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1. Introduction

Due to the stringent demands on the quality of rolled sheets
it is necessary to gradually modernise rolling trains. An important
role in every rolling mill train is played by the working rolls whose
quality also determines the final quality of products, their cost
and output of the rolling mill train. The finishing lines of the wide-
strip rolling mill trains consist of six-seven stands. In the pass, the
finishing line used cast iron rolls with a non-specified hardened
working layer. The use of these rolls had a number of disadvantages
[1], [2]:
– high specific consumption of rolls per unit mass of rolled mate-

rial;
– reduced hardness of the surface of the body of the roll and asso-

ciated negative effect on the dimensions and surface quality of
the rolled strips.

Because of this it was necessary to find and use rolls of higher
quality. The cast iron rolls with the hardened layer were replaced
by centrifugally cast rolls with a higher chromium content.

2. Cooling working rolls

After introducing the rolls it was necessary to pay special atten-
tion to cooling the rolls. This is associated with utilisation of the-
oretical information on heating and cooling the rolls and practical
experience obtained in operation with them. The need to examine
this problem is also indicated by the fact that these rolls are sub-
jected to high demands caused by changes in the thermal-physical
properties in comparison with the cast iron rolls with a non spec-
ified hardened layer.

The surface temperature of the roll is an important quantity in
cooling the rolls which influences the deformation of the working

rolls, their wear and quality of the surface, as well as dimensions
and quality of the surface of rolled strips. According to service
experience obtained in rolling mill trains using rolls with a high
chromium content, the surface of the roll is not excessively damaged
by cracks formed under the effect of heat if the surface tempera-
ture of the roll does not exceed 60°C in removal from the stand.
Regardless of this fact, this temperature cannot be regarded as an
absolute value. Concerning continuous welding process the extent
of temperature variations decreases and the temperature of the roll
increases. As a result of a reduction of the temperature variations,
the thermal shock to which the working rolls are subjected decreases.
Practical experiences show that temperature variations have far
worse consequences for damaging the surface of the roll than the
roll temperature.

‘The cooling of the rolls is also significantly influenced by the
amount and pressure of cooling and the position of collectors.
The majority of rolling mill trains use a large number of high-pres-
sure spraying nozzles for cooling the working rolls. These nozzles
are installed in the so-called cooling connectors. However, incor-
rect application of the high-pressure nozzles may limit the cooling
effect of water. To obtain the most effective cooling effect, the
pressure and the angle of the cooling jet should be selected in
such a manner as to avoid reflection of water droplets with a high
energy from the surface of the roll. This would reduce the contact
time of cooling water with the surface and, consequently, reduce
the cooling effect The nozzles distributed in a relatively stable
position form different cooling zones on rolls with different diam-
eters because the distance between the nozzles and the cooled
surface of the roll changes.

The highest temperature of the working roll is recorded in the
area of contact with the strip. In this zone, higher temperatures are
found only in a very thin layer. It is therefore essential to ensure
that the heat received by the roll from the strip is removed as soon
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as possible, i.e., immediately after the completion of contact between
the roll and the strip. The heat received by the roll must be removed
to avoid its further penetration into the roll. This can be ensured
by correct distribution of the cooling collectors. In many cases,
even if the pressure conditions are maintained and the amount of
cooling water is sufficient, with the correct distribution of collec-
tors, rolls in certain stands of the finishing line can be overheated,
i.e. the surface temperature exceeds the allowed value. This results
in insufficient cooling which requires detailed analysis of the thermal
processes taking place during cooling of the rolls.

In cooling the rolls it is necessary to take into account the fact
that the amount of heat received by the roll from the strip must be
equal to the amount of removed heat. If this equilibrium is dis-
rupted, i.e., if the amount of removed heat is lower, heat would
build up in the roll and, in the final analysis, the roll temperature
would increase.

In analysing the amount of heat received from the surface it
is necessary to take into account the following heat sources and
solutions of the equations, Fig. l:
1. The equation of heat conduction in the roll.
2. The equation in of heat conduction in the strip which takes

into account the development of heat caused by plastic defor-
mation.

3. The equation of heat conduction through the oxidation film
existing between the roll and the strip-takes into account heat
caused by friction.

For different rolling conditions we calculated the transfer of
heat to the roll which does not include the friction heat [3]. The
basis for compiling the mathematical model of the temperature
field of the roll in hot rolling is the differential equation of heat
conduction in the roll:
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In solving equation (1) it is necessary to know the initial and
boundary conditions:

– initial condition

� � �0 for   Fo � 0

– boundary conditions

� � �(�) � ei.Pd.Fo by   	 � 1 (2)

�(	, �, Fo) � �[	, (� � 2k � 
), Fo] � K � �t (3)

where exponent i is an argument which expresses the complexity
and periodicity of the boundary conditions. The first term on the
right hand side of the equation (3) represents the periodicity of

the function and the second term the temperature increase on the
surface as a result of deformation.

The constant K can be determined by means of experiments.
The value �t expresses the temperature increase during deforma-
tion. At 700–1300 °C the deformation energy is completely trans-
formed to thermal energy. The increase of the energy of the stressed
state can be regarded as negligible. The value �t is determined
from (4):
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where the values of the mean deformation resistance ps for differ-
ent stands in the line, for different diameters of the working rolls,
for different revolutions of the working rolls and different temper-
atures can be found in the literature [4].

