modern two-layer roll is considered in theoretical studies.

The mentioned models describe all main options of
the sheet rolling technology using two-layer and solid roll
designs. The developed models take into account heat ex-
change between the rolls, hot strip and water used to cool
the rolls, geometric dimensions of the deformation and
forced cooling zones as well as their relative position. The
developed models serve as a basis for carrying out theoretical
studies and determining parameters of the new technology
for hot strip rolling at all steps of the technological process.

To obtain further results in a numerical form, switch
from differential equations with partial derivatives to cor-
responding finite difference equations is usually applied.
Finite difference equations are obtained by replacing deriva-
tives with their differences.

Examples of transition from partial differential equa-
tions to finite difference equations are given in [13—15].
These equations have almost the same form and differ just in
writing depending on the coordinate system (rectangular or
cylindrical) and type (linear or nonlinear).

To determine temperature distribution in a two-dimen-
sional or three-dimensional body using digital computation
methods, the matrix inversion method can be used. However,
an attempt to use texts of the matrix inversion programs
(MATINV and EXCH) has shown that the texts were pre-
sented in a distorted form, so the use of these programs is
inappropriate. Thus, in addition to the system of equations
of energy balance for all nodes, independent development of
programs for inverting large-sized matrices is also required.
The way is known but it requires a significant timetable.

In the case of using the explicit finite-differ-
ence method, the problem is simplified: it is only
necessary to independently compose finite-differ-
ence equations of energy balance for each node tak-
ing into account the geometry of the study objects.

Thus, the analysis of scientific and technical liter-
ature has shown that when elaborating on the tech-
nological modes of thin sheet rolling processes with
the application of accelerated cooling, it is necessary
to have a reliable theoretical model for calculating
the thermal state of the strip-roll system. Studies
of the influence of various factors on the processes
of accelerated strip cooling are presented in [1-15].
However, they either do not provide procedures giv-
ing just results of calculation of the thermal state of

thermal state of a strip-roll system show that the adopted pro-
cedures need further refinement and improvement.

3. The aim and objectives of the study

The study objective is to develop a simplified proce-
dure that reliably establishes temperature distribution in
characteristic sections of the rolled strip and the rolls. The
application of this procedure will improve the accuracy of
solving non-linear problems described by the equations of
non-stationary heat conductivity of the strip-roll system
when rolling thin sheets.

To achieve the objective, the following tasks were set:

—to determine the intensity of heat release per unit vol-
ume in the deformation zone;

—to construct finite difference equations of energy bal-
ance for characteristic nodes of the conditional mesh applied
on the slabs with a non-uniform thickness distribution of
layers of the conditional mesh taking into account non-uni-
formity of the slab cross-section temperature distribution;

—to construct finite difference equations of energy bal-
ance for characteristic nodes of the conditional mesh applied
on the rolls with a non-uniform thickness distribution of
layers of the conditional mesh taking into account non-uni-
formity of the roll cross-section temperature distribution.

4. Materials used in studying the intensity of heat release
in the deformation zone

To determine the intensity of heat release per unit vol-
ume in the deformation zone, it is necessary to know the
angle of metal gripping by the rolls. It is known [16] that the
gripping angle is found from the equation

Ah
a=1-—, 1
cos R )

where Ah=ho—hy; hy is the thickness of metal at the entrance
to the deformation zone; A, is the thickness of metal at the
outlet of the deformation zone; R is the roll radius.

the strip-roll system or study the thermal state of one
element of this contact pair. A complete procedure for
calculating temperature distribution during rolling

with accelerated cooling is not given.

It was also established that mathematical modeling
using the finite difference method is the most accept- =
able method of theoretical study and solving on their
basis practical problems of developing new technolo-
gies and equipment for rolling with accelerated cooling.
However, the well-known examples of calculating the

Fig. 1. Scheme of division of the deformation zone into sections:

R (roll); M(rolled metal)



The deformation time in each section is 0.1At. Equation (1)
can be written as

A7h=R(1—cosoc). @

Displacement of metal layers in the sections can be found
from the equation

Ah  Ahy
7 - 9 R(1 cosoc,.), 3)

where i is the number of sections (i=10, 9, 8...3, 2, 1); a is
the gripping angle in the i-th section (a=0.9a for section 9;
a=0.8a for section 8).

Having displacement of metal layers in each section and
knowing time (0.1At), one can find the speed of layer dis-
placement to the middle of the slab where the temperature is
higher and calculate temperature growth.

