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Аннотация. Тепловой режим бочки рабочего валка непрерывного стана горячей прокатки – значимый фактор технологии, который влияет 

на качество формы стальной полосы, ее поперечное сечение, стойкость рабочих валков. Достоверный расчет параметров температурного 
режима позволяет определить форму теплового профиля и наилучшую профилировку поверхности бочки валка, добиться уменьшения 
дефектов планшетности готового проката. Наиболее распространенной является балансная модель теплового режима валка, точность 
которой в значительной степени определяется теплофизическими постоянными, в частности коэффициентами теплообмена валков: 
контактного – с полосой и конвективного – с охлаждающей водой. Имеются различные сведения о значениях и методах расчета 
этих коэффициентов, но большинство из них не учитывают наличие пауз в ритме прокатки чистовой группы клетей, длительность 
которых значительна. Отсутствие учета этого фактора влечет за собой существенные ошибки в расчетах теплового режима бочки валка. 
Проведен пассивный эксперимент, в ходе которого с помощью термопары измерены температуры поверхностей бочек рабочих валков 
в нескольких точках по их длине сразу же после вывалки. Также определены параметры прокатки стальных полос перед перевалкой: 
коэффициенты ритма прокатки, обжатия полосы в клетях, расходы воды на охлаждение валков и некоторые другие параметры. 
В результате получено эмпирическое уравнение для расчета коэффициента контактного теплообмена, учитывающее основные факторы 
технологии, в том числе длительность пауз в ритме прокатки. Использование уточненных коэффициентов для расчета температур 
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Abstract. Thermal mode of the working roll barrel in a hot-rolling mill is a significant technological factor that affects the steel strip quality, its cross 

section, and durability of working rolls. A reliable calculation of the temperature mode parameters makes it possible to determine the thermal profile 
shape and the best profiling of the roll barrel surface, as well as to reduce defects in steel strip flatness. The most common is the balance model of roll 
thermal mode. Its accuracy is largely determined by thermophysical constants, in particular, the heat transfer coefficients of the rolls: contact – with 
the strip and convective – with cooling water. There are various data on the values   and methods for calculating these coefficients, but most of them 
do not take into account the presence of pauses in rolling rhythm of the finishing group of stands, the duration of which is significant. Failure to take 
this factor into account entails significant errors in calculations of the thermal mode. A passive experiment was carried out, during which surface 
temperatures of the working rolls’ barrels were measured using a thermocouple at several points along their length immediately after they fell out. 
Also, the parameters of steel strip rolling before roll change were determined: rolling rhythm coefficients, strip reduction in stands, water consumption 
for cooling rolls and some others. As a result, an empirical equation was obtained for calculating the contact heat transfer coefficient, taking into 
account the main technological factors. The use of refined coefficients for calculating the temperatures of the roll barrel significantly increased 
the accuracy of predicting the thermal mode, in particular, the thermal profile of the working roll, based on values   of the rolling parameters. 
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surface temperature, thermal profile, balance equations
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 Introduction

Numerous studies have been conducted on the tempe-
rature profiles of roll body in continuous rolling mills. 
Garber E. et al. [1] proposed a thermal analysis approach 
for broad-strip hot rolling mill rolls. Their method incor-
porated heat balance equations for work rolls (WR) and 
backup rolls (BR) considering heat exchange between 
the rolls, strip, cooling water, and the environment. 
The accuracy of their simulation heavily relied on empiri-
cally estimated heat transfer coefficients. However, 
a disadvantage of their model was the insufficient con-
sideration of rolling downtime. To address this, the frac-
tion of operating time during the lead time was multip-
lied by the roll body temperature, leading to significant 
errors during extended downtime. Despite this limitation, 
the simulation model was relatively simple, valid to a cer-
tain extent, and had potential for improvement. 

Bel’skii S. et al. [2] employed a simplified model 
to estimate the temperature profile of hot-rolling work 
rolls. They obtained an exact solution for the thermal con-
ductivity equation and measured the temperature distribu-
tion along the roll body after rolling. 

Antonyuk V. et al. [3] introduced a new design for 
cooling system headers aimed at reducing the work roll 
body temperature to an acceptable level. However, their 
study lacked any theoretical analysis of the proposed 
upgrade, and it remained unclear whether the design could 
be applied to cooling systems of other rolling mills.

Garber E. et al. [4] demonstrated the significant impact 
the roll body temperature profile on the accuracy of strip 
cross-section shape [4]. The model presented in [3] could 
be applied with adjustments specific to the rolling mill and 
actual downtime.

Several studies have focused on temperature profiles 
in broad-strip rolling mill.

