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Abstract: Addressing the challenge of roll loss and strip deformation arising from the lack of precise
prediction of the roll temperature field in hot tandem rolling mills, this study employs numerical
analysis via the finite difference method. Based on the roll temperature field and hot roll crown model,
an intelligent support cooling control system for the roll cooling water of hot rolls is established. This
system comprehensively considers the direct impact of specific parameters on the roll temperature
field in the intricate context of cooling water dynamics. The study focuses on the cyclic superposition
effect of rolling coil quantities on the roll temperature field and the resulting hot roll shape, and
theoretical calculations along with simulation analyses were conducted using finite element software.
Through the integration of field-measured values, the study achieves accurate predictions of the
temperature field and hot roll profile for both work rolls and backup rolls.

Keywords: hot rolling; temperature field; numerical simulation; finite difference method

1. Introduction

Temperature stands out as a crucial parameter in the production process of hot-rolled
strip steel [1,2]. The accurate prediction of the temperature field, of the roll, and the contour
of the hot roll is paramount in ensuring optimal strip shape, thickness, and width [3,4].
Consequently, calculation of the temperature field of the hot continuous rolling roll and
the profile of the hot roll becomes instrumental in achieving effective control over the
plate crown and shape [5–7]. The foundational step in resolving the hot roll shape is the
computation of the instantaneous temperature field of the roll, followed by deriving the
hot roll shape through the integration of temperature and deformation equations. Research
efforts are then directed towards understanding the heat conduction process from the
temperature of the work roll to that of the support roll. Atack P. A. et al. [8–13] utilized both
analytical and finite element methods to compute the roll’s temperature field in accordance
with theoretical frameworks and practical production scenarios. Jiang et al. [14] proposed
a precision online model for the prediction of the thermal crown in an aluminum alloy
hot-strip rolling processes. Chen et al. [15] analyzed the influence of work roll shifting and
other factors on the roll thermal crown using a finite difference method for roll temperature
field modeling. However, during the rolling process, the work rolls and their surrounding
environment, including strip steel, air, and cooling water, form a complex heat exchange
system. This complexity arises from the need to comprehensively consider factors such as
frictional heat between the rolled piece and the work roll, the plastic deformation heat of the
rolled piece, air cooling, contact heat conduction between the work roll and the rolled piece,
and convective heat transfer between the cooling water and the roll, among other intricate
boundary conditions and heat transfer methods [16]. Given these complexities, obtaining
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an exact solution through analytical methods for the heat conduction equation is deemed
impractical. Consequently, a numerical simulation analysis [17,18] approach employing
the finite difference method was adopted, focusing on the temperature field of the roll. This
approach takes into account specific parameters within the complex state of the cooling
water and the intelligent control system for roll segmental cooling. Validation is conducted
through comparison with finite element method results and actual production data [19].
Simultaneously, the impact of an increasing number of rolled coils on the temperature field
and hot roll shape of the roll is considered. The result is the development of a calculation
model for the temperature field and hot roll shape that is adaptable to various working
conditions. Furthermore, this comprehensive approach enhances our understanding of the
complex interplay between cooling strategies, roll temperature, and resulting roll shape
in the hot continuous rolling process. At the same time, it provides prediction means and
methods for abnormal roll wear and strip shape defects caused by roll hot crown.

2. Materials and Methods
2.1. Model Parameter Settings

To provide a practical illustration and facilitate comparison, a specific frame was
selected from a finishing rolling unit in a hot rolling production line at a steel plant. The
roll size parameters include the length of the work roll body Lwl = 2350 mm and the length
of the support roll body Lbl = 2050 mm. The on-site roll temperature data was obtained
through collaboration between the school and the enterprise. A contact roll temperature
measurement device was utilized in our laboratory, and during the reheating process of the
rolls on site, the actual roll temperature was measured with the assistance of a handheld
thermometer. Table 1 presents the physical parameters of the roll in specification rolling
based on the material’s physical properties [20].

Table 1. Physical parameters of roll.

