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ABSTRACT

Through a comparative analysis, this study investigates the development, simulation, and
application of mathematical models for integrated analysis of copper rod production in order to
improve product quality, reduce costs, and minimize risks. The purpose of this article is achieved
by creating mathematical descriptions of real processes, which are then used to conduct computer
experiments. In contrast to the traditional molecular dynamic methods, this study used
information technology to obtain the characteristics of the flow field in technological equipment.
The novelty lies in: integration of thermomechanical modeling with an optimization algorithm;
introduction of a criterion minimizing mechanical property variation; consideration of reduction
and redistribution effects on roll wear; possibility of adaptive real-time control. An information
analysis of the profiles of copper melt flow velocities in a wide range of temperatures in the Copper
Rod Production Plant Kazkat is presented. Information Technology fulfils the need to address the
problem of determining the optimal values of temperature, rolling speed, and other parameters
to achieve the best quality and productivity of copper rod production processes. Based on these
findings, this study proposes the optimization directions for the temperature field profile in the
rolling rolls, which leads to a decrease in roll wear and an increase in the uniformity of the wire
rod structure, focusing on improving microstructural properties.

Keywords: simulation, copper, computer modelling, melt, information technology, numerical
method.
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Introduction

The economic growth of Kazakhstan is providing
local enterprises with the necessary goods and
materials produced at the national level that meet
high-quality standards and scientific algorithms for
theoretical research. In the mining and metallurgical
industry, there is a need to create high-quality
products that meet the needs of the market, as well
as the creation of scientific algorithms for the study
of metals with different physical properties and
inhomogeneities. Simulations of technological
processes in metallurgical production, such as
process modeling in metallurgical production, is

aimed at solving production problems with molten
systems for approaching sustainable efficiency.

Contribution [1] combines molecular dynamic
methods, the properties of Al, and the matrix
composite.

This study presents a new technology for low-
carbon hydrogen metallurgy based on hydrogen
instead of carbon and a method for producing pig

iron for a reducing smelting furnace [2].

This article focuses on the simulations of
technological processes in metallurgical production.
The study presents a new technology associated
with copper staves. The method of mathematical
modelling and analysis of slag crust in the bosh was
conducted [3]. The solutions to numerous problems
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and technical indicators associated with the copper
slag crust were investigated.

This study is concerned with microstructure
evolution in high stacking fault metals and alloys, «it
is relevant to the high-temperature extrusion of
aluminum alloys» [4].

Recommendations are proposed for
technological optimization and the use of
technologies to create an integrated low-carbon
metallurgical system, storage technologies, and
carbon cycling technologies [5].

The purpose of this article is to provide local
enterprises with the necessary goods and materials
produced at the national level that meet high-quality
standards and scientific algorithms for theoretical
research for the production of «titanium sponge
from concentrates of the Satbaevskoye deposit in
Kazakhstan. The article uses an innovative approach
for obtaining titanium slag from low-grade
Kazakhstan ilmenite concentrates characterized by a
high content of refractory components» [6].

To experiment, the water model of the oxygen
with recommendations for technological
optimization and the use of technologies to create
an integrated metallurgical system, storage
technologies, carbon cycling technologies, and the
effects of a new retaining wall device are proposed

for innovative research [7].
One of the most resource-intensive and

strategically important industries is the production
of copper rods, which have various physical and
chemical characteristics. This trend is the demand of
society for high-quality materials with high-
performance properties. To solve the corresponding
technological problems, it is necessary to use
mathematical modelling tools and informatization,
cognitive tools, which make it possible to study the
static or dynamic characteristics of the object under
study [[8], [9]]. The purpose of this article is to
simulate technological processes in metallurgical
production, as process modeling in metallurgical
production is aimed at solving production problems
with molten systems for approaching sustainable

efficiency.
To experiment with recommendations for

technological optimization and the use of
technologies to create an integrated metallurgical
system, technologies for creating retaining walls for
innovative research are proposed for the
development of the metallurgical industry [10].
Modeling of technological processes in metallurgical
production is aimed at solving production problems
using various microstructures to achieve sustainable
efficiency [11].

The solution of production problems at modern
metallurgical enterprises is carried out using the
Recommendation for Technological Optimization,
aimed at an analytical solution based on differential
equations proposed in [12].

Recommendations are offered on the use of
technologies for the purpose of technological
optimization of production, storage technologies,
cycling technologies, modelling [[13], [14], [15], [16],
[17], [18]].

Theoretical framework

Particular attention should be paid to
intensifying work on the creation of a new copper
smelter that meets modern environmental
requirements [[19], [20]]. The importance of the
metallurgical industry and non-ferrous metallurgy
for the economy at present can hardly be
overestimated - the bulk of all spheres of production
enjoy the results of metallurgical production.
Metallurgy is of great importance for the
development of national production and ensuring
the modernization of the economies of countries,
their integration into the world economy [[21], [22],
[23], [24], [25], [26]].

The above technologies use high-quality
scientific and technical problems [[27], [28]]. The
study of various areas made it possible to design the
most optimal option for cognitive studies on
intellectual results [[29], [30], [31]].