Temperature growth caused by plastic metal deforma-
tion takes into account the rate of heat release per unit
volume (q,). In [17], 10 dependences for determining ¢,
were proposed by different authors. Discarding six of these
dependences which include empirical coefficients, remaining
dependencies can be analyzed.

Identical dependences having the following form are
proposed in [18, 19]

A

AT, = s 4
T Gxc @

where AT is the temperature increase due to deformation;
A is the energy necessary for metal deformation; G is the
rolled strip weight; ¢ is the average specific heat of the
metal.

To determine a temperature increase during rolling, a
dependence is proposed in [20]:

GSXIDZ—T

AT, =——
427xyxc

6)

where o; is the metal deformation resistance; 427 is the me-
chanical equivalent of the caloric unit.

Growth of metal temperature due to plastic metal defor-
mation is presented in the form:

q, XAt
AT, =—2——,
- (6)

where p is the specific gravity of metal.
From equations (5) and (6), ¢, can be found assuming
that y=p

csxln%xcxp

=t 7
e 427xyxcxAt’ 0

where At is the time of transit of one metal point through the
deformation zone, sec; g, is the intensity of heat release per
unit volume.

Taking into account the conversion coefficient (4.1868),
the following is obtained for the mechanical equivalent of
the caloric unit:

h
1 0
o, xIn h1

=——1x10° 8
427 x At ®

qz:

where 106 is a coefficient enabling substitution of o, valu-
es, kg/mm?.

5. Equations of energy balance and determination of
temperature in characteristic nodes of a non-uniform
mesh applied on the slabs

It is known that when a body is divided into 8 to 10 el-
ementary layers, the volume discretization error approaches
zero when the temperature is determined.

Test problems of modeling the metal thermal state were
solved. First, uniform meshes were used with the division of
the slab thickness by 10Ax and 100Ax. The results obtained
(when dividing by 100Ax) were used as the basis for assessing
deviations of the solution in the nodes of the non-uniform mesh
which coincide in the slab body with nodes of the uniform mesh.
During rolling, the real contact time of a point on a metal sur-
face with the rolls is approximately 0.08 sec. With such short-
term contact, it is difficult to expect uniform penetration of the
heatwave into the metal by 15 mm in each layer for a total slab
thickness of 150 mm conditionally divided into 10 layers.

Therefore, the standard approach consisting of a uniform
division of the slab into layers of the same thickness can lead
to erroneous results. In view of the above, when solving heat
transfer problems of the thin sheet rolling process, it is nec-
essary to use the division of the slab with non-uniform steps
in volume. Such an approach is described in detail in [21].

To determine the metal thermal state, a simplified cal-
culation procedure will be used. It consists of the fact that
according to the results of temperature field calculation, the
general thermal state of the entire study object will be built
based on individual dependences for the two-dimensional
problem. That is, solution of the three-dimensional problem of
determining T(x, , z, t) shall be reduced to the solution of a
two-dimensional problem T(x, z, 7) for a plate or roll in which
one linear mesh size (width) is larger than the other two.

Thus, we have a specified initial distribution Ty=const and
time-varying limiting conditions of the third kind at the metal
boundaries which reflect the change in heat exchange zones as
they move along the metal surface. In this case, temperature
field T(x, y, z, 1) is approximated by two-dimensional fields
T(x, z, 7) obtained at discrete time instants displaced from each
other by time At. Each of them has its own limiting conditions
and differs only in time position, that is, it has its own start of
accounting displaced by an integer number of steps in time.

To solve T(x, z, 1), it is necessary to sequentially solve
problems in the i-th heat exchange zone in accordance with
the set order of passage of heat exchange zones. The final
temperature distribution in the i-th zone is the initial distri-
bution for calculating temperatures in zone i+1.

Since thermal influences differ only in their position in
time, the distribution of T(x, y, z, 7) for an arbitrary value of
1 can be obtained based on the results of the solution in the
first section.

When calculating the metal thermal state, it is necessary
to take into account the following changes in:

—metal thickness during the passage of the deformation
zone;

—dimensions of the deformation zone;



—speed of movement of the metal layers;

— the intensity of heat release in the metal volume during
its deformation.

Equation (9) describes the metal thermal state:

oy 2 (x aTm)+

ot ox\ " ox

a(. ar P)
m T 9
+782( — )+pmumfa (c,T,)+q,, 9

where T, is the strip temperature; u,, is the strip speed; ¢,
is the heat release due to plastic deformation of the strip;
Cm» Pm> M are the thermal characteristics of the strip.

