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Abstract

Transfer table is an essential stage between roughing and finishing rolling stands in a hot-strip rolling mill. High
temperature and long time that strip is exposed to air at this stage cause a considerable heat loss that accounts for
uneven temperature distribution, non-uniform surfaces, reduced product quality and increased production costs.

Using thermal shields on the transfer table is considered an efficient means of reducing energy consumption and
of improving product quality. In this paper, temperature distribution and heat loss from the strip is investigated
while passing through transfer table in the hot-rolling at Mobarakeh Steel Complex (MSC), Isfahan, Iran. Three
cases are considered; namely, in the absence of thermal shield, in the presence of thermal shield, and with both
thermal shield and heat source. The results obtained from the numerical solution indicate that the case with both
thermal shield and heat source on the transfer table has the most favorable effect on reducing heat losses and

even temperature distribution in the strip.
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Symbols

Nu Nusselt number p Density (Kg/m”)

Re Reynolds number ¢ Specific heat capacity (J/Kg.K)

Pr Prandtl number k Thermal conductivity (W/m.K)

Gr Grashhof number T Temperature (K)

Ra Rayleigh number o] Stephan boultzman constant (JW/m”.K™)

¢ Buoyancy parameter € Emmisivity factor

g Acceleration gravity (m/s”) F Configuration factor

B Expansion coefficient (//K) h Convection heat transfer coefficient (J//m”.K)
v Kinematics viscosity (m”/s) A Area (m°)

L Representative length (m) P Pressure (N/m°)

Introduction Due to the long distance between roughing and

Modeling of hot-rolling process is undoubtedly
an essential research endeavor to optimize steel
rolling processes. Prediction of temperature
distribution in the strip is of special importance as
temperature is an important metallurgical parameter
during the rolling process because properties and
dimensions of steel greatly depend on the
temperature distribution in the strip. Furthermore,
prediction of the amount of strip temperature drop
allows us to determine the required temperature of
the strip leaving the preheating furnace. Obviously,
this knowledge can lead to adoption of certain
measures to reduce strip heat loss and thus, to reduce
the preheating temperature.
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finishing stands and rather long time the strip is
exposed to air, radiative heat loss from the strip is
great. Some researchers have investigated various
ways to reduce the rate of heat loss. One of the most
common methods is the use of thermal shields.

Ginzburg" developed the principles of computer
simulation of rolling mills. His simulation resulted in
optimized production conditions, improved product
quality, and energy savings.

Ginzburg and Schmiedberg® studied the main
parameters involved in temperature variation during
rolling process and methods of avoiding heat losses
between roughing and finishing stands in order to
determine optimized working conditions. According
to them, the main parameters in changing
temperature include temperature losses due to
radiation and convection to the environment and
rolls, conductive heat transfer to work rolls and
water spray for oxide removal, and temperature gains
due to friction and mechanical work of rolls. In
addition, they ascribed great temperature changes of
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hot strip along its transverse direction related to
radiation at the edges.

Serajzadeh, Karimi, and Mucciardi® investigated
temperature distribution in hot strip passing through
hot rolling. They developed a finite element
mathematical model to predict temperature
distribution and metallurgical changes in the steel
strip. In their model, a number of parameters were
considered like deforming temperature, work roll
temperature, rolling speed, and heat transfer
coefficient between the metal and the work rolls.
They also studied temperature distribution in work
rolls of hot rolling®. They developed a finite element
model and solved two-dimensional and transient heat
transfer equations with time-dependent boundary
conditions to predict temperature distribution in work
rolls. In a similar study, Serajzadeh and Mucciardi®
studied temperature distribution in work rolls.

Serajzadeh® investigated temperature
distribution and phase changes in run-out table in hot
rolling. In predicting cooling rate of low carbon steel,
he used the finite element method and the Scheil-
addivity rule.

Hosseini Beheshti” studied heat transfer in the
strip while passing through transfer table in two
cases, with and without thermal shield. To compute
the heat loss from the strip, he studied the two-
dimensional energy balance using a finite difference
method. In this method, convective heat transfer from
the top surface was assumed to be combined due to
its high temperature. Furthermore, the conductive
heat transfer inside the strip was assumed to be small,
and because of geometrical complexity of the surface
below the strip, all types of heat transfer from this
surface were neglected.