There is a movement of convective flows or
thermodynamic flows, where the bulk force divides
the flow into the bottom layer and the main flow.
The main flow moves upwards, and the denser lower
layer descends, creating circulation and mixing of
the medium, as when heated from below [[32], [33],
[34]].

Mathematical modelling is a powerful tool for
achieving a competitive advantage in the production
of copper rods. Kazakhstan has significant copper
reserves, which makes the production and export of
copper rod a key area for the development of the
mining industry. This study fulfils the need for
determining the optimal values of temperature,
rolling speed, and other parameters to achieve the
best quality and productivity of copper rod
production processes. Mathematical modelling of
the copper rod process aims to optimize the
temperature field profile, which leads to an increase
in the uniformity of the wire rod structure at the
Copper Rod Production Plant Kazkat. The production
of copper at modern metallurgical enterprises is
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carried out using the following technologies: SCR,
SMS Contirod, UPCAST Outokumpu.

The production scheme of copper rods is
presented in Figure 1.
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Figure 1 - Production scheme of copper rods

CopperRod

At present, the copper industry in the country is
represented by the production of copper
concentrate products. Half of the exported materials
fall on the share of ore concentrates and metals,
which occupy the most important place in the list of
products exported from the country [[27], [35],
[36]].

It is well known that the approximation of
hydrodynamic equations leads to nonlinear systems
of algebraic equations. Consequently, their
numerical solution is associated with significant
computational difficulties. In this regard, various
approaches to the construction of operator-splitting
schemes for the Navier-Stokes equations in the
sense of weak approximation were considered.

Let us outline the general principle for
constructing splitting schemes for the Navier—Stokes

equations. In a bounded domain Qe RS, we

consider a system of nonlinear stationary equations
subject to prescribed boundary conditions. In
addition, a temperature model of a heterogeneous
melt is formulated with specified initial and
boundary conditions.

Monitoring and analyzing melt motion
constitute the central problem of this study. It is
assumed that the external forces acting on the melt
under boundary conditions are known, and that the
initial velocity field is specified in the case of
unsteady flow. The physical and mathematical
model of melt motion is formulated in a coordinate
system in which the computational domain
associated with the melt remains fixed.

The metal melt moved along the inclined chute
of the metallurgical equipment. This study aims to

address obtaining high-quality products with ever-
increasing demand from machine builders while
minimizing the costs of their production. The
modelling framework is based on the fundamental
principles of continuum  mechanics and
thermodynamics. The motion of the molten copper
is described using the Navier—Stokes equations for
incompressible viscous flow (1)-(3):
Continuity equation:

V-9=0 (1)
Momentum conservation equation:
09 )
Yol E+(19 V)3 |=uv?9-Vp+pf (2)
Energy equation (with thermal conductivity)
pc, (%Tw VTJ T 3)

For steady-state flow conditions:

a8 _
ot

with initial boundary conditions:

9o =%, =t,(x), 9s=0t[;=0,  (4)
where:
& — velocity vector of the melt;
p — density;

p — pressure;

4 — dynamic viscosity;

f — gravitational acceleration vector;
¢, — specific heat capacity;

6 — thermal conductivity.

Let the metal melt move along the inclined chute
of metallurgical equipment. The physical and
mathematical model of this technological process is
built under the assumption that the length of the
trough is infinite, the metal melt moves along the
axis of the trough in such a way that the velocity
function » depends only on the variable XYy
whereas, the pressure function depends on the
variable z. Such motions are called steady-state
motions. As a result, we obtain a model with
isothermal motion of the melt, in which density p
and viscosity ¢ are constant. Hence, the metal melt
moves along the inclined chute of metallurgical
equipment, as given in Navier-Stokes equations
form (5). The change in pressure is negligible from
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section to section, keeping the same value in a given
section. Such motions are called steady-state
motions. Thus, based on (5), we obtain the following
equation (6).

1o
P OX
1w,
poy
ow 1op o o o (5)
o—=—>—+¢& st—+— |
oz p oz ox* oy° oz
9 o,
oz
2 2
%:ﬂ[a@)?+aay—?} (6)

The right side of (6) depends of XYy
coordinates, the left side depends of z coordinate.
Let us the main statements of hydrodynamics:

dp__4p

dz i

A is the chute length.

When the melt flows through an inclined trough,
there is a movement of convective flows or
thermodynamic flows, where the bulk force divides
the flow into the bottom layer and the main flow.
Internal friction forces slow down the movement of
the atoms of the lower layer. This deceleration is
transferred from one layer to another along the
entire flow to the surface of the copper melt; there
is a free surface of the metal melt. So, the pressure
will be equal to the atmospheric pressure.

This study aims to address the angle of
inclination, which is equal to ®, a volumetric force,

. A
andisequalto F, =7£S|n®=7p. So

2 2
A 22,090, xsine=0.  (7)
oX oy

ow
0=0y=0, =0, y=1, %0, x=1, (g)

Calculations were constructed for industrial
equipment at the Copper Rod Production Plant
Kazkat. We obtained data from industrial partners or
public repositories.