Two possible approaches to determination of the thermal
state of metal and rolls are described in [8,9]. In the first
case, metal and rolls are movable relative to the stationary
sources of influence. In the second case, metal and rolls are
motionless while the sources of influence move along their
surfaces.

A diagram of dividing the slab by a mesh in a longitudi-
nal section is shown in Fig. 2.

Note that the mesh has a smaller step in subsurface layers
in the direction of the x axis and a larger step closer to the

middle of the slab.

error in the calculation of the metal thermal state as a result
of small values of heat transfer coefficients in these sections.

The procedure of obtaining algebraic equations for deter-
mining the temperature in the mesh nodes is similar to that
described in [22]. For example, only coefficients will change
for the internal node 24 (Fig. 2) because the node width is
now equal to Az, and not 2Ay.

Equation for node 24 (Fig. 2) will take the form:

TM,HAI =0.1666F (2T231 +T231)

(1 OSF)T24‘5+ (7;41-’-71141_27‘24,1:)-’-

q,At U At
Cp 3 (2T23I +T251 3T24,1:)’ (10)
where B is the dimensionless coefficient (B=Az/Ax).
When Az=75mm and Ax=1.5 mm, equation (10) will
take the following form:

=0.1666F, (2T, +T,;, )+

24 STHAT 231

+(1-0.5F))T,, . +0.0004F, x

24

(T?;/H+TMT 2T2/1'c) qu +

U At
OSAX AX(2TB'L +T25{ 3T24‘:) (11)
1 11 21 31 41
2 -z ’72 37 4[, AX
3 3 73 I3 13 A Equation (11) practically repeats equation (12)
4 14 4 34 44 NoeR of [22] apart from coefficient (0.0004) at Fy in the third
15 25 35 45 28x term. Due to its smallness, the third component can be
3 44x neglected and again, like in [22], the equation of the
6 16 26 36 46 6Ax following form is obtained:
7 ]7 27 37 47 \% T2/1,'E+At 0 1666F (27‘231 +T2.)I)
<
A
= +(1=05F,)T,,, + 4204
8 18 28 38 48~ 104x
U T
o o (2Dt T =30, (12)
9 19 291 |39 49
that is, a one-dimensional problem will be solved.
5.5Mx
20 30 -
0 50
40 6. Equations of energy balance and determination
of the temperature at characteristic nodes of a non-
by | 28y 20y 20y 4by uniform mesh applied on the rolls
To determine the thermal state of the rolls for hot
11hy rolling, use the well-known statement [23-25] that

Fig. 2. Division of the slab with a mesh in longitudinal direction

(axisymmetric problem)

The mesh is divided into steps Az along the z axis. Let
us assume that Az=l; is the length of the gripping arc in the
metal deformation zone. The assumption that Az=l, is deter-
mined by the fact that the most intense heat sink with heat
transfer coefficients 1-2 orders of magnitude higher than in
other parts of the technological process is expected in the
zone of metal deformation. If it becomes necessary to round
the number of steps Az in any part of the technological pro-
cess to an integer value, this will not introduce a significant

there are two zones in the rolls during rolling that differ
significantly from each other. The first of them is a thin
surface layer in which cyclic temperature changes occur
during one revolution: the largest on the surface and
insignificant at a certain distance from it. In the second
zone extending along the roll axis, the roll cross-sec-
tion temperature fluctuations in layers are negligible.
The standard approach consists of a uniform division of
an object into layers of the same size. With a roll diameter
of 800 mm, division into 10 layers along the radius gives
a layer thickness Ar=400/10=40 mm. When averaging
temperature over a 40 mm thick layer, erroneous results
are most likely. In this regard, the well-known standard
approach is unsuitable.



To obtain more reliable information when calculating the
thermal state of the roll, it is desirable to have the smallest
possible layer thickness. If we take Ar=2 mm, then a more
successful model of calculating the roll thermal state can be
created. If the roll is evenly divided into layers, 200 layers
are obtained in one direction (in the radial direction, Fig. 3).
The problem cannot be solved even with the most modern
computation equipment available. It is necessary to use a
mesh with non-uniform steps in space: thicker where sig-
nificant temperature changes are expected. In those places
where temperature changes in neighboring nodes do not
differ much in time, it makes sense to use a less dense mesh.

41
42
43
44

22
23
24
25

32
33
34
35

21 31

AX

AN

45

_400Arx4.4 _
= 29 80Ar.

