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Abstract— A condition of heat exchange between the layers Now let us analyze the equation of heat balance in an
having different thermalphysic properties in a two-layer arbitrary point of the area of y € Q (Fig. 1)
cylindrical roll of a rolling mill is analyzed foe an ideal thermal
contact. It can be realized with application of the condition of ; _ _
heat balance of one of the layers in the cylindrical area for a J.[dlv(l grad u) coty ]ds =0. )
homogeneous equation of heat conductivity. Analyzed was a
simplified target setting in the radial section with a supposition, In our case y area — is a section of the ring, located
regarding an averaged in radius temperature distribution in the '
outer layer. By applying the condition of the thermal balance and ~ between the circles of R, i R, (R, > R;)radii and two radii
by integrating the homogeneous equation of heat conductivity in . .
the two-layer area a condition of cohesion of an impedance type that form angles ¢ i ¢, ((DZ > (Pl) with the start of the
in case of an ideal thermal contact between the layers was  coordinates. Radius turn is performed from ¢ angle to ¢,

constructed. angle (in a counterclockwise direction).
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. INTRODUCTION

Contemorary requirements for the quality of production of
rolled stock demand improved reliability of equipmnet
operatoin, especially durability of rolls [8,9]. It can be realized
by means of application of two-layer rolls, their outer layer
being made of wear-resistant materials and their innerv layer
being made of heat-resistant materials. Durability of two-layer
rolls can be increased by means of optimization of their
thermal operatoin mode and control of the processes of heat
exchange in roll’s pass with the help of a mathematical
simulatoin model and the systems of computer mathematics Figure 1. Area 7
[5,6]. The heat from the surface of a two-layer roll with a
cylindrical shape is passed to its axis by means of heat Let us denote
conductivity[1-3]. Normally two-layer rolls of a rolling mill
possess different thermalphysics properties and there is a u
dense thermal contact between them. With a suppositoin of an 2 h
existence of stationary heat exchange let us analyze the h h
condition of thermal interaction at transitoin from one layer to R,=R+—=; R =R-— (3)
another. Such thermalphysics model describes the process of 2 2

mathematical simulation model, based upon a homogeneous  rearrange the first additive under the integral sign (1) [7],
equation of heat conductivity, that has in the cylindrical

r 2

coordinate system of the limited Q area the following view: fdiv(igradu)ds:jla—udl
or
10( ou 1 0%  , o ou y 7
i | T [PAZ o5t —Gp—=0
ror\ or r’ op 2 ot where 7 - y area contour.
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Let us evaluate the integral along the boundary of y area. %2 52 . %2 52 Rl
= J'—z ulnr+LT’r)|R12 d¢=ja—2(ﬁlnr+ﬁ'r)|R_ﬁd¢=
Il—dl jﬁ—dl _[/I—dl Il—dl+ j l—dl 2 a1
To2 P2 A2 R+g
By passing to the polar coordinates Xx=rcose |, ~ )57 Uln—-+0h do=
. . n 9P R——
y=rsing,at A=const we will get: 2
2 h h
div(Agrad u):iig[ra—u}rﬂ%a—g ? 1 R+E 1 R+E
ror\ or reop :rcsz u,| =In +1(+u_| =In -1||de,
p 4 2 R_h 2 R_D
2
or _[dlv lgradu ds_/lj ( 6_uj+i6_u rdrde
ror\ or) r?op? 52
where _8_2_ "
s 0p
:’IJ- u r|r:R d¢+’1j.a_ur|r:R do+ . . .
@5(4) : or T Now, let us evaluate the second additive with (1) with
regard to (2) and (3)
2 ou 1 au 1
[ Y Tk -
2 O(=0) Tpepy a(pr(p 2 J.Cpu ds = J' J'c,outrdrdgo CpI _[ rjrdrde=
. . Rl R
ou_ ou, h
:_AJ‘_Rld(D'M'J._RZd(D_ 22 R, P 2 3\*2
or or Gy G2 - TR =
o o co | _[(ur+ur )drd(p_c,oj' i—+0— | dp=
21 0u "21 au AR A Ry
“A[== dreaf=—|  dr=
R r op Y ro

[y oy,
5 M 00l,_, 09l,, 2(a u h?
1 2 =cpj 5 2Rh+—| 3R%h+— | |dgp =
P2 41
_zja‘” Rydg ij—Rld +1jla” dr =
n %l T*Rh i Ren+ 1 |
=cp||URh+T +— [[do.
Pq)l 12 o
—zT—au(Rz'w)Rd -
- or 24P Thus, instead of (1) we get the equation
a
? ?
au au
% ou(Ry, ) u(r,p) A[=|  Rdp-i[—| Rdp+
_ﬂ,J.—Rld +ﬂ,J. J.—a—zdrd¢ Y or r=R, ” or r=R,
2 nR ¢
Now, let us consider the third addition in the previous » 1 R+E 1 R+D
expression, using (2) +M§jA¢ u, EIn ﬁ+1 +U_ EIn ﬁ—l do—
R—1 R—
?p Ry o%ul(r ® A2 (R 2 2
J‘ J‘% a(z,(ﬂ)drdqo= J‘;—Z{j%u(r,q))erw): (pz .
o R ¢ n%? \R ij[ﬁRhﬂT’[thJrEHd(p:O.
P2 62 RZl _ _ 2 RZ _ _ a
= J‘JJ F(u r)drde = I 7 ,[( u+ jdrd(ﬂ: By applying the theorem regarding the average, we can get
o R
+

aou
-y —o )R
((02 (01) 1o

Ry

ou
A -¢ )R, —
(¢72 (/’1) P

Ry
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R+D
2

R——
2

3
R2h+h— =0.
12

Both sections of the last equation we will divide by
(-1

+Ar2 (9 — @) A, | TN +0h |-

—Cp(wz—(pl){ﬁRth'(

R,

o%u
——| Uln

op

3
—Cp|:L7Rh + G’[th +h—ﬂ
12
_(R
R+E
2

228 gin—2 o |- (5)

3
Cp|:L;JRh+L;J'(R2h+h—I| =0.
12

The formulae (4) and (5) — are condition of cohesion of an
impedance type for a cylinder.