Only one study has been conducted on
simulating heat transfer of strip in hot rolling mill of
Mobarakeh Steel Complex. However, this study did
not consider the conductive heat transfer inside the
strip nor did they consider heat transfer from the
bottom surface.

In this study, temperature distribution in strip
while passing through transfer table between last
roughing shelf and first finishing shelf is predicted by
considering radiation and convection from top,
bottom and around it and also by considering of
conduction inside it. This prediction is for the three
cases of without thermal shield, with thermal shield,
and with thermal shield and heat source. It should be
mentioned that by the time this research was done,
thermal shield hadn't been installed above transfer
table in Mobarakeh Steel Complex, and there wasn't
practical result for these cases.

Heat loss from the strip while passing through
transfer table:

Heat release from strip passing through transfer
table consists of two forms: convection and radiation.
Due to convective heat transfer from strip surfaces

27

and from upper surface of the thermal shield, the
equations for free, forced, and combined convection
have been used. Also, convection equations have been used
related to isotherm plain due to low temperature discrepancies
among points along the strip in each time step.

Convective heat transfer coefficients at bottom
surface of strip are computed by using forced
convection heat transfer equations. The local Nusselt
number for forced flow is obtained from the

analogical solution for laminar flow, and
experimental results for turbulent flow. All
characteristics are used in the film temperature,
Ty=(T+T)/2.

Nu, =0332Ret/2Pr'®  06<Pr<s0 (1)
Nu, =0.0296 Re*° Pr'’? 0.6<Pr<50 2)

For the forced flow, the laminar to turbulent
exchange point is assumed to take place at Reynolds
Number 5x10°.

Convective heat transfer coefficients at upper
surface thermal shield are computed from the free
convection  heat transfer  equations. The
dimensionless Grashhof number in free flow is
expressed as:

r-T,)L°
G’”L = M 3)
v

Where f=1/T; is expansion coefficient, T is
surface temperature, 7, is fluid temperature at a long
distance, v is kinematics viscosity, g is acceleration
of gravity, and L is representative length which is the
ratio of surface to environment.

Using empirical relations for common
geometrical shapes, the mean Nusselt number will be
obtained as follows:

mL = C Raz
Where Rayleigh number, Ra;, is expressed as:
Ra; =Gr; Pr &)
Incropra [8] found mean Nusselt number for a
hot strip facing upward.:
Nup =0.54Ral/* 10* <Pr<10’

Nup =0.15Ra)? 107 <Pr<10"

With regard to high temperature of the moving
strip, convective heat transfer coefficients in the
upper surface of the strip are computed from the
combined convective heat transfer equations.
Empirical results indicate that the combined local
Nusselt number can be obtained from the following
relation:

Nu"= Nug* Nuy, @)

Where Nuy and Nuy are local Nusselt numbers in
free and forced flows, respectively, and » is a

constant. Positive sign designates agreeable and
negative sign designates opposed flows. Defining

“4)

(©)

Ni N .
X =" and ¥ =—% we will have:
Nuy Uy
" =1+X" )

Local Nusselt numbers for laminar flow in



forced and free flows is:
Nuy = APPr)Re!/?
Nuy, = BPHGrl'?
A(Pr) and B¢(Pr) are functions in terms of

Prandtle number. Substituting Relation (9) in (8), we
will have:

)

1/n

-1/2 n
NuRe, |1y BPr)é& (10)
A(Pr) A(Pr)
Where ¢ — Gr_ s buoyancy parameter, and m
Re yom

is a numerical constant which depends on kind of
flow and heat boundary conditions in the net free
flow. The above relation is presented for a moving
plain”. For isothermal boundary conditions or
constant rate of heat transfer, m = 0.2, n = 3, and
values for A(Pt) and B(P1) are computed from the

following relation. All propertiecs should be
calculated in film temperature.
A(Pr) =1.886Pr'*'3* —1 445Pr'"3

(Pr/5)!/5 pr!/? (11)

B(Pr) = =
025+1.6Pr
Local Nussclt numbers in turbulent flow are

given as follows for forced'” and the free flows'":

12)
Nu,Re”* =00287P1*
Nuy G =013pPr"3 Gr, Pr>5x10°

Substituting (12) in (8) we will have:
1/n

1/3Y"
B GPr)| Gr,
= 1iC[F(Pr)[ReL2/5] ]

Where n =3, C = 0.006, F(Pr) = 0.0287P1"¢, and

NuRe,*?
F(Pr)

(13)

G(Pr) = 0.13Pr'®. According to results from
Hayashi'?, under these conditions, the laminar to
turbulent  transfer exchange occurs  where
Gr,

—-=192.
Reé

The first step in computing radiative heat loss is
to determine the radiative configuration factors. They
have been calculated from Howell's results'.
Configuration factors of an element in relation to
rectangular plane and cylinder (rollers) were used in
radiation calculation.