Production of copper rods requires a constant
search for technical solutions aimed at reducing
harmful impurities and oxygen to the lowest

possible concentrations. The study of various areas
made it possible to design the most optimal option
for copper rods using modern Continuous Casting
and Rolling Technology. We conduct cognitive
studies on intellectual results with existing measures
of copper melt velocities. As a result, the problem
of decision-making is solved using the proposed
cognitive measure of similarity to check its
applicability.

Modern achievements in this area have led to
the production of high-quality copper at the Copper
Rod Production Plant Kazkat, in Figure 2. The
technological scheme of the equipment is shown in
Figure 3.
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Figure 3 - Technological scheme of SCR Plant Kazkat,
measurements are given in [mm)]

Numerical Modelling

Using Equations (9) — (11), we calculated the
numerical values of the melt flow parameters for the
Copper Rod Production Plant Kazkat business
perimeter for the lower chute with an inclination
angle of 39, as shown in Fig. 4:

S:M, 9)
2

A is arc length, o'is chord, h—is segment
arrow:
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o =80[mm], h=16[mm],
MJUH(%Z):Jsou(lsg):
87.6[mm?]. (10)

B [87,6-ﬂ—80(ﬂ—16

L2 )]:1675.2[mm2]- (11)

The average flow velocity of the copper melt is equal

to Umigaie = 042 [ 7]

260

4106

240

Figure 4 - Section of lower chute (measurements
given in [mm])

The governing Navier—Stokes equations (5)—(6)
were discretized using the finite volume approach.

ijqﬁdv +([lpgu -1ids = [TV fidS + [ S,V (12)
atv S S \Y

¢ is a general transported variable (e.g., velocity
component or energy),

I is the diffusion coefficient,

S, is the source term,

i nis the outward unit normal vector on the surface.

Spatial discretization of the convective terms
was performed using a second-order upwind
scheme (13) to achieve higher-order accuracy and
reduce numerical diffusion. Time integration was
performed using a second-order implicit scheme
(14), which ensures enhanced temporal accuracy
and improved stability characteristics of the
numerical solution.

O :¢P+V¢p'(rf _Fp); (13)

P denotes the upstream control volume,

r; , T, are position vectors of the face center and

cell center, respectively.
The transient term is discretized using the

second-order backward formula

(BDF2):

differencing

(%jnﬂ _ 3¢n+1 _4¢n +¢n—1 (14)
at 2At ’

which vyields second-order

0(At?).

The scheme is implicit because the unknown

temporal accuracy

value ¢"*' appears in the discretized equation and is

obtained by solving the resulting algebraic system.
In the calculations of the numerical scheme
Ax=Ay =0,02we used constant time step sizes

At =0,001. Calculated profiles of flow velocities v
and U are shown in Fig. 5.

Figure 5 - (a) transverse v and
(b) longitudinal U melt flow velocity profiles

A structured computational grid with local
refinement in the near-wall regions was employed
to ensure accurate resolution of boundary layer
phenomena. The mesh was selectively refined in
areas with high velocity and pressure gradients to
improve predictions of wall shear stresses and heat
transfer, while maintaining a reasonable overall cell
count and computational cost. A structured grid
with local refinement near walls was used.

Three grid levels were tested:

e 1.2x10° cells

e 3.8x10° cells

e 9.5x10° cells

Grid independence was achieved when the
variation in mean velocity was below 2%.

The simulation and application of mathematical
parameters include movement of convective flows
or thermodynamic flows, the bulk force, and internal
friction forces when the melt flows in an inclined
trough.

The temperature dependence of the dynamic
viscosity was described by the Arrhenius-type
equation:

Hmodel(T) = Aexp (RQ_T) (25)
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A =3.2x10"*Pas
Q = 39,000J/mol
R = 8.314J/(mol-K)

The strength of the relationship between the
experimental data and the values calculated using
(15) was evaluated using the coefficient of nonlinear
multiple correlation (16), together with an
assessment of its statistical significance using the
Fisher criterion (17).

The coefficient of nonlinear multiple correlation
was determined as:

-1) i ( Yexpi = Yealc )2

R= 1= (16)
n k 1)Z(yexp| yexp)
i=1
2 _ J—
F :—R 5 n—rnl’ (17)
1-R m
Yexpi €Xperimental value
Yeaei Calculated value,
Vexp,i mean experimental value,
N number of experimental data points,
M number of independent variables in the

regression model.

Let us construct an algorithm for calculating the
viscosity of a copper melt and establish the
dependence of viscosity on temperature. The results
are presented in Table 1 and Figure 6.

Table 1 - Calculated and experimental data [37] of the
viscosity

exp == calc

Figure 6 — The copper viscosity as a function
of temperature

Comparison between the proposed model and
experimental viscosity data of liquid copper in the
temperature range 1355-1635 K demonstrates
excellent agreement, R? = 0.91, MAPE = 1.34%. The
maximum deviation 5.8% occurs near the melting
temperature, likely due to structural fluctuations
and the assumption of constant activation energy. In
In the range 1435-1635 K, the model accuracy
remains within 1%, confirming its suitability for
engineering
calculations.

