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Abstract 
Modern steel grades require constant and reproducible production conditions both in the hot strip 

mill and in the cooling section to achieve constant material properties along the entire strip length and from 
strip to strip. Calculation of the temperature in final rolling process always utilizes factors such as the work 
piece's inner organizational structure, plastic deformation, and it's variations of properties and so on, also 
as well as the physical parameters such as gauge, shape, etc. In this paper, a finite element model is 
constructed for the temperature field in a rolling process. The temperature field of strip steel is modeled 
with a 3-D finite element analysis (FEA) structure, simultaneously considering the distribution of the work 
roll temperature. Then the distribution of field is simulated numerically. From the model, the temperature 
contours can be obtained by analysis of the temperature distribution of contact area. At the same time, the 
distribution of temperature in any position at any time can be acquired. These efforts provide the reliable 
parameters for the later finishing temperature and shape control. 
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1. Introduction 

Hot rolling of steel is a very complex process. In order to produce a strip of metal with 
uniform mechanical properties and hence a uniform microstructure both hot rolling and the 
cooling conditions on finishing mill must be carefully controlled [1], [2]. 

Generally, a hot strip mill includes seven finishing mills, which reduce the thickness of 
the transfer bar down to the gauge required by the customer or the next process. The rolling 
speed is set to allow the last stand to perform the final reduction at the finishing temperature, 
between 820° and 900�, specified to reach certain mechanical properties. A finishing 
temperature for each product is specified and mill control system will adjust the speed of the 
final finishing mill stand based on its temperature and the extent to which the bar is expected to 
cool as it makes its way through each stand, in order to allow the strip exiting the finishing 
stands to meet the target temperature. A pyrometer placed after the last stand updates the 
finishing mill’s computer models and allows for the addition of this temperature to strip quality 
records. 

Calculation and analysis of the strip temperature distribution during hot rolling has 
always been emphasized by roll mill designers and manufacturers. There have been many 
studies about the prediction of temperature distribution in a slab during the hot rolling process. 
Hollander [3] developed a one-dimensional finite difference model to control the temperature 
distribution during hot strip rolling. Devadas and Samarasekara [4] have predicted temperature 
distribution in hot strip rolled metal, as well as in the work roll. The temperature variations in 
work-rolls have been considered in a few papers [5], [6], [7]. Sluzalec [5] has utilized a two-
dimensional finite element method to predict temperature distribution during hot rolling and 
Teseng et al. [6] have estimated temperature variations in the work-roll, in order to evaluate the 
thermal stress distribution in the rolls. The temperature distribution and metal flow during rough 
rolling were predicted by Chen et al [8] utilizing two-dimensional finite element and finite 
difference methods. Mei et al. [9] developed a finite element method to calculate the 
temperature distribution in hot rolling process. The heat transfer coefficients of air cooling, water 
cooling and thermal resistance between work roll and strip were analyzed. 
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As detailed above, calculation of temperature distribution during hot rolling has been 
studied by many investigators and there is a large body of literature on this subject. However, 
few of these studies have considered the distribution of temperature in width direction and the 
effects of micro-structural components. The distribution of the work roll temperature will affect 
the distribution of temperature in width direction. 

The rest of this paper is organized as follows. In Section 2, a three-dimensional finite 
element based model of the strip temperature distribution is built. Many physical parameters of 
the strip are discussed. The strip density, thermal conductivity and specific heat capacity were 
analyzed. In Section 3, the simulation of a 3-D temperature distribution of the strip is finished. A 
conclusion is given in Section 4. 
 
 
2. Finite Element Based Modeling of Temperature Distribution 

In hot rolling process, temperature distribution of strip steel is complex, varied and many 
factors will impact on it. The strip is a rectangular solid and the factors that affect its internal and 
external temperature are not the same. As a result, a certain kind of the exact model or formula 
can not completely describe the changes of temperature on various locations within the strip. At 
present, finite element method is generally used to study and analyze the solid temperature field 
by the engineering field [10] and the temperature distribution of the object at some time and the 
temperature changes during some period afterwards can be obtained. 

 
2.1. Principles of Thermal Analysis 

Firstly, divide the object to be analyzed into several units (including the number of 
nodes). Secondly, solve the heat-balance equation on each node with certain boundary and 
initial conditions based on the principle of energy conservation. Thus the temperature of each 
node can be obtained. Based on that, other related quantities can be obtained. 

PLANE55 unit is taken as an example which is shown in Figure 1. This unit is a 
quadrilateral with four nodes [11]. The temperature anywhere in the quadrilateral can be 
scattered to the four nodes, that is, the temperature field in the unit is described by 

iT , 
jT ,  

kT  

and 
mT . 

