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Abstract: Mathematical models are been proposed to simulate the thermal and metallurgical behaviors of the strip occurring on
the run-out table (ROT) in a hot strip mill. A variational method is utilized for the discretization of the governing transient con-
duction-convection equation, with heat transfer coefficients adaptively determined by the actual mill data. To consider the thermal
effect of phase transformation during cooling, a constitutive equation for describing austenite decomposition kinetics of steel in air
and water cooling zones is coupled with the heat transfer model. As the basic required inputs in the numerical simulations, thermal
material properties are experimentally measured for three carbon steels and the least squares method is used to statistically derive
regression models for the properties, including specific heat and thermal conductivity. The numerical simulation and experimental

results show that the setup accuracy of the temperature prediction system of ROT is effectively improved.
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INTRODUCTION

In the process of continuous hot slab rolling,
temperature is one of the most important parameters
controlling the kinetics of metallurgical transforma-
tions and the flow stress of the rolled metal (Sun et al.,
2002; Chen et al., 2006). The run-out table (ROT)
acts as an effective metallurgical tool to control the
desired temperature of the cooled strip so as to obtain
the appropriate transformation product due to phase
change (Mukhopadhyay and Sikdar, 2005).

To obtain an adequate performance of the tem-
perature control system on ROT, it is vital to develop
physical models capable of reproducing heat transfer
and metallurgical phenomena (Serajzadeh, 2003).
Modeling for the precise prediction of such behavior,
however, is a difficult task, due to nonlinear heat
transfer problems involving variation of thermal ma-
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terial properties and phase transformation from aus-
tenite to lower temperature phases, i.e., ferrite, pear-
lite or bainite during the cooling process (Moaveni,
2005). The conventional temperature model used in a
hot mill is in algebraic or exponential form, assuming
a uniform distribution along the strip thickness and
neglecting the phase changes during the cooling
process. Besides, temperature-dependent properties
data are rare and, when available, they are often pro-
vided only for room temperature. This compromises
remarkably the accuracy and relevance of theoretical
predictions (Tan et al., 2005).

The present work is aimed at building mathe-
matical models with high accuracy, taking into ac-
count the heat transfer and phase evolution behavior
in both thickness and width of a strip on ROT in a hot
strip mill. The variational calculus and the finite
element method have been employed to solve the
governing heat transfer equation. Meanwhile, the
austenite phase transformation of steel in air and
water cooling zones is coupled with the heat transfer
model. Then an iterative procedure is adopted to deal
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with the temperature-dependent material properties
during cooling as well as with the coupled tempera-
ture-transformation relationship. The FORTRAN
codes are developed to obtain the numerical solution.
Furthermore, experiments are performed to determine
thermal material properties such as specific heat,
thermal conductivity and density of the metal being
rolled for three industrial carbon steels. Finally, the
log data was obtained from a 2050 mm hot strip mill
at Baoshan Iron & Steel Co. Ltd. (Bao Steel) and the
measured coiling temperature was compared with that
calculated by the models.

COOLING SYSTEM DESCRIPTION

The general arrangement of the cooling system of
an ROT in a specific metallurgical industry is simpli-
fied in Fig.1. The cooling section consists of 19 cool-
ing zones with different cooling effects. The first 16
zones equipped with 136 valves are employed as the
main cooling system and the last 3 zones with 24
valves are employed as finish cooling. The last 3 zones
with 24 valves are used to reduce the strip temperature
to close to the desired coiling temperature. The water
flow rate for the top and bottom valves is about 7000
m’/h. The cooling-water pressure is 7x10* Pa.
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Fig.1 Schematic diagram of the ROT
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The first cooling bank is located at a distance of
11.64 m from the last finishing stand (F7). The total
cooling section is 95.76 m and the distance between
the last cooling header and the down coiler is 43.16 m.
To ascertain the strip temperature along the ROT,
pyrometers are placed at the beginning to measure
finishing temperature (FT), at the end to measure
coiling temperature (CT), and at some intermediate
positions to measure middle temperature (MT), al-
though temperature measurement at these points is
difficult and imprecise due to the radiation effect of
the steam over the strip (Prieto ez al., 2001).