In the case which combustion occurs inside
thermal shield, considerable amount of water vapor
and carbon dioxide is formed. Therefore, assumption
of transparent medium is not correct and it must be
assumed that the medium has the capability of
absorption and emission. Computation of gas
radiation properties is complicated, Hottel'”
developed a simple method to compute emissivity
coefficient of mixed gas. In this method, combustion
equation should be written and partial pressures of
water vapor P, and carbon dioxide P, are computed

05<Pr<105x10°<Re, <5x10°
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from it. By using P,,, P, and representative length 7,
that is portion of volume to area, emissivity
cocfficients of water wvapor, carbon dioxide,
correction value Ag, and cocfficient values of water
vapor C,, and carbon dioxide C, can be obtained from
related graphs. At last, emissivity coefficient of
mixed gas can be calculated from following relation:

&, =C,6,+C 6, - Ag a4

In this case, the absorption and emission
coefficient of combustion gases have been computed
on the basis of complete combustion of methane
mixed with 10% additional air under atmospheric
pressure.

15)
CH, +22(0, +3.76N,) — Co, +2H,0+020,+8272N,

Numerical solution

In the present study, heat loss has been computed
for a strip 75,000 mm long, 1,000 mm wide, and 35
mm thick. These dimensions can be varied according
to product type. A structured grid has been used in
the solution. Given that the thickness is smaller in
size than the other two dimensions, the solution has
been accomplished along two directions. Because of
the symmetry in the width of the strip, the problem
has been solved over half of the slab.

Regarding the fact that the greatest heat is lost by
radiation, radiative boundary condition for edges of
the strip has been taken into consideration. For the
middle half of the strip, symmetry boundary
condition has been considered. An initial temperature
of 1050 °C has been assumed for each element at the
last stand in the roughing when it enters transfer
table. This temperature is measured by MSC at hot
rolling mill.

In the numerical simulation, an energy balance
has been written for an arbitrary clement of the strip
with length Ax, width Ay, and thickness Az. Heat
transfer for each element consists of conduction with
adjacent elements, radiation from the top and bottom
of it to environment and to the carrier roll and
thermal shield, and at last convective heat transfer
from the top and bottom of the element to the
environment.

The energy balance for an element in the case
which there is no thermal shield will be parabolic as
follows:

(16)
k o'r &
_=_(_]2—'+ay_]2—')_ﬁ[hup T =Tp) + Maosn T = Tgorpn)]

&
—W—AZ[(T“ T )+ Fo ot T =T )+ Fy s T =T )]

Where p, ¢, k, e, and T are respectively density,
specific heat capacity, thermal conductivity (which
these parameters are calculated at clement
temperature), emissivity factor and temperature of
the element, 7., and 7, are ambient temperature
around top and bottom of strip, 7'y, and 7m0 are
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ambient temperature at a distance from top and
bottom of strip, F,,.; and F, 4, are the element
configuration factor to carrier rollers and bottom
environment and o is Stephan Boultzman constant
with value of 5.67x10®. Value for h,, was given
from relation (13) and for /hg,, was given from
relations (1) and (2).

In the case that there is thermal shield, energy
balance for an element will be in the form of
following equation:

(17)
ok T 9T, 1
e ;(@ +$)7E[h4p T—T+5Y 2D+ BT = T
7L[w+p It -TANVE e T V+E . & -1
o Az R e—roll roll e—down' dowro e—upro UPRO

Where R is circuit equivalent radiation resistance
drgg 1 IE 4 (18)
4

A,, area of the upper surface of the element is
equal to AxAy. Area A3, temperature 7’3, and emission
coefficient & are related to bottom surface of the
thermal shield. Also, F.p. is element configuration
factor to upper environment. In order to solve the
problem, equation (17) must be solved
simultaneously with the three equations (19), (20),
and (21) in a manner that values of energy rates will
be the same in these equations.

