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Abstract

The aim of the paper was to improve the economgolihg mill production and to extend the

control range of cooling capacity of the acceletat®oling unit by choosing the optimal

dimensions of the cooling chamber. The object séaech was the interstand cooling unite for
accelerated cooling of the hot-rolled productsafnd section in the line of continuous rolling
mill in order to reduce the machine time rollingeren eliminate completely the requirement
for heat treatment of the hot-rolled products imatieeatment furnaces. The influence of the
design parameters of the cooling chamber on tharakpg the control range, retaining a high
cooling capacity of the chamber, was investigatedhe numerical model based on the finite
difference method. The diagrams presented in tipemallow determining the diameters of the
cooling chamber, which provide a wide control rargfethe chamber cooling capacity and
minimization of energy consumption of the electvater pump.
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1 Introduction

In practice, during hot rolling process, the evioimtof the microstructure is connected with
physical processes taking place in the deformeelsstsuch as recrystallization, precipitation
and phase transformation, depending on the chemdsaposition and particular parameters of
the metal forming process, i.e. the strain, straite and temperature. Thermomechanical
Controlled Processing (TMCP) including acceleratedling is a well-established technology,
widely applied in steel rolling production in ordéw produce a material with the desired
microstructures and mechanical properties as vgeibaeduce the machine time rolling or even
eliminate completely the requirement for heat treatt of the hot-rolled products in heat-
treatment furnaces [1-5].

In order to reduce the production cost and to imprthe quality ofhot-rolled steel round
products of small-section in the line of continuonifls, the technology of accelerated interstand
cooling is used. By using this technology, the tadled products with the desired
microstructures and mechanical properties have pesmtuced and the cost of energy to heat the
metal in special heat-treatment furnaces is deetef8].

The object of research in this paper was the itgadscooling unit for accelerated cooling of the
hot-rolled products of round section in the lineocointinuous mill. The characteristics of the
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cooling unit operation is determined by its dimensi (length and diameter of the cooling
chamber), and the mutual movement of rolled stedlwater (co-current or counter-current).
The presence of the upper and lower limits of tha@ing capacity appears particularly in the co-
current cooling chambers due to the limitationatiel to the temperature of the waste water. In
the design of a new cooling unit the main taskoiglétermine the dimensions of the cooling
chamber and their impact on the technological patara of the cooling process [9-13].

To solve these problems, the mathematical modethef cooling process of the hot-rolled
products of round section was formulated. In tldipgy the influence of the design parameters of
the cooling chamber on the expanding the contrjearetaining a high cooling capacity of the
chamber, was investigated by this numerical modskld on the finite difference method and
the solution of the differential equation of heanhduction in cylindrical coordinates under the
boundary conditions of the third kind. The moddbwak investigating the influence of the
design parameters of the cooling chamber on tHewtdogical regimes, the cooling performance
and energy efficiency of the cooling unit.

As a result of the conducted numerical experimeas wstablished that the main bottleneck in
choosing the diameter of the cooling chamber isvihter pressure provided by the pump, and
the water temperature at the outlet of the cooihgmber. These parameters define the upper
and lower limiting values of the chamber coolingasity.

The diagrams presented in the paper allow detengittie diameters of the cooling chamber,
which provide a wide control range of the chamb®oling capacity and the minimization of
energy consumption of the electric water pump.

2 Unit for accelerated cooling

Lately, the rolled products are mainly processedhim chamber type unites for accelerated
cooling. Fig. 1 shows a schematic diagram of the unit for accddraooling and thermal
processing of hot-rolled metal. The acceleratedliegounit consists of the chamber of
cylindrical type in which the cooling water underegsure is supplied, and flows along the
chamber axis. Depending on the direction of motidrrolled steel and cooling water, the
different modes of flows are established: co-cugreounter-current and co-counter-current.

e

L

1 water

1 — case of injector, 2 - annular nozzle, 3 - coaleel, 4 - cooling chamber
Fig.1 Schematic diagram of the accelerated cooling uni

The counter-current flow mode is more efficienténms of heat transfer. The advantage of co-
current cooling mode, especially at the smallerssrgection of rolled steel in front of the
chamber, is possible appearance of the effect dfdtgansportation of the rolled steel, but the
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cooling rate at such a mode is 4+5 times less thatounter-current mode at the same water
flow rate [14].

Unites for accelerated cooling may be made up & lemg section, which provides a rapid
cooling over the metal cross-section, or may comdis few short sections that provide a more
gradually cooling on a longer chamber length [15].

3 Numerical model

In the course of cooling the rolled steel into cbans, under production conditions, is

practically impossible to measure the temperat@ita®l during the cooling process. However,
this temperature can be calculated by the matheatatiodel, which is based on the equations
of heat transfer.

