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Abstract. This article analyzes that the creation of mathematical models of chemical-technological
processes during the development of various alloys is supported to obtain promising new alloys in the
foundry industry. Mathematical models have been developed and analytically implemented using linear
algebra methods. Numerical values were determined and graphs of changes in the required parameters
were constructed. The development and analytical implementation of a mathematical model of the process
makes it possible to simplify practical research, and it is possible to predict the results of subsequent
experiments. This serves as the basis for the automation of chemical technological processes in the

production of non-ferrous metals and alloys.
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MaremaTuueckoe MOAeJUpPOBaHHUEC
XMMHUKO-TEXHOJIOI'MIECCKHUX ITPOIECCOB

B X01¢ pa3pa60TKn Pa3JIMYHbIX HOBBIX CIIJIABOB

K. A. Kapumos?, H. /I. Typaxoxkaes?®, A.X. AXMeq0B?,
M.M. Mupmyxamenos®, k. X. Illapunos?, 3. P. O6unos®
“TawkenmcKull 20Cy0apcmeenHblil meXHU4eCKUull yHugepcumem
um. 1. Kapumosa

Pecnyonuxa Vzoexucman, Tawxenm

 Xyoorcanockuii 20cyO0apcmeentblil yHueepcumen

um. akao. b. I'agpyposa

Pecnybonuka Tadoxcuxucman, Xyoxcano

STaoorcuxckuui mexnuyeckuti ynusepcumem um. axao. M. C. Ocumu,
HUnemumym xumuu um. B. U. Huxumuna HAH Taoosxcuxucmana
Pecnybnuxa Taooscuxucman, [ywanoe

AHHoTanus. B craTbe NpoaHaIU3UPOBAHO, UTO CO3JaHUE MATEMATUUYECKUX MOJEIIEH XUMHKO-
TEXHOJOTUYECKHX IIPOILIECCOB B X0JIe pa3pabOTKH Pa3jWUHBIX CIJIABOB MOAACPKUBACTCS JIJIS
TIOJTyYeHH S IEPCTICKTHBHBIX HOBBIX CIIJIABOB B JINTEHHOM ITPOM3BOJICTBE. Pa3paboTaHbl M aHATUTHYECKH
pean30BaHbl MATEMATHUECKUE MOJIEIH METOAAMHU JIMHEHHOU anreOpbl. OnpeiesieHbl YUCIOBbIE 3HAUCHUSI
1 ITOCTPOEHBI I'pa)MKN U3MEHEHHUSI HCKOMBIX ITapaMeTpoB. Pa3paboTka 1 aHaIMTHYECKAas pean3aris
MaTeMaTHU4YECKON MOJZIEIIH IIPOLECCa ITO3BONISIIOT YIIPOCTUTh NPAKTUUYECKUE UCCIEA0BAHMS, MOXKHO
CIIPOTHO3UPOBATh PE3YIBTATHI HOCAEAYIOIHUX SKCIEPUMEHTOB. DTO CIYKUT OCHOBOM aBTOMAaTU3aL U1

XUMHUKO-TCXHOJOI'MYECKHUX MPOLUECCOB B IIPOMU3BOACTBC IBETHBIX METAJIJIOB U CIIJIaBOB.

KaroueBble cjioBa: MmaTeMaTHUYECKOE MOICJIUPOBAHUE, XUMHKO-TEXHOJIOTUYECKUN mponecc, CUHTE3

1 IPpUMCHCHUC, IBETHBIC MCTAJIJIbI, HOBBIH CILIIaB.

Hutuposanue Kapumon K. A., Typaxomxkaes H. /[., Axmenos A. X., Mupmyxamenos M. M., lllapunos Ix.X.,
061108 3. P. MaTemaTn4eckoe MOICIHPOBAHUE X HMHKO-TEXHOJIOIHYCCKUX MPOIIECCOB B X0/ Pa3pabOTKU Pa3InYHbIX HOBBIX
crtaBoB. JXKypH. Cub. denep. yH-ta. Xumus, 2024, 17(2). C. 238-248. EDN: SRVXBM

Introduction

Globalization processes are accelerating at a rapid pace at the present time. As a result of these
processes, the development of scientific foundations and mechanisms of modern innovative technologies
as well as the introduction of these technologies into industrial production face new challenges. It is
well known that significant scientific results cannot be obtained within one scientific engineering
direction. The integration of fundamental and engineering disciplines is undeniable in obtaining new
scientific results and substantiating scientific directions in this regard. In particular, the integration of
theoretical mechanics, mathematics, and the theory of mechanisms and machines is a very urgent task

for the development of general mechanical engineering and materials science.