The area with a certain boundary is shown in Figure 2. It is divided into several 
PLANE55 units in ANSYS [12]. Every node in the area has a corresponding numeric symbol 1, 
2, 3 and etc. Similarly, every unit has the symbol ①, ②, ③ and etc. These adjacent units are 
interconnected through common nodes. 

In general, calculation accuracy is related with the units division. As a result, in order to 
achieve satisfied calculation accuracy, appropriate unit sizes must be deliberated according to 
the actual situation. 
 

( ), , ,i k j mT f T T T T=  (1) 

 
 

m k
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Figure 1. PLANE55 Unit 
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Figure 2. Division of an Area with a Certain Boundary 
 
 
2.2. Heat Transfer Model 

There are three kinds of finite element heat transfer mode, heat conduction, convection 
and radiation.  

 
2.2.1. Model for Heat Conduction 

Heat conduction can be defined as internal energy exchange caused by the 
temperature gradient between different parts of an object or two objects which are completely 
adherent [13]. Fourier's law is satisfied in heat conduction, 

 
T

Q kA
x

∂
∂

= −  (2) 

 
where Q is the heat flow between the nodes ( )2W m , k  is thermal conductivity )(( )W m K• , A  

is the heat transfer area between the nodes, minus means the heat flow direction to the lower 
temperature, T is the temperature ( )K , x  is the coordinates in the heat conduction surface. 

 
2.2.2. Heat Convection to Spray 

Heat lost through convection to the cooling sprays is applied to the surface nodes of the 
piece. Convection cooling losses are modeled using Newton’s convection equation. Assuming 
that no energy is stored in the boundary layer, the heat lost from the piece is all transferred to 
the coolant. So, 

 
( )p w w w surf wQ Q h A T T= − = − −  (3) 

 
where, 

pQ is the Heat flow of the plate, 
wQ  is the Heat flow of the water, 

wh  is the heat transfer 

coefficient of the coolant, 
wA  is the area of piece in contact with the coolant, 

wT  is the 

temperature of the coolant, and 
s u r fT  is the surface temperature of the piece. 

 
2.2.3. Heat Convection to Air 

At high temperatures typically experienced in rolling, radiation effect dominates over 
convection effects. However at lower temperatures, particularly those associated with cooling 
bed residence time calculations, convection becomes relatively important and cannot be 
neglected. Convective heat flow is calculated as follows, 

 
( )sQ hA T T∞= −  (4) 

 
where T∞

 is the ambient temperature of the surroundings, h  is the convective heat transfer 

coefficient. 
This term dominates for high temperature. The convection model assumes that the 

thickness of the plate is much less than the width and therefore ignores the effects of convection 
from the sides. 

 



             �          e-ISSN: 2087-278X 

TELKOMNIKA Vol. 11, No. 7, July 2013 : 3945 – 3956 

3948

2.2.4. Heat Radiation 
Heat losses due to radiation to the surroundings are applied to the top and bottom 

surface nodes of the piece. Radiation heat losses from the piece and to the surroundings are 
calculated using the Stefan-Boltzmann equation, 

 
( )4 4

piece piece piece surround surfQ A T Tε σ= −  (5) 

 
where, 

pieceε  is the emissivity of the piece, 
surroundT  is the ambient temperature of the 

surroundings, and 
surfT  is the surface temperature of the piece, 

pieceA A piece is the surface area 

of the piece, σ  is the Stefan-Boltzmann constant. 

 
2.3. Energy Balance 

Because the piece has been broken into a number of nodes to model internal 
conduction, an energy balance must be done on each node. The sum of all heat flows into the 
piece equals the rate of change of internal energy. 

 

i i

d
Q U

dt
=∑  (6) 

 
where, 

iQ  is the heat flow into the node i , 
iU  is internal energy of the node i . 

All nodes experience heat flows due to conduction to adjacent nodes. For surface 
nodes, additional heat flows are due to radiation, convection to sprays, and conduction to stand 
rolls.  

If density and specific heat are assumed to be uniform and changes in internal energy 
are assumed to be proportional to changes in node temperature, internal energy can be 
expressed in terms of density, specific heat and node volume.  This yields 

 

i p i i

d
Q C V T

dt
ρ=∑  (7) 

 
where,  ρ  is density, 

pC is specific heat, 
iV is the volume of node i , 

iT is temperature at node i . 

In integral form this becomes 
 

0

total i final

iinitial

t T

i p i iT
Q dt C V dTρ

∆
=∑∫ ∫  (8) 

 
where, 

initialiT is the initial temperature at node i , 
finaliT  is the final temperature at node i . 