Roll-Specific
Heat Capacity/

(J/◦C·kg)

Roll Density/
(kg/m3)

Thermal
Conductivity/

(W/m·◦C)

Thermal Expansion
Coefficient/

(◦C−1)

Poisson
Ratio

460 7.38 × 10−6 0.029 12 × 10−6 0.287

The initial temperature condition for calculating the temperature field of the work
roll, as determined according to the actual situation on site, is the initial temperature of
the work roll. The flow velocity was generally between 1.0 and 1.5 m/s, and under the
boundary temperature conditions in Table 2, the temperature field and hot roll shape of the
rolled strip specification were 29.72 × 1500 mm.

Table 2. Boundary temperature parameters.

Rolled Piece
Temperature/(◦C)

Cooling Water
Temperature/(◦C)

Bearing Temperature
/(◦C)

Air Temperature
/(◦C)

900 60 35 25

Utilize DEFORM v11 finite element software to compute the roll temperature field
during its operation in cooling water. To maintain symmetry during the rolling process,
a 1/2 model of the working roll was established, and the roll mesh was subdivided into
tetrahedral elements, as depicted in Figure 1. Aligning with actual working conditions,
boundary conditions for the work rolls were defined, encompassing convective heat transfer
between the roll and the cooling water injection area, as well as heat conduction between
the roll and the rolled piece. Subsequently, the simulation captures the temperature field
distribution of the work rolls throughout the rolling process, establishing a transient finite
element model for the roll [21].
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Figure 1. Work roll finite element model.

2.2. Establishment of Basic Requirements for Roller Temperature Field

Assuming that the roll is an infinitely long cylinder, its temperature is symmetrically
distributed relative to its rotation. Additionally, the thermal oscillations it undergoes
manifest in two directions: symmetrical, and circumferential. Numerous experiments and
studies have demonstrated that due to the temperature field fluctuation occurring primarily
in the thin surface layer of the roll, temperature fluctuation in the circumferential direction
within the symmetry perpendicular to the axis is almost negligible. Consequently, the
temperature field of the roll can be simplified to a two-dimensional problem [22].

The heat conduction equation of the roll [23] is simplified as:

ρc
∂T
∂t

= λ
∂2T
∂r2 +

λ

r

(
∂T
∂r

)
+ λ

∂2T
∂z2 (1)

where T is roll temperature; t is time; c is roll-specific heat; ρ is roll density; λ is roll thermal
conductivity; r is the radial coordinate value of the roll; z is the axial coordinate value of
the roll.

By using the finite difference method, the roll is divided into several equal grids. The
grid division is shown in Figure 2, where r(j) is the radial coordinate and z(i) is the axial
coordinate. The origin is situated at the center of gravity of the roll. The middle section of
the body is symmetrically distributed, prompting the selection of a quarter section through
the roll axis as the focal point for research. Subsequently, a differential scheme for the
temperature distribution across the entire grid system is established. Equation (2) is the
differential expression of the roll thermal balance equation [24].[

Ti,j+1 − 2Ti,j + Ti,j−1

(∆r)2 +
Ti,j+1 − Ti,j−1

2r0∆r
+

Ti+1,j − 2Ti,j + Ti−1,j

(∆z)2

]
=

ρCp

k

(
Tt

i,j − Tt−∆t
i,j

∆t

)
(2)

where Ti,j is the temperature of the roll in the axial direction i and radial direction j; Tt
i,j

is the temperature of the roll at axial direction i and radial direction j at time t; Ti,j+1 and
Ti,j−1 are the temperature of the radial upper and lower units of the roll temperature unit;
Ti+1,j and Ti−1,j are the temperature of the radial right and left units of the roll temperature
unit; Tt−∆t

i,j is the temperature of the roll at axial direction i and radial direction j separated
by time ∆t from time t; ∆r is the radial grid center distance; ∆z is the axial grid center
distance; ∆t is the time interval; k is the thermal conductivity of the roll; CP is the specific
heat capacity of cooling water; B is the rolling strip width; R is the roll body radius; r0 is the
radial distance from the energy conservation point to the center of the roll; L is the length
of the roll body; L0 is the total length of the roll; rn is the roll neck radius; αA, αB, αC, αD
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are the heat transfer coefficients between the roll and the high-temperature rolled piece,
cooling water, roll bearing, and indoor air, respectively.
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Figure 2. Schematic diagram of work roll mesh division and boundary conditions. The red unit area
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2.3. Calculation and Processing of Boundary Conditions