R

& Fe—tun &3

. o(T; -T3) (19)

Drad-slab—tun = EJ:ZTM Ay

. () (20)
=k, —— 4

Y eond—tum tn THK,, 3

q'rad&convftun = [h4(T4 _Tup) + 0-54(]’44 - Tuiw)]A)CAy (2 1 )

rodsibony 15 SUM of radiation energy rates from

all elements of the strip reaching the shield, 4

> Yeond—tun
is conductive energy rate passing through the shield,

Grdccomnm 15 Tadlative and conductive energy rate

emitted from top of the shield. Ky,,, and THK,,, are
thermal conductivity, and thickness of shield. Also,
&4, and T, are emissivity factor and temperature of
bottom surface of shield.

In the case that heat sources are presented at
bottom surface of the shield, temperature of gas
between the shield and strip can be controlled by
combustion process. Energy balance for an element
in this situation will be like the following form:

o k T T 1

i e Jrm—— i & 7L.Irad—e~)tun
7 pear 5T pon T hall T2 (22)
£
7;7(:7&[}727'0”(74 T+ Fy o T T+ Fy e T =T )]

Where T, is the temperature of gas inside of the
shield, and ¢ is thermal energy rate which is

rad—e —tun
released from top surface of the element to the shield
through radiation. Sum of radiative energy rates from
all elements of the strip and the gas reaching the
shield can be computed from the following relation:

)l
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q.radfslab &g—otun = z z q.radfe&gﬁtun (23)
J i

In relations (22) and (23), an equivalent radiation

circuit has been assumed among an arbitrary element,

gas, and the shield in order to compute 4 _, . P

input thermal energy rate into the bottom surface of
shield from the element surface due to the presence
of the gas, and ¢, , . .,... The equivalent electric

circuit was used to these values
simultaneously.
Equations (16), (17), and (22) are parabolic and

can be stated in the following general form:
T _k TP
a  pe o’ oy’

An explicit method has been used in solution.
The forward difference derivative approximation was
used for thermal derivative term and the central
difference derivative approximation was used for
spatial derivative term. When equation is discrete,
temperature in new time step is computed as below
using the data in the preceding time step.

@[T; 2T} 4Ty | Ty =2T3+TF

compute

@H

(25)

wtl _ o
Tp =Tp + i Ayz
Where 75 is temperature of an element for which
energy balance is written. Ty, Ts, Tg, and Ty are
temperatures of the elements located above, below,
right and left of the considered element. S” is a
constant source term which is calculated at previous
time step. The accuracy of the solution is of the first
order in time and second order in space. Convergence
condition of above equation will occur when:
kA1
—(—+
pc Ax

pe

]+S"At

1L (26)
N4

Results and discussion

A computer code was developed to solve the
equations. Accuracy of the code was checked by
temperature measurement of the strip at MSC. Two
points of the strip temperature, first and end of the
strip, were measured and checked with the results of
the computer code. Good agreements were shown for
these measured and calculated temperatures. Values
are shown in Figures (1-b) and (1-d).

Temperature distribution along the strip for mesh
sizes of 750x20, 1500x40, and 3750x100 has been
calculated. Because the results for 2 last finer meshes
have good agreement, the graphs for the mesh size
3750x100 are presented here.

Temperature contours are presented in Kelvin
over half of the strip for different time periods and
three different cases, with thermal shield, without
thermal shield, and with both thermal shield and heat
source in Figures (1), (2), and (3). Horizontal and
vertical axes represent length and width of the strip,
respectively. In all of these figures only the part of
strip which is moving over the transfer table is shown
and the part of slabs under rolling shelves isn't



shown.

Figure (1) shows temperature reduction over half
of the strip in different times when the strip is
passing through the transfer table without thermal
shield. From this Figure, temperature drop at middle
sections near front edge of the strip and at the time of
entering the first finishing stand, F1, is around 100 K
(Figurel-b), but near end edge of the strip at the time
of entering finishing shelves is about 200 K (Figure
1-d). This difference indicates uneven temperature
distribution within the strip when entering FI1.
Another considerable point is the creation of high
temperature gradient and a rapid temperature
reduction at the edges. This gradient is due to the
high amount of radiative heat transfer at the strip
edges.