Hamraoui M. et al. [5] simulated the strip temperature 
distribution in the steady-state mode, representing work 
rolls as heated hollow cylinders in contact with the strip 
and cooled by convection on the outer and axial hole sur-
face. They proposed a model linking roll temperature to its 
rotation speed and heat exchange with the environment. 

Johnson R. et al. [6] investigated the unsteady ther-
mal field of the roll at different time intervals, assuming 
heat transfer solely on the roll surface. Their resulting 

thermal field model enabled temperature prediction at any 
point within the roll body.

Campos A. et al. [7] developed a real-time simula-
tion model to estimate the temperature and thermal expan-
sion of hot-rolling mill work rolls. Additionally, they 
designed an intelligent system to control the cooling water 
flow rate for work rolls.

Hlady C. et al. [8] determined the heat transfer coeffi-
cient for hot rolling of aluminum-magnesium alloys 
in a laboratory mill. They placed thermocouples inside 
the rolling strip and obtained coefficient values ranging 
from 200 to 450 kW/(m2·°C) through inverse modeling. 

Zhang X. et al. [9] created a finite-difference model 
to simulate the thermal expansions of CVC work rolls 
during hot strip rolling. Their simulation considered 
heat release resulting from strip deformation and friction, 
as well as convective heat exchange with the environment. 

Prediction of temperature distribution in work rolls 
holds great importance for mill designers. Serajzadeh S. et 
al. [10] estimated the temperature and heat transfer coeffi-
cients of hot-rolling roll. By utilizing the differential equa-
tion of thermal conductivity for cylinders, they derived 
a nonstationary thermal model which provided reasonably 
accurate estimates of work roll temperature. 

Mercado-Solis R. et al. [11] examined surface defects 
in work roll bodies caused by temperature stress. They 
studied heat damage to hot-rolling mill work rolls using 
a test bench that simulated the first stands. Two steel 
grades were tested: high-speed tool steel and high-car-
bon chromium steel. Their FEM model predicted tempera-
ture distribution across the roll volume. 

Hwang S. et al. [12] presented a FEM approach to ana-
lyze the thermal and mechanical behavior of hot strip rolls.

Kotrbacek P. et al. [13] conducted a study on the impact 
of roll temperature on roll body wear.

Arif A. et al. [14] examined the temperature distri-
bution in the work roll when it comes into contact with 
the strip during cold rolling. They proposed a FEM 
approach to simulate the inhomogeneous heat flow 
at the interface between the roll body and strip.

In his monograph, Garber E. [15] provided a compre-
hensive review of existing simulation models for cool-
ing broad-strip rolling mill rolls. The monograph also 
includes an analysis of the roll cooling system and dis-
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cusses the adaptation of simulation models to specific roll-
ing mill.

 Problem statement. Materials and methods

In most cases, the temperature distribution across 
the surface of WR body is symmetric relative to the roll 
body’s midline. This symmetry is maintained up to approx-
imately two-thirds of the average strip width [1]. The roll 
surface temperature experiences a slight decrease towards 
the strip edges, while the roll ends are only a few degrees 
hotter than the cooling water. To predict the temperature 
profile, it is necessary to determine the actual temperature 
at the middle of the roll body. This temperature can be 
obtained using available temperature distribution models.

The heat balance model [16; 17] utilized to calculate 
the temperature at the middle of the roll body surface 
in 4-high mill stands.

This model employs thermal balance equations for 
the WR and BR, assuming that the average temperature 
field over the rolling lead time remains constant. Accor-
ding to this model, the entire heat energy generated is 
transferred through contact heat exchange to the backup 
roll and through convective heat exchange to either 
the cooling water or the environment.

Fig. 1 illustrates the heat flows in the radial plane 
of the rolls for a 4-high mill stand. Based on Fig. 1 and 
the aforementioned patterns of roll-to-roll, roll-to-cooling 
water, and roll-to-environment heat exchange, the quasi-
stationary heat balance can be represented by the follow-
ing two equations:

– for the work roll:

            (1)

– for the backup roll:

    (2)

In these equations, the heat amounts are defined as 
follows: Qwr represents the heat supplied to the WR 
from the strip through contact and partially radiant 
heat exchange;  and  denote the amounts 
of heat removed from the WR by the cooling water 
at the inlet and outlet of the stand; Qbr represents 
the heat transferred from the WR to BR through con-
tact heat exchange; Qbr.cool represents the heat removed 
by the cooling water from the backup roll; Qbr.env repre-
sents the heat released by the backup roll to the environ-
ment (air).