This equation can be integrated numerically to yield a finite difference equation for 
calculating the change in node temperature for a small time step. 

 
i

i
p i

Q
T t

C Vρ
∆ = ∆∑  (9) 

 
2.4. Determination of the Thermal Parameters 

In the calculation of the temperature distribution, the physical parameter values of the 
strip must be known including the strip density, thermal conductivity and specific heat capacity, 
and these parameters related to temperature. 

 

P PV V Vγ γ α αξ ξ ξ ξ= + +  (10) 

 

where, ξ  indicates the corresponding physical quantities, V  is each phase proportion. 
The relation between the thermal conductivity of the phase structure and temperature is 

as below, 
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T
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γ
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 (11) 

 
Equation 11 shows the relationship of each phase of tissue density changes with 

temperature. 
 

4 2 7 3

8111.44 0.5605

7870.0 0.1644 5.7228 10 4.5899 10

7864.9608 0.34608P

T

T T T

T

γ

α

ρ

ρ
ρ

− −

= −

= − − × + ×
= −

 (12) 

 
H∆  is the latent heat formula for austenite to ferrite and pearlite transformation, 

 
2

2

20789 15.632 0.24

120848 52.42 0.158P

H T T

H T T

γ α

γ

→

→

∆ = − −

∆ = + −
 (13) 

 
Ferrite, pearlite and austenite specific heat capacity, respectively, 
 

2 4 3

2 5 3

14822.82 495.64 0.55237 2.0495 10

1158.44 11.31 0.024 1.777 10

474.622 1.148

P

P
P

P

c T T T

c T T T

c T

α

γ

−

−

= − + − ×

= − + − + ×

= +

  (14) 

 
2.5. Finite Element Model of Strip 

For example, three-dimensional strip plate model between stand 1 and stand 2 whose 
size is 1000×1200×14.29 (mm) is established. Three-dimensional thermal analysis unit is 
chosen during automatically division with a smart method. There are 13875 nodes and 6890 
units in the finite element model. The division result is reasonable for our finite element model 
and accurate results can be calculated within the desired time. 

 
 

3. Calculation and Analysis of Temperature Distribution for Rolling Strip 
Considering the cooling process of strip steel, the temperature of the strip through the 

rough rolling export thermometer is uniform. However, the head and the tail of the strip are not 
cooled simultaneously when it goes through the descaling, finish rolling, and till left stages. As a 
result, a larger instantaneous temperature difference between the head and the tail is produced. 
Air-cooled district is long enough before the strip reach the finishing area that temperature 
difference between surface and center of strip is little after this period of cooling the, so the 
initial temperature can be regarded as uniformly distributed. 

In order to accurately calculate the temperature distribution of the strip in finishing mill, a 
dynamic heat flux boundary condition must be imposed. Due to the relative motion of the strip 
and the cooling zone is determined, according to the principle of relative motion, we assume 
that the strip is still and finishing mill moves at the same speed along the opposite direction of 
strip movement. 

 
3.1. Temperature Distribution of Strip in the Thickness Direction 

According to previous analysis, because of the periodical boundary conditions during 
the strip passing through each pass in the finishing area, every stand is divided into three 
stages to analyze. Here we consider the period from the strip enter into the upstream stand till 
into the downstream stand. 

The strip firstly enters the rolling deformation stage, which includes three forms of heat 
conduction, heat transfer, deformation and friction. According to the boundary conditions of 
temperature field established in previous section, Figure 3 shows the contours of the 
temperature field of the strip after going through rolling deformation zone. During rolling, heat 
transfer between rolled piece and outside is not significant, and heat conduction occurs when 
rolled piece contact with roller which leads to reduced temperature of the rolled piece. It can be 
seen from Figure 4, short rolling area, short contact period between the rolled piece and roller, 
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and big contact thermal conductivity will lead to the temperature dropped significantly on strip 
surface, while the strip center temperature is almost unchanged, which means there is a big 
temperature difference in the thickness direction of the strip. 

 
 

 
 

Figure 3. Temperature Distribution of Strip in Thickness Direction after Contact Area 
 
 
After leaving the contact area, the strip into the air-cooled areas and water-cooled area, 

the strip with water and air between the thermal conductivity is much smaller than the contact 
thermal conductivity, rolling exist within the phenomenon of thermal conductivity, high 
temperature center will provide low-temperature surface heat transfer, and the strip surface 
temperature will rise slightly, gradually decreases the temperature difference between inside 
and outside the strip. 

The strip enters into the air-cooling stage, after rolling in the rolling temperature as the 
initial temperature of air-cooled stage. Existence of natural convection and radiation heat 
transfer in air-cooled stage and the environment, the ambient temperature of strip in the air-
cooled stage with the relatively slow cooling rate, the strip plate temperature distribution is more 
uniform than the contact area.  