In the course of the rolling process, the work rolls remain in continuous contact with
the surrounding mediums such as the high-temperature rolling stock, air, cooling water,
and backup rolls. This interaction results in a transfer of heat between the work rolls and
the surrounding medium, involving both heat flow input and output. In the context of hot
rolling, the primary source of heat input to the work roll is the contact heat conduction
occurring between the work roll and the rolled piece, as well as the frictional heat generated
between the rolled piece and the work roll. Additionally, the plastic deformation heat
produced by the rolled piece contributes to the overall heat input. Conversely, the heat
taken away from the work roll is primarily attributed to the convection process between the
cooling water and the roll surface, constituting a significant portion of heat exchange. Before
delving into the calculations of heat conduction, it is imperative to establish the boundary
conditions of the work roll. This involves a comprehensive study of the relationship
between the work roll and the surrounding medium. The equation for the boundary
conditions of the roll temperature field is elucidated in Equation (3) [25]. Figure 2 illustrates
the specific boundary conditions for each part of the work roll.

αA(T − TA) + αB(T − TB) = −λ ∂T
∂r (r = R, B/2 ≥ z ≥ 0)

αB(T − TB) + αC(T − TC) = −λ ∂T
∂r (r = R, L/2 ≥ z ≥ B/2)

αC(T − TC) + αD(T − TD) = −λ ∂T
∂z (z = L/2, R ≥ r ≥ rn)

αC(T − TC) + αD(T − TD) = −λ ∂T
∂r (r = R, L0/2 ≥ z ≥ L/2)

αC(T − TC) = −λ ∂T
∂z (z = L0/2, rn ≥ r ≥ 0)

(3)

where TA, TB, TC, TD are temperatures of the rolled piece, cooling water, roll bearings, and
indoor air.

In the context of the rolling process of the work roll body, Newton’s cooling law
replaces the external nodes of the roll, while Fourier’s law describes the heat conduction
within the roll. Additionally, adhering to the principles of energy conservation, the differ-
ence equations corresponding to the boundary grid points of the non-rolling part of the
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work roll, the roll shoulder part, the roll neck part, and the roll end part are formulated. The
non-rolling section of the roll body is represented by distinct equations for the corner nodes
connecting the roll shoulder, roll neck, and roll end parts. Equation (3) is the boundary
condition from the center of the roll surface to the center point of the roll center axis. The
left side of the equation is the form of Newton’s cooling law for the heat flow input within
this range. The right side of the equation is the partial differential form of the temperature
field with respect to coordinates. The resulting set of differential equations, encompassing
all grid points and corner nodes, constituting a linear equation system utilized to solve
for the temperature field of the work roll. After a period of time ∆t, the equation system
is solved once to obtain the transient temperature field of the work roll. The concept of
addressing the backup roll is analogous to that of the work roll, with the only distinction
lying in the differential equation governing the contact region between the backup roll and
the work roll. In this context, the boundary condition is substituted with the temperature
of the high-temperature rolled piece, determined by the body temperature of the work roll.

2.4. Hot Roll Crown Model

Assuming that the roll is an infinitely long cylinder, its temperature exhibits an extreme
distribution relative to the roll. If we consider the initial temperature of the roll to be T0(r, z),
the thermal roll profile is generated by the thermal expansion of the roll [26]. The non-
uniformity of the roll temperature distribution will cause the roll crown to be unevenly
distributed along the roll body. The inconsistent axial crown of the roll will cause the
strip rolling shape to be unevenly distributed along the width direction, which is also the
significance of research on the roll temperature field and hot roll crown.

ut = 2(1 + vp)
βt

R

∫ R

0
(T(r, z)− T0(r, z))rdr (4)

where ut is the hot roll profile distribution; βt is the thermal expansion coefficient; vp is the
Poisson ratio; T is the roll temperature distribution.