The steel during the rolling process has the csestional shape, which is close to a circle. The
basis of the mathematical model of cooling of rognass-section rolled steel is the differential

equation of heat conduction in cylindrical coordesa]16]:

cgoa'izi(/] a‘i}ia"’l )

ot or or roor’

wherec is the specific heat capacity, J/{K) o is the density, kg/fh and A is the thermal

conductivity of the steel, W/(ii), t is the time, sr is the coordinate along the radius, Tris

the temperature of the steel, K.

During the process of steel cooling its surfaceperature can vary over a considerable range

from an initial steel temperature to a temperatireooling water. Therefore, the model uses the

boundary conditions of the third kind:

» within the cooling chamber the convective heat dfanbetween the steel surface and the
water is described by the equation

-A BZ—-:=a[ﬂTW —T) at r=R (2.)

where a is the coefficient of heat transfer from the staelthe water, W/(RK), T is
temperature of the steel surface, K, is the water temperature, R is the radius of the
profiled steel, m;

< the radiant and convective heat transfer in thectiion of environmental air (outside of the
cooling chamber) is described by the equation

T
_/sz_r:aair[ﬁ-rair_-r)"'a eﬁr_T‘l) at r=R, 3.

where O, is the coefficient of convective heat transfer frtime steel to the air, W/ @iK),
T, is the ambient temperature, &, is the radiation coefficient of the steel, WEf).
Before entering the cooling chamber the temperaiuee the steel cross-section is uniform, i.e.

Tr) =T, att=0 4.)

where T, is the temperature of the steel before enteriegtoling chamber, K.
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The average value of heat transfer coefficient@live chamber is determined according to the
criterion function proposed in Ref. [12]. The pragsand temperature of the water, in the
formula for determining the water properties, aedirted as the arithmetic mean values along
the chamber length. The useful pump power is catedlas the product of the water presspre (
Pa) generated by the pump, and the water flowinatiee chambercg,, m*/s). To solve the heat
equation with the boundary conditions, the finiiéedence method was used [17].

4 Discussion of results
The initial data for the numerical experiment wasefollows:

* The length of the cooling chamber is 3 m;

e The diameter of the rolled steel is 6.5 mm;

* The initial temperature of the water is 20°C;

e The rate of the rolled steel is 25 m/s;

» The initial temperature of the rolled steel is 1000

* The water-cooled material is mild steel,

e The steel emissivity is 0.8.
The calculations are performed at the variablentlaérproperties of the steel [18] and the
variable physical parameters of the water at thergton line [12]. The water temperature at the
outlet of the cooling chamber ranges from 40°C [1@] 80°C [19]. The higher water
temperature, over a period, can put out of serfieecooling device because of the possibility of
salt deposits in its drainage channels [20]. Algaa high temperature of the water increases the
probability of non-uniform cooling along the lengdf rolled steel because of the danger
appearance of a vapour lock in the chamber secfidreswater pressure generated by the pump,
it was limited to 50 bar, which corresponds to tpeeration of accelerated cooling unites in
practice.
The research results of the cooling capacity obthifor the co-current and counter-current
cooling modes are presentedhig. 2. In this paper the chamber cooling capacity mehas
difference of average temperatures over the crestsess of rolled steel before and after the
cooling chamber.
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Fig. 2 Temperature change of the rolled steel in the @aofg£ooling in the co-current
and counter-current modg ( surface temperaturg;— core temperaturd; — bulk
temperature)
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The diameter of cooling chamber was defined undercondition of providing the maximum
control range of the chamber cooling capacity atdlven constraint on the water flow rate of
40 nt/h, which value allows comparison between the pemgrgy consumptions. The control
range of the chamber cooling capacity means tHerdiice between maximum and minimum
cooling capacity of the chamber. Thus, it is pdssio compare the chamber efficiency for
different cooling modes.

The lower limit of the chamber cooling capacitydistermined by the water temperature at the
outlet of the chamber of 80°Eig. 2 shows that the residence time of rolled steehindooling
chamber, at the given chamber length and the r&teolted steel, is only 0.12 seconds.
Therefore, after the rolled product left the chambg going into the air, the temperature
equalization over the cross-section occurs.

In the co-current cooling chambétig. 2a), the water temperature at the outlet of the chaarish

in the range of 80+55°C, for the lower and uppenits of water consumption, respectively. By
reducing the water consumption below ¥mthe water temperature at the outlet of theingol
chamber exceeds 80°C, which can affect the qualfitgooling. The cooling capacity of the
chamber is in the range 110+260°C. Consequently, dbntrol range of chamber cooling
capacity is 150°C.

Similarly, in the counter-current chambétid. 2b), the water temperature at the outlet of the
chamber is in the range of 80+60°C, and the chandmeling capacity is in the range
210+340°C. Consequently, the control range of cleamboling capacity is 130°C.