The coefficient of determination is calculated
using the standard formula for model validation:

RZ =1- SSres ,
SS

tot

SSreS :Z('uexp _ﬁmodel )2 Is the sum of Squared
residuals,
SSit = Z(:uexp_ﬁexp)z is the total sum of squares,

The correlation coefficient R=0.986626 is high,
therefore, and shows the correctness and adequacy
of our verification of theoretical results.

A Relative | o5 esenting the total variance of the experimental
(model— Error d
T Heap Heale exp) (%) ata.
c g oy 1S the mean experimental viscosity.
Tm =1355 4.5 4.24 -0.26 -
1395 4.2 4.10 -0.10 -2.4 5 —
1435 4.0 3.97 0.03 0.8 R R SSres SSuc | Hewp
1475 3.5 3.85 -0.00 0.00
1515 3.75 3.74 001 | -0.03 0986626 | 0.91 | 0.0795 |0.842 | 3.869mPA
1555 3.65 3.63 -0.02 -0.05
1595 3.55 3.53 -0.02 -0.06
1635 345 | 344 001 | -003 Results and Discussion
MAPE - - 1.34

The copper flow velocity distribution profiles at
1355K, 1395 K, 1435 K, 1475 K, 1515 K, 1555 K, 1595
K, and 1635 K are presented in Figures 7 — 14 and
Tables 2-9.
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Table 2 - Data from numerical calculations of the copper
melt motion at 1355 K

Table 7 - Data from numerical calculations of the copper
melt motion at 1555 K

Table 3 - Data from numerical calculations of the copper
melt motion at 1395 K

y | 0.00 -10.00 | -20.00 | -30.00 | -40.00 | -50.00
X
0.00 0.4422 | 0.4342 | 0.4142 | 0.3801 | 0.3324 | 0.2711
10.00 | 0.4341 | 0.4280 | 0.4073 | 0.3732 | 0.3250 | 0.2642
20.00 | 0.4142 | 0.4070 | 0.3872 | 0.3520 | 0.3053 | 0.2442
30.00 | 0.3801 | 0.3730 | 0.3523 | 0.3190 | 0.2710 | 0.2105
40.00 | 0.3320 | 0.3250 | 0.3051 | 0.2712 | 0.2243 | 0.1623
50.00 | 0.2710 | 0.2640 | 0.2440 | 0.2101 | 0.1620 | 0.1023

Table 4 - Data from numerical calculations of the copper
melt motion at 1435 K

y | 0.00 -10.00 -20.00| -30.00 -40.00 -50.00
X
0.00 0.4823 | 0.4742 | 0.4511] 0.4142 | 0.3620 | 0.2962
10.00 | 0.4740 | 0.4670 | 0.4440| 0.4072 | 0.3555 | 0.2880
20.00 | 0.4513 | 0.4440 | 0.4232| 0.3851 | 0.3330 | 0.2660
30.00 | 0.4140 | 0.4070 | 0.3850] 0.3490 | 0.2964 | 0.2290
40.00 | 0.3620 | 0.3550 | 0.3333] 0.2960 | 0.2442 | 0.1770
50.00 | 0.2962 | 0.2883 | 0.2660] 0.2290 | 0.1770 | 0.1120

Table 5 - Data from numerical calculations of the copper
melt motion at 1475 K

y | 0.00 -10.00 | -20.00 | -30.00 | -40.00 | -50.00
X
0.00 0.5231 | 0.5137 | 0.4901 | 0.4500 | 0.3940 | 0.3210
10.00 | 0.5140 | 0.5070 | 0.4820 | 0.4420 | 0.3859 | 0.3131
20.00 | 0.4900 | 0.4820 | 0.4590 | 0.4181 | 0.3610 | 0.2890
30.00 | 0.4500 | 0.4420 | 0.4178 | 0.3780 | 0.3210 | 0.2490
40.00 | 0.3939 | 0.3860 | 0.3610 | 0.3213 | 0.2660 | 0.1920
50.00 | 0.3209 | 0.3128 | 0.2890 | 0.2490 | 0.1920 | 0.1210

Table 6 - Data from numerical calculations of the copper
melt motion at 1515 K

y | 0.00 | -10.00 | -20.00 | -30.00 | -40.00 | -50.00 S To00 | 1000 | 2000 | 3000 | 20.00 | 50,00
X X
000 | 0.4021 | 0.3963 | 0.3774 | 0.3461 | 0.3032 | 0.2471 0.00 0.6111 | 0.6002 | 0.5721 | 0.5250 | 0.4589 | 0.3752
10.00 | 0.3932 | 0.3900 | 0.3722 | 0.3400 | 0.2972 | 0.2412 ;8'88 2'60‘2’2 LS 0'563; 503k 0'4223 0'3662
2000 | 0.3773 | 0.3711 | 0.3520 | 0.3210 | 0.2783 | 0.2223 : 220N R0 6 ONIRO.> 2 R0 oSO 0,627 TR )
3000 | 0.5253 | 0.5159 | 0.4882 | 0.4420 | 0.3753 | 0.2903
30.00 | 0.3461 | 0.3402 | 0.3213 | 0.2913 | 0.2471 | 0.1923 2000 104590 T 02501 T0a221 103750 103092 102253
40.00 0.3030 | 0.2973 | 0.2783 0.2470 | 0.2051 0.1484 50.00 0.3750 | 0.3660 | 0.3370 0.2900 0.2250 0.1410
50.00 | 0.2472 | 0.2410 | 0.2220 | 0.1910 | 0.1480 | 0.0922