By substituting the heat balance components 
in the equations above they are reduced to a system of two 
linear equations in the unknown average temperatures 
of the WR (tavg.wr.i ) and BR (tavg.br.i ):

The coefficients of the system of equations are 
expressed as follows:

The input values for the system of equations are as fol-
lows:

Fig. 1. Scheme of heat flows in the “quarto” stand:
1 – collector with nozzles of the roll cooling system; 

2 – wiring-water cutters from the rolled strip

Рис. 1. Схема тепловых потоков в клети «кварто»:
1 – коллектор с форсунками системы охлаждения валков; 
2 – проводки-отсекатели воды от прокатываемой полосы
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– contact heat transfer coefficients: αcont.ht.wr strip 
to WR; αcont.ht.br WR to BR;

– convective heat transfer coefficients:  ,  WR 
to cooling water at the stand inlet and outlet; α1br BR 
to the cooling water; αbr.env BR to the air (all the heat trans-
fer coefficients are in W/(m2ꞏ°C));

– φ1 to φ5 are the WR and BR circumference angles 
in radians which define sectors with different heat transfer 
coefficients (refer Fig. 1);

– other values: Dwri , Dbri mid-body diameters of the ith 
stand WR and BR, m; lsi length deformation area for the ith 
stand, m (pre-estimated using the rolling force model); 
bbri width of the elastic contact area between the WR 
and BR, m (estimated using the Hertzian equations from 
elasticity theory); tcool temperature of the cooling water 
supp lied to the rolls, °C; touti strip temperature as it leaves 
the deformation area of the ith stand (pre-estimated with 
the partial strip temperature model); tenv ambient (air) tem-
perature, °C.

The WR and BR heat balance equations were solved 
using Cramer’s rule:

       (3)

The reliability of roll temperature estimation depends 
on the contact and convective heat transfer coefficients: 
αcont.ht.wr , αcont.ht.br ,  ,  , α1br , αbr.env .

Garber E. et al. [16; 17] presented equations for 
the  ,  , α1br , αbr.env coefficients. The convec-
tive heat transfer coefficients between BR and cooling 
water, and BR and environment (air) in these papers 
are: α1br = 1500 W/(m2·°С); αbr.env = 400 W/(m2·°С),  
the contact heat transfer coefficient between WR and BR  
αcont.ht.br = 40 kW/(m2·°С). 

The equation for the convective heat transfer coeffi-
cient between WR and cooling water is given by [17]

α1wr.in ≈ α1wr.out = 21V11 + 21,000pcool – 0.04  –

          – 71  – 14,590, W/(m2·°С), (4) 

where V11 is the water spraying intensity over the roll  
 

body width , m3/(s·m2), V is the total volume  
 
of water supplied to the WRs of the ith stand, m3/s; bs is 
the strip width, m); pcool is the WR cooling water pressure, 
atm. 

The roll-to-strip contact heat transfer coefficient  
αcont.ht.wr  depends on: 

– the length of the deformation area, which in turn is 
determined by the contact stress;

– the roll body-to-strip contact period expressed as  
 

the downtime ratio:  (τlt is the lead time, s;  
 
τdr is the downtime when there is no strip in the deforma-
tion area, s);

– the roll body diameter (assumed constant for the spe-
cific rolling mill and stand);

– the presence of slag between the strip and the roll 
surface.

It is important to emphasize that the accuracy 
of the αcont.ht.wr contact heat transfer coefficient will greatly 
influence the accuracy of work roll temperature estima-
tion and other temperature-dependent process properties.

The determination of αcont.ht.wr can be achieved by uti-
lizing experimental data of process variables, stand prop-
erties, and experimental studies of roll body surface tem-
perature.

Papers [16 – 18] provide such input data for calculating 
the αcont.ht.wr coefficient in the finishing stands of a broad-
strip cold and hot rolling mill. The literature reports tem-
peratures of work roll body surfaces that are measured 
using thermocouples immediately after the work rolls 
are removed from the stand. Fig. 2 illustrates bar graphs 
depicting the temperature distribution in the middle 
of the WR body for the finishing stand of the 2000 model 
broad-strip rolling mill.

Fig. 2 indicates that the roll body temperature gene-
rally decreases from the first stand to the last finishing 
stand. This can be attributed to the lower strip tempera-
ture in these stands. However, the second and third stands 
deviate from this trend. Fig. 3 demonstrates that the aver-
age flow rates of water supplied to the roll body surfaces 
are highest compared to the flow rates in the other stands. 

Fig. 2. Temperatures of the working rolls barrels’ surfaces 
in the stands of finishing group

Рис. 2. Температуры поверхностей бочек рабочих валков 
в клетях чистовой группы
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To derive an analytic equation for the WR-to-strip 
contact heat exchange coefficient we determined the coef-
ficient values that minimize the discrepancy between 
measured and estimated temperatures using the heat bal-
ance model. Subsequently, they selected the most suitable 
equation for αcont.ht.wr and validated its performance. 