In the situation with thermal shield, temperature
reduction in half of the strip is shown in Figure (2)
for different times of passing through the transfer
table. It is seen that temperature reduction for the
middle sections near front edge of the strip is around
40 K at the time of entering F1 (Figure 2-b), which
shows a reduction of 60 K as compared to the
previous situation. Temperature reduction near end
edge of the strip is about 130 K at the time of
entering F1 (Figure 2-d), which shows a reduction of
70 K compared to the previous section. A
considerable point in this figure is the reduction in
gradient and temperature reduction at the strip edges.

In the case where heat source (combustion) is
used in addition to the thermal shield, a more even
temperature distribution is observed, Figure (3)
depicts this subject. Temperature reduction for
middle sections near front edge and at the time of
entering F1 shelf reaches approximately 37 K (Fig.3-
b), which shows a reduction of 3 K compared to the
previous case. Temperature reduction near end edge
is around 150 K at the time of entering F1 (Figure 3-
d). This is a reduction of 25° K compared to the
previous case.

The heat transfer from surface of the strip has
also been computed in this study for all cases. Figure
(4) depicts heat transfer in the case that there isn't
thermal shield over transfer table. The continuous
line represents heat loss from the whole strip surface
and the broken line represents heat loss by radiation
from top surface of the strip at each moment. As the
strip exits from last shelf of roughing around the 20™
second, a larger surface of the strip is exposed to the
environment at each moment and, consequently, heat
loss in the strip surface will be greater at each
moment. From this moment on, and given that whole
surface of the strip has been exposed to air, heat loss
at each moment will be reduced as a result of
reduction in strip temperature. From the 30™ second
on, speed of strip is reduced because the strip enters
finishing stand, which leads to a reduction in
convective heat transfer rate. Also surface of the strip
which is exposed to ambient continues to reduce
which leads to a reduction in radiation heat transfer
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rate, consequently, heat loss from surface of strip
reduces and at the end becomes zero when whole of
the strip enters finishing stand. The total heat loss for
the strip after passing through transfer table is equal
to 1.74 Mega Joules.
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Fig. 1 Temperature counters
without thermal shield.
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Fig. 2 Temperature counters at different times with
thermal shield.

Figure (5) shows heat transfer when thermal
shield is used. The continuous line represents heat
loss from the whole strip surface and the broken line
represents radiative heat loss from the top of the strip
at each moment. The noteworthy point at this stage is
high reduction in heat loss from top surface of the
strip. This reduction is due to presence of the thermal
shield over top surface and also because of reduction

in radiation rate from top surface. As a result of
reduction in heat loss, the overall heat loss also
reduces considerably. The total heat loss after
passing through transfer table is 0.98 Mega Joules,
which shows a reduction of 45% as compared to the
previous case.
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Fig. 3. Temperature counters at different times with
thermal shield and heat source.
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Fig. 5. Heat loss of top and whole surfaces of slab
with thermal shield.
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Fig. 6. Heat loss of top and whole surfaces of slab

with thermal shield and heat source.

Figure (6) depicts heat transfer in the case where
thermal shield and heat source are used. Here, the
total heat loss from the strip after passing through
transfer table is 0.84 Mega Joules, which is around
10% lower than the case with only thermal shield.
The point to note here is the absorption of heat from
top surface and edges of the strip from around the
30" second on. Energy absorption occurs when strip
temperature falls below gas temperature. Energy is
absorbed in this case through radiation and
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convection. This state of affairs is due to the presence
of the shield above the strip and also to the presence
of high temperature gas inside the shield.

Conclusions

The following results were obtained from the
simulation of heat transfer in a strip passing through
the hot rolling mill at Mobarakeh Steel Complex
(MSC) under three different caces: without thermal
shield, with thermal shield, and with both thermal
shield and heat source:

1- Temperature distribution was estimated for all
three cases.

2- Heat transfer from the strip surface was computed.
3- Compared to the case without thermal shield,
temperature distribution was more even and a
reduction of 45% in heat transfer from the surface
was observed in the case when a thermal shield is
used.

4- Compared to the case with thermal shield only,
more even temperature distribution was observed in
the case with both thermal shield and heat source.
Heat loss in this case was 10% less than the case with
only thermal shield.

5- From the results obtained, it may be claimed that
use of the thermal shield is associated with such
benefits like reduction in temperature difference
along the slab, reduction in material losses,
production costs, and energy consumption.
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