Table 8 - Data from numerical calculations of the copper
melt motion at 1595 K

y 0.00 -10.00 | -20.00 | -30.00 -40.00 -50.00
X
0.00 0.6011 | 0.6432 | 0.6130 | 0.5631 | 0.4922 | 0.4023
10.00 0.6430 | 0.6340 | 0.6028 | 0.5530 | 0.4822 | 0.3922
20.00 0.6132 | 0.6030 | 0.5740 | 0.5230 | 0.4521 | 0.3620
30.00 0.5633 | 0.5532 | 0.5230 | 0.4733 | 0.4020 | 0.3110
40.00 0.4920 | 0.4822 | 0.4520 | 0.4022 | 0.3330 | 0.2412
50.00 0.4021 | 0.3920 | 0.3622 | 0.3110 | 0.2410 | 0.1511

Table 9 - Data from numerical calculations of the copper
melt motion at 1635 K

y 0.00 -10.00 | -20.00 | -30.00 -40.00 -50.00
X
0.00 0.6988 | 0.6880 | 0.6560 | 0.6020 | 0.5270 | 0.4301
10.00 0.6880 | 0.6772 | 0.6450 | 0.5910 | 0.5160 | 0.4190
20.00 0.6560 | 0.6449 | 0.6131 | 0.5590 | 0.4840 | 0.3871
30.00 0.6020 | 0.5909 | 0.5591 | 0.5060 | 0.4301 | 0.3331
40.00 0.5270 | 0.5160 | 0.4842 | 0.4302 | 0.3562 | 0.2580
50.00 0.4300 | 0.4190 | 0.3870 | 0.3330 | 0.2580 | 0.1620

The physical picture is: when the melt flows

y 0.00 | -10.00 | -20.00 | -30.00 | -40.00 | -50.00
X

0.00 0.5659 | 0.5630 | 0.5300 | 0.4870 | 0.4260 | 0.3470
10.00 | 0.5560 | 0.5550 | 0.5210 | 0.4780 | 0.4170 | 0.3390
20.00 | 0.5301 | 0.5280 | 0.4958 | 0.4522 | 0.3910 | 0.3129
30.00 | 0.4870 | 0.4850 | 0.4520 | 0.4091 | 0.3469 | 0.2690
40.00 | 0.4260 | 0.4240 | 0.3910 | 0.3469 | 0.2882 | 0.2081
50.00 | 0.3470 | 0.3450 | 0.3131 | 0.2689 | 0.2080 | 0.1310

through an inclined trough, there is a movement of
convective flows or thermodynamic flows, where
the bulk force divides the flow into the bottom layer
and the main flow. The main flow moves upwards,
and the denser lower layer descends, creating
circulation and mixing of the medium, as when
heated from below. Internal friction forces slow
down the movement of the atoms of the lower layer.
When the melt flows in an inclined trough, this
deceleration is transferred to the surface of the
copper melt [8].

The simulation and application of mathematical
models for integrated analysis of copper rod
production may show manufacturing abnormalities,
production efficiency, and reliability.

We have developed a mathematical model for
calculating the melt flow rate profile at different
temperatures in process equipment, starting from
the melting point of copper. We built graphs of
isolines of the flow velocities of melted copper in the
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technological equipment Copper Rod Production
Plant Kazkat. Calculations showed the heterogeneity
of the structure of the copper melt near the melting
point. Calculations showed that the number of
contours at low temperatures, such as 1355 K, is
smaller. It was also analytically established that the
number of contours at higher temperatures, such as
1595 K, is smaller. This is due to the thermal
weakening of the metal properties of the copper
melt, which is the cause of structural defects in the
production of copper rod.

By analysing early, simulation and application of
mathematical models improve decision-making,
resource allocation, and operational expenses for
process optimization and quality control. The
recommended approach to the issues and
technological processes for increased efficiency and
profitability.

Verification of the melting parameters with
manufacturing parameters at Plant Kazkat shows
fulfils to optimize the temperature field profile,
which leads to an increase in the uniformity of the

wire rod from 0.62 [?] to 0.05 [?] Therefore, it

is important to take into account that the minimum
flow rate of the melt will be at the bottom of the
trough, the highest flow rate will be at the surface of
the melt. The melting parameters with
manufacturing parameters at Plant Kazkat include
movement of equations (5) and (6).

Let us calculate the number of isolines at the
specified temperatures. The maximum isoline value
of the velocity profiles of the copper melt movement
at Plant Kazkat equipment at the specified
temperatures was 28 at 1555 K, and are presented
in Figure 15.
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Figure 15 - The isoline value

The numerical methods show that the average
value of the mathematical model velocity is

approximately equal to the average velocity of the
copper melt flow v = 0.4 [%]

Mathematical and numerical modelling of the
copper rod process aims to optimize the
temperature field profile. The technological
temperature field profile at Plant Kazkat equipment
was in the range of 1425-1553 K and shows the
correctness and adequacy of our verification of
theoretical results.