Figure 2 shows the diagram of distribution of the boundary
conditions on the surface of the upper working roll. In the zone of
contact between the roll and the rolled strip �1 the temperature
on the surface of the roll is equal to the strip temperature tp . In
the cooling zone �3 the temperature is determined by the temper-
ature of cooling water tv . In the zones �2 and �4 it can be assumed
that the surface is insulated from water with wipers. During rolling
the roll rotates at the angular speed �0 and, consequently the equa-
tion (1) must be solved for the rotating system. The differential
equation (1) together with the unambiguity conditions (5) and (6)
makes it possible to obtain a solution describing the radial non
stationary temperature field of the rotating roll.

Fig. 3 shows the distribution of the boundary conditions of
the surface of the rotating roll with the angular speed �0 . The ver-
tical axis gives the temperature distribution �t which varies from
to to tp . In the zone of angle �2 the temperature decreases expo-
nentially. In the zone of angle �3 the roll is cooled with water at
such a rate that the surface temperature of the roll can be regarded

Fig. 1 Heat sources
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as equal to the temperature of the cooling water. In the zone �4

the temperature of the surface exponentially increases, as in the
zone �2 . As a result of transformation of the equations, the final
equation of the amount of heat received in the strip by the two
rolls has the form:

Q(�0) � 2� � b � 	Pd� (tp � t�) � ��1 � �
�

2
2
�� (5)

In the quasistationary conditions, the amount of heat sup-
plied to the rolls is equal to the amount of heat taken away during
a single revolution:

Q(�0) � Q(�m) . (6)

The area S1 � S2 in Fig. 3 corresponds to the supplied heat
and S3 � S4 to the heat removed.

On the basis of the above results we compiled a program for
calculating the amount of received heat in different rolling condi-
tions. Fig. 4 and 5 show the dependence of the amount of received
heat for the finishing line of the wide-strip hot rolling mill train.
The amount of received heat was calculated on the basis of the
our programme “Calculation of heating of rolls”[1]. Fig. 4 can be
used to compare the amount of received heat for different revolu-
tions in the individual stands. The graph indicates clearly the
degree of loading of the individual stands. Fig. 5 shows the depen-
dence of the amount of heat on the angle of engagement. This
heat does not yet include the friction heat. 

Fig. 6 shows the distribution of the surface temperature of the
rolls in relation to the friction heat which is proportional to the
rolling speed. An increase of the temperature of the finishing line is
caused by the formation of heat as a result of friction due to higher
rolling speeds. In higher loading of the mills, A (high rolling speed),
the curve increases above the optimum temperature of the surface

Fig. 2 Distribution of boundary conditions on the surface 
of the working roll

Fig. 3 Distribution of boundary conditions on the circumference 
of the roll

Fig. 4 Dependence of the amount of received heat on revolutions

Fig. 5 Dependence of the amount of received heat on the angle 
of engagement
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of the rolls and the rolls can be subjected to a considerable risk of
damage in comparison of the values obtained under the normal
rolling conditions, B (normal rolling speed) [5]. The optimum
surface temperature of the roll is represented by the value specified
by the manufacturer. 

Fig. 7 shows the dependence of the maximum surface tem-
perature of the roll on the friction coefficient at different rolling
speeds. As indicated by Fig. 7, the friction coefficient determined
from the literature data, for example [6], has strong effect on the
surface temperature of the roll.

3. Conclusion

The following conclusions can be drawn:
● Special attention must be given to the thermal loading of the

individual stands of the finishing lines of the wide – strip hot
rolling mills (it is necessary to take into account all heat sources
which change in relation to different rolling conditions);

● It is necessary to consider the pressure conditions and the dis-
tribution of cooling water supplied to the individual rolls of the

finishing line as well as the distribution of water at the inlet and
outlet for the individual stands;

● Special attention must be given to the risk of overheating the
rolls in service in the rolling conditions in which the individual
stands are subjected to the maximum loads. In the future it
would be necessary to examine new systems of cooling the rolls
in the finishing line, for example, cooling by means of the water
wall, or water with a low pressure using collectors with a slit
along the entire width. Water is then trapped at a low energy and
the water film should remain on the surface curve as long as
possible [7] and [8].

In conclusion it can be said that to propose suitable conditions
of cooling the individual stands, the calculations must be supple-
mented by the amount of heat formed under the effect of friction
in relation to the rolling speed and the friction coefficient.

After determining this heat it will be necessary to determine
accurate conditions of cooling which ensure sufficiently effective
cooling of the rolls [10, 11, 12, 13].

Symbols:

�(	, �, Fo) – relative temperature � � t � tmin / tmax � tmin

t(	, �, Fo) – surface temperature of the roll
	 � r / R – relative dimensionless radius
R – roll radius, 0 � 	 � 1
Fo � a . �/R2 – Fourier criterion
Pd � �0 . R2/a – Predvoditelev’s criterion
a – heat conductivity coefficient, m2.s�1

b – the width of rolled strip, m
ck – specific heat capacity of the material, kJ.kg�1.K�1

h – the thickness of the rolled strip, m
hi – the thickness of the rolled strip after i-th pass, m
hi�1 – the thickness of the rolled strip after i-1-th pass, m
ps – mean deformation resistance, Pa
tP – strip temperature, °C
t – mean temperature in the range �m � �3 � �4 ,°C
�t – temperature increase in deformation, °C
� – heat conductivity coefficient, W.m�1.K�1

	k – density of material, kg.m�3

� – time, s
� – angular speed, s�1
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Fig. 6 Dependence of the surface temperature of rolls on the rolling
speed in the individual stands of rolling trains

Fig. 7 Dependence of surface temperature on friction coefficient
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