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ANALYSIS OF OPPORTUNITIES OF ANALYTICAL METHOD OF OPTIMIZATION
IN CHEMICAL TECHNOLOGY

The article analyzes the possibilities of optimization methods in chemical technology. The optimization of the technological process of production
of any product contains an important stage - the determination (finding) of a mathematical model or the equation of the relationship of the output
quality indicator of the product (target function, optimization parameter) with the parameters of this product or technological process (input factors).
The search for optimal conditions is one of the most common scientific and technical problems. The process of solving these problems is called the
optimization process or simply optimization. An example of optimization is the search for the optimal composition of multicomponent mixtures or
alloys, increasing the productivity or operating efficiency of existing plants, improving product quality, reducing production costs. To solve
optimization problems, you need to choose the right method. Of the main optimization methods that are most widely used in chemical technology,
this article considers the analytical method.

Keywords: optimality criterion, optimization problem, mathematical model, optimizing parameters, function extremum, analytical
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O. II. IIPILJEHKO, T. T. YEPHOI' OP
AHAJII3 MOXKJINBOCTE AHAJITHYHOI'O METOJY OITUMI3AILIL B XIMIYHIN TEXHOJIOI'Ti

VY craTTi aHami3yTHCA MOXKIMBOCTI METO/IB ONTUMI3aNii B XiMi4HIN TexHOJOrii. ONTUMI3aIlisl TEXHOJIOTIYHOrO MPOLECY BUPOOHHUITBA OYIb-1KOT
IPOYKIii MiCTHTh BaskJIMBUH €Tall - BU3HAUCHHS (BiJUIYKaHHS) MaTeMaTHYHOI MoJeli ab0 piBHSHHS 3B'I3Ky BUXIJHOIO ITOKa3HHUKA SKOCTi BUPOOY
(uipoBoi (yHKIil, mapaMerpa onTuMizalii) 3 HmapameTpaMH LBOro BUPoOy ab0 TEXHOJOri4HOro mporecy (BximHuMu ¢akropamu). ITorryk
ONTHMAIILHUX YMOB € OJHI€I0 3 HaHOLIbII MOMMPEHUX HAayKOBO-TEXHIYHUX 3aBIaHb. [Ipomec BUpIIMICHHS LUX 3aBJaHb HA3HBAECTHCS IIPOLECOM
ontuMizanii abo npocto onrumizaiiero. [IpukiagoM onTuMizauii € MOMYK ONTUMAILHOrO CKJIany 0araTOKOMIOHEHTHHX cyMileidl abo CIiaBiB,
iIBUILICHHS TPOJYKTHBHOCTI a00 e)eKTUBHOCTI POOOTH iF0OYHX YCTAHOBOK, IiJBHUIICHHS SKOCTI MPOIYKIIii, 3HI)KCHHS. BUTPAT HA BUPOOHHUIITBO
BUPOOIB i T.I. s BUpIIEHHS 3aBIaHb ONTHMi3alii IIOTPiOHO PAaBUIBHO BHOpPAaTH METOXA. 3 OCHOBHHX METOAIB ONTHMi3amii, HAHOLIBII IHPOKO
BUKOPUCTOBYBaHI B XiMi4Hiif TEXHOJIOTI1, B JaHill CTATTI PO3IJISIA€THCS AHAIITUYHHNA METOJ.

KurouoBi c10Ba: kpHuTepili ONTHMAaNbHOCTI, 3aBJaHHS ONTHMI3alii, MaTeMaTH4Ha MOJENb, ONTUMI3yl0ui IapaMeTpH, eKcTpeMyM (yHKmil,
QHAITHYHUN METOJ] ONITUMI3allil, XIMiKO-TEXHOJIOTTYHUH MpoLiec, 00'eKT onTuMi3arii.