 Results and discussion

We conducted regression analysis on the experimen-
tal data to develop an equation for the WR-to-strip con-
tact heat exchange coefficient in the deformation areas 
of the finishing stands in the broad-strip rolling mill. 
The resulting equation is as follows:

αcont.ht.wr = 6.6 pavgi + 103(70.7Kdr – 48.2  –

– 22.75), W/(m2·°С),

where pavgi represents the average contact pressure 
at the center of deformation; Kdr denotes the downtime 
ratio.

The ranges of the values used to establish the expres-
sion for αcont.ht.wr are as follows: Kdr = 0.46 – 0.90; 
pavgi = 200 – 600 MPa.

The equation includes significant factors which were 
determined based on the results of Student’s t-test with 
an α significance level.

To validate the equation for the heat transfer coeffi-
cient, Fisher’s criterion was employed. Both the heat ba -
lan ce model and the αcont.ht.wr equation were validated 
using a statistically significant dataset. The average tavg.wri  
(discrepancy between the estimated and measured value) 
was 8.01 %. The maximum discrepancy was 16.7 %, 
the minimum was 1.53 %, and R 

2 = 0.87.
Consequently, the expression for the contact heat trans-

fer coefficient can be considered reliable. The heat balan ce 

model can be utilized to estimate the roll temperature 
profile and other properties, such as the dimensions 
of the strip cross-section or the optimal shape of the WR 
body, in broad-strip rolling mills [19]. This approach 
can also be applied to estimate the cross-section shape 
of cold-rolled strips [20].

Based on the experimental data and the equation for 
the WR-to-strip contact heat exchange coefficient, we con-
ducted an analysis to estimate the impact of the downtime 
ratio and contact pressure on the heat exchange intensity 
between the WR and strip (Fig. 4). The results depicted 
in Fig. 4 indicate that the downtime ratio and contact pres-
sure, when within the acceptable ranges, can exert a sig-
nificant influence on the contact heat transfer coefficient 
and, consequently, the heat profile of the roll. Specifi-
cally, the downtime ratio demonstrates the most substan-
tial effect on the WR-to-strip heat exchange, particularly 
when the downtime ratio falls below 0.6.

 Conclusions

The roll body temperature plays a crucial role in hot 
rolling processes as it impacts various aspects such as 
the shape and dimensions of the rolled steel and the lifes-
pan of the roll itself. To achieve an accurate estima-
tion of the roll temperature and obtain its temperature 
profile, it is essential to employ a reliable heat balance 
model. This model enables the determination of the opti-
mal shape of the roll body and aids in minimizing flatness 
defects. The accuracy of the heat balance model heavily 
relies on the constants associated with heat transfer coef-

Fig. 3. Water consumption for cooling the working rolls barrels’ 
surfaces in the stands of finishing group

Рис. 3. Расходы воды на охлаждение поверхностей бочек 
рабочих валков в клетях чистовой группы

Fig. 4. Influence of rolling factors on the coefficient of contact 
heat transfer

Рис. 4. Влияние факторов прокатки на коэффициент 
контактного теплообмена
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ficients. In the context of roll temperature estimation, 
there are two types of heat transfer that are of particular 
importance: contact heat transfer between the roll and 
the strip, and convective heat transfer between the roll and 
the cooling water. The available literature sources provide 
diverse values and equations for the contact and convec-
tive heat transfer coefficients in roll temperature analy-
sis. However, many of these sources overlook the impact 
of long breaks during the operation of the finishing stand. 
As a result, significant errors can arise in the analysis 
of roll temperature. 

To address this issue, we conducted measurements 
of the actual roll body temperature at multiple points along 
the roll length using thermocouple immediately after roll-
ing. Additionally, we collected data on various rolling 
process variables, such as downtime ratio, reduction ratio 
for each stand, cooling water flow rate, and other s, prior 
to the transfer of the steel strip. Based on these measure-
ments and process variable values, we derived an empiri-
cal equation for the contact heat transfer coefficient 
that incorporates the key process variables, including 
the downtime ratio. By utilizing these refined coefficients, 
we significantly improved the accuracy of the roll tem-
perature profile obtained from the process variable values. 

Our findings indicate that the downtime ratio and con-
tact pressure, when within acceptable ranges, exert a sub-
stantial influence on the contact heat transfer coefficient 
and, consequently, the heat profile of the roll body. Par-
ticularly, the downtime ratio exhibits the most significant 
impact on the heat exchange between the work roll and 
the strip, especially when the downtime ratio is below 0.6. 
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