Ay
When analyzing the sizes of the steps between adjacent
layers according to the fields of the studied area, it is easy to
notice that the steps along the roll radius Ar are the smallest.
When dividing the angle of the roll contact with the strip
by 10 steps in time, the roll thermal state can be calculated
for locations where temperature changes most sharply, i. e.
in the deformation zone with slight changes in time At.
This makes it possible to move from solving a nonlinear
heat conduction problem to solving a linearized problem.
Let us assume that A, ¢, p of the
roll are constant in an interval Ar.
It should be pointed out that
due to the fact that most technical

0.5Ax

2Ax 4Ax

6AX

_—

objects have a spatial length, their

36

46

__8AX  thermal state cannot be character-

27 37

47

ized by the problem of change of the
16Ax

28 38

48

object coordinates only in time [26].
When determining the thermal

32Ax
- state of the objects with distrib-

29 39

49

uted parameters, the strip and the
roll are assumed to be motionless
and the sources of mobile influence
move along their surfaces. During

64Ax
200Ax

10 20 30 40

50

the time of passage of the sources of
mobile influence of the deformation
zone (0.08 s in the roughing stand
and 0.001 s in the finishing stand
of the rolling mill) with a decrease

66.5Ax

Ay 2Ay 2Ay 2Ay 4Ay

11Ay

Fig. 3. Longitudinal division of the roll by a net (axisymmetric problem)

With an account of the above, take the following layer
thickness in the direction from the roll face surface to its

middle (Table 1).

in At by a factor of 10, no sig-

nificant changes occur in thermal

characteristics of the roll material.
Let us consider the components

of energy balance for the internal

node 33 of the roll (Fig. 4).

Write the energy balance for node 33 in this form:

3933 T Q34533 T Gagyzs +
U,

Table 1 T35 53 T Qo333 T Qi3 s33 = P (13
Division of the roll into layers
Layer on(r, +Ar)Ag T, T,
number |12 P46 T 8] 9]0 224y n(r33360 e, T5ar
Layer width war
(multiple of | Ax | 2Ax | 3Ax | 4Ax | 6Ax | 8Ax | 16Ax | 32Ax | 64Ax | 66.5Ax 224y 275(733 —Ar)A(p % Ty =Ty, +
step Ax) 360 3Ar
T, .—T,.)360
+X2Ar2AyM+ A2Ar2AY X
Taking into consideration symmetry of the rolling pro- 21 X7 33 AQ
cess, divide the roll into 11 layers Ay with a mesh in the axial (T33w)360 (Tzst —Tsa,x)zﬂ X7 4 AQ
direction. Layers 7-10 belong to the roll necks rotating in ><2 : A +A2Ar-— 97 X360
fluid friction bearings. Layers 21-27 are contacting with TXT 5300 Y X
air and the roll cooling medium. The surface layers 31 and (Tda1 —T33YT)2TC><7’33 Ag
41 contact with the metal being rolled, environment and +A2Ar 5Ay% 360 =
water supplied for forced roll cooling. Since heat exchange
between the surface elements along the roll and the rolled = cp2Ar2AY 2UX7 55 AQ % (T33,1:+A1: _Tss,r) (14)

metal is the same, it is hard to expect the presence of tem-
perature difference in the surface layers 31 and 41.
Assuming that the roll length is 4.4 times greater than
the diameter, determine the ratio between Ar and Ay.
When the roll diameter d=2x200Ar=400Ar; L=2x11Ay=
=22Ay;

360 At ’

where 32 is the nodal point above point 33, point 34 is
under point 33 in radial direction; point 23 is the point in
front and point 43 is behind the design point; point 33’ is
to the left and point 33” to the right of the design point;



T35 T390 T340 T331 T3371; Tozq; Tuse are temperatures at
the mesh points at the time instant t; T33.1a; iS temperature
at point 33 at the time instant t+Ar; 733 is the radius on which
points 33, 33, 33” as well as points 23 and 43 are located.