MATHEMATICAL MODEL DEVELOPMENT

Heat transfer formulation

The general form of energy equation for 2D
transient heat transfer in a cooled strip with thermal
material properties dependent on temperature is given
as (Singh et al., 2006)

or

2 2
O°T 0 T)+ -pe L0 )
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where T is the temperature, K; x and y are the coor-
dinates of thickness and width directions, respectively;
t is the time, s; A is the thermal conductivity, W/(m-K);
c is the specific heat, J/(kg-K); p is the density of the
rolled metal, kg/m®; g, is the rate of heat of trans-
formation, kJ/kg. In Eq.(1), the heat generation term
g, 1s an important heat source on ROT accounting for

the heat generated due to the phase transformation
from austenite to ferrite, pearlite or bainite during
cooling.

To solve this partial differential equation, it is
vital to know the initial and boundary conditions. The
initial condition is the temperature distribution along
the thickness direction after the last finishing stand,
i.e., T(x,y=0, =0)=Ty(x). The boundary conditions are
the air radiation and water convection heat transfer
equations, which can be expressed as Eqs.(2) and (3),
respectively

A (Tt oe(Tt - T, @)
ox
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where T, is the surrounding temperature, K; 7Ty, T2
are water temperatures in the impingement zone and
in the stable film zone, respectively, K; ¢ and o are the
emissivity factor and the Stefan-Boltzmann constant,
respectively; /. is the surrounding heat transfer coef-
ficient, W/(m2~K); hy1 and h,, are convection heat
transfer coefficients in the impingement zone and in
the stable film zone, respectively, W/(mz'K).
The weak form of Eq.(1) can be written as:
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where W, is the weight function; Q is the 2D domain.

It should be noted that thermal conductivity and
specific heat are experimentally tested in this study to
be temperature-dependent properties. However, for
each element these parameters can be assumed to be
constants. The calculus of variations provides an al-
ternative method for formulating the governing Eq.(1)
and its boundary conditions. Variational calculus
states that the minimization of the functional / can be
obtained as

: aT] . or ]
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where " is boundary of the domain; % is the heat
transfer coefficient.

The transversal profile of the cooled strip is
discretized into E elements linked through m nodes.
The element equation for the temperature distribution
can be represented in vectorial form by

T°=N{T,+N;T,=N°T, where T; and T; are the
nodal temperatures to be determined and /V the shape
function matrix defined as N=[N;, N, N3, ..., N,].

Eq.(5) must be minimized with respect to the set
of nodal values T

ol 0 &
a0
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The minimization process of Eq.(5) produces the
following system of equations

MT+C6—T: P, (7
ot

where M is the conductance matrix, C is the capaci-
tance matrix and P is the thermal load vector. The
element contributions to M, C and P are defined as

0N,
M= 2 +%—JJdQ
y oy
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Cc = er peN,N,dQ2, (9)
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To discretize Eq.(7), Euler’s method (Moaveni, 2005)
for time integration of temperature is used

TP =77 + 1-O)AT? + ONeT", (11)
where 77 is the temperature to be computed at time
step p, 6 is the Euler parameter and At is the time
increment. The time discretized energy equation is
then as follows

(LC+M)TP*‘ = C(LTP +ﬂT'PJ+P.
OAt OAt 0
(12)

The heat transfer model for the strip on ROT
comprises air and water convections, internal con-
duction and external conduction with table rollers.
During the cooling process the strip is firstly cooled,
essentially by radiation, then the utilization of water
leads to cooling by convection and radiation (top
cooling and bottom cooling), and finally the pre-
dominant heat transfer mechanism is radiation. Pre-
vious research has confirmed that water cooling ac-
counts for over 90% of the entire heat transfer (Muk-
hopadhyay and Sikdar, 2005).