O. II. IPULIIEHKO, T. T. YEPHOI' OP

AHAJIU3 BO3MOXKHOCTEN AHAJTUTUYECKOI'O METOJA ONITUMU3ALIMU B XUMUYECKOI
TEXHOJIOI'HA

B cratbe aHaMM3MpPYyIOTCS BO3MOXKHOCTH METONOB ONTHMH3AIlMM B XHMHYECKOH TexHonorud. ONTHMH3AIMs TEXHOJIOIMYECKOro Ipolecca
IPOH3BOJICTBA JTIO0OH INPONYKIUH COAEPKUT Ba)KHBI 3Tal — oOIpeseNeHHe (OTHICKAHHE) MATEMAaTHYECKOH MOJENH WIH YPaBHEHHS CBS3H
BBIXOZIHOT'O ITOKAa3aTelsl KauecTBa H3/enus (IeleBol (pyHKIUH, HapaMeTpa ONTHMHU3AlUH) C IapaMeTpaMH 3TOr0 H3JENUs HIN TEeXHOJIOTUYECKOro
npornecca (BXOAHBIME (akTopamu). [ToncK ONTHMAIBHBIX YCIOBUI SBIISETCS OJHOU M3 HanOoJIee PacpoCTPAaHEHHBIX HAYYHO-TEXHUUESCKHX 3a1ad.
Iponecc penreHust TUX 3a7ad Ha3bIBaeTCS MPOLECCOM ONTHUMH3AIMU MM IIPOCTO ONTHMH3anMed. IIpuMepoM ONTUMHU3AIMU SBISETCS IIOHUCK
ONTHMAIILHOTO COCTaBa MHOTOKOMIIOHEHTHBIX CMecell WM CIUIaBOB, IIOBBINICHHE IIPOU3BOAUTENBHOCTH WIH 3(P(EKTHBHOCTH pPabOTHI
JIEUCTBYIONINX YCTAaHOBOK, ITOBBIIICHHE KauyecTBa IIPONYKIMH, CHIDKEHHE 3aTpaT Ha HPOM3BOACTBO m3genuii u T.. Jlns pemeHus 3amad
ONTHMH3AI[MU HY)XHO IPaBIIBHO BBIOpaTh MeTox. VI3 OCHOBHBIX METONOB ONTHMM3AIlUH, HaHOOIee IIMPOKO HCIOJB3YeMble B XHMHUYECKOH
TEXHOJIOTHY, B JaHHOH CTaThe PacCMaTPUBACTCS AaHAIUTHICCKUI METO.

KiioueBble c10Ba: KpHTEPHil ONTHMATIEHOCTH, 33/1a4a ONTHMH3AINH, MaTeMaTHIeCKasl MOJelIb, ONTHMU3UPYIONIHE TapaMeTPBl, IKCTPEMYyM
(YHKITHY, aHATUTHIECKUH METO]] ONTHMHU3AIIH, XUMHKO-TEXHOIOIHIECKUH IIpoIecc, 00bEeKT ONTHMH3AIHH.

Introduction. Mathematical modeling — a method
for studying processes or phenomena in mathematical
models [1-5]. An important stage of mathematical
modeling is the creation of a mathematical model that
would adequately describe the process in question.

Typically, mathematical models of individual
devices are created, based on models of processes that
occur in these devices, and then technological schemes
are modeled that connect these devices into a single
technological process [6—10].

The ultimate goal of modeling a chemical process is
its best implementation or its optimization.

Optimization is a purposeful activity, which
consists in obtaining the best results (values of object
parameters) under appropriate conditions [11-12].

An example of optimization is the search for the

optimal composition of multicomponent mixtures or
alloys, increasing the productivity or operating efficiency
of existing plants, improving product quality, reducing
production costs, and the like. [13].

Statement of the problem in general and its
connection with important scientific or practical
problems. In order for the solution of optimization
problems to be feasible, it is necessary to correctly
determine the optimality criteria, present the target
function, set restrictions on the optimizing parameters
and choose the optimization method correctly.

Optimization consists in finding the extremum of
the function in question or the optimal conditions for the
process. To assess the optimum, it is first necessary to
select an optimization criterion.
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The criterion of optimization (optimality) is the
quantitative assessment of the optimized quality of an
object. This is the main sign of the effectiveness of
solving the optimization problem.