— 239 —



Journal of Siberian Federal University. Chemistry 2024 17(2): 238-248

A powerful lever for the development of theoretical foundations, designs, and innovative
technologies in engineering materials science is the correct substantiation and formulation of the
problem for the use of analytical studies, in particular, mathematical modeling. As you know, the basis
of the method of mathematical modeling is algorithmization. Mathematical modeling is the study of
phenomena, processes, systems, or objects by building and studying their models. These relationships
are usually presented in the form of equations. Analytical, simulation, numerical, functional, and
matrix mathematical models are known.

Based on an analytical review of world and domestic literature on engineering materials science,
it was found that in many studies of the authors, insufficient attention is paid to the development of
mathematical models of the process under study. Modeling of foundry production is carried out based
on analytical and numerical methods. To compile a mathematical model, it seems necessary to be able
to combine theory and practice to solve engineering problems; choose measuring instruments; use
the basic concepts, laws, and models of thermodynamics, chemical kinetics, heat, and mass transfer.
In addition, fundamental knowledge of differential and integral calculus; the theory of differential

equations, and others.

Experimental

Scientists of Uzbekistan and Tajikistan have developed technologies for the high-temperature
processing of industrial slags and wastes, separation processing in electric furnaces and a technology
for extracting metals from liquid slag. Let’s give some examples [1-5]. In addition, studies have
been carried out on the anodic behavior and oxidation of the Zn22Al alloy doped with scandium,
yttrium and erbium. At the same time, reliable protection against the corrosive effects of the agents in
which they operate is necessary [6—11]. In the practice of protecting semi-finished steel products from
corrosion, zinc-aluminum coatings such as “galfan” (Zn5Al, Zn55Al) and “galvalum” (Zn55A1-1.6S1)
are currently used in various aggressive environments [12-24].

When developing a new generation of mechanisms in mechanical engineering materials science,
the use of new and special alloys using foundry technology requires taking into account the primary
mechanical, physical and chemical qualities of the object to build a mathematical model of the
technological process. To develop a new stable nanostructured material based on an alloy, it seems
necessary to select an appropriate method of mathematical modeling while taking into account the
technological process. Below are the tasks for the development and analytical implementation of the
mathematical model.

In numerical programming problems with a wide range of applied problems, the extremum
of a function (objective function) is determined which borders on a system of linear equations and

inequalities. The mathematical model of the general linear programming problem has the form:
f(xl > x27 (RS xn ) = Zcixi - min(max)a
i=1
Z:‘aifxf <b,i=12,..,k,
=

" )
Zaijxj =b, i=kk+1,.,1,
Jj=1
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Yax,>b, i=l+1,1+2,.,mx >0, j=12,.,p, p<n.
j=1

In other words, this task is reduced to the task of qualitative assessment of economic, technical
technological processes and determination of optimal solutions. If problem (1) has solutions, then the
objective function reaches an extremum.

We explain this problem with the following problem. Suppose a metallurgical plant produces
three types of alloys from raw materials A and B. The percentages of raw materials in the alloys are
presented in the table below. In total, the plant has 7 tons of raw materials of type A and 17 tons of raw
materials of type B. A ton of the first alloy costs 1.5 million conventional units, the second — 1.6 million
conventional units, the third — 1.2 million conventional units. In this case, the need for the third alloy
should not exceed 12 tons, and the need for the first alloy should not be less than 5 tons. The question

is, how many tons of each alloy should be produced to achieve maximum economic efficiency?