After the exit from the last finishing stand, the
strip travels a distance of 11.64 m (Fig.1) before it
encounters the first laminar water jet, where water
impinges on the strip and then separates into two
streams which flow along the strip surface, as illus-
trated in Fig.2. v¢ and wr denote the average impinging
speed and flow rate of cooling water, respectively. vq
denotes the travelling speed of the strip. The stagna-
tion point is the point on the surface of the strip
submerged in laminar water where the water velocity
is zero. Due to the difference between the surface strip
temperature and the saturation water temperature, the
impingement of laminar water on the strip gives rise
to boiling heat transfer characterized by three kinds of
cooling zones (Mukhopadhyay and Sikdar, 2005):

(1) Impinging water jet zone (Zone 1): the
highest heat fluxes area, where heat fluxes can
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Zone 1: Impingement, forced convec-
tion and boiling

Zone 2: Parallel flow, heat conduction
through vapor film

Zone 3: Radiative heat transfer and air
cooling mixed with a single pool of
water

Stagnation point

Fig.2 Heat transfer in water cooling area

achieve 20 MW/m’.

(2) Parallel flow zone (Zone 2): heat conducts
through vapour film and heat transfer rate reduces
significantly; the typical values of heat fluxes are
200~600 kW/m’.

(3) Air and water mixing zone (Zone 3): the
water layer breaks up and the strip surface being ex-
posed to air; heat transfer rates are about 10~50
kW/m’.

The heat transfer coefficients in different cooling
zones are functions of strip speed, surface temperature,
water pressure and water temperature. However, it is
difficult to account for the heat transfer coefficients
analytically. An adaptive approach in multiplicative
form has been made according to the specific cooling
process of 2050 mm hot strip mill of Baosteel:

o =k kikyk, (13)

where o 1s the heat transfer coefficient in an idealized
set of conditions, kv the correction for strip velocity,
kr the correction for the effect of water temperature,
kw the correction for the effect of a different valve
type and water flow, k the general adaptive factor of
the on-line adaptation model.

Phase transformation model

During the cooling process on ROT, the trans-
formation of austenite into ferrite and pearlite exerts a
significant influence on the thermal behavior of the
cooling steel (Zhang et al., 2006). The internal heat
source due to the phase transformation can be written
as

g, =AH,—, (14)

where AH,; is the amount of latent heat of transfor-
mation at a given temperature 7;, X; is the trans-
formed volume fraction expressed as a function of
time.

The decomposition of austenite taking place in
air cooling zones on ROT is approximated as iso-
thermal transformation. The isothermal kinetics can
be characterized by the Avrami equation (Han et al.,
2002):

X
—=1-exp(-kt"), 15
e Xp(—kt") (15)

where X is the transformed fraction and X° the ther-
modynamic equilibrium fraction which can be de-
termined from the equilibrium phase diagram at a
given temperature and chemical composition. 7 is the
elapsed time from the beginning of the transformation,
k and n are material parameters that can be obtained
for cooling steels on ROT from the time temperature
transformation (TTT) diagram.

The decomposition of austenite taking place in
water cooling zones is described as non-isothermal
transformation behavior. Based on the theory ad-
vanced by Scheil, the non-isothermal transformation
kinetics can be described as the sum of a series of
small isothermal steps, on the assumption that the
phase transformation is the isothermal kinetic reaction
(Han et al., 2002). The transformed phase fraction up
to the ith step, X, is expressed as follows:

é:l—exp[—ki(ti’ +At,.) ’ },
X

1/n
t' = —lln =X, ,
k, X;

where ¢’ is the equivalent transformation time needed
to transform into the fraction of X;—; at the temperature
of the ith step, and At is the time step corresponding to
the ith step.

Regarding the heat transfer equation, the tem-
perature distribution within the cooling strip is af-
fected by the discharged heat of the transformation
(Serajzadeh, 2006). Furthermore, the amount of

(16)

an
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transformation is a strong function of temperature. To
solve the nonlinearly coupled problem, an iterative
procedure in Fig.3 is adopted to deal with the tem-
perature-dependent material properties during cooling
as well as with the temperature-transformation rela-
tionship. Calculation continues until the temperature
distribution in each time step converges to a constant
condition.

MATERIAL AND EXPERIMENTS

It should be noted that the coupled mathematical
models proposed in this paper rely heavily on
thermo-physical parameters such as the specific heat,
conductivity and density of the metal being rolled.
These properties are often simplified as constants,

Assume the
] temperature
distribution 7'

< No
v

Calculation of
incubation time
in each element

Temperature
distribution
converges?

Phase transforma-
tion starts?