The temperature distribution of strip before F2 and F7 stands are more uniform than in 
the contact area, as shown in Figure 4, 5, 6 and 7. 

 
 

 
 

Figure 4. Distribution of Temperature before F2 Stand 
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Figure 5. Temperature Value of Each Node after F1 Stand 
 
 

 
 

Figure 6. Distribution of Temperature before F7 Stand 
 

 
It can be seen through the data analysis for seven stands, along with the conduct of 

rolling, the strip thickness is getting smaller and smaller, the difference of the surface and the 
internal temperature of the strip decreases, the temperature distribution are more uniform. 
 
3.2. Strip Temperature Distribution in the Width Direction 

Consider the distribution of the temperature of the roll width direction, in order to 
comprehensively analyze the temperature distribution of the roller. Parameters of mill as follows, 
work roll is 800 mm, the length of work rolls is 1580 mm, the width of rolling piece is 1200 mm, 
rotation linear velocity of roller is 1.02 mps, enter speed of the rolled piece is 0.92 mps. Figure 8 
shows the temperature distribution in the roll cross-section of F2 stand. 
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Figure 7. Temperature Value of Each Node after F7 Stand 
 
 
 

 
 

Figure 8. Temperature Distribution of the Roll Contact Area 
 
 
Finite Element Analysis of the roll temperature distribution can be seen from above, and 

roll in contact with just the edge of the uneven temperature distribution, temperature around 70. 
Such uneven temperature distribution will result in uneven distribution of rolling temperature in 
contact with the rolling. 
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Consider the strip after the first rack rolling and the first rack and air-cooled District prior 
to the second rack and water-cooled after the strip cross-section as the analysis object. Figure 9 
and 10 shows the strip temperature distribution in width direction before F2 and F7 stand. 

 
 

 
 

Figure 9. Temperature Distribution in Width Direction before F2 Stand 
 
 
Can be seen from Figure 8, in the direction of the strip width is close to both sides of the 

local temperature distribution was uneven, Width direction of the larger temperature difference 
between center and edge temperature difference of about 30℃. This temperature distribution is 
likely to lead strip is not flat, affect its flatness. Therefore, it is necessary in the laminar cooling 
process in the subsequent cooling process along the strip width direction in order to ensure that 
the curl before the wide temperature distribution is relatively uniform, in order to obtain 
homogeneous, good flatness of the product. 

 
 

 
 

Figure 10. Temperature Distribution in Width Direction before F7 Stand 
 
 
Figure 9 and 10 can be seen getting smaller and smaller in the rolled strip thickness is 

getting smaller and smaller, so the thickness of the strip on both sides caused by temperature 
drop, so the strip on both sides of temperature and center temperature difference smaller. 

 
3.3. Strip Temperature Distribution in the Length Direction 

Strip movement certainly has at different times into the cooling zone, which resulted in 
the strip cooling at different times in the length direction, so the strip temperature is different. In 
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order to comprehensively analyze the strip temperature distribution, the temperature distribution 
in the length direction of strip has to be considered. Consider the section of strip before the strip 
after completion of the first rack rolling to the second rack as the analysis object. 

It can be verified by Figure 11. The temperature of the head and the tail are different. 
The head goes through longer period of cooling, so the temperature is lower than that of the tail. 

 
 

 
 

Figure 11. Temperature Distribution in the Length Direction between F1 and F2 
 
 

3.4. Strip Three-Dimensional Temperature Distribution 
Using the results of the previous analysis, we make a finite element analysis of three-

dimensional distribution of the strip temperature. Figure 12 shows the strip temperature 
contours after the F1 stand. 

 
 

 
 

Figure 12. Strip Temperature Contours after F1 Stand 
 
 
The seven stands calculation experiments were completed. The results show that the 

difference between the measurement and the simulation is 5℃. These show that as long as 
reasonable choose initial and boundary conditions, numerical calculation based on the finite 
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element model of the strip temperature is reliability, and this approach can be used as effective 
method of finishing temperature control. 

 
 

4. Conclusions 
Three-dimensional distribution of strip temperature filed in hot rolling has been 

investigated. The results would provide effective guidance for Finishing Temperature Control 
(FTC), Automatic Gauge Control (AGC) and Automatic Shape Control (ASC). Simultaneously, 
the concept described above provides an excellent basis for comprehensive microstructure 
rolling and cooling control so that material properties can be kept constant over the entire strip 
length. We are sure that this new comprehensive control brings us a huge step forward in the 
control of material properties over the entire hot rolling process. 
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