2.5. Cooling Water Section Cooling System

According to related research on the heating and cooling boundary conditions of the
roll during the rolling process [27,28], in the realm of hot continuous rolling mills, the
intersection between the work roll body and the cooling water gives rise to surface heat
exchange, primarily manifested through convective heat transfer. Convection heat transfer
refers to the process of transferring heat energy between flowing fluids and solid walls due
to temperature differences when they come into direct contact. The involvement of cooling
water in convection heat transfer is a primary factor influencing the temperature distri-
bution of the roll. This intricate process is subject to diverse factors influencing the fluid
heat transfer coefficient, including fluid flow rate, dynamic viscosity, specific heat capacity,
and others. Drawing from analogous theoretical frameworks, we built upon established
principles to devise an influence function that characterizes the impact on cooling water
heat exchange. This function was derived through meticulous experimentation [29].

kw = α
(
Cpµ

)β

(
λw

3

d

)a(
v
µ

)b
(5)

where k is the cooling water convective heat transfer coefficient; v is the cooling water flow
rate; λw is the thermal conductivity of the cooling water; d is the equivalent diameter of the
cooling water tank; µ is the dynamic viscosity of the cooling water; α, β, a, b is the water
cooling coefficient. The cooling water coefficient is a fitting value obtained from the actual
measurement results of the test.

In the mathematical model of the convective heat transfer coefficient for cooling
water established earlier, a specialized segmental cooling water control system has been
incorporated into the temperature field and hot roll crown calculation program. This system,
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illustrated in Figure 3, involves the establishment of an array ν[ı] for the cooling water flow
rate ν in the formula. By implementing this system, the flow rate of the cooling water in
each section of the roll body can be precisely controlled. Consequently, the cooling water
temperature and flow rate are adjusted as dual variables, enabling accurate regulation of the
unit roll body temperature during the rolling process. This approach enhances the overall
control and efficiency of hot continuous rolling mills. In terms of hardware, as shown in
Figure 3, two rows of cooling pipe beams are arranged in the rolling exit direction, while
one row is positioned in the inlet direction. Each row of cooling beams is equipped with a
specific number of cooling water nozzles based on the varying lengths of the rolls. This
system comprises nine nozzles, including controllable ones on both sides and a centrally
located, normally open, nozzle. As depicted in Figure 3b, left view, all nozzles possess
the capability to adjust both the temperature and injection angle of the cooling water.
Furthermore, the controllable nozzles can regulate the outlet flow rate and individual flow
rate for each nozzle separately, thereby meeting both software and hardware requirements
for controlling water flow rate within this system. Consequently, achieving segmented
cooling control through precise adjustment of cooling water becomes attainable.
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3. Results and Discussion
3.1. Numerical Simulation and Practical Application of Temperature Field and Hot Roll Crown

Based on the established model for the roll temperature field, a software program was
developed to calculate both the roll temperature field and the hot roll shape. Figure 4 illus-
trates the calculation process, demonstrating the superimposition of the roll temperature
field and hot roll shape against the number of steel coils.

Under identical rolling conditions, specifically maintaining consistent parameters such
as the quantity of rolled steel coils and the cooling water flow rate, a comparative analysis
was conducted between simulation calculations and the actual production data obtained
onsite, as illustrated in Figure 5.
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As depicted in Figure 5, the temperature field, as calculated by the model, aligns
closely with the field data, demonstrating consistency with the results of the hot roll shape
calculations. In instances where the model predictions diverge from the measured field
results, adjustments are imperative, grounded in the material parameters of the incoming
slab and the current status of the roll. This necessitates appropriate modifications to the
heat transfer coefficient, cooling water flow rate, and the roll crown, accounting for wear,
roll bending, and other influencing factors. In the realm of hot continuous rolling mills,
the accuracy of the temperature field and hot roll crown predictions plays a pivotal role
in optimizing operational efficiency. As the temperature field and thermal roll shape
prediction software calculates the roll’s temperature in its machine state, while onsite
data represent the temperature measured after removing the roll from the machine, it
was observed that the software calculation results slightly exceed those obtained from
onsite measurements. This deviation aligns seamlessly with the actual onsite scenario.
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The harmonization between onsite production results and the simulated values generated
by the roll temperature field and hot roll shape modeling software serves as compelling
evidence for the correctness and efficacy of the employed temperature field and hot roll
shape software. This correlation underscores the software’s ability to reflect real-world
conditions, thereby affirming its practical utility in the realm of hot continuous rolling
mills. In the calculation model for the roll temperature field and hot roll profile, particular
attention is given to the impact of the roll temperature field and the hot roll profile in
relation to the rolling mileage of the roll. The relevant models for the roll temperature
field and hot roll profile are cyclically superimposed, enhancing the simulation to yield
calculated values that closely align with the actual production conditions. The temperature
field of the roll and the contour of the hot roll evolve with the number of coils of the
rolled strip. This evolution is assessed by comparing the temperature field of the roll
under different cooling conditions, specifically when using the segmental cooling water
system versus the cooling water system, while maintaining the same cooling water flow
rate. Variations in volume, such as volume 1, volume 5, and volume 10, were examined
to provide a comprehensive understanding of the thermal and profile changes in hot
continuous rolling mills, the results of which are shown in Figures 6–9.
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ture field comparison; (b) backup roll temperature field comparison; (c) work roll hot roll crown
comparison; (d) backup roll hot roll crown comparison.
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Figure 6. Roll temperature field without cooling water. (a) Change curve of the work roll temperature
field with different numbers of rolling strip coils; (b) change curve of the backup roll temperature
field with different numbers of rolling strip coils.
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Figure 7. Roll temperature field with cooling water. (a) Change curve of the work roll temperature
field with different numbers of rolling strip coils; (b) change curve of the backup roll temperature
field with different numbers of rolling strip coils.