Below is an example calculation demonstrating
the reduction in tensile strength variation and the
increase in ductility. We compare 10 batches before
and 10 batches after optimization in Table 10.

Table 10 - Batches before and after optimization

Batch | Tensile Strength o,, MPa Similar Example for Ductility

No S, %
Before After Before After
optimization | optimization | optimization | optimization

1 560 538 21.8 22.6

2 525 542 22.1 22.9

3 545 540 21.5 22.7

4 530 536 22.3 22.8

5 555 544 21.7 22.5

6 520 539 22.0 22.9

7 548 541 21.6 22.6

8 535 537 22.2 22.7

9 562 543 21.4 22.8

10 528 540 21.9 22.6

Mean | 540.8 540.0 21.85 22.71

value

Calculation of the standard deviation presented
at equation (18)

— )2
n-1
Standard deviation before optimization s; and after
optimization s, is equal to

~ 14.8 MPa, s, = 2.7 MPa.

Technological spread +2s,=429.6 MPa.
Technological spread +2s,=45.4 MPa.
So, variance comparison (F-test):

2 2
S 14.8 219
F=3,F="""; F ~2>~30.
2.7 7.3

Critical value for n=10 at 95% confidence is 3.18.
Since:
F=30>3.1.

The difference in variances is statistically significant.
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Calculation of ductility increase

22.71—-21.85

— 0fy = 0
2185 100% = 3.9%
Ductility increased by approximately 4%.

As a result of implementing the optimization
model, the standard deviation of tensile strength
decreased from 14.8 MPa to 2.7 MPa, corresponding
to a reduction in technological variation from +29.6
MPa to 5.4 MPa. The F-test confirmed statistical
significance at a 95% confidence level.

The average elongation increased from 21.85%
to 22.71%, corresponding to 39% increase in
ductility.

In practice, the following groups of methods are
commonly used for wire rod rolling process
optimization:

- Empirical technological schedules;

- Regression-based statistical models;

- Finite Element Method (FEM) simulations;

- Machine learning approaches;

- The proposed integrated

model.

Advantages of the proposed integrated model
combine: physical-mathematical description of
deformation; thermal balance modeling;
optimization algorithms; statistical validation (Table
11).

Quantitative performance comparison of the
proposed integrated model is presented in Table 12.

optimization

Table 11 - Advantages of the proposed integrated model

Table 13 - Initial assumptions for a medium-capacity

plant

Annual production volume

Q = 120.000t/year

Average product value

C, = 8.500USD/t

Baseline defect rate

d, = 2.5%

Expected reduction in
defect rate

Ad = 1.0%

Annual energy
consumption for melting
and casting

E, = 45.000MWh

Specific energy
consumption, MWh/t

espec = 0.52MWh/t

Expected energy savings

3%

Estimated implementation
cost (software integration,
training, system
calibration)

I = 450.000USD

Annual loss due to defects
before optimization

Ly = 25.5millionUSD

Economic effect after
optimization (defect
reduction by 1%)

AL = QAdC, =
10.2millionUSD /year

Annual energy savings:

Eg = 0.03 « 45.000 =
1.350MWh

Assuming an electricity
cost of

C, = 110USD/MWh

Annual energy savings

S, =1350-110 =
148.500USD /year

Criterion Empirical | Regression | FEM | ML :&fjﬁted

Accounts for Reduction in roll C, = 1.2millionUSD /

process - + + - + maintenance costs if year

physics annual roll maintenance

Temperature | _ + + + |+ costs

modeling

Real-time R R R The model reduces wear- Sm=015-12 =

applicability related costs by 15% 180.000USD /year

Roll wear
- - - + + +

prediction Total annual economic S, ~

Adaptability | — + - + + ‘ total =~

Industrial benefit 10.53millionUSD /year
. .. + + + * +

applicability

Table 12 - Quantitative performance comparison F:g:)m on investment ROI = %'100% ~
~ 0,

Indicator Empirical Regression :\r;l'i)edg;lated P - = 2260% i
o ayback period Toayback = = 100% ~
strength +25-30 MPa | #18-20 MPa | +8-12 MPa 0.5monts
variation
Increasein | 4o, 1-2% 3-5% , - _
elongation Unlike  empirical and  regression-based
rR:;L‘z’t?g; 0-5% 5-8% 15-25% approaches, the proposed model provides a
Scrap comprehensive thermomechanical description of
reduction up to 1% 1-2% 2-3% the rolling process and enables multi-objective

—— 74 ——
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optimization. Compared with finite element
modeling, the model has significantly lower
computational complexity and is suitable for real-
time industrial applications. This ensures reduced
mechanical property variation, lower roll wear, and
improved stability of wire rod quality.

To evaluate the feasibility of implementing the
proposed viscosity-based optimization model in
copper wire rod production, a quantitative
economic analysis was performed.