The necessary pump power to ensure the water fiaev of 40 mYh (the upper limit of the
cooling capacity) for the co-current cooling chamize 50 kW and 27 kW for the counter-
current chamber. Accordingly, the necessary pumpepdor the lower cooling capacity of the
co-current cooling chamber is in excess of 46%piavide a dipper cooling of the steel, it is
rational to use the counter-current cooling modetha less pump power is required.

In Fig. 3 the chamber cooling capacity, water consumpticth gump power are shown as the
function of the chamber diameter, the water tentpesaat the outlet of the chamber and the
water pressure generated by the pump, for the memuand counter-current chambers at the
same chamber length of 3 m.

By means of these diagrams, the optimum dimengibttee accelerated cooling chamber can be
determined. For example, at the outlet water teatpez of 60°C and the pressure of 50 bar, the
optimal diameter for the co-current chamber isnterval of 18+20 mm, and for the counter-
current chamber is in excess of 27 mm.

It was noted earlier that the use of co-currenfinganode in comparison with counter-current
has a under capacity, which does not allow a demyet¢al cooling. The advantage of co-current
mode is in the enhanced control range.

The maximum cooling capacity of the co-current chamwith the optimal chamber diameter,
corresponds to the widest range of cooling capaditith a decrease in the diameter of co-
current chamber it is possible that the causedctastuin cooling capacity is accompanied by a
reduction of energy costs.

In counter-current chambers the maximum coolingaciyp corresponds to the range of cooling
capacity which is equal to zero. At counter-currenbling mode the reduction in cooling
capacity (relative to the maximum), by changing thamber diameter, is possible only with
increased diameter, which is always accompaniedrbincrease in energy costs. It should be
noted that a decrease in cooling capacity of theurcent chamber (relative to the maximum)
causes the decreased range of the cooling capacity.

DOI 10.12776/ams.v20i4.388 p-ISSN 1335-1532
e-ISSN 1338-1156



Acta Metallurgica Slovaca, Vol. 20, 2014, No. 43p1-388 386

280_'17—/‘ 34218 50at
— 40atNg
260 80/ /1] N 400 NN
0 2a0fckAf NS0t O 380 A Ch W W
£ 220 402t ™ o 360 20at\['Y i T\
2 [l [ Tl g \e b0~ 9
8200 PP M I‘-“ L_’,Oat ‘-,_‘ 8320 \ \‘\‘\ ‘\~
o 180pF—3° el o 300 NAANE
é ﬁ%‘ Seell £ 280 l(mt\_ \ \' R
g 160, / -‘LF""-AUPI" 'g 260 \" AN
© 140 R G E— O 240 TN
10at 220 NG
120 500 N
1003 20 25 30 35 18075 20 25 30 35
Diameter of the chamber, mm Diameter of the chamber, mm
a) d)
70 70
i = 60 50at
g Eﬁ 50 Apat .- 0'
e g - "[30at 2=
E é 40 < " =-Y60 20at -]
2 5 30 LTS T
2 2 3 ~ 100 ]
5] 8 20 \—" N 5at
g B BN =]
= g 10
015 20 25 30 35
Diameter of the chamber, mm Diameter of the chamber, mm
b) e)
90 90 ‘
30 50at 80 50at
70 70 A

=
60 40 40at L=+ -
50 4 || B

/ -
fOSO 60/{" [_ _____________

30 Py
20 70 _1° / 20at R

10 /{Oat

60 ” 40at T X=

50 (/ A E}K

40 ] }_\L _____
X—\ @ I

.

;g @%' j \ \ 20at

Pump power, kW

wh
[=]
Y
LY
A
A
1]
-y
W
(=
1<)
el
Pump power, kW

S Qat T 10 N > 10at "N
O15 20 25 3 35 015 20 25 3 35
Diameter of the chamber, mm Diameter of the chamber, mm
c) 1y

a, b, c¢) co-current chamber d, e, f) counter-current chamber

Fig. 3 Efficiency of the co-current and counter-currentlaty chambers

5 Conclusion
1. Extension of the control range of the chamber cgpicapacity in hot rolling mill
production depends mainly on the design parametérthe chamber (length and
diameter) and the cooling mode (co-current and ttgurrent).
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2. The upper and lower limits of the cooling capacitfhe chambers are determined. The
upper limit corresponds to the value of water floate, above which the water
temperature at the outlet of the chamber exceeesatiteptable value, due to the
increase of heat transfer coefficient or becausesifictions on the water pressure, i.e.
on the water pump. The lower limit correspondshiwater flow rate, under which the
water temperature at the outlet of the chamberesis¢he acceptable value, due to the
lack of water flow.

3. Presented diagrams allow determining the optimalies of diameters for the co-
current and counter-current cooling chambers undeen constraints on the
temperature of the outlet water and the pump pressu
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