The investigation focuses on monitoring the temperature field and the contour of hot
rolls in hot continuous rolling mills in relation to the number of rolled steel coils. This
study considers the impact of a dedicated cooling water system for both work rolls and
backup rolls, as well as a comparison with an unloaded cooling water system. In the initial
10 rolls of the rolling process, the temperature and thermal crown of the work rolls exhibit
an upward trend. Subsequently, after approximately 8–10 rolls, both the temperature and
thermal crown stabilize, with a slight subsequent temperature increase. During the rolling
process, the roll temperature will eventually reach a stable value due to the involvement
of cooling water and heat dissipation from room temperature air. In practical production,
it is common practice to initially roll with preliminary materials in order to ensure that
the rolling mill achieves a stable state before normal production commences. The number
of steel coils required before reaching this stable state can serve as a reference for onsite
production, thereby ensuring product quality and minimizing waste generation. After
comparing Figures 6 and 7, it was observed that the inclusion of cooling water to the work
roll resulted in a significant decrease in the maximum rolling temperature from 136 ◦C to
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38 ◦C. Similarly, upon analyzing Figures 8 and 9, it was evident that the addition of cooling
water led to a notable reduction in the maximum thermal crown of the work roll from
0.67 mm to 0.33 mm. The implementation of the cooling water system markedly reduces
the overall temperature of the rolls. It is evident from comparison of Figures 7 and 9 that
minimal alterations are observed in both the temperature and shape of the hot rolls as the
number of coils rolled increases. The maximum temperature of the support roller dropped
from 41 ◦C to 34 ◦C, and the maximum thermal crown of the support roller dropped from
0.1 mm to 0.05 mm. In Figures 6b–9b, irrespective of the involvement of the cooling water
system, a notable variation in temperature and shape of the hot rolls occurs as the number
of steel coils increases, with a maximum temperature difference of 10 ◦C observed for the
support roller and a crown difference of 0.07 mm. The effect is reduced compared to the
impact observed with work rolls and is not as pronounced. This disparity can be attributed
to the direct addition of the cooling water system to the work rolls; however, due to the
contact between the work rolls and backup rolls during the rolling process, a portion of the
cooling water affects the backup rolls. This outcome aligns with practical field observations.
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Figure 8. Hot roll crown without cooling water. (a) Change curve of the work roll hot roll crown
with different numbers of rolling strip coils; (b) change curve of the backup roll hot roll crown with
different numbers of rolling strip coils.

Next, by controlling the flow rate of the cooling water in the system, compare and
observe the changes of the temperature field of the work roll and the backup roll and the
shape of the hot roll at flow rates of 1.0 m/s 1.2 m/s, and 1.5 m/s, respectively.