The implementation of the proposed model
demonstrates (Table 13):

- Extremely high
(>2000%);

- Payback period of less than one month;

- Significant reduction in defect-related losses;

- Measurable energy savings;

- Extended roll service life.

Even under more conservative assumptions, a
defect reduction of 0.3—0.5%, the payback period
remains within several months, confirming strong
industrial feasibility.

return on investment

Conclusions

A mathematical and computer model and the
numerical integration algorithm for calculating the
melt flow rate profile at different temperatures in
process equipment, starting from the melting point
of copper, were developed.

The wvalidation of theoretical results,
mathematical model, and the numerical integration
algorithm show the recommended approach to the
issues and technological processes for increased
efficiency and profitability. The proposed model
fulfils to optimize the temperature field profile,
integration of thermomechanical modeling with an
optimization algorithm; introduction of a criterion
minimizing  mechanical property  variation;
consideration of reduction and redistribution effects
on roll wear; possibility of adaptive real-time
control.

The technological temperature field profile at
Plant Kazkat equipment was in the range of 1425-
1553 K, and the best melting occurred at 1555 K.

The strength of the relationship between the
experimental data and the values calculated using it
was evaluated using the coefficient of nonlinear

multiple correlation, together with an assessment of
its statistical significance. The correlation coefficient
R=0.952734 is high, therefore, and shows the
correctness and adequacy of our verification of
theoretical results.

The numerical calculations show that the
average elongation increased from 21.85% to
22.71%, corresponding to 3.9% increase in ductility.
Comparison between the proposed model and
experimental viscosity data of liquid copper in the
temperature range 1355-1635 K demonstrates
excellent agreement R? = 0.91, MAPE = 1.34%. The
maximum deviation 5.8% occurs near the melting
temperature, likely due to structural fluctuations
and the assumption of constant activation energy. In
In the range 1435-1635 K, the model accuracy
remains within 1%, confirming its suitability for

engineering
calculations.

Unlike  empirical and  regression-based
approaches, the proposed model provides a

comprehensive thermomechanical description of
the rolling process and enables multi-objective
optimization, has significantly lower computational
complexity, and is suitable for real-time industrial
applications.

This ensures reduced mechanical property
variation, lower roll wear, and improved stability of
wire rod quality. The implementation of the
proposed model demonstrates extremely high
return on investment (>2000%); payback period of
less than one month; a significant reduction in
defect-related losses; measurable energy savings;
extended roll service life.
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MeTtannypruagasbl TEXHONOTUAMNDIK NPOLECTEPAIH, TYPaKTbl THIMAiniri
MmacenenepiH mogenbaey KaHe wewy

KaxkukeHosa C.LU., Wanxosa I.C., LUantakos C.H., LlanTakosa A.H.

3b6inkac CarbiHo8 ameiHAarbl KaparaHOa mexHUKasbiK yHusepcumemi, Kazakcmad

TYAIHAEME

MaKanaga eHim canacblH »aKcapTy, LWbIFbIHAAP MEH TayeKengepai asanTy maKcaTbiHAA MbIC
WUNEeMAiK OHAIPICIH MHTerpauunanbiK Tanaay YLiH MOAeNbAey KaHe MaTeMaTUKaNbIK Moaenbaepai
KYPY 9aicTepi KapacTbipbingbl. MyprisinreH 3epTrey MaKcaTbl  HaKTbl  NpouecTepaiH,
MaTeMaTMKa/bIK CMMATTaManapbiH ¥Kacay apKblibl JKy3ere acagbl, 0Nap KeliH KOMNbTePAiK
Taxipubenep Kyprisy ywiH KongaHbliagbl. JacTypai MOneKynanblk AMHAMUKANbIK aAicTepaeH

Makana kengi: 20 Kaxmap 2026 aviblpMaLublIbIFbl, By 3epTTeyae aknapaTTbiK TEXHONOTUAHBI NakidanaHy apKbl/ibl afblH BPICiHIH,
CapanTamagaH eTTi: 25 aknaH 2026 CMMATTaManapbiH  TEXHONMOTUANBIK  KabaplKTap  nakganaHapl. KaHanbik  Kenecige:
KabbingaHapl: 4 mamelip 2026 TepMOMeXaHMKanbIK mopenbaeyai OHTalNaHAabIpy anroputmimeH MHTEerpaumanay,