Following the obvious simplifications and taking into
account that Ay=80Ar and r33=197.5A7, equation (6) will
take the following form:

]—;331+A1::£ 1+£ T321+£ 1_£ T341+
' 3 T33 T 6 T33 Y

6 7y ' Ad
X(Tssxr +Ty . —2T 5, ) +
+0.000039F, (T, ~T 4, ) +
+0.0000156F, (T, — Ty ). 5)

When analyzing equation (15), it can be asserted that
the last two terms that take into account the influence of
the nodes located along the roll axis from the calculated one
can be discarded. With the gripping angle 10° or more, the
fourth term of the equation can also be discarded because its
multiplier is quite small.

ry;+1.5A0r 7\

Fig. 4. Scheme of typical internal and neighboring nodes in the middle

of the roll

In fact, we again come to the one-dimensional equation
(in a cylindrical coordinate system). Besides, when calcu-
lating the thermal state of the active zone in which cyclic
temperature changes occur during one revolution, we have
an opportunity to switch from solving the problem in a
cylindrical coordinate system to solving in a rectangular
coordinate system. The error for the nodal point 33 that may
occur during such a transition is:

Ar__Ar 0.005.
ry  197.5Ar

The transition to solving a one-dimensional strip-roll
system greatly simplifies the calculation. An opportunity
arises to determine the value of the heat transfer coefficient
in the deformation zone by solving the boundary-value prob-
lem III for the roll and comparing the results obtained with
the solutions for the strip-roll system in a theoretical way.

7. Discussion of results obtained in the study of the
intensity of heat release and temperature distribution in
the deformation zone during sheet rolling

The performed studies have made it possible to obtain a
procedure for determining the temperature at any point of
a steady deformation zone on the strip being deformed and
temperature distribution from the surface into the depth of
the roll body.

When determining the intensity of heat release per unit
volume in the deformed section, the gripping angle in the
deformation zone was divided into 10 sections in order to in-
crease the accuracy of the results obtained (Fig. 1). This has
made it possible to take into account heat release ¢, in each
of the selected layers and calculate the temperature rise in
the direction from the strip surface to its core and therefore
increase the accuracy of establishing the thermal state of the
strip metal during rolling.

Unlike the known ones, the mathematical model of
rolling a smooth strip in rolls has been refined in the
part of the equation describing the thermal state of
metal to additionally take into account speed of move-
ment of the strip itself in the mill production stream in
order to increase accuracy of the calculations carried
out on its basis. Moreover, when determining the ther-
mal state of the strip-roll system as an ob-
ject with distributed parameters, the strip
and the roll themselves are considered mo-
tionless while sources of mobile influence
move along their surfaces with a speed u,,.

To obtain more accurate information about
the thermal state of the strip, the developed
model provides for the creation of a non-uni-
form conditional mesh for dividing the studied
areas of the strip (Fig. 2). The third task set
in the work was solved in a similar way, i.e.
using a non-uniform distribution of the nodes
of the conditional mesh over the cross-section
of the roll (Fig.3). Finite difference equa-
tions of energy balance were compiled for
the characteristic nodes of the conditional
non-uniform mesh applied on the rolls. Un-
like the conventional approach in which the
objects are evenly divided into layers of the
same size, this approach enables obtaining
detailed data on the thermal state of the strip metal and
rolls in their near-contact zones where the most intense
heat transfer occurs. Reducing the number of design mesh
nodes in areas where heat transfer is not as intense as in
the contact area (in the region of central strip and roll
sections) can significantly reduce the calculation volumes.

The thickness of the rolled strip is the parameter that
limits the application of the proposed method of deter-
mining the thermal state of the strip-roll system. With a
thickness of less than 1 mm, there is no significant tem-
perature difference on the surface and in the core zones
and there is no need to use meshes with a non-uniform
step.

Further use of the study results is expedient to deter-
mine temperature and speed mode of thin strip cooling
during rolling as well as to set the tasks of designing special
equipment for accelerated cooling in a production stream of
rolling mills.



6. Conclusions

1. To determine the intensity of heat release per unit
volume taking into account temperature increase caused
by plastic deformation of metal, the deformation zone in the
gripping angle was divided into 10 sections. This has made
it possible to take into account the non-uniform deformation
rate during rolling and increase the accuracy of the results
obtained.

2. The slabs hot rolled into strips were spatially divided
into arectangular coordinate system with a conditional mesh
having a non-uniform step. The standard approach consist-

ing of a uniform dividing the slabs into layers of the same
thickness can lead to erroneous results when solving heat
exchange problems of the rolling process. Finite difference
equations of energy balance were compiled for characteristic
mesh nodes which after approximation and simplifications
make it possible to obtain an equation for determining the
temperature at all nodes of the conditional mesh.

3. Finite difference equations of energy balance were
obtained for characteristic nodes of the conditional mesh
applied on the rolls with a non-uniform distribution of layers
of the mesh in thickness taking into account non-uniformity
of temperature distribution in the roll cross-section.
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