Based on the simulated calculation results for the roll temperature field and the hot
roll shape model, the cooling water flow rate exhibits a pronounced impact on both the roll
temperature field and the resulting hot roll profile. As illustrated in Figure 10, an increase
in the cooling water flow rate correlates with a decrease in the temperature of both the
work rolls and backup rolls during the rolling process, consequently leading to a reduction
in the resultant hot roll profile. The cooling water system effectively regulates the flow
rate and temperature by segmenting the cooling beam nozzles, thereby achieving precise
control over both individual roll temperatures and overall temperature. As depicted in
Figure 10, it is evident that the three distinct cooling water flow rates successfully limit
the maximum work roll temperature to 73 ◦C, 62 ◦C, and 52 ◦C, respectively. Additionally,
this approach ensures controlled thermal crowns of 0.30 mm, 0.25 mm, and 0.16 mm, for
each respective case, while also extending its benefits to support roller regulation with
similar outcomes achieved. Simultaneously, the noticeable temperature variation in the
working rolls, compared to the backup rolls, aligns with the segmented cooling system’s
actual design [30].
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Figure 9. Hot roll crown with cooling water. (a) Change curve of the work roll hot roll crown with
different numbers of rolling strip coils; (b) change curve of the backup roll hot roll crown with
different numbers of rolling strip coils.
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Figure 10. Roll temperature field and hot roll crown at different speeds. (a) Change curve of the
temperature field of the work roll under different flow rates; (b) change curve of the temperature field
of the backup roll under different flow rates; (c) change curve of the hot roll crown of the work roll at
different flow rates; (d) change curve of the hot roll crown of the backup roll at different flow rates.
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3.2. Finite Element Numerical Simulation Verification

Through simulation, it was observed that, during the roll’s operation at a rolling
speed of 4 m/s, it reaches the steady state of the temperature field. The temperature field
distribution is illustrated in Figure 11. After completing the calculation, 19 measuring
points were evenly distributed along the roll body during the rolling steady state. The
temperature calculation values at these measuring points were extracted to generate the
temperature distribution curve along the direction of the roll body, as illustrated in Figure 12.
The average temperature of the roll surface in the non-rolling area is 29.7 ◦C, while in the
rolling area, it averages at 78.8 ◦C. Notably, there exists a temperature transition area
approximately 123.7 mm wide between these two regions [31].
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Figure 11. Rolling steady state temperature field distribution. (a) Roll front view; (b) roll rear view.
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Based on the finite element model of the work roll, the calculated temperature distribu-
tion at each node of the roll aligns closely with the simulated values obtained through the
established temperature field and thermal roll shape software. Consequently, the computed
values derived from the finite element model exhibit consistency with those of the roll.
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This alignment between the temperature field and simulation values, as determined by the
thermal roll shape software, substantiates the accuracy and validity of both the temperature
field and the thermal roll shape model. In the future, it is imperative to achieve a unified
approach encompassing theories, models, numerical simulations, and field applications
while concurrently optimizing and enhancing the accuracy of the software. Conversely, in
terms of hardware, the efficacy of the segmented cooling water control system hinges upon
its seamless integration and harmonization with the software.

4. Conclusions

(1) The finite difference method was employed to comprehensively account for the
complex boundary conditions and heat transfer phenomena within hot continuous rolling
mills. This includes considerations for the interaction between the rolling piece and the
work roll, the plastic deformation heat of the rolling piece, air cooling, contact heat conduc-
tion between the work roll and the rolling piece, as well as convective heat transfer between
the cooling water and the roll. Consequently, a thermal method was developed, presenting
a theoretical calculation model for the temperature field and hot roll profile tailored to hot
rolling and finishing rolling processes.

(2) Additionally, the introduction of a segmented cooling water system, coupled with
a meticulous consideration of the precise cycle iteration effect of the number of rolling
steel coils on the temperature field, reveals noteworthy findings. The study concludes that,
under flow rates of 1.0, 1.2, and 1.5 m/s, respectively, the maximum temperature difference
at the middle point of the work roll is 21.3 ◦C, resulting in a maximum roll crown difference
of 0.132 mm. Similarly, the maximum temperature difference at the middle point of the
support roll is 0.98 ◦C, with a corresponding maximum roll crown difference of 0.006 mm.
Notably, the study identifies that the number of rolled steel coils peaks around 10 coils,
indicating a relative temperature rise in the steady state.

(3) Furthermore, comparative analysis of the model-calculated results and the actual
production data reveals a high level of accuracy. The calculated model predicts a tem-
perature of 62.1 ◦C, closely aligning with the actual onsite data of 63 ◦C. The simulated
temperature values for both the work roll and the support roll exhibit excellent agreement
with the actual measured values, demonstrating that the model’s calculations meet practical
engineering requirements.
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