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Aiming at the optimization of secondary cooling water distribution system for billet, an intelligent optimization 
model is established. The objective function is set according to metallurgical criteria, and the optimal solution is 
obtained by particle swarm optimization, which is applied to dynamic secondary cooling water distribution system. 
The experimental results show that at different casting speeds, all the indexes of the billet meet the requirements, 
the total water volume decreases obviously, the overshoot is low, and the water volume of each section meets the 
expectation.
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INTRODUCTION 

Secondary cooling of continuous casting is to make 
the surface temperature of slab meet the technological 
requirement by adjusting the spray amount of water in 
each section of secondary cooling zone, that is, to keep 
the high plasticity[1]. In this way, defects such as inter-
nal cracks, surface cracks, bulging, diamond square and 
center segregation can be effectively avoided[2,3].

Using the traditional partial differential equation 
method to solve the particularity of the water volume 
optimization in the secondary cooling water distribu-
tion, its efficiency is not high [4], this paper proposes an 
improved particle swarm optimization algorithm, which 
introduces chaotic mechanism to enhance the ergodicity 
and diversity of the algorithm, and has better perfor-
mance[5,6]. After the application of the scheme, all the 
indexes of the slab meet the expectation, the total water 
volume decreases greatly, and the water volume of each 
section keeps stable at different casting speeds, which 
effectively improves the quality of the slab.

OBJECT FUNCTION

Heat transfer equation for solidification

Taking billet as the research object, the width direction, 
thickness direction and forward direction of billet are set to 
be x, y, z respectively. Because the heat transfer of z axis is 
much smaller than that of other two axes, it is neglected 
[7]. Moreover, the size change of billet in tension straight-
ening is neglected in heat conduction, and the thermal 
properties (specific heat capacity, density, etc.) are as-
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sumed not to change with temperature. The governing 
equations of unsteady heat transfer are as follows:

  (1)

In the formula, ρ is the density of the billet (kg / m2), 
cp is a specific heat / J / kg·°C, k is the coefficient of 
thermal conductivity / W / m·°C, S is an internal heat 
source / J / m3·s, T is the surface temperature / °C.

Determining the objective function

The objective function is designed according to met-
allurgical criteria, i is defined as the identification of 
cooling section and R is the control vector of each sec-
tion, {R | r1, r2, ... rn}, the corresponding parameters are 
quantified to obtain the objective function that meets 
the requirements [8].

Surface temperature

The ideal surface temperature T of slab is deter-
mined according to steel grade, size and casting speed. 
The actual water distribution is adjusted so that the sur-
face temperature T of control point is infinitely close to  
T. The objective function is as follows: 

  (2)

In the formula, li is the length of each section of sec-
ondary cooling and n is the total number of secondary 
cooling sections.

Surface temperature recovery 

rate and cooling rate

The thermal stress caused by the rapid change of 
surface temperature before solidification of billet is lia-
ble to cause cracks. Therefore, the billet should avoid 



240

Y. R. LI et al.: INTELLIGENT OPTIMIZATION STRATEGY ANALYSIS OF SECONDARY COOLING WATER...

 METALURGIJA 58 (2019) 3-4, 239-242

too fast rise or decrease of temperature in each cooling 
section. Temperature should be controlled along the di-
rection of billet drawing. The maximum surface tem-
perature recovery rate is set to PB and the maximum 
cooling rate is PC.

  (3)

Straightening point temperature

In order to avoid transverse cracks in the brittle tem-
perature zone of steel grades, it is necessary to ensure 
that the surface temperature at the straightening point is 
higher than its brittle temperature TB in the secondary 
cooling system.
 F3(R) = max (TB – T, 0)2 (4)

Water consumption

In the process of spraying water in the secondary 
cooling zone, the total amount of water should be re-
duced as far as possible.

  (5)

The above four objective functions are integrated, 
and different influencing factors βi are selected accord-
ing to different weights to correspond to the function, 
which satisfies . The optimized objective func-

tion is as follows:

  (6)

OPTIMIZATION MODEL OF SECONDARY 

COOLING WATER DISTRIBUTION BASED ON 

PARTICLE SWARM OPTIMIZATION(PSO)

Particle swarm optimization

PSO algorithm is a simulated evolutionary process 
to obtain the optimal solution through communication 
and cooperation among individuals. Each particle has 
two attributes of speed and location, and the solution of 
the problem corresponds to the current position of the 
particle. In Q dimensional space, the control vector R  
of each segment is mapped to particles and initialized to 
{r1, r2, ... rn}. The chaotic mechanism is used to opti-
mize the process of particle optimization. The search 
steps are as follows:

(1) Define the initial region, setting Q dimensional 
initial state vector Q0 = (Q01, Q02, ..., Q0N), each value in 
R0 is adjacent, and the difference is very small.