Depending on specific conditions, as an optimality
criterion, you can choose a technological criterion (for
example, the maximum output of a unit volume of the
apparatus), as well as an economic criterion (for
example, the minimum cost of a product for a given
productivity) [14].

Optimality criterion requirements.

1. The optimality criterion should be the only one.

2. The optimality criterion must be expressed by a
number.

Based on the selected optimality criterion, an target
function (benefit function) is compiled, which is the
dependence of the optimality criterion on the parameters
that affect its value.

The target function is an optimality criterion,
considered as a function of input parameters:

F=F(x,x,..x%,), (1)

The more or less F, the better.

Therefore, the optimum is the extremum (max or
min) of the target function, and the optimization problem
is reduced to finding the extremum.

Optimizing parameters are those system input
parameters that are referred to as control parameters
during the optimization process and which are used to
optimize the process.

Constraints are conditions that must be observed
regardless of how their observance will affect the value
of the optimality criterion [15-17].

Examples of possible restrictions:

e by the quantity and quality of raw materials
and products;

e according to the technology conditions:

a) for example, a temperature that cannot be higher
than that at which the catalyst deteriorates (sinter) is
selected as a control parameter;

b) cannot change the size of the device;

¢) control parameter - space velocity;

e  mixture flow rate is limited by pump power;

e  for economic reasons (capital costs should not
exceed the allocated amount);

e  on labor protection and the environment.

According to mathematical characteristics, the
restrictions are divided:

e restrictions of the type of equalities that
establish certain values of one or another factor:

X =a,
(for example, values are set for the composition of the
raw materials, the dimensions of the apparatus, etc.);

e limitations of the type of inequalities that
determine the limits of variation of process parameters.

For example,

f; 2 a, (performance not lower than the set);

a, < f, < b (temperature in a certain range);

J. £b, (temperature not higher than that which the

material will withstand).

Statement of the optimization problem:

1. It is necessary to create a mathematical model of
the optimization object.

2. Choose an optimality criterion, optimizing
parameters and form a goal function.

3. Set possible restrictions that should be imposed
on variables.

4. Choose an optimization method that allows you
to find the extreme value of the desired quantities.

Thus, mathematically solving the optimization
problem means determining the optimum function of the
target.

There are static optimization problems for processes
occurring in steady-state modes, and dynamic
optimization problems in unsteady process modes.

Presentation of the main research material.

When solving a specific optimization problem, the
researcher must choose a method that leads to final
results with the least amount of computation.

The choice of a particular method is largely
determined by the statement of the optimization problem,
as well as the mathematical model of the optimization
object.

The main optimization methods that are most
widely used in chemical technology can be divided into
several groups:

1. Analytical methods:

e methods for studying the functions of classical
analysis are used for deterministic processes with an
optimality criterion in the form of differentiable
functions;

e lagrange multiplier method - for problems with
constraints such as equalities with the optimality criterion
in the form of differentiable functions;

e variational methods - for tasks with an optimality
criterion in the form of a functional, calculation of
optimal temperature profiles of chemical reactors,
optimal modes of batch processes;

e Pontryagin's maximum principle — a class of
problems with objects that are described by differential
and finite equations, the calculation of optimal control in
control problems.

2.  Mathematical Programming Methods:

e geometric programming: processes with a
mathematical description in the form of algebraic
polynomial functions;

e dynamic programming: multi-stage processes with
optimization criteria in the form of an additive function
(partitioned reactors, cascade of devices, etc.);

e linear programming: processes that are described by
linear algebraic equations with an optimality criterion in
the form of a linear function.

3. Gradient methods.

The object of optimization is the complex processes
of chemical technology, individual objects and cascades
of devices (optimization of non-linear and linear
functions with non-linear and linear constraints).
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4. Statistical Methods.