Prediction of term-
perature field cou-
pled with phase
Calculation of ferrite transformation using

volume fraction X; Egs.(1)~(12)

using Egs.(15)~(17) 4

# Determination of
Calculation of heat of thermal material
transformation for [  properties using
each element Eqs.(18)~(23)

Fig.3 Iterative procedure for solving heat transfer and
phase transformation

neglecting the influence of temperature. As a result,
the accuracy of thermal models is remarkably reduced
Thus, in order to predict an accurate temperature
history as well as the phase transformation kinetics,
experiments have been done to provide accurate val-
ues of the physical properties of steels over the tem-
perature range 0 °C~1000 °C.

Three example carbon steels produced in the
2050 mm hot strip mill of Bao Steel are chosen for
experiments and analyses. Chemical composition of
these tested steels is given in Table 1. Experiments are
performed on the electro-thermo-mechanical test
system and the least squares method has been used to
statistically model the properties as functions of tem-
perature.

For the working temperature range of the steel on
ROT, the steel density hardly varies with temperature.
Hence this property is approximated so as to be con-
stant and only connected with the chemical composi-
tion of steels. The measured densities of three tested
steels are 7879, 7865 and 7938 kg/m’, respectively.

Fig.4 shows thermal conductivity 4 as function of
temperature 7 for the three tested steels. It can be seen
that the thermal conductivity decreases linearly with
increasing temperature up to the turning point near 790
°C. Beyond that point the thermal conductivity in-
creases slightly with temperature, again in a linear
fashion but with a positive gradient. Empirical models
of thermal conductivity are derived as follows:

Low carbon steel (0.047 wt% C):

A =-0.0325T +51.875, T €[0,790), (18)
A =-0.0026T +26.061, T €[790,1000];

Medium carbon steel (0.220 wt% C):
A =-0.0335T +50.4726, T €[0,790), (19)
A=0.0058T +17.521, T €[790,1000];

High carbon steel (0.700 wt% C):

Table 1 Chemical composition of three carbon steels produced in the 2050 mm hot strip mill of Bao Steel

Carbon Chemical composition (wt%)
steel TTCSi Mn P S Al & Ni Mo V Nb Ti N
Low  0.047 0.008 0.250 0.025 0.010 0.034 - - <0.005 <0.005 <0.002 <0.001 0.0033

Medium 0220 0.075 0.730 0.015 0.008 0.029 0.019 0.013
0.033 0.210 0.023 -

High 0.700 0240 1.040 0.011 0.001

0.004 - - 0.011

0.002 - -

0.0026
0.0023
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{/1 =-0.02537 +42.9905, T €[0,790),

A=0.0120T +11.102, T €[790,1000].
40 ——0.047 wt% C
36 —4—0.220 wt% C

—8—(0.700 wt% C

2 (W/(m-K))

400 500 600 700 800 900 1000
Temperature (°C)

Fig.4 Steel conductivity as function of temperature

Fig.5 shows specific heat ¢ as function of tem-
perature 7 for the three tested steels. The specific heat
also varies greatly with temperature and there is a
change in the slope of the curves from 700 °C to 800
°C where phase transformation from austenite to fer-
rite takes place. Empirical models of specific heat are

Low carbon steel (0.047 wt% C):

¢=0.9426T +217.04, T [0,800),
¢ =-0.0865T> +125.51T — 44461, T [700,800], (21)
¢ =-0.0026T +26.061, T € (800,1000];

Medium carbon steel (0.220 wt% C):

c=0.8613T+254.8, T €[0,800),
c=-0.1667T" +242.05T 87112, T [700,800],
c=0647.56, T (800,1000];

(22)

High carbon steel (0.700 wt% C):

c=0.5168T +416.37, T €[0,800),
c=—0.4413T" +638.25T — 228996, T [700,800], (23)
¢=0.1675T +470.32, T €(800,1000].

The above regression models are in good
agreement with the measured data. Taking Eq.(21) as
an example, the coefficients of determination (R”) are
0.99921, 0.9933 and 0.9725, respectively. This indi-
cates that the empirical models can predict approxi-
mately 99% of the variability in specific heat with
temperature. Consequently, accurate and reliable data

of the temperature-dependent material properties can
be utilized in the iterative procedure described in
Fig.3 to solve the heat transfer equation of the cooled
steels on ROT.