Ne Alloy
Alloy Type ! 2 3
A 8% 17 % 20 %
b 92 % 83 % 80 %

To solve the problem, it is necessary to develop a mathematical model. In accordance with the

general model (1), we introduce the target function:
f(m,m,,m;)=1,5m +1,6m, +1,2m, — max. )
The conditions set in the task require the implementation of the following inequalities:

0,08m, +0,17m, +0,2m, <7,
0,92m, +0,83m, +0,8m, <17, 3)

m =5m,>0,0<m, <12.

To solve problems (2) and (3), the MathCAD method will build the following sequence of

operations:
m =5 m,=9 m=10

f(m,my,m;) =1,5m +1,6m,+1,2m, @

Then we have

m=5m,>0,0<m, <12
0,08m, +0,17m, +0,2m, <7 ®)
0,92m, +0,83m, +0,8m, <17

5
P = max imize(f,m,,m,,m;)=| 6,15

12 ©6)
/(BB P,)=31892
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Thus, we can conclude that when the first alloy is generated, 6.15 tons of the second and 12 tons
of the third alloy will achieve the greatest economic effect (31,892 million conditional units). From
synthesized new alloys, machine parts are made.

Now we consider the issue of assessing the change in the percentage of oxygen in the alloy by
changing the amount of aluminum in the electrode using mathematical modeling.

We determine the percentage of oxygen in the alloy corresponding to a change in the amount
of aluminum in the electrode depending on the diameter of the crystallizer. According to general
mathematical theories, this problem is solved using the regression model. From the point of view of
linear algebra, the functional connection is determined by the solution of the system of linear algebraic
equations. If we denote the interpolation in the form of a function, then it is necessary to solve the

system of equations:

P(xo):y0>P(x1):y1>-~-: P(xn):yn

2 n __
a, +a1x0 +azx0 +...+anx0 =Yo>
2 n o__
ay+ax, +a,x; +.+ax =y,

7

2 n o__
ay+ax, +a,x, +..+ax =y

ne

One of the results of the experiment conducted in the foundry shows a decrease in oxygen
content in the alloy as the amount of aluminum in the electrode is given in the tabular form in the
work [2]. Of the four numerical values in this table, the target function based on regression analysis
is compiled:

1. If the diameter of the crystallizer is 400 mm:

n=3, x,=4, x, =8, x, =12, x, =16;

¥, =0,035, y,=0,011, y, =0,006, y,=0,002.
In accordance with these numerical values, the system of equations (7) is led to the following
type:
a,+4a, +16a, +64a, =0,035
a,+8a, +64a,+512a, = 0,011

a, +12a, +144a, +1728a, = 0,006
a, +16a, +256a, +4096a, = 0,002

®

In accordance with the equation (8), it was established that ¢y = —0,073824, a; = —0,011673,
a, =-0,000506, a3 =-0,000004. In turn, the target function characterizing the change in the amount

of aluminum in the electrode corresponding to the diameter of the crystallizer is led to the following

type:
P(x)=0,073824-0,011673x +0,000506x" —0,000004x° . )

Functional bond (9) completely determines the amount of oxygen in the alloy obtained with
arbitrary values of the amount of aluminum in the electrode corresponding to a particular diameter of

the crystallizer (400 mm).
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2. If the diameter of the crystallizer is 300 mm:

n=3, A =4, 1 =8, A, =12, 1 =16;
4o =0,035, 11, =0,021, 41, =0,013, 1, =0,011.

The system of equations (7), taking into account the above numerical values, will have the form:
a, +4a, +16a, +64a, =0,035
a, +8a, +64a, +512a, = 0,021

a, +12a, +144a, +1728a, = 0,013
a, +16a, +256a, +4096a, = 0,011

(10)

Based on the system of equations (10), it becomes known that a, = 0,055, a; = 0,00575,
a, = 0,000188, a3 = 0,00002. At the same time, the percentage of oxygen in the alloy corresponding
to a change in the amount of aluminum in the electrode according to the known diameter of the

crystallizer will have the following target function:
1(A4) =0,055-0,005754+0,0001881> —0,0000031° . (11

The free variable in expression (11) characterizes the amount of AL in the electrode, and the
amount of oxygen in the resulting alloy corresponds to the amount of AL. 3. The case when the

diameter of the crystallizer is 200 mm:

n:4’ 10:4’ 11:8, /12:12, 1,3:16,
s, =0,035, 11 =0,025, 11, =0,019, 1, =0,013.