Optimization objects do not have a deterministic
description. When compiling algorithms and programs
using optimization methods, it is advisable to adhere to
the modular principle, since multiple calls to the
calculation of the target function are required [18-20].

Let us consider in more detail analytical
optimization methods, which are classical methods for
finding the extreme value of a function (min or max).
They are used mainly in cases where the analytical form
of the optimized function F of independent variables is
known x, and the number of variables x, is small [21].

With a large number of wvariables, the so-called
multidimensional barrier arises and the use of analytical
methods becomes difficult.

The analytical search for the extreme value of the

target function F(x,,x,, .., x,) reduces to equating its

partial derivatives to zero:

a—F=0; i=L2,..,n
ox,
Necessary and sufficient conditions for the
existence of an extremum of a function of one variable
The necessary conditions for the existence of an
extremum of a continuous function F' (x) (in the absence
of restrictions) can be obtained based on the analysis of

F
the first derivative c;’,_ The function F (x) can have
X

extreme value at those points of the x axis where the

. .. dF . .
derivative a'_ is zero or does not exist [1-4].
X

The fact that the derivative is equal to zero
graphically means that the tangent to the curve F' (x) at
this point is parallel to the x axis (fig. 1).

Fxf

min

\ 4
=

X Xy
Fig. 1
We show the cases when the derivatives at the

extremum points do not exist.
Types of extremes:

Fig. 2b

At points min and max, there exists a finite
. . .. dF
discontinuity of the derivative i (fig. 2a).
X

In figure 2b shows the case where at the extremum
points the value of the derivative goes to infinity. An
infinite discontinuity of the derivative occurs, in which
its value varies from +oo to —oo at a point x, and from

- to +oo atapoint x, [6].

The conditions listed above (d— =0, the absence
X

of a derivative) are necessary conditions for the existence
of an extremum. But their implementation does not mean
the presence of an extremum of the function at a given
point (fig. 3).

In order to determine whether an extremum really
exists at a point, the following additional studies are
necessary:

1. Comparing function values.

The value of the function is calculated at the point
suspected of extreme, and at two close points to the left
and to the right of it (x, + & and x, — ¢, where & — small

positive value).
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Fig. 3 — Cases of the absence
of an extremum when the necessary conditions
for its existence are fulfilled

If both values F(x, +&) and F(x, —&) are less or
greater F'(x;), then at the point x, is the maximum or
minimum, respectively. If F(x,) it has an intermediate

value, then at the point F(x,) there is no extremum [7].
2. Derivative sign comparison.

The signs of the derivatives i,—]; at the points
(x, +&) and (x, — &) are determined.

If the signs are different, then at the point x, there
is an extremum (if the sign changes from (+) to (-), then
at the point x, it is the maximum, if from (-) to (+) the
minimum). If the signs coincide at the points (x, +¢)

and (x, —¢&), then the point x, is not extreme.

3. The study of the signs of higher derivatives.
This method can be applied if higher-order
derivatives exist at points x, (suspicious of an

extremum).
2

Derivative is calculated

dx

2

If the derivative <0, then the maximum is at

dx*

2

the point x, , if it is —-> 0, then the minimum.
X

Most often they use the first two methods, because
the latter is quite cumbersome [12].

Extremums of functions of many variables.

The solution to the optimization problem is
complicated if the optimality criterion is a function of
several independent variables.

For a continuous function F =F(x,x,,..,x,)
having continuous first and second order derivatives with
respect to all variables x, (i=1,2,...,n), the necessary
condition for the extremum at a point x, is the vanishing

of partial derivatives with respect to all variables, i.e.
Points at which the extremum of the function can be
determined by solving the system of equations

OF (x,, Xy, .., X, )

=0, i=L2,..,n. 2

o @)
The left sides of the equations are functions of

factors x, ,...,x, . Therefore, the solution of system (2)

gives the optimal value of the factors. If the process is
optimized, then this solution corresponds to the optimal
mode.

Consider the particular problems of optimizing the
chemical process using mathematical models [8-9].