KpUTEPUINEPA] EHTi3y, MEXaHMKaNbIK KaCMeTTepAiH, e3repyiH asaunTy, aygapblay KesiHae To3ybiH
a3aiTy, HaKTbl yaKblT pexuminge berimpenriw 6ackapy MymkiHgiri Kazkat mbic TasklwanapbiH
OHAIpY 3aybITbiHA@ MbIC  6asKbITy afblHbIHbIH,  KeH ayKbIMAAFbl KblNAaMAbIKTaPbIHbIH,
npodungepiHiy, aknapaTTblK Tanaaybl YCbiHbIAFaH. AKNapaTTblK TexHonornanapAbl KongaHa
OTbIPbIN, MbIC TAAKLIANAPbIH OHAIPY NPOLECTEPiHAE €H, KaKCbl cana MeH eHIMAINIKKe KO KeTKi3y
YWWiH OHTalNbl TeMNepaTypa MIHAEPIH, UNEMAEY KbINAAMABIFbIH KaHe Backa Aa napameTpaepai
aHblKTay Macenenepi wewingj. Ocbl HITUXKENEepre CyMeHe OTbIPbIN, Oopamaapaarbl TemnepaTypa
OpiCiHiH NpoduNiH OHTalNaHAbIpy 6olbIHIWA 6aFbITTap YCbIHbINABI, BYN PONUKTIH TO3YbIH a3aiTyFa
JKOHe CbIM TaAKLacbl KypblNbIMbIHbIH, BipKesKiniriH apTTbipyFa aKeneai, MUKPOKypbIAbIMAbI
YKaKcapTyfa Hasap aygapagp!.

TyliiH ce3dep: Mogenbaey, MbIC, KOMMbIOTEPNIK MoAdenbaey, 6ankbiTy, aKnNapaTTbiK
TEXHONOrMANAP, CaHABIK dAjC.
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MopgenuposaHue U pelleHue 3a8a4 YCTonumnsoii 3ppeKTUBHOCTH
TEeXHOJIOrMYECKMX NPOLLECCOB B METANNyPrum

KakukeHosa C.LU., WWauxosa I'.C., lWlantakos C.H., LlanTtakosa A.H.

KapazaHOuHckuli mexHu4eckuli yHusepcumem umeHu Abbliakaca CaeuHosa, KapazaHda, KazaxcmaH

AHHOTAUMA
B craTbe paccMOTpeHbl MeTOAbl NPUMEHEHWUA, MOAENUPOBAHMA U CO3JaHUA MaTemaTUYeCKUX

Moaenei oNs MHTErPUPOBAHHOIO aHaNM3a NPOU3BOACTBA MELHOM KaTaHKM C LeNbio MOBbILLEHNUA
KayecTBa MNPOAYKLUMWM, CHUMNKEHMA 3aTpaT M  MUHMMM3AUMKM pUCKoB. Llenb nposoaumbix

nccnepoBaHUn AOCTUrAETCA NYTEM CO3[aHUA MaTeMATUUYECKMX ONUCaHWI peasibHbIX NPOLECCoB,
MNoctynuna: 20 aHeaps 2026

PeueHsnpoBaHue: 25 ¢pespansa 2026
MpuHaTa 8 nevaTb: 4 mas 2026 TPAANLUMOHHbBIX METOA0B MONEKYNAPHOM AMHAMUKM, MPUMEHEHbBI UHPOPMALIMOHHbIE TEXHOI0TUN

KOTOpble 3aTeM MUCMONb3YIOTCA ANA NPOBEAEHUA KOMMNbIOTEPHbIX 3KCNEepUMeHTOoB. B oTanume ot

ANA NONYYEHUA XAPAKTEPUCTMK MONA NOTOKA B TEXHO/IOTMYECKOM 060py,EI,OBaHVIVI. Hosu3Ha
3aK/0YaeTca  B:  UHTerpauymm  TepmMOMEXaHUYeCKOoro MoAe/IMpOoBaHMA C  airOPUTMOM
onTummnsauunu; BeegeHuUe Kputepuna, MMHUMUIUPYHOLLEro BapUaunio MeXaHUYeCKUx CBO;ICTB,‘
paccMmoTpeHue BANAHWUA nepepacnpeseneHna yMeHblleHUA Ha M3HOC NepeBopoTa; Bo3amoXHOCTb
afanTMBHOrNro ynpasieHUA B pPealbHOM BpPEeMEHWU. ﬂpe,ﬂ,CTaBﬂeH MHd)OpMaLI,VIOHHbII‘/’I aHanus

npo¢Mne|7| CKOpOCTeVI Te4YyeHuA pacniaBa meau B WMPOKOM AMana3oHe TemnepaTyp Ha 3aBoje
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KasKkaT no Npon3BoACTBY MeAHOM KaTaHKU. C NOMOLLbI0 MHOOPMALMOHHbBIX TEXHONOTUIA peLleHbl
334a4n OnpefeneHns ONTUMaNbHbLIX 3HAYEHMI TeMnepaTypbl, CKOPOCTM MNpoKaTa U APYrux
napameTpos A/A AOCTUNKEHWA Hauaydyllero Kadectéa M NPOM3BOAMTENbHOCTU MPOLLECCOB
Npou3BOACTBa MeAHOW KaTaHKW. Ha OCHOBaHMM NPOBEAEHHbIX WMCCAEA0BaHWIA MPEeAsioKeHbI
HanpasieHna onTMMM3aumMM npoduna TemnepaTypHOro MNOAA B BajiKax, YTO MNPUBOAUT K
CHUMKEHMIO U3HOCA PY/IOHA W YBENIMYEHUIO PAaBHOMEPHOCTM CTPYKTYPbI KaTaHKM, C aKLEHTOM Ha
YAyYLEHNE MUKPOCTPYKTYPbI.
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