R/?,
! 8r

+A

Ry R

(4)

ou

+hj/1—
2) or

G

Now, let us consider a simplified target setting. Let one
part of the surface of a two-layer cylinder, rotating around its
axis with constant velocity o is heated by a constant heat
flow the density of which is W, ot <@ <@, + ot while the

other part radiates heat into the ambient space in accordance
with the laws of Newton and S. Bolzman. For determination

of temperature distribution T =T (r,¢,z,t) in such cylinder

on the assumption that temperature distribution of the outer
layer does not depend upon its radius we can pass to the
analysis of the averaged temperature field along the radius in
the outer layer. Thus, we can reach the following boundary
problem regarding adhesion in the area:

Qxt={(r.z,p.t)] 0<r<R,,0<p<27,0<z<lt>0}

1 62T o°T oT

P FE( 5) ﬂiz ﬂu——clzplz p =0 (6)
T(r.e,2,0) =T, )
T(re0t)=T,, T(r,olt)=T,, (8)

AT (R +0,0,2,t) = 4,T, (R, =0,0,7,1), )
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ﬂlT(Rl+0,¢,z,t)=ﬂ,zT(R2—O,go,z,t), (10)
0T (Ry, ¢, 2,1) 4 -4
—e = =T T =T
R U I T
ot+@y <p<wt+2n
@wz—w, ot <p<ot+g, (12)
r
oT(0,¢,2,t) —o, (13)
or
T(r,p+2m,2,t)=T(r,,71), (14)
where W-— being the heat flow from the stripe to the rolls in

the area of the contact of the stripe with rolls R, <R, . At such

conditions of heat exchange we can assume in the
mathematical simulation model that the temperature of the
cylinder along its length remains constant , so the derivative

along z can be neglected, assuming that Z—T:O. At that the
Z

problem (6)-(14) is simplified, the condition (8) disappears,
while the equation (6) acquires in the area of
O xt={(r,p,t)] 0<r<R,,0<p<2z,t>0} the following

view:

16T
[ r_
ﬂizrar( 6r) Mo — 26 >~ C2P1

T o

27 (15)

For investigation of the temperature field of the inner cylinder
it’s enough to know the average temperature distribution in the
outer one (See Fig. 1). So, for evaluation of the heat flow
through the surface of the inner cylinder we cam multiply the
equation and (15) by rdr and integrate along the layer’s
thickness within from R; to R, .

By applying the relation

Ry
u(p.t) =§ [T@r.ptydr, (16)
Ry

where S —is the area of the perimeter of the outer layer , we
will get after rearranging

=

/‘?——_._.__:‘\
M v
A
A "
e,
o
e,
~ |0 R R, T

Figure. 2 Two-layer cylinder
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1 07T oT
- c rdr =0
J‘(%rar(ar /122@2 2re ]
Ry 2 Ry
j——(r—)rdr ﬂzj‘iza—-l;rdr Czpzj rdr =0
R T op R
P Ry
T or
-C —7rdr=0. (17
ﬂzj =3 292 J - (17)

Paying attention to the generalized theorem regarding the
average value and taking into account (11)—(13), we may write

down

ot+py<p<ot+2rx j

{@RZ((am ~T)+eo (T -TY)

—w| _
wt<p<wt+gy

A &
232

Ry

_[Trdr Cr0p — _[Trdr_

2R or j

By dividing both parts of the equation by 4R, , we will
receive that

aT
ar

S T Seppp T _
TR 092 | 20RO

R, W, ot<p<ot+e,

=El a(T, —T)+€J(TC4 —T4), ot+@y <p<ot+2r

S Sc, p R, _

et =5 g =302, _ Ry

TR TR TR
9 (aT)+9,(cT)= (a(TC T)+5G( T4)),then,after

our transformations we WI|| have for the boundary of the inner
and outer cylinders the condition of cohesion of an impedance

type

oT o°T oT
o e a|
r ago I’:RZ
Jo, ot<p<at+ey,
= (18)
0:(aT)+0,(oT), at+gy<p<ot+2r.

where ¢; =const, gy, 9, (aT), 9, (oT ) are constant values
or partial-monotonous functions.

The obtained boundary condition of cohesion of an
impedance type (18) is but a particular case of a more
complicated condition (5). Both conditions (18) and (5) seem
to be suitable for applying for solving boundary problems for
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multi-layer cylindrical areas, particularly for investigation of
temperature distributions in multi-layer rolls of rolling mills
and rolled crystallizers.

Il.  CONCLUSIONS

Obtained in the work was the condition of thermal
cohesion between the layers of a rolling mill rolls of
cylindrical shape, possessing different thermalphysics
properties of their layers at dense thermal contact of the layers.
This condition was set up with application of the condition of
the heat balance of the area that includes the boundary of
separation of the layers. The objective of obtaining this
condition was in the necessity of developing and investigating
a mathematical model of heat distribution in the rolls when a
metal stripe or sections are being rolled. The reason was a
necessity of designing new advanced process equipment. On
the basis of the equation of heat balance of an element of two-
layer cylindrical area and the boundary condition of the fourth
order a condition of an impedance type was developed, which
has a tangential derivative along with the normal derivative.
Such condition allows to investigate temperature distributions
in multi-layer and complicated noncharacteristic areas.
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