The algebraic system of equations (7), accordingly, will take the form

a, +4a, +16a, +64a, = 0,035

a, +8a, +64a, +512a, = 0,025

a, +12a, +144a, +1728a, = 0,019
a, +16a, +256a, +4096a, = 0,013

12)

Solving this system of equations determines the following roots ay = 0,053, a; = —0,005833,

a, =0,000375, a; =—0,00001. For this case, as in previous cases, the target will look like:

1(2)=0,053-0,0058331+0,0003751% —0,000014° . (13)
4. The case when the crystallizer diameter is 100 mm:

n=4, 1,=4, 1, =8, 4, =12, 1, =16;

H, =0,035, 1, =0,027, p, =0,023, 1, =0,019.
Ad hoc ay=0,053, a; =-0,005833, a, = 0,000375, a; =—0,00001 and the corresponding objective

function will be in the form:

1(2)=0,053-0,0058334 +0,0003754> —0,000014° . (14)

By constructing a graph of functional dependence (14), we determine the amount of Al in the

electrode required for the minimum amount of oxygen in the alloy.
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Under production conditions, based on complex experiments, the degree of dependence of the
amount of hydrogen and oxides, gas additives in the alloy formed during the liquefaction of slag on the
average diameter of the slag was determined, given in [3, 5]. Using these experimental data, we will
consider the problem of mathematical modeling of quantitative changes in the additions of hydrogen
and oxides in the alloy, that is, by determining the functional dependence, we will determine the
results of the experiment from an analytical and mathematical point of view. In the future, they can
be assessed without conducting further experiments. First, we will build a model that estimates the
change in hydrogen content in the alloy with a change in the average diameter of the charge. From the

data determined experimentally, the following data can be cited in [5]:
d, =6mm, d,=10mm, d, =14mm, d,=20mm, d;=30mu;

(15)
— _ — — — CM,
2,=0,52, 1,=0,48, 1, =0,44, 1,=0738, A =0,34, [ %002]'

Then the system of equations generated to determine the objective function in the regression

model will be as follows:

a, +6a, +36a, +216a, +1296a, = 0,52
a, +10a, +100a, +1000a, +10000a, = 0,48

a, +14a, +196a, + 2744a, +38416a, = 0,44 (16)
a, +20a, +400a, +8000a, +160000a; = 0,38

a, +30a, +900a, +27000a, +810000a, = 0,34

Solving this system of equations using the Maple 13 software package method we obtain the

949 —483 221 -1 1

following numerical values « = ,ay = ,ay = ,a, = ,a; = . As
1600 32000 320000 25600 1280000

result, we obtain the target function for changing the amount of hydrogen in the alloy with a change in

the average diameter in the form:

A(d)=0,593125-0,01509375d +0,000690625d" —0.000078125d" . (17)

Expression (17) clearly allows one to calculate the amount of hydrogen in the alloy with an
accuracy of 97 percent when the average diameter of the charge changes. Subsequent studies will
present the quantitative change in oxide inclusions in the alloy with a change in the average diameter
of the charge. Based on the data of complex experimental studies, we present the following numerical

values of the sought parameters and the resulting inhomogeneous system of algebraic equations

d,=6mm, d,=10mm, d, =14mm, d,=20mm, d,=30mm; (18)

a,=7%, a,=8%, a,=T%, a,=6%, a5=>5%.

a, +6a, +36a,+216a, +1296a, =7

a, +10a, +100a; +1000a, +10000a; =8

a, +14a, +196a, +2744a, +38416a, =7 (19)
a, +20a, +400a, +8000a, +160000a, = 6

a, +30a, +900a, +27000a, +810000a, =5
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Solving this system of equations using the Maple 13 software package method, we obtain the
following numerical values of the roots of the equation
99 27673 27439 431 59
a=——,a,= a,=— ,a, = , s =— .
67200 26880 268800

167 6720
As a result, we obtain the following target function for the quantitative change in oxide inclusions

in the alloy with a change in the average diameter of the charge:

)= 2 673, 27439 o B s 59
16 6720 67200 26880 268800

(20)

This expression characterizes the quantitative change in oxide inclusions in the alloy with a

change in the average diameter d of the charge.