1800 1

o —+—0.047 wt% C
—4—0.220 wt% C

g ooy —=—0.700 wt% C
% 1200 SRR W
<
< 1000
S 800

600

1 1 1 1 1 ]
400,50 500 600 700 800 900 1000

Temperature (°C)
Fig.5 Steel specific heat as function of temperature

EVALUATION OF THE COUPLED MODELS

The evaluation of temperature and phase trans-
formation models has been carried out for the predic-
tion of different grades of steels and for different
thicknesses in the 2050 mm hot strip mill of Bao
Steel.

Fig.6 illustrates the calculated through-thickness
temperature profile (7¢) for the head segment of a
strip with a target F7=870 °C and a target C7=640 °C.
The temperature is cooled down to about 720 °C
through the main cooling zone then decreases slowly
to about 700 °C due to air-cooling. A further tem-
perature drop to about 640 °C is accomplished by the
water sprays in the finish cooling zone. It can be seen
from Fig.6 that temperature fluctuation of the strip
surface is greater (than that of the quarter thickness
and the central, especially when the water-cooling
header strikes the strip.

900 Finishing target Thickness=2.82 mm
Y
850
Centre
. 800 Quarter thickness
g 750
&
700 . Surface
Coiling target
650 Y \
600 .

Time (s)
Fig.6 Temperature history along the ROT
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Fig.7 shows the comparison between the meas-
ured and calculated evolution of the volume fraction X
of ferrite with temperature during cooling of a carbon
steel (0.220 wt% C). It can be seen that the calculated
results are in good agreement with the experimental
data obtained by the dilatometric analysis.

100 { A Measured

80 F — Calculated

60

X (%)

40 +

20

0 | 1
650 700 750 800 850 900
T(°C)
Fig.7 Comparison between measured and calculated
volume fraction of ferrite during cooling

Fig.8 shows the comparison between calculated
coiling temperature 7c and measured coiling tem-
perature Ty Over a total of 2000 coils, the calculated
coiling temperature ranges from 497.5 °C to 775.4 °C,
with the average error being 0.91 °C and the standard
deviation 10.21 °C. Taking into consideration the
phase changes during the cooling process and the
knowledge of the temperature-dependent material
properties, the calculated temperatures are in excel-
lent agreement with measurements.

800 1 o
n=2000 i

=0.91

=10.21
700 7 4

750 1

650

Te (°C)

600
550 |
500 | 3

r e
- e

450 Ll L L L L L 5
450 500 550 600 650 700 750 800

T (°C)
Fig.8 Comparison between measured coiling tem-
perature and calculated coiling temperature

The versatility of the coupled models has been
tested at Bao Steel for strips of a thickness from 1.30
to 10.6 mm. Table 2 shows the comparison of 15 °C
coiling temperature hit rates between the old tem-
perature prediction system and the new system based

on the proposed temperature and phase transforma-
tion models. It can be seen that an average 11% im-
provement has been achieved and that the new system
precisely predicts the strip temperatures in spite of the
broad range of thickness of the strips.

Table 2 Comparison of £15 °C coiling temperature hit
rates

Thickness  *15 °C coiling temperature hit rates (%)
(mm) Old system New system
1.30~2.30 82.47 95.81
2.30~4.30 81.06 94.78
4.30~6.30 86.48 95.50
6.30~8.30 88.11 96.74
8.30~10.60 84.59 95.01
CONCLUSION

(1) Coupled models based on the variation tech-
nique and the finite element method are built to
evaluate the temperature history of cooled strips on
the ROT. In order to access accurate predictions, the
adaptive correction is adopted to calculate the heat
transfer coefficients in water cooling zones and the
effect of phase transformation is considered in the
models.

(2) Experiments have been performed to obtain
thermal material properties of three industrially used
carbon steels. Based on the experimental data, models
of specific heat and thermal conductivity have been
established using the least squares method and util-
ized to solve the heat transfer equation.

(3) The comparison between the measured and
the predicted results over several thousand coils of
different steel grades and dimensions indicates that
the new temperature setting system applied in the
2050 mm hot strip mill of Bao Steel has good per-
formance with high accuracy and versatility.
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