Ideal mixing reactor optimization. The reaction
takes place in the ideal mixing reactor. [10]

A k

C
L B

_—

Target product

Determine the optimal residence time of the
reactants in the reactor at which the maximum yield of
the target product B is achieved (fig. 4).

C A
CAo
CBmax ________ Cc
|
|
[
|
[ Cy
O T()pt ?

Fig. 4
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Let's make a mathematical model:
dc, 1

dT:;@%—CQ—hQ; 3)
dc, 1

L ——(Cy, =Cy )+ hC, —k,Cy; (4)
dr 1

dC, 1 _

dr_;@@—q)+@q, (5)

Initial conditions: at =0, C,(0)=C e

Cp(0) = CB(,'
In stationary mode of operation of the reactor
dc, —0;
dr

When C, =0 equation (4) takes the following

form:
—lCB +kC,—k,C, =0;
T
kC, t=C, +k,Cy-1;

_kC, T
l+k, -7

(6)

B

Equate to equation (3):

C, —C,~kC, t=0;

C, =C,(+k7); @)

Ca

T+ ko)

A

We substitute the resulting expression in (6):

kC,t

T ko)t kr) ®)

B
To determine the optimal contact time (7,,) at

which the maximum concentration value C, is reached,

it is necessary to differentiate equation (8) with respect to
7 and equate the derivative to zero:

dF  kC, (+k7)1+k7)

dr [Q+ko+ b0

kC t [k 1+ k) +h, (14 k)]
[+ )1 +k0)]

From here we express the contact time:

1

Topt = >

=0. (9

F=C, =

B (10)
1+ k 1+ k,
Jk -k, N

The task of finding the optimal temperature of a
reversible chemical reaction.

Chemical reaction proceeds

k

1
A: " B
k

2

If a chemical reaction proceeds without side steps,
then the reaction rate can be chosen as the criterion of
optimality [22, 23].

The target function has the form

-E -E,

F=W=k et -C,~k,-e*" .C, (11)
Set limits and choose optimizing factors.
The optimality criterion F depends on three

parameters: 7, C, andC, . But C, and C, they cannot
be chosen as optimizing parameters, because they are not
system inputs, but are reaction results, that is, to increase
the speed it is necessary to have as much substance C,
and less Cj.

The goal of the process is the opposite - to increase
the concentration of substance B and reduce the
concentration of substance 4. Therefore, the
concentrations C, and C, cannot be considered
independent factors.

Thus, there is only one independent parameter that
affects the function of the target F — temperature.
Therefore, the present problem is the problem of the
optimum temperature of a chemical reaction.

However, at different values C, and C,, the effect
of temperature can be different. Therefore, we pose the
problem as follows: find the optimal temperature of the
chemical reaction at fixed values C, and C,. Thus,

concentrations C, and C, act as constraints in the form
of equalities

Cimo = CAO;
C =C

B/1=0 By*

The second limitation of the type of inequalities
(mandatory): the temperature cannot exceed a certain
maximum value 7,

max

T<T

If the reaction is irreversible, i.e. k, =0, then the
first term remains in the equation, which grows unlimited
with increasing temperature. In this case, the optimum is
determined by the restriction:
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opt max
- 5
—E, -E
e | 1 2 E, 1
ke Cy ek ey =0
-E -E

-E

e kT E-E,

— RT .
-E, e >

eRT

El 'kl 'CA
Ez'kz'CB

'kl'CA _EI_EZ.
-k, C, RT
EI_EZ

k[ BokoC)
Ez'kz'CB

Conclusions and development prospects of this
direction.

The application of the optimization method
considered in this paper requires knowledge of the
corresponding sections of mathematical analysis. In
practical classes in higher mathematics, considering the
topic «Finding the points of the extremum of a functiony,
one has to solve problems of a general nature. But for
students of the Educational Scientific Institute of
Chemical Technology and Engineering, tasks that are
directly related to their specialty are of greater interest.

Thus, considering tasks similar to the ones
presented in this article, we will increase the interest and
motivation of future specialists to study this material.
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