Results and discussion

If the variable in expression (9) represents the amount of AL in the electrode P(x), it represents the
corresponding amount of oxygen in the resulting alloy. In the following table, we present the results obtained
on the basis of the mathematical model, and compare their reliability with the above experimental results.

We evaluate the error of the mathematical model,

~0.035-0.03497
0.035

~0.11-0.1078

1100% = 0.09% A, 100%=2% .

4

From the results of mathematical modeling, it can be seen that the O, content in the alloy reaches
the minimum value (close to 0) with the content of Al 11.776 %.

From Fig. 1, it can be seen that the oxygen content in the alloy reaches the minimum value (close
to zero) with the Al 21.89 % content. As above, a function is generated that determines the amount of
oxygen in an alloy obtained with arbitrary values of aluminum content in an electrode suitable for a
crystallizer of any diameter.

Expressions (9), (11), (13), (14) have another advantage, that is, using these expressions, the required
amount of aluminum in the electrode corresponding to the necessary percentage of oxygen in the alloy
is determined. The obtained mathematical expressions based on the results of the first experiment allow
you to determine the results of the next experiment without these experimental studies. Comparison of
the target function built to assess the change in hydrogen content in the alloy when the average diameter

of the screen is changed, and the experimental results are presented in Table 2.

Table 1. The results obtained on the basis of a mathematical model

The amount of aluminum
in the electrode, Al, [%]

~
w
=
N
o
N=)

10 11 11.776

The amountof  EXPeri-" o35 o006 0021 00153 0011 | 00067 00037 0.0013 0
oxygen in the ment

alloy, 0%, [%] Model | 0.03497 0.0276 = 0.02114 0.0155 | 0.01078 = 0.0068  0.00369 0.00132 0.00001
Error, % 0.09 1.43 1.44 1.3 2 1.5 0.27 1.54 1.5

As aresult, it turns out that the maximum deviation does not get used to 2 %.
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0.034

0.02

02, [ %]

0.01

0 T T T T T T T T
6 8 10 12 14 16 18 20
The amount of aluminum in the electrode, Al | %]

o
3

Fig. 1 change in the amount of oxygen in the resulting alloy with an increase in the content of Al (crystallizer
diameter 100 mm)

Table 2. Compare the mathematical model and experimental research

The average diameter
of the screen, d [mm] 6 10 14 20 30
The amount Experment 0.52 0.48 0.44 0.38 0.34
of hydrogen, [sm/100 gr] Model 0.51055 0.4731 0.4364 0.0375 0.3451
Error, % 1.8 1.44 0.82 1.3 1.5
As aresult, even in this case, the error does not reach 2 %.
84
oxide additives, [%0]
6
5 T T ¥ T T T T 4 ¥ ¥ T T T 4 4 ¥ T T T 4 ¥ 1
10 15 20 25 30

The average diameter of ﬂle;rme_. d, [mm]

Fig. 2. Graph of quantitative changes in oxide inclusions in the alloy when the average forking diameter changes
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Conclusions

It has been determined, based on an analysis of literary sources, that the building of mathematical
models receives minimal consideration in scientific research on engineering materials science. In this
regard, the issues and potential for the creation of mathematical models of heat and mass transfer
processes are supported in order to get promising alloys in the foundry business.

When mathematical modeling of the results of a complex experiment, it is important that the
information determined as a result of the experiment is integral and unambiguous. The condition
of unambiguous function is important for determining the laws of changing another parameter
corresponding to the natural variable parameter. The definition of the function of one variable is
considered as the main issue of the formation of analytical expressions. It is necessary to create an
unambiguous function of communication. The advantage of the formed mathematical function is that
it not only reflects the results of the experiment, but also makes it possible to determine the results of

the next experiment without conducting these experiments.
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