(2) Using logistic equation to calculate the initial 
vector R0, a chaotic sequence c1, c2, ... cn is generated. 
Here, after several iterations, the system will be com-
pletely chaotic. The vector layer can be expressed as:

 ci+1 = ci (1 – ci–1) λ (7)
In the formula, λ is an iterative control parameter.
(3)Set the space particle Xi, calculate the better posi-

tion of Xi, remember Xi.
 Xiˊ = r · rnd · cj + Xi (8)

In the formula, r is the active radius of particle Xi, 
rnd ∈ [–1,1], j ∈ [0, n].

The main ideas of particle swarm optimization based 
on chaotic mechanism are as follows: on the one hand, 
the position and velocity of particles are initialized by 
chaotic sequence, which not only keeps the diversity of 
particles, but also enhances the search ability of parti-
cles because of its ergodic characteristics. On the other 
hand, chaotic state can make the movement of particles 
persistent.

Particle chaos initialization: Xi in formula (8) is giv-
en initial values respectively, and the velocity in particle 
swarm iteration is revised again:

  (9)

In the formula, α is a constant in the range (0,1), β is 
a random number with N [0,1] normal distribution, 
i∈[1,n], j ∈ [1, m], n is the number of particles and m is 
the spatial dimension. About ν˝(t):

  (10)

  (11)

In the formula, ν̴  = νmax·ci / 1,1, δ = f(xgb) – f(xT), ci is 
a new chaotic sequence, f (xgb) is a satisfactory solution, 
f (xT) is the objective solution.

The introduction of chaotic mechanism will have a 
positive impact on the search process. In this paper, the 
chaotic sequence is proposed to replace the weight coef-
ficient of random distribution in PSO to complete par-
ticle velocity updating.

Water volume optimization

Reasonable water distribution can ensure a reasona-
ble temperature field under the condition of stable cast-
ing speed and control the influence of superheat in an 
effective range. The distribution of water volume is af-
fected by such factors as casting speed, steel grade and 
slab size. The following secondary cooling control rela-
tions are obtained through analysis:
 Qi = AiV2 + BiV + Ci + Q (12)

In the formula, Qi is the amount of water in each sec-
tion (L / min), Q is a water fine-tuning parameter, Ai, 
Bi, Ci is the adjustment coefficient, V is casting speed (m 
/ min).

Based on the continuous caster of a steel plant, the 
design of water quantity is Table 1:
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Table 1 Contrast table of casting speed water volume

Steel grade casting speed / m/min) Total water volume / L/min)

Carbon 
structural 
steel

1,7 406
1,8 431
2,0 479
2,5 615

EXPERIMENTAL ANALYSIS

The outlet position of each section is selected as the 
control point in the water distribution control of second-
ary cooling zone, and the surface temperature of slab is 
calculated to carry out optimization analysis. The sec-
ondary cooling zone is divided into four sections with a 
cross section 0,15 × 0,15 m . The steel grade Q235 is 
selected, the specific heat capacity of solid phase is 670 
J / kg·K, the specific heat capacity of liquid phase is 831 
J / kg·K, the density of solid phase is 7,4×103 kg / m3, 
the density of liquid phase is 7×103 kg / m3, the thermal 
conductivity of solid phase is 29,3 W / m·K, and the 
thermal conductivity of liquid phase is 116,6 W / m·K. 
The casting temperature is 1550 °C and the casting 
speed is 2,0 m / min. Particle swarm optimization (PSO) 
algorithm has 400 iterations and 20 population sizes. 
The optimized simulation structure is shown in Table 2, 
Figure 1 and Figure 2. 

Figure 1 is the convergence analysis of the algo-
rithm. According to the graph, the convergence speed of 
the improved algorithm is faster and it enters the stable 
period earlier. In the step water analysis of Figure 2, the 
jump of dynamic water distribution is smoother and 
more stable in the later stage. Table 2 shows that all data 
of slab meet the requirements. Through the comparison 
of the water quantity in Table 3, it is found that the op-
timized water quantity is obviously reduced, reaching 
the expectation.

CONCLUSIONS

Through intelligent optimization control of second-
ary cooling water distribution system, the optimization 

Figure 1 Convergence analysis 

a) Unoptimized step water flow

b) Optimized step water flow

Figure 2 Step water flow comparison

Table 2  Slab index data under dynamic water distribution 

condition

casting   
speed / m / 

min

crystallizer exit  
shell thickness 

/mm

Surface tempera-
ture of straight-
ening point / °C

Liquid-core 
length of slab 

/ m
1,7 10 902 7,03
1,8 10 909 7,47
2,0 10 918 7,91
2,5 7,5 957 10,34

Table 3  Water volume comparison before and after 

optimization

casting speed 1,7  1,8   2,0 2,5

1 section 86,1 104,7 111,8 150,1
2 section 73,9 83,9 97,3 122,8
3 section 64,5 65,6 78,6 104,6
4 section 51,5 51,8 61,3 77,5
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algorithm has good convergence and high accuracy. 
The calculation shows that the total water volume de-
creases obviously and the spray water volume decreases 
by 25 %. In the comparison of shell thickness, the error 
is controlled within 4 %. At the same time, the step 
change of water volume under different casting speeds 
is stable, and there is